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“Whenever a theory appears to you as the only possible one,  

take this as a sign that you have neither understood the theory 

 nor the problem, which it was intended to solve.” 

  

― Karl Popper 
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ABSTRACT 

The design, characterization and applicability of nanoparticle (NP)-based 

delivery systems intended for cancer theranostics, are presented in this thesis. 

Mesoporous silica nanoparticles (MSNs) have been widely established as 

biocompatible and efficient carriers of hydrophobic molecules, such as drugs 

for in vitro and in vivo tumor targeting. Although their intracellular delivery 

and cargo release have been demonstrated, knowledge of the underlying drug 

release mechanisms still remain unclear. For future control and prediction of 

these parameters, which from a clinical perspective are imperative to all drug 

delivery systems (DDSs), the release of hydrophobic cargo from MSNs is 

studied. In simple aqueous solvents, cargo release is strongly associated with 

nanocarrier degradation, whereas in media mimicking intracellular conditions, 

where lipids or hydrophobic structures are present, the physicochemical 

properties of the cargo molecule itself and its interactions with the surrounding 

medium are the release-governing parameters. For comparison, the 

relationship between intracellular cargo release and degradation of 

poly(alkylcyanoacrylate) (PACA) nanocarriers is also investigated, for which 

the release is found to be dependent on the biodegradation of the carrier. The 

influence of NP monomer composition on intracellular delivery and the role of 

different endocytosis pathways are also assessed.  

This thesis moreover presents a novel multifunctional composite NP for 

combined optical imaging, tracking and drug delivery. The used approaches 

include creation and optimization of core-shell nanostructures of 

photoluminescent (PL) nanodiamonds (NDs) encapsulated within mesoporous 

silica shells that allow tuning of the composite NP size and loading of 

hydrophobic cargo molecules. Through subsequent surface engineering, 

efficient passive uptake by endocytosis, followed by intracellular release of 

cargo, is achieved and displayed by optical fluorescence imaging. The 

approaches presented in this thesis are highly interdisciplinary, placed at the 

meeting point between chemistry, physics, engineering, biotechnology and 

pharmaceutical sciences, and provide a basis for the rational design and 

evaluation of NP-based DDSs, intended for cancer theranostics, mainly by 

intravenous (IV) administration. 
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SAMMANFATTNING 

I den här avhandlingen presenteras utveckling, karaktärisering och tillämpning 

av nanopartikelbaserade bärarsystem för cancerteranostik. Mesoporösa 

kiseldioxidnanopartiklar är allmänt etablerade som biokompatibla och 

effektiva bärare av hydrofoba molekyler, så som läkemedel för in vitro- och in 

vivo-målinriktning av cancer. Trots att deras intracellulära leverans och därpå 

följande läkemedelsfrisättning har uppvisats, är kunskapen kring de 

verksamma mekanismerna för läkemedelsfrisättningen fortfarande bristande. 

För framtida kontroll och förutsägelse av dessa parametrar, vilket ur ett kliniskt 

perspektiv är ytterst viktigt, studeras frigörningen av hydrofoba molekyler från 

de ovannämnda partiklarna under olika betingelser. I enkla vattenlösningar är 

frisättningen starkt kopplad till nedbrytningen av bäraren, medan den i 

komplexa vattenlösningar, som innehåller lipider eller hydrofoba strukturer, 

styrs främst av molekylens fysikalisk-kemiska egenskaper och dess 

växelverkan med den omgivande lösningen. Som jämförelse, studeras även 

frisättningen av hydrofoba molekyler från organiska poly(alkylcyanoakrylat) 

nanopartiklar i förhållande till partiklarnas nedbrytning. Ytterligare evalueras 

inflytandet av partiklarnas monomersammansättning och olika endocytotiska 

mekanismer på partiklarnas intracellulära upptag. 

Avhandlingen presenterar också nya multifunktionella nanokompositer 

som lämpar sig för optisk avbildning och som läkemedelsbärare. De tillämpade 

metoderna inkluderar utveckling och optimering av nanostrukturer, bestående 

av en fotoluminescent nanodiamantkärna inkapslad i ett mesoporöst 

kiseldioxidskal, vars tjocklek kan varieras för att reglera partikelstorleken. 

Samtidigt fungerar kiseldioxidskalet som ett läkemedelsbärande matrix. 

Genom funktionalisering av partikelytan kan ett effektivt, passivt, intracellulärt 

partikelupptag, följt av läkemedelsfrisättning, uppnås och åskådliggöras med 

hjälp av optisk fluorescensmikroskopi. De nya ansatserna inom 

nanomaterialutveckling som förs fram i den här avhandlingen implementerar 

såväl kemiska och fysikaliska som ingenjörstekniska, farmakologiska och 

bioteknologiska koncept. Resultaten erbjuder en bas för systematisk design och 

evaluering av nanopartikelbaserade läkemedelsbärarsystem avsedda för 

cancerteranostik, huvudsakligen via intravenös administrering. 
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INTRODUCTION 

Nanomedicine describes the development and application of nanoscale 

materials and devices, i.e. nanotechnology, to solve problems related to 

medicine, including diagnosis, disease prevention and treatment.1–4 In this 

highly interdisciplinary field, the benefits of science and engineering, physics, 

materials chemistry, cellular and molecular biology, pharmacology and 

medicine all come together. Advances within these fields have enabled the 

production of new fascinating, and even “smart” nanomaterials, in parallel 

with characterization by an array of sophisticated techniques.5,6 As the 

dimensions of a material enter the nanoscale, profound changes in reactivity 

and electrical, conductive, optical, physical, mechanical, magnetic, and surface 

properties may occur as a result of the high surface-to-volume ratio.5 These 

unique nanoeffects are the basis of the novel applications of nanomaterials. 

Although the definition of nanomaterials as proposed by the US National 

Nanotechnology Initiative (NNI) is limited to an upper size of 100 nm,7 it is 

ultimately the change in physical and biological properties, not the exact size, 

that defines the utility of the material. The useful size range of nanomedicines 

is therefore, more commonly considered to span from a few nanometers up to 

1000 nm in diameter, which coincides with the size range of most biomolecules. 

During the last three decades, a wide array of nanocarrier-based DDSs 

has been designed for targeting various pathological conditions, such as fungal 

infections, anemia, various autoimmune, immunodeficiency and neuro-

degenerative diseases and numerous different forms of cancer (e.g. breast, 

gastric, pancreatic, lymphoma, etc.).8 Such DDSs include inorganic metallic, 

ceramic, semiconductor, and carbon NPs as well as organic structures, such as 

dendrimers, micelles, liposomes, and polymeric NPs, and various combinations 

of these.9,10 Their in vivo administration routes include oral, pulmonary, 

subcutaneous and intravenous administration, only to name a few. The 

rationale behind using nanocarrier-based DDSs is to minimize drug 

degradation and loss, decrease harmful side-effects, improve the 

pharmacokinetics and increase the bioavailability of the drug via efficient 

delivery followed by sustained, controlled or targeted release at the desired site 

of action.11–13 Especially cancer therapy may thereby greatly benefit from DDSs, 

as many anticancer drugs are both highly toxic and poorly water-soluble, 

which create huge challenges for their effective and safe administration by 

conventional drug formulations. Achieving proper drug targeting represents 

perhaps the most challenging goal for DDSs, as it requires the DDS to stay 

intact, while carrying the drug, preferentially without any premature release, 

across numerous physiological barriers that separate the administration site 
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from the target site. Additionally, an ideal drug carrier would also biodegrade 

and be excreted within a reasonable period after drug release, in order to avoid 

adverse effects associated with cellular or organ accumulation.  

Owing to their superior controllable structural and morphological 

parameters, combined with flexible functionalization regimes, amorphous 

MSNs, derived through sol-gel processing of silica (SiO2),14 have emerged as 

promising candidates for in vitro and in vivo diagnostics and intracellular 

delivery of, especially, poorly water-soluble drugs for cancer treatment.15–18 In 

vivo, MSNs have been shown suitable for cancer targeting through intravenous, 

local as well as oral administration.19 The high versatility of the MSN platform 

in terms of particle and pore surface functionalization, furthermore offers a 

multitude of opportunities for creating both targeted and stimuli-responsive 

release systems through conjugation with various targeting ligands or pore 

capping agents, respectively. Among various organic nanostructures presented, 

PACA NPs have emerged as appealing candidates for drug delivery 

applications due to their high versatility, excellent functionalization 

possibilities, biocompatibility and controllable degradation rate.20,21 Compared 

to many other biodegradable polymers, their good in vitro stability and fast in 

vivo enzymatic degradation offer many advantages for drug delivery 

applications. Biodegradable PACA NPs have, for instance, shown promise as 

drug carriers both to solid tumors and across the blood-brain barrier (BBB).22  

At the same time as the supply of new diagnostic and therapeutic 

substances and particles has grown, new and improved in situ imaging 

techniques have revolutionized the area of biological and medical sciences by 

allowing highly detailed studies of biological systems. This has enabled more 

accurate detection of tumors as well as monitoring of cancer progression and 

treatments. Especially fluorescence microscopy has proven to be a fast and 

reliable method for studying cellular structures and events both in vitro and in 

vivo.23 Organic fluorescent dyes are typically used as diagnostic agents despite 

drawbacks, such as photobleaching and cytotoxicity. Hence, there is a demand 

for bright, stable, and non-toxic fluorescent probes. One promising candidate 

for meeting these demands is photoluminescent ND,24,25 which is non-cytotoxic, 

has excellent mechanical properties and displays bright and stable 

fluorescence.26 NDs do, however, typically have quite irregular surface 

structures and a large variability of surface groups. This may cause problems in 

terms of dispersibility, which is a prerequisite for the biological applicability of 

any NP. This problem can be circumvented by creating core-shell structures 

comprising a ND core with a porous silica coating, thus increasing the amount 

of biologically active agents that can be incorporated into the particles and 

creating a homogeneous and easily modifiable particle surface. Encapsulation 
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of various inorganic nanostructures within the silica matrix to create such core-

shell composite NPs has recently gained attention as an effective way of 

exploiting, and possibly even enhancing the benefits of several nanomaterial 

classes by combining them in one multifunctional probe.27  

 Creating novel multifunctional nanocomposite materials comprising both 

diagnostic and therapeutic functions, known as “theranostics” may have a 

great impact on the biomedical and pharmaceutical fields.15,28 However, in 

order to have a real clinical relevance it requires that new materials be 

developed with a clear focus on addressing unmet clinical needs, which are 

directly coupled to the disease and patient-specific requirements. 

Understanding of how critical parameters, such as particle size, charge and 

surface functionalization influence material toxicity, biodistribution, 

pharamacokinetics, clearance and interactions with the immune system, 

cellular structures and functions, is of crucial importance for evaluating the true 

value of the DDS.23 As the true essence of nanomedicine lies in its 

multidisciplinarity, close cooperation between chemists, materials scientists, 

biologists and clinicians is needed in order to develop, assess and effectively 

translate these nanomaterials into the clinic. 
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REVIEW OF THE LITERATURE 

1 Design of nanomaterials 

Nanotechnology is a multidisciplinary field, in which tools and techniques 

originating from physics, chemistry, biology and engineering meet to study 

and control the design, synthesis, characterization and application of materials 

with at least one dimension on the nanometer scale.29,30 The main and collective 

goal of nanotechnology can be described as obtaining new devices and 

technologies with enhanced functional characteristics as compared to existing 

conventional technologies. Nanomaterials (examples in Figure 1) can be divided 

into classes based on their spatial dimensions: zero-dimensional nanostructures 

include various NPs (metal, metal oxide, carbon-based, liposomes, polymers, 

core-shell composites), one-dimensional nanostructures comprise nanowires,  -

rods and -tubes and two-dimensional nanostructures refer to different thin 

films and surface coatings that can be produced through a variety of vapor 

deposition techniques.31 These materials have applications in a wide range of 

fields including photonics, sensing, imaging, therapeutics, biomedicine, 

adsorption, energy conversion, catalysis, food industry, etc.30,32 The concept of 

nanomaterials is typically defined by an upper size limit of 100 nm. In the field 

of medical science and human health care, however, the useful size range of 

nanomedicines is more commonly accepted as a few nanometers up to 1000 

nm. 

 

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

At large owing to the significant increase in availability of new 

production and manipulation methods as well as physicochemical and 

biological characterization tools, the field of nanotechnology has undergone an 

explosive growth during the past three decades.5,6 Without doubt one of the 

greatest beneficiaries of this development is the biomedical industry,34 where 
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nanomaterials find applications in imaging and diagnostics, drug development, 

drug and gene delivery, and even personalized medicine.1,35 The 

implementation of nanotechnology in the field of medical sciences and 

diagnostics is called nanomedicine and can be defined as the monitoring, 

repair, construction and control of biological systems at the molecular level 

with the help of engineered nanomaterials and devices.1,2,36 Nanomaterials that 

can be used as nanomedicines include e.g. proteins, polymers, dendrimers, 

micelles, liposomes, emulsions, nanoparticles and nanocapsules. As most 

nanomedicines are constructed to have the same dimensions as a variety of 

biomolecules, they can be engineered to cross cellular barriers and interact with 

biological components, such as specific cells or tissue, mimic the behavior of 

various biomolecules, such as proteins, lipids, nucleic acids and 

supramolecular structures of these components, act as carriers of a vast array of 

chemical substances and perform a number of complicated tasks in a biological 

environment.5 Hence, by integrating fundamental chemistry and physics with 

materials science and biotechnology we have been able to create the highly 

interdisciplinary field of nanotechnology, that can serve as a powerful tool for 

creating new smart and advanced materials with the purpose of studying and 

unlocking the secrets to numerous complicated biological processes (Figure 2). 

 

Figure 2. Chemistry acts as the basis for the development of both materials science and 

biotechnology. Integration of these fields have allowed huge progress in the development 

of advanced materials and devices and tailored biomolecules. Adapted from Niemeyer 

(2001).5 
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1.1 Effects on the nanoscale 

The structure and properties of nanomaterials differ significantly both from 

those of single atoms and molecules, and from those of bulk materials. 

Nanomaterials can therefore be perceived as a link between single molecules 

and infinite bulk systems. NPs are typically classified as materials with at least 

one dimension ≤100 nm.9 This classification, though somewhat arbitrary, is 

widely established in scientific literature and at large covers the size range, in 

which certain nanospecific properties of a material become size-dependent and 

different from those of the corresponding bulk material. The size, at which 

nanomaterials display different properties to the bulk material, varies and is 

material-dependent. When the size of the material components enters the 

nanoscale, a number of new phenomena arise. The size directly affects the 

physical interactions of the system, which become dominated by short-range 

forces, such as van der Waals attractive and electrostatic forces as the 

gravitational forces become negligible. Additionally, the high surface-to-

volume ratio of nanosized materials may provide the material with a vast range 

of new physicochemical properties; thermodynamic, electronic, spectroscopic, 

electro-magnetic, optical or chemical properties can arise as a result of the 

increased number of surface atoms.37–40 Some of these size-dependent nanoscale 

effects have long been exploited for various applications; the optical absorption 

of gold NPs has been used in the dyeing of glass already in late Greco-Roman 

times.41 More recent applications include exploiting the photoactivity (optical 

transparency and adsorption) of TiO2 and ZnO NPs in UV-protective 

sunscreens,41 and utilizing the light emission of semiconductor materials for 

biolabeling purposes.42,43 

While the high relative surface area of nanomaterials and their 

consequently enhanced chemical reactivity is the exact property, which is being 

exploited in many nanotechnological applications, it might potentially also 

include environmental and health risks. Cytotoxicity caused by nanostructures 

through interaction with biological systems is referred to as nanotoxicology, 

and examines the effect of physical and chemical material properties, such as 

particle size, shape, aggregation, surface chemistry and composition, on the 

induction of toxic responses in biological systems.44 The size of NPs lies in the 

same range as biomolecules, biological barriers and cellular components, which 

is why they have the potential to cross physiological membranes and be taken 

up in cells and tissues,45 with potentially harmful consequences. This trait can, 

however, also be used beneficially in the fields of nanomedicine and 

nanobiotechnology to successfully deliver and trace e.g. various therapeutics, 

fluorescent markers, transfection agents or biosensors in living cells.45–50 
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The transport efficiency of materials over cellular membranes is 

strongly size-dependent and decreases with increased particle size.51,52 

However, particle-induced cytotoxicity has also been reported as inversely size-

dependent,53 which indicates that smaller is not necessarily always better from 

a biological point of view. Amorphous silica NPs are generally considered as 

biocompatible and non-cytotoxic54–56 both in vitro and in vivo,57 although a few 

publications have reported some toxicological effects for silica particles smaller 

than 200 nm.58 In consideration of size-dependent intracellular uptake and 

toxicological effects the useful range of nanomedicines in practice falls into the 

range 5-250 nm, as they moreover show similarities in physiological and 

anatomical impact.59 For any NP, cytotoxicity is dependent, in addition to 

particle size, also on surface functionalization, dose, exposure and 

administration route. Hence, these aspects all need to be taken into account 

when developing new nanomaterials for biological applications. 

1.2 Synthetic approaches 

Various NPs with controlled dimensions from one to several hundred 

nanometers and narrow size distributions can be prepared in large quantities 

by relatively simple methods. There are two main strategies for the fabrication 

of nanomaterials: the top-down and bottom-up approaches (Figure 3), both with 

their own advantages and disadvantages. The top-down approach includes 

manufacturing methods where the final nanosized product is obtained by 

splinting larger bulk materials into smaller components. Often these techniques 

include detrition and milling. In addition, micropatterning techniques, such as 

photolithography and inkjet printing appertain to this group. Lithography can 

be considered a hybrid approach as some lithographic techniques, such as 

etching and photolithography, are considered top-down techniques, while 

nanolithography, nanomanipulation, the growth of thin films and new 

unconventional pattering techniques, such as self-organization and self-folding, 

are classified as bottom-up techniques.31,60 The largest disadvantage of top-

down techniques is that they typically produce materials with surface 

imperfections and structural defects.61 Since the size and shape of NPs in great 

measure affect their catalytic, adsorptive, adhesive, optical and magnetic 

properties as well as chemical reactivity, such morphological defects can 

potentially have harmful effects on the physicochemical properties of the 

material. 
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Figure 3. Nanomaterials can be produced by top-down or bottom-up techniques.62 

Nobel physicist Richard Feynman can be said to have brought on the 

huge interest for the development of bottom-up strategies, as he, in his famous 

lecture ”There’s plenty of room at the bottom” from 1959, put forth the idea of 

being able to control the manufacturing of materials at the atomic level.63 

Bottom-up techniques make use of the self-assembly of atoms or molecules to 

form larger supramolecular structures, organized molecular films and NPs 

using a vast range of techniques.64 Bottom-up approaches generally offer good 

control of both structural and chemical features of the synthesized material, 

which constitutes the most fundamental aspect of nanomaterial fabrication.  

The most common group of bottom-up approaches, which can be used 

for producing both organic and inorganic NPs are liquid-phase techniques. 

Liquid-phase techniques, in general, allow effective size, shape and surface 

functionality control as well as prevention of particle aggregation, since 

structure-directing agents, stabilizers and various other organic molecules can 

be incorporated into the material during synthesis. Liquid-phase techniques 

can be divided into thermodynamic equilibrium approaches and kinetic 

approaches. The former requires generation of solution supersaturation of 

growth species, followed by nucleation and growth, and includes techniques 

such as e.g. molecular self-assembly and sol-gel processing. Various metal 

oxide NPs are typically synthesized through sol-gel processing,65–67 of which 

colloidal silica is probably the most widely studied material.14 Sol-gel 

processing is furthermore used in the synthesis of various core-shell 

nanostructures.68–70 

Kinetic approaches require either limitation of the amount of precursor 

available for particle growth or confinement of the reaction to a limited space. 

Two commonly used kinetic approaches are the synthesis of NPs inside 



Review of the literature 

 

9 

micelles or by microemulsion.31 Microemulsion-based methods are fairly 

simple and inexpensive and are therefore commonly used for the production of 

a vast array of NPs. A microemulsion is a thermodynamically stable dispersion 

of two immiscible or partly miscible liquids with an added emulsifier or 

surfactant acting as the stabilizer.71 The emulsion can be a water-in-oil, oil-in-

water or water-in-supercritical fluid emulsion. Especially water-in-oil 

emulsions that appear when water is homogeneously dispersed in organic 

media, have attracted a lot of attention due to their application in the synthesis 

of metallic72,73 semiconductor,74 and different polymeric NPs75. Among the 

polymeric NPs, polyaniline (PANI),76,77 polylactic acid (PLA),78 polylactic-co-

glycolic acid (PLGA),78,79 and PACA80,81 NPs are all commonly used as 

nanocarriers in biomedical applications. Co-polymers with hydrophilic and 

flexible properties, such as poly(ethylene glycol) (PEG), are typically 

introduced for the purpose of providing stealth properties to the NPs.82 
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2 Ordered mesoporous silica 

2.1 Sol-gel synthesis of porous inorganic materials 

The sol-gel process is a widely used technique for producing metal oxides by 

the bottom-up approach. Starting from a chemical solution (sol), which acts as a 

precursor for an integrated network (gel) of particles or polymers, NPs can 

easily be produced through a single-step procedure (Figure 4).14 Inorganic salts 

or metal alkoxides are typically used as silica precursors, which undergo 

stepwise hydrolysis and condensation during the polymerization process, 

gradually changing the structure of the sol and ultimately forming a colloid. A 

wide range of nanomaterials, including amorphous MSNs with varying 

properties can be synthesized by this low-temperature method.83 

 
Figure 4. Overview of the sol-gel process.14 

In 1968 Stöber et al. reported the formation of monodisperse non-porous 

silica nano- and microparticles, with diameters ranging from 50 nm to 2 m, by 

the means of hydrolysis and subsequent condensation of silicates in alkaline 

alcoholic solutions.84 At alkaline conditions, the solubility of silica increases and 

the silica species are negatively charged. When highly diluted reaction 

conditions are simultaneously employed to avoid inter-particle aggregation, the 

sol-gel processing can proceed by Ostwald ripening, which allows for a well-

controlled nucleation and growth pattern that, ideally, starts with a short initial 

burst of nucleation and is followed by a uniform growth, creating particles with 

a spherical homogeneous structure. Through regulation of the synthesis 

parameters in terms of type and concentration of alcohol, ammonia, water and 

silica precursors, the size and morphological structure of the final product can 

be altered. In addition to the original Stöber synthesis, many modified versions 
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of the synthesis have also to date been presented for the production of porous 

silica NPs85–87 and silica coatings on different core materials.88–91 

In 1992 scientists at Mobil Oil Research managed to successfully 

synthesize a new family of periodically ordered aluminosilicate mesoporous 

materials called the M41S class of materials.92,93 The original members of the 

M41S family, illustrated in Figure 5, are Mobil Composition of Matter No. 41, 

MCM-41 with a two-dimensional hexagonal pore structure, MCM-48 with a 

three-dimensional cubic pore structure and MCM-50 with a pillared lamellar 

structure.94 

 
Figure 5. Schematic presentation of the structures of the M41S family of mesoporous 

ordered materials: a) MCM-41 (hexagonal), b) MCM-48 (cubic), and c) MCM-50 

(lamellar).94 

These materials can be synthesized using supramolecular surfactant aggregates 

as structure-directing agents (SDA), around which the inorganic silicate or 

aluminosilicate species is allowed to polymerize, forming a mesoscopically 

ordered hybrid organic-inorganic material. Subsequent removal of the organic 

SDA by chemical extraction or thermal calcination reveals the final product: an 

inorganic material with an ordered porous structure. The principal for the 

synthesis of M41S materials is basically the same as that of zeolite molecular 

sieves, which relies on the co-operative self-assembly of the silica and 

surfactant species.95 However, by using supramolecular surfactant structures 

instead of single molecules as SDA, materials with larger pore sizes (1.5-10 nm) 

can be manufactured, compared to the pore size of zeolites, which is typically 

restricted to 1.5 nm.95,96 

 Since the discovery of the M41S family of materials, several 

modifications of the synthesis have been proposed to produce especially MCM-

41 type MSNs. Grün et al. introduced a modification of the Stöber synthesis, in 

which the formation of submicrometer-sized MCM-41 type particles was 

catalyzed by alkaline conditions using alcohol as a co-solvent and quaternary 

ammonium salts as SDA.97 Nooney et al. showed that the size of the particles 

could also be fine-tuned by varying the silicate/surfactant ratio of the synthesis 

solution.98 Cai et al. furthermore noted the importance of using dilute synthesis 
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conditions and low surfactant concentrations in order to achieve a more 

controlled nucleation and growth pattern and thereby a more well-defined 

particle morphology.99,100 In addition to intrinsic silica NPs, a number of silica 

composite NPs have also been synthesized through the sol-gel route; core-shell 

NPs employing silica-coatings around various core materials,46,101–103 as well as 

silica hollow spheres have been introduced.104,105 As size is an ever-critical 

property of all materials intended for biomedical applications, a great deal of 

focus has also been directed towards establishing effective ways to control both 

the particle and the pore size of the synthesized materials. While a large pore 

volume can host a considerable amount of therapeutic guest molecules, a 

certain particle size may potentially impede or enhance the cellular uptake of 

the material, thus also affecting the overall bioavailability of the therapeutic 

agents. 

2.2 Polymerization of silica 

On the fundamental level, the polymerization of silica proceeds through 

three steps: nucleation, growth and aggregation. Sols and gels can be produced 

through hydrolysis and condensation reactions of an inorganic or organic 

alkoxide precursor. When an organic silicon alkoxide, Si(OR)4, is used as the 

precursor molecule, polymerization through hydrolysis and condensation 

proceeds via the following reactions, where R indicates an alkyl group:106 

Hydrolysis 

≡ 𝑺𝒊 − 𝑶𝑹 + 𝑯𝟐𝑶 ⇌ ≡ 𝑺𝒊 − 𝑶𝑯 + 𝑹𝑶𝑯 

Esterification 

Alcohol condensation 
≡ 𝑺𝒊 − 𝑶𝑹 + 𝑯𝑶 − 𝑺𝒊 ⇌ ≡ 𝑺𝒊 − 𝑶 − 𝑺𝒊 + 𝑹𝑶𝑯 

Alcoholysis 

Water condensation 

≡ 𝑺𝒊 − 𝑶𝑯 + 𝑯𝑶 − 𝑺𝒊 ⇌ ≡ 𝑺𝒊 − 𝑶 − 𝑺𝒊 + 𝑯𝟐𝑶 

Hydrolysis 

Hydrolysis and condensation usually occur simultaneously. As condensation 

proceeds, the amount of free hydroxyl groups decrease when the number of Si-

O-Si bonds is maximized. As a result, ring structures are formed giving rise to 

three-dimensional particles that act as nuclei. These particles grow through 

Ostwald ripening, which is a pH- and temperature-dependent process, through 

which particles grow in size, while simultaneously decreasing in number due 

to dissolution of smaller more unstable particles into monomeric silica that 

subsequently reprecipitates on larger particles.107 
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A number of parameters, such as reaction temperature, pH, type of 

solvent, catalyst (acid/base) and silica precursor govern the polymerization 

reaction kinetics. Because water and alkoxides are immiscible, an alcohol is 

normally used as co-solvent to homogenize the solution, although gels can be 

produced also in the absence of alcohol, as alcohol is created as a byproduct of 

hydrolysis. The hydrophilicity of the silica precursor also gradually increases 

when it is hydrolyzed, which helps homogenize the system. Acids are typically 

used to catalyze gel formation while bases, typically ammonia or sodium 

hydroxide, are used in particle syntheses. The acidic or basic strength as well as 

the H2O/Si molar ratio, called the r-value, also influence the extension of 

hydrolysis. Hydrolysis under acidic conditions, where the H2O/Si ratio is low, 

proceeds fast and produces weakly branched, polymeric sols. Hydrolysis under 

basic conditions, where the H2O/Si ratio is high, oppositely, proceeds slower 

and produces highly condensed, particulate sols. Theoretically, an r-value of 2 

should be enough to achieve complete hydrolysis and condensation, since more 

water is produced during condensation. However, in practice not even an 

excess of water leads to completion of the reaction, but instead a number of 

intermediate silicate species are generated.  

An overview of the silica polymerization process is shown in Figure 6, 

according to which polymerization at acidic conditions and alkaline salt-

containing conditions occurs through aggregation of small particles to form 

gels.14 The aggregation can be reversed by raising the pH of the solution. At 

alkaline salt-free conditions, particle growth occurs through Ostwald ripening, 

which leads to a decrease in number of particles due to the highly pH- and 

temperature-dependent solubility of silica,106 which causes smaller particles to 

dissolve into monomeric silica that subsequently redeposits on larger particles. 

 
Figure 6. Polymerization process of silica.14 
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Silica polymerization occurs through different mechanisms depending on the 

pH of the reaction solution and can be divided into three different domains: pH 

<2, pH 2-7 and pH >7. pH 2 serves as the lower boundary, since both the point 

of zero charge (PZC), where the net surface charge of the molecule equals zero, 

and the isoelectric point (IEP), where the electrophoretic mobility equals zero, 

are in the pH range 1-3 for silica.  Below pH 2, where the silicate species are 

positively charged, the gel times are relatively long and the polymerization rate 

is proportional to the concentration of hydrogen ions [H+]. Near the IEP, where 

the electrostatic repulsion between particles is very low, particle growth and 

aggregation occur simultaneously. Between pH 2 and pH 7 the condensation 

rate is presumably proportional to the concentration of hydroxyl ions [OH-] 

and pH 7 serves as another boundary, above which the solubility of silica 

increases fast. Above pH 7, at increasingly high pH, all condensed silica species 

are negatively charged and the interparticle repulsion allows for particle 

growth mainly by addition of monomers to more highly condensed species, 

without aggregation or gelation. The primary particles thus grow through 

Ostwald ripening, the final size of the particles ultimately depending on both the 

silica solubility and the reaction temperature. 

2.3 Mechanism of formation of mesoporous silica 

Mesoporous materials are defined by the International Union of Pure and 

Applied Chemistry (IUPAC) as having pores in the size range 2-50 nm.108 The 

probably most well-known classes of periodic mesoporous silicas are the 

MCM-41, MCM-48 and MCM-50 solids, which belong to the M41S family of 

periodically ordered mesoporous silicas developed by Mobil Oil Company.92,93 

These materials have pore diameters in the approximate range 2-10 nm and 

exhibit well-defined pore structures, narrow pore size distributions and large 

specific surface areas. By creating supramolecular aggregates of ionic 

surfactants, such as e.g. cetyltrimethylammonium bromide (CTAB) or 

cetyltrimethylammonium chloride (CTACl) as SDA, these materials can be 

produced under basic conditions. Three different mechanisms have been 

proposed for the synthesis of M41S materials: liquid-crystal templating, self-

assembly and cooperative self-assembly. 94,109 In true liquid-crystal templating, 

illustrated in Figure 7a, the surfactant concentration is high enough to catalyze 

the formation of a lyotropic liquid-crystalline phase without the presence of a 

silica precursor, typically tetraethyl- (TEOS) or tetramethylortosilicate (TMOS). 

In cooperative liquid-crystal templating (Figure 7b) self-assembly of the SDA 

and the inorganic silicate species can occur even at very low concentrations of 

SDA.  
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Figure 7. Formation of mesoporous materials by structure-directing agents through a) 

true liquid-crystal template mechanism and b) cooperative liquid-crystal mechanism.94 

Based on the nature of the SDA and silicate species as well as the 

acid/base characteristics of the reaction medium, the surfactant/silicate 

assembly can proceed through a number of different pathways illustrated in 

Figure 8,94 as originally proposed by Huo et al.110,111 The synthetic pathway a) is 

termed S+I- (S: surfactant, I: inorganic species) and the reaction proceeds in 

alkaline conditions with cationic quaternary ammonium surfactants as SDA. 

This pathway represents the interactions that occur during the assembly of 

M41S-type mesoporous silicas, among them MCM-41 materials, which are in 

primary focus in this thesis. Reaction b) (pathway S+X-I+) takes place under 

acidic conditions where the silica species are positively charged and therefore 

requires a mediator ion X- (usually a halide) to create an interaction with the 

cationic surfactant.112 Reactions c)-d) represent cases where negatively charged 

surfactants are used in alkaline or acidic conditions. Pathways a)-d) represent 

different electrostatic interactions while e)-f) arise due to hydrogen bonding in 

the presence of uncharged silica species and neutral or nonionic surfactants. 



Review of the literature 

 

16 

 
Figure 8. Interaction between the inorganic species and the head group of the 

surfactant in syntheses carried out in acidic, basic or neutral media.94 

Surfactants are typically amphiphilic molecules that contain a 

hydrophilic head group and a hydrophobic tail group. Due to the hydrophobic 

nature of the tail groups, surfactants tend to aggregate to form micelles in 

hydrophilic environments when the surfactant concentration reaches the so 

called critical micelle concentration (CMC).113 The shape of the micelles, and 

thereby the resulting mesophase architecture of the synthesized material can be 

estimated based on the packing parameter, g, of the surfactant molecules. The 

surfactant packing is related to the volume, V, and length, l, of the hydrophobic 

surfactant chains, and to the effective area, a0, of the hydrophilic surfactant 

head groups at the interface through the equation g=V/la0.112,114,115 The packing 

parameter increases when starting from a highly curved micellar structure of 

spherical micelles (g<1/3), through hexagonal (g=1/3-1/2), through cubic (g=2/3-3/4) 

to lamellar (g=1/2-1). The size, charge and shape of the surfactant molecules 

largely govern the interactions at the surfactant/silicate interface, where there is 

a continuously ongoing charge-matching between the hydrophilic surfactant 
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head groups and the charged silanols.116 These charge-matching interactions as 

well as the packing of the alkyl chains affect the final packing of the surfactant 

molecules. Charge-matching is sensitive to pH, cosurfactants and counterions 

while organic chain-packing is influenced by the length of the alkyl-chain, 

synthesis temperature and organic additives.112,117 Increased alkyl-chain length 

leads to increased water repulsion, resulting in larger pores. These two above-

mentioned interactions principally determine the size and shape of the 

resulting surfactant micelles, thus determining the mesophase morphology 

(pore size and shape) of the final product.118 There are also ways of 

manipulating the pore size with pore-swelling agents119,120 or through post-

synthesis hydrothermal treatments,121,122 which have been found to successfully 

increase both the pore size and pore wall thickness of mesoporous silica 

materials.122,123 

2.3.1 MCM-41 mesoporous silica nanoparticles 

Owing to their many unique physicochemical traits, MCM-41 type mesoporous 

silica-based NPs, have during the last decades emerged as promising and 

versatile probes for different biomedical applications. Firstly, amorphous silica 

is generically accepted as biocompatible, biodegradable and non-toxic in 

biological systems and has by the United States Food and Drug Administration 

(FDA) been classified as "generally regarded as safe" (GRAS).57,124,125 Secondly, 

preparation of the particles in an easy one-pot synthesis under alkaline 

conditions allows tuning of the particle (20 nm-2 um) and pore (2-10 nm) size, 

and selective functionalization of the silica surface with a variety of organic 

functional groups.126 Highly monodisperse particles with large specific surface 

areas (900-1500 cm2 g-1), large pore volumes (0.5-1.5 cm3 g-1) and narrow pore 

size distributions can be synthesized. These properties play important roles in 

the context of effective subsequent functionalization of both the inner and outer 

surface of the particles,54 with different functional groups, fluorescent 

molecules for imaging and tracking purposes (Supporting Publication III), 

high payloads of therapeutic molecules, and targeting ligands such as peptides, 

proteins or antibodies (see Figure 9).127 

Dilute synthesis conditions in terms of surfactant and silicate 

concentration, are generally needed in order to maintain good dispersion 

stability throughout the nucleation and growth process. Mixtures of the 

cationic quaternary ammonium salt CTAB and the silicon alkoxide TEOS are 

common in the production of MCM-41 materials,112,116 and generally lead to 

silica frameworks comprising large pores and highly ordered hexagonal pore 

structures. Since the silicon alkoxide species and water are immiscible because 

of differences in polarity large amounts of alcohol is typically used as a 

cosolvent to help homogenize the synthesis solution.128 By shifting the polarity 
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of the solution, by changing the water/alcohol volume ratio or by changing the 

surfactant/silicon alkoxide ratio, the particle size can be fine-tuned. 

 

Figure 9. Surface functionalization and cargo loading possibilities of MSNs. Modified 

from Rosenholm et al. (2010).129 

2.3.2 Novel core-shell nanoparticles 

As the fields of biomedical imaging and nanomedicine are rapidly evolving, a 

demand for novel multifunctional materials, capable of serving both as bright 

and stable imaging probes and as carriers of therapeutic and targeting agents, 

have also arisen. This demand has sparked the development of numerous new 

composite materials, among them core-shell NPs,28 in which e.g. metals,130–132 

metal oxides,49,91,133 and carbon-based nanostructures130,134 are incased within 

metal oxide,130,133,49,91 sulfide,43,131 selenide,50,132 polymer133,135,136 or carbon137 shells 

to combine the advantages of several material classes within one nanosized 

probe. 

2.3.2.1 Nanodiamonds as labels for fluorescence imaging 

Nanodiamonds belong to the family on carbon nanomaterials that includes also 

carbon nanotubes and -wires, carbon dots, graphene- and graphite-based NPs, 

and fullerenes.39,138–140 A broad size-range of ND particles can be produced, 

either by top-down or bottom-up approaches. The former involves grinding of 

larger microsized particles produced by different high-temperature high-
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pressure (HPHT) techniques,25,141 while the latter constitutes detonation of high-

energy carbon-containing explosives that generates so called detonation 

nanodiamond (DND),142,143 and  chemical vapor deposition (CVD)144,145. Before 

the final product is obtained, the synthesized NDs generally undergo several 

purification steps that may include sonication, filtration, ion-exchange, 

different acid treatments to remove graphitic and organic impurities from the 

surface and peroxide treatments for removal of metals, followed by washing, 

fractioning, and drying procedures.146–148 Figure 10 displays typical surface 

functional group compositions of DND after oxidation and reduction 

treatments. Synthetic ND is currently used in a broad range of applications, 

such as polishing, lubrication, photonics (Supporting Publication VI), 

biophysics, biotechnology, and nanomedicine149–151. The vast range of 

applications owe to their extraordinary material characteristics, including 

chemical inertness, hardness, biocompatibility, high refractive index, 

photostability and facile surface-functionalization.149,152–154 Despite their many 

advantageous characteristics, the synthesized NDs are typically irregularly 

shaped and fairly polydisperse with heterogeneous surface chemistries and 

structures.24 These traits can be especially unfavorable when trying to achieve 

controlled and efficient surface functionalization. 

 
Figure 10. Functional groups on pristine detonation nanodiamond and effects of 

oxidation or reduction treatments.155 

Quite recently, the use of NDs as imageable and traceable probes for in 

vitro and in vivo biomedical applications has gained specific interest due to the 

possibility to introduce PL centers into the diamond crystal structure,156 

combined with reported low toxicity in vitro in a number of cell types152,157–159 as 

well as in vivo in mice and rats upon intravenous,160 intraperitoneal,161 or 

pulmonary162 administration. The processing of PL color centers involves 

introduction of foreign atoms into the diamond crystal structure during ND 
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synthesis and, hence, substituting carbon atoms in the diamond crystal lattice 

for nitrogen,163 nickel164 or silicon165 atoms. Adjacent vacancies can thereafter be 

formed by means of irradiation with electrons,166 protons,156 or He+24 ions. 

Subsequent annealing in vacuum, at high temperature conditions (600-800C) 

causes diffusion of the vacancies to sites close to the foreign atoms, which 

induces formation of the PL vacancy centers.146,152  

The most widely studied color centers in NDs intended for bioimaging 

applications are the nitrogen vacancy (NV) centers that emit PL in the red and 

near-infrared region of the light spectrum. The NV centers can occur in neutral 

(NV0) or negatively charged (NV-) states and exhibit zero-phonon lines (ZPL) at 

575 nm and 638 nm (Figure 11), respectively, with wide phonon bands of lower 

energy.156,166,167 Especially the negatively charged (NV-) vacancy center is of 

particular interest, since its emission falls into the spectrum suitable for 

bioimaging with different fluorescence microscopy techniques, including also 

super-resolution microscopy.168,169 The vacancy center is excited at ~560 nm and 

the emission can typically be collected at 650-730 nm,147,163 which furthermore 

makes it easy to distinguish from the autofluorescence of cells that falls into the 

range 350-550 nm. Furthermore the NV- color center shows remarkable 

photostability with no signs of photobleaching even when subjected to high-

power excitation.102,152,168,170 The structural defects of the typically very 

heterogeneous ND surface are additional sources of luminescence, whose 

intensity per volume is known to increase with decreasing diamond particle 

size,171 contrary to the PL intensity of the color centers, which is not particle 

volume-dependent. However, the photostability of the PL centers has been 

shown to strongly depend on diamond crystal size, morphology and the 

location of the nitrogen impurity.172,173 

 
Figure 11. a) Fluorescence microscopy image of fluorescent ND particles containing 

NV centers. Inset shows the diamond crystal structure at the NV center. b) PL emission 

spectra of 100 nm ND particles containing NV centers. Excitation:  = 532 nm.174   
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2.3.2.2 Coating of core structures with MCM-41 mesoporous silica 

Encapsulation of various inorganic NPs within either non-porous or 

mesoporous silica shells through controlled sol-gel reactions, is widely used for 

the purpose of preserving the structure and unique properties of the NPs, for 

exerting particle size and shape control, and especially in the case of 

mesoporous silica, as a way of imparting better drug carrying and delivery 

capabilities onto the core@shell 

composite NPs.175,47,176,177,91,130,27 In 

2003, Graf et al. presented a general 

method for coating various 

colloidal particles with silica.103 This 

two-step method comprises an 

initial stabilization step by 

adsorption of poly(vinyl-

pyrrolidone) (PVP) onto the 

particles followed by a phase-

transfer into alkaline ethanol 

solution where the silica shell is 

grown by additions of TEOS. Kim et 

al. (2006) and later also Gorelikov 

and Matsuura (2008)  reported a 

simplified general procedure for the 

coating of hydrophobic inorganic 

NPs with MCM-41 mesoporous 

silica shells in aqueous media,46,89 

based on the well-known Stöber 

method.84 This procedure proved 

successful in generating high yields 

of uniform mesoporous silica 

coatings without employing an 

intermediate polymer layer onto the 

core NPs prior to silica shell 

growth, but instead using only 

CTAB both as a particle-stabilizing 

surfactant as well as a phase-

transfer and mesopore structure-

directing agent.46  

The seeded growth 

mechanism and resulting 

morphology and shell thickness of 

Figure 12. Three-step mechanism for the 

formation of core-shell gold-silica 

MNSGC particles: (1) hydrolysis of 

monomeric silicon esters and 

condensation into oligomers; (2) 

formation of silica/CTAB primary 

particles; and (3) mesopore growth via 

either aggregation of primary particles or 

deposition of monomeric silica and CTAB 

molecules.174 
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the composite NPs are strongly affected by the nature of the silica source, seed 

concentration, CTAB/silica ratio and solvent composition. These factors 

therefore need to be carefully optimized in order to achieve successful coating 

of any given core NP. Nooney et al. proposed a three-step self-assembly 

mechanism for the mesoporous silica shell-growth on gold NPs, precoated with 

a thin layer of non-porous silica, involving initial silica oligomerization 

followed by formation of silica/CTAB primary particles and finally aggregation 

of primary particles or deposition of monomeric silica and CTAB onto the NP 

seeds (Figure 12).178 The hydrolysis rate of the alkoxysilane, which decreases 

with increased alkyl chain length,179 was found to be of crucial importance for 

the coating process. Faster hydrolysis leads to higher initial concentrations of 

silica oligomers in solution,106 which increases the probability of silica self-

nucleation. A slower hydrolysis rate, which produces lower initial silica 

oligomer concentrations, by contrast increases the probability of silica oligomer 

collision with NP seeds, consequently leading to the seeded growth of a 

mesoporous silica layer. Nooney et al. also concluded that high CTAB/silica 

ratios reduced flocculation of gold seeds but simultaneously increased the 

probability of silica self-nucleation. Furthermore, by changing the polarity of 

the solvent the authors were able to generate particles with either spherical or 

faceted morphologies. Kim et al. were further able to control the silica coating 

thickness on iron oxide NPs by varying the number of seeds in the solution.47 

Another common approach for increasing the silica coating thickness is the 

addition of TEOS to the NP dispersion in several consecutive steps.89,180 

Complete removal of CTAB from the particle surface prior to the addition of 

silica precursor was, however, as previously established by Liz-Marzán et al. 

and Pastoriza-Santos et al., found necessary in order to prevent nucleation of 

new silica particles.181,182 

Core-shell NPs of hydrophilic cores coated with mesoporous silica 

could certainly also be of great interest, especially  for a number of biomedical 

applications. In principal, coating of hydrophilic cores could be considered 

preferable over hydrophobic cores, as there is no need for stabilization or pre-

coating prior to the polymerization of silica at aqueous conditions. Nonetheless, 

the manufacturing of such nano-composites poses a great challenge, because 

successful mesoporous coating requires meticulous and laborious control over 

the reaction environment, in terms of charge-matching interactions between the 

surfactant and silicate species, and finally also the core particles, acting as 

nucleation sites. These interactions are, per se, dependent on a number of 

parameters discussed earlier in chapters 2.2 and 2.3. The seeded growth 

mechanism of NPs is furthermore influenced by the precursor hydrolysis rate 

and possibly also interparticle distance between the seeds, as proposed by 
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Chou and Chen (2008).183 There are, thus, inarguably, a multitude of parameters 

that need to be controlled in order to achieve successful mesoporous coating of 

hydrophilic core structures.   The development of a simple general approach 

for the direct synthesis of such nanocomposites would hence be extremely 

valuable. In Publication III and IV we develop a simple one-step procedure 

carried out in aqueous medium, with the crucial addition of ethanol as co-

solvent,184 for the successful coating of hydrophilic nanosized cores with 

mesoporous silica shells, resulting in improved aqueous dispersibility and 

cargo-carrying capacity as well as facilitated surface-functionalization of the 

composite NP system.102,170 

2.4 Removal of structure-directing agent 

When the synthesis of a new material is complete, the templating molecules 

need to be removed from the material to obtain the final porous structure. 

Removal of the structure-directing agent usually also affects the pore size and 

structure of the material since it is typically carried out under elevated 

temperatures. Efficient surfactant removal is of high importance, as even small 

amounts of remaining surfactant may interfere with subsequent 

functionalization steps or cause toxicity in biological enviroments.185

Template removal can be carried out through different techniques, the two 

most common being calcination and solvent extraction. Calcination involves 

heating of the material, under nitrogen, oxygen or airflow and serves as an 

efficient technique to remove any organic template molecules that are present 

on the inner or outer surface of the material. This aspect needs also to be 

considered when working with core-shell NPs comprising carbonaceous cores 

in order not to harm the core material. For synthetically produced 

nanodiamond, for instance, we have found that the NDs undergo combustion 

already at T~770-970 K (unpublished results). Extractive methods might 

therefore be more favorable for these types of particles. Slow heating rates, 

around 1 K/minute, and heating temperatures up to 823 K are typically used 

during calcination. After reaching the maximum heating temperature, the 

heating is normally continued over 4-8 hours at a constant temperature. The 

calcination treatment causes further condensation of the material, which results 

both in a decreased number of surface silanols and a slight decrease in pore 

size.185–187  

In addition to calcination, the SDA can also be removed by chemical 

means, through solvent extraction, often combined with mechanical agitation, 

such as shaking or ultrasonication on a water bath. Different means of 

extraction are applied depending on the acid/base characteristics, in which the 

material was synthesized. In the case of mesoporous materials synthesized in 
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acidic media (S+X-I+ route), the surfactant molecules and halide ions (X-) form 

S+X- ion pairs that interact weakly with the neutral or slightly positive silica 

network and can therefore easily be removed even by distilled water at 

elevated temperature (~343 K) conditions.188 The extraction of surfactant from 

materials synthesized in alkaline media (S+I- route), such as MCM-41 type 

mesoporous silica, is more demanding due to the strong electrostatic 

interactions that develop between the cationic surfactant head group and 

negatively charged silicate species. Extraction can be carried out in acid, alcohol 

or neutral salt solutions, ammonium acetate or nitrate or mixtures of the above-

mentioned. In any case, ion exchange is required to remove the surfactant 

species.187,189 Efficient surfactant removal is typically achieved by extraction in 

acidic ethanol, but requires several repetitions to ensure complete removal of 

all organic residues.190 
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3 Silica surface chemistry and engineering 

Particle size and surface properties largely define the performance of 

nanomaterials intended for biomedical applications, as they influence both the 

colloidal stability and biological behavior of the material. For particles within 

the colloidal size range, surface interactions become dominant due to their 

extremely high surface-to-volume ratio. These materials may display a number 

of new chemical and physical characteristics, such as magnetic, optical, electric, 

adsorptive or catalytic properties that their corresponding bulk material lacks.  

3.1 Dispersion stability 

In addition to the outer surface area, MSNs also have an extremely large inner 

(pore) surface area that remarkably expands their ability to react and interact 

with ions, atoms and molecules in their surrounding environment.190 Colloidal 

stability can be improved either by electrostatic or steric stabilization through 

proper silica surface-functionalization. The stability of the colloidal dispersion 

is dependent on NP size, surface chemistry and the characteristics of the 

surrounding media. It is, thus, a sum of a number of simultaneously interacting 

forces, such as van der Waals (attractive), electrostatic repulsion and steric 

stability forces, together determining the stability of the particle dispersion.191 

According to the Derjaguin, Landau, Verwey and Overbeek (DLVO) theory, 

colloidal particles interact only through van der Waals forces and electrostatic 

forces.192 Based on this assumption, a stable dispersion is obtained if the energy 

of the repulsive forces is stronger than that of the attractive forces. Solvent 

interactions are also present but considered to be of minor importance for the 

resulting force balance. The electrostatic stability of the particle is most often 

described by the zeta () potential, for which a value -30 mV ≥  ≥ +30 mV is 

typically required to achieve good stability.193  

Maintaining aqueous dispersion stability is of the utmost importance when 

synthesizing NPs for different biological applications. The pH and ionic 

strength of the medium may cause dissociation or ionization of surface groups 

or adsorption of ionic species onto the charged surface, which affect the 

stability of the dispersion. Especially at physiological conditions, where 

electrolyte concentrations are typically high, this sets a challenge for attaining 

sufficient dispersion stability by electrostatic means.194,195 Silica surface 

functionalization with polymers or biomolecules, such as enzymes, proteins or 

antibodies, also generally requires aqueous conditions. Irreversible particle 

aggregation during and in between functionalization steps should, hence, be 

prevented to assure successful surface-modification, and the particles should 

also be able to withstand degradation both during functionalization in aqueous 
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media, and finally at physiological conditions. The stability of a particle 

dispersion is affected by the net surface charge of all functional groups present 

on the particle surface and on their linking-chemistry at the prevailing 

conditions, in terms of pH, temperature and electrolyte strength. 

3.2 Surface chemistry of silica 

The surface of silica NPs is covered by hydroxyl, or silanol (Si-OH), and 

siloxane (Si-O-Si) groups that directly affect the nature of the silica surface by 

providing it with varying degrees of hydrophilic or hydrophobic properties. 

The more silanols present, the higher the hydrophilicity of the surface.196 As 

both the PZC and IEP of silica lies in the pH range 1-3, the surface silanols are 

deprotonated over most of the pH range,14 providing the silica particle with a 

net negative surface charge. The protonation and deprotonation of the surface 

silanols hereby also determine the surface charge and, thus, the colloidal 

stability of the NPs.  

 Figure 13 illustrates the different silica species, termed Qn, found on the 

NP surface, n standing for the number of bridging oxygens present.197 The 

silanols have varying acidic strength depending on the number of hydroxyl 

groups connected to the silicon atom.106 The most commonly occurring surface 

silanol species, the Q3 isolated silanol (Si-OH),198 has a reported pKa value 

between 2 and 4.5, while the pKa value of 8.5 for the first deprotonation step of 

the Q2 geminal silanol (Si-(OH)2) is considerably higher.199,200 The net negative 

charge at physiological conditions (pH 

7.4) can, thus be ascribed mainly to the 

deprotonation of Q3 silanols. On the 

silica surface, Q4 siloxane species with 

oxygen atoms on the surface, can also 

be found. Furthermore, there is 

structurally bound water (internal 

silanols) inside the silica matrix. The 

silica surface composition can be 

altered by thermal treatment of the 

material. Physisorbed water molecules 

can be removed from the silica surface 

by heating, the required temperature 

depending on the structural 

characteristics of the material. While 

room temperature may be enough for 

achieving complete desorption of 

water from the surface of nonporous 

Figure 13. Types of silanol groups and 

siloxane bridges on the surface of 

amorphous silica and internal silanols. Q4, 

surface siloxanes; Q3, single silanols; Q2, 

geminal silanols.197 
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silica, temperatures as high as 473 K might be required for mesoporous silica 

due to the presence of the nanometer-sized pores.197 Surface silanols can, 

however, start condensating already at lower temperatures, in order to liberate 

additional water. Iler thereby concluded in his monograph,14 that the only safe 

way to remove excessive water molecules from the surface of mesoporous silica 

without altering the surface hydroxyl composition is to dry the material in 

vacuum at room temperature. Calcination at high temperatures causes further 

condensation of the silica network, decreasing the number of surface silanols, 

both on the outer surface and on the pore walls of the material. This leads to a 

decrease in hydrophilicity and further to improved hydrolytic stability of the 

NPs. The surface of silica can also be rehydroxylated through acid hydrolysis201 

or by boiling the calcined particles in water.202 The surface chemistry of silica, 

thus, directly reflects the thermal history of the material. 

3.3 Solubility of silica in aqueous environments 

The surface structure and chemistry of intrinsic silica NPs also govern their 

hydrolytic stability. The solubility of silica is known to be highly pH-

dependent,14,106,203 which is a direct consequence of the acid/base characteristics 

of the surface silanols. The Q2 silanols have a lower degree of condensation, and 

are therefore considered to be more reactive, than the Q3 silanol species.204 As a 

result, the Q2 silanols also dissolve faster and, hence, play an decisive role in the 

solubility of silica NPs. Especially the Q2 silanols located inside the pores are 

thought to have a significant effect on the interfacial chemistry and degradation 

of mesoporous silica at, and above, physiological pH, as several studies suggest 

that the degradation of intrinsic MSNs occurs initially from the inside of the 

particles, by bulk degradation (Figure 14).205–207 Surface polarity influences the 

hydrolytic stability as strong hydrogen bonding between surface hydroxyl 

groups and water molecules can occur in aqueous environments, resulting in 

rapid diffusion of water into the pores. This causes dissociation of Si-O-Si 

bonds, which consequently consumes the pore structure. 

 
Figure 14. Schematic illustration of the degradation of hexagonally ordered mesoporous 

silica from the inside. Modified from He et al. (2010).205 
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Factors, such as thermal history, surfactant-removal method, particle 

size and shape, and surface functionalization have also been shown to affect 

degradation behavior.206,208–211 Surface-functionalization with organic molecules 

is often performed in order to increase the hydrophobicity and hydrolytic 

stability of the particles. However, as the chemical nature and concentration of 

all surface-bound functional groups contribute to the aqueous behavior of the 

NPs, different functional groups might either improve or impair the hydrolytic 

stability of the particles. Amine groups that are commonly either as-

synthesized or grafted onto the particle post-synthesis to facilitate subsequent 

surface-functionalization, have been discovered to boost the degradation rate of 

silica at neutral and alkaline conditions,212 as was also observed in Publication 

I. In aqueous environment, proton transfer from hydroxyl groups of the 

residing surface silanols to the amine groups is promoted. Highly water-soluble 

intermediate zwitterionic species are thus created on the silica surface,213 which 

enhances the hydrolysis of ≡Si-O-Si≡ bonds.212,214  

Several molecules used for fluorescent labeling of NPs, such as e.g. 

fluorescein isothiocyanate (FITC), have pKa values close to the physiological pH 

7.4. With a pKa of 6.9, the FITC molecule occurs primarily in its protonated state 

at physiological pH and does therefore not notably affect particle charge or 

stability. Furthermore, since isothiocyanates react to form very strong thiourea 

bonds with amines, FITC does not react with the surface silanols.215 The 

hydrolytic stability of a NP is, however, affected by a number of other, 

simultaneously active physical and chemical factors that each needs to be taken 

into account in order to maintain proper hydrolytic stability throughout the 

complete design and modification process of the nanomaterial. 

3.4 Functionalization of the silica surface 

The surface properties of MSNs can be considered as their basis of 

functionality. Therefore, combining the advantages of this porous inorganic 

material with various functional organic molecules to create multifunctional 

hybrid inorganic-organic materials is extremely attractive from a materials 

science point of view. A variety of functional groups, polymers, biomolecules 

and drugs can be incorporated into the silica matrix, introduced onto the outer 

surface and/or inner surface (pore walls) of the material, either through 

covalent attachment, electrostatic adsorption, or by taking advantage of 

hydrophobic interactions, in order to make the particles suitable for different 

diagnostic, therapeutic, or combined (theranostic) applications.216 The linking-

chemistry in nature is often based on interactions between amines and 

carboxylic acids, which makes the introduction of these functional groups onto 

the silica surface especially interesting.217,218 
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3.4.1 Co-condensation of functional silanes 

The easiest way of modifying the silica surface with functional groups is 

through co-condensation of the silica source with an organosilane precursor. 

Since its introduction by Burkett et al. in 1996, the approach has been used for 

functionalizing porous silica materials with alkyl,219,220 mercapto,220–222 

amino,221,223–225 cyano,223–225 phenyl,220 thiol,220,226 and numerous other functional 

groups.227 A small portion of the tetraalkoxysilane [Si(OR)4], used as silica 

source, is typically substituted with a trialkoxysilane precursor [R’-Si(OR)3], 

containing the desired functional groups. Because co-condensation can be 

performed as a one-step synthesis, it typically generates fairly homogeneous 

surface distributions of functional groups,228 whose surface density is 

furthermore quite easy to control by varying the amount of organosilane and 

the time point (see Figure 15), at which it is added.229 One disadvantage of the 

procedure is that some of the functional groups might end up embedded inside 

the silica matrix, instead of on the surface of the material, thus rendering them 

inaccessible as reactive surface sites. 

The primary disadvantage of co-

condensation is, however, that it 

usually produces materials with 

lower mesoscopic order than those 

produced through post-grafting 

approaches. High concentrations of 

alkoxyorganosilane may result in 

completely disordered pore 

structures, or induce self-

condensation of the alkoxyorgano-

silane species at the cost of co-

condensation with the silica 

precursor.94 Another critical aspect 

concerning co-condensed materials is 

that structure-directing agents have 

to be removed by extraction, since 

calcination at elevated temperatures 

would destroy the organic functional 

moieties. 

3.4.2 Post-synthesis grafting with silanes 

High concentrations of various surface functional groups can be grafted onto 

the silica surface primarily by reacting organosilanes with the free silanol 

groups on the surface of the material. Although the method rarely affects the 

Figure 15. Distribution of functional 

groups depending on addition time of the 

organosilane in situ.229 
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pore structure, the organic molecules can concentrate at the pore openings and, 

thus, impair the diffusion of molecules into the pores.230 If the pore diameter of 

the material is very small or the organic functional groups relatively large the 

pores may become partially or even completely blocked. Consequently, the 

surface functional groups will concentrate to the outer surface of the material, 

leading to an inhomogeneous surface distribution. A more uneven distribution 

of surface functional groups than in co-condensed materials is common also 

partly as a consequence of low reactivity of the surface silanols231 but also due 

to physisorbed water molecules that are often present on the silica surface and 

can easily induce self-condensation of the organosilane.55,232 Completely 

anhydrous reaction conditions during surface-functionalization are therefore to 

be preferred. The distribution of functional groups at these conditions depends 

solely on the accessibility and reactivity of the free surface silanols. The co-

condensation and post-grafting approaches are illustrated in Figure 16. 

 
Figure 16. Schematic illustration of the co-condensation process (above) and post-

synthesis grafting (below).233 

3.4.3 Surface-grafting with poly(ethylene imine) 

Due to its high positive charge density over a wide pH range and thereto 

related favorable characteristics of deoxyribonucleid acid (DNA) protection, 

cell binding, cellular uptake and endosomal escape, the polycation 

poly(ethyleneimine) (PEI) has successful been used as a versatile non-viral 

vector for gene delivery and transfection.234,235 In addition, PEI can also be 

grafted onto the surface of either intrinsic or pre-grafted silica through 

hyperbranching polymerization of aziridine at acidic conditions (Figure 17),231,236 

which allows for a high density of amine groups to be grafted onto the silica 

surface, and further for the density to be varied by changing the aziridine/silica 

ratio. The amine groups can serve as effective hooks for facile subsequent 
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surface-functionalization, and effectively improve the dispersion stability of 

silica NPs at physiological conditions by providing them with a high positive 

charge, originating from the protonation of amine groups at these 

conditions.193,224 The high positive surface charge provided by PEI promotes NP 

contact with the negatively charged cell membrane, thus, enhancing the 

intracellular uptake of silica NPs compared to corresponding unfunctionalized 

particles.224,237 Controversially, while a certain high molecular weight PEI is 

needed for efficient cellular uptake, its use also involves risks concerning 

toxicity, since too high a density of cationic surface charges may cause physical 

membrane damage and increased cytotoxicity associated with enhanced 

intracellular calcium flux.238,239 PEI has also been reported to promote 

endosomal escape by destabilizing lysosomal membranes,240,241 referred to as 

the “proton sponge effect”.242 This is a most desirable effect, as it can help drugs 

and nanocarriers escape degradation or exocytosis through the endo-lysosomal 

pathway and, thus, increase the probability of them reaching their target 

sites,243 many of which are situated in the cytosol.243–245 Although the exact 

mechanism for this phenomenon still remains unclear, the most generally 

accepted explanation, though heavily debated,246,247 relates to the high buffering 

capacity of polyamines, which is thought to result in an increased lysosomal 

pH.242,244,245,248 Another proposed mechanism is that the positively charged 

polymer branches of PEI may interact with and, hence, disrupt the endosomal 

membrane.249 Although reporting no change in lysosomal pH as a result of PEI 

uptake, Benjaminsen et al. recently concluded that due to the high proton 

binding ability of PEI, an exaggerated proton pump activity and influx of 

protons, in order to maintain the proton gradient across the lysosomal 

membrane, is reasonable to expect,250 implicating that the proton sponge 

hypothesis may actually be correct. As influx of protons consequently leads to 

influx of chloride ions to maintain charge neutrality, PEI-functionalized 

particles may, thereby, cause endosomal escape, but possibly also intracellular 

toxicity through osmotic swelling and rupture of the lysosomal membrane.250,251 

In order to achieve efficient cellular uptake without evoking toxic responses it 

is therefore crucial to control both the PEI polymer length and density.252  
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Figure 17. Schematic representation of the PEI-functionalization by hyperbranching 

polymerization of aziridine onto a solid surface.231 

3.4.4 Electrostatic adsorption 

Electrostatic adsorption relies on the interaction between two oppositely 

charged substances. A variety of chemical substances, such as ions, drugs, 

surfactants, polymers and biomolecules can be electrostatically adsorbed onto 

the silica surface (Figure 18).253,254 Especially different polymers and polymer 

complexes can be used for improving both the hydrolytic and dispersion 

stability of NPs by acting as an electrostatic or steric hinder.210,211 The surface 

distribution of the polymer depends on the interactions between the particle 

surface and the polymer itself, but also on the polymer chain-length and 

solvent interactions. Naturally, the stabilizing effect depends strongly on the 

degree of polymer coverage on the nanocarrier and the thickness of the 

polymer layer.211 While an adequate amount of adsorbed polymer may 

efficiently stabilize a colloidal dispersion, too high a density of the polymer 

layer may, conversely, restrain the mobility of the polymer chains and, thus, 

impair dispersion stability. 

 

 

Figure 18. NP dispersion stability can be achieved via steric or electrostatic 

stabilization with polymers.  
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Polyethylene glycol (PEG) is a hydrophilic, nonionic polymer, which is 

non-toxic and non-immunogenic and therefore commonly used for providing 

steric stabilization to various NPs intended for bioapplications.255,256 PEG is also 

known to reduce non-specific adsorption of proteins or opsonins onto the 

surface of NPs,47,257 which is important in order for the particles to escape 

recognition and clearance by cells of the immune system. PEGylation has been 

shown to, thereby, significantly prolong the circulation time of 

nanocarriers,256,258 also observed in Supporting Publication I, making them 

readily suitable for instance as drug carriers for in vivo passive targeting of 

tumors. However, the very presence of PEG may also limit the drug delivery 

efficiency by preventing interactions between the nanocarrier and the cell 

surface.259,260 It should, moreover, be kept in mind that the PEGylation stealth 

effect depends strongly both on the length and density of the PEG chains as 

well as on the nature of the proteins that it is interacting with, and that 

PEGylation merely decreases protein adsorption, not prevents it entirely.  

Due to its hydrophilic nature, PEG will eventually detach from the 

particle in an aqueous environment if not covalently grafted onto the particle 

surface.261 A way of circumventing this scenario and simultaneously improving 

the hydrolytic stability of PEG is to covalently attach it to another polymer with 

higher hydrolytic stability, thus, creating a co-polymer complex that can 

subsequently be adsorbed onto the particle surface.258,262 A good example of 

where the advantageous characteristics of two polymers have been exploited in 

combination is the PEI-PEG co-polymer complexes prepared by Sen Karaman 

et al.262 The PEI part of the polymer, which is faced towards the particle surface, 

serves the function of providing it with a high positive charge, which is known 

to both stabilize the particles electrostatically in a physiological environment 

and promote interaction with and uptake by negatively charged cells. The 

uncharged PEG-chains, facing into the surrounding liquid, may potentially 

conceal the high cationic surface charge sufficiently to lower the cytotoxicity of 

PEI and reduce unspecific protein interactions and recognition by the body’s 

own immune cells by enhancing the steric stability of the NPs, consequently 

prolonging their circulation time for in vivo passive targeting applications.47,263 

Creating such co-polymers with the right PEI/PEG ratio may therefore enable 

exploitation of several advantageous properties of both polymers, while 

suppressing their adverse effects, potentially proving very beneficial when 

modifying the surface of NPs intended for biological applications (Publication 

IV & Supporting Publication V). 
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4 Organic nanoparticles 

Organic nanoparticles (ONPs) can be characterized as solid particles composed 

of organic compounds, typically lipids or polymers, in the size range 10-1000 

nm in diameter.264 A range of different ONPs (Figure 19), including micelles, 

liposomes, dendrimers, lipid and polymeric NPs, and nanogels,265–267 find 

applications in a wide spectrum of industrial areas such as electronics, 

photonics, sensing, medicine and biotechnology.268 Although these types of NPs 

have gained much less attention than inorganic NPs, they have been intensively 

studied over the past two decades, especially as carriers of poorly water-soluble 

drugs and compounds for biomedical applications.2,269 The most common 

preparation methods are either emulsification-based270 or involves precipitation 

of organic compounds in solution, the latter including nanoprecipitation, self-

assembly and nanogelation.271 However, newer approaches, such as spray-

drying272, super-critical fluid273 and piezoelectrical274 technologies also exist. 

 
Figure 19. Organic nanoparticle-based drug formulations.275 

Among the vast range of ONPs, biodegradable polymeric NPs have due to 

their flexible manufacturing and modification regimes and their potential to 

entrap a wide range of therapeutic agents shown great promise in the treatment 

of a wide range of diseases, including various cancers and central nervous 

system disorders,269 cardiovascular diseases, viral infections and pulmonary 

and urinary tract infections. Their composition and structures, in terms of size, 

shape, internal morphology and surface properties, can readily be tuned to fit 

different purposes (see Figure 20). Particularly the hydrophilic polymer PEG is 
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often covalently conjugated to the surface of polymeric NPs in order to reduce 

immunogenicity and clearance by the cells of the reticuloendothelial system 

(RES), thus, prolonging blood circulation times, leading to improved 

therapeutic efficiency.276 Polymeric particles can be either nanocapsules, i.e. 

(drug) reservoirs with a polymeric shell, or nanospheres, i.e. homogeneous 

polymeric matrices with encapsulated drug, made up of natural or synthetic 

polymers, or combinations of these.275 Especially nanospheres exhibit excellent 

sustained release characteristics.277 Through effective surface-functionalization, 

these NPs can furthermore be modified for targeted delivery, stimuli-

responsive activation and efficient permeation over biological barriers,82 

making them especially useful for treatment of various cancers. Most polymeric 

NPs are biodegradable and biocompatible, which naturally is a prerequisite for 

any material intended for biomedical applications.269 Existing drug delivery 

formulations employing biodegradable polymers include, among others, PLA,78 

PLGA,79,278 PACA,271,279,280 gelatin281,282 and chitosan283–286 NPs. In fact, PLA and 

PLGA NPs formulated to carry various low molecular weight compounds have 

also, by the FDA, been approved for clinical use.287 

 

Figure 20. Surface properties of polymeric NPs: (a) stealth: imparts biocompatibility, 

steric stability and drug protection, reduces opsonization and clearance by cells of the 

RES, may also reduce cellular uptake and endosomal escape, (b) charge: cationic charge 

enhances cellular uptake and endosomal escape, but is associated with uncontrolled 

tissue distribution and toxicity, (c) targeting: enhances specific cellular uptake, but 

may also accelerate clearance and/or immunogenicity, (d) stimuli-responsiveness: 

controls cargo release dynamics of NPs at specific sites. Modified from Elsabahy and 

Wooley (2012).82 
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4.1 Poly(alkylcyanoacrylate) nanoparticles 

Alkylcyanoacrylate polymers are well known for their excellent 

adhesive properties, which have been exploited in both the commercially 

available Superglue for the repair of everyday items, and surgical glues for 

repair and closure of skin and surgical wounds.288–291 During the past three 

decades, alkylcyanoacrylates have also broken ground in the field of 

nanomedicine as PACA-based biocompatible and biodegradable NPs, first 

introduced in 1979 by Couvreur et al.,292 have been developed as colloidal drug 

carriers for the treatment of various cancers and viral, bacteriologic and 

parasite infections as well as for metabolic an autoimmune diseases.293–297 The 

easy and convenient in situ polymerization of PACA NPs by various 

emulsification techniques,298 allows for simultaneous incorporation of a wide 

range of drugs, fluorescent dyes and contrast agents for magnetic resonance 

imaging (MRI) or positron emission tomography (PET).299,300 The NP surface is 

often PEGylated in order to impart stealth properties to the nanocarrier, thus, 

achieving better dispersion stability and longer blood circulation times for 

passive targeting to tumors by the enhanced permeability and retention (EPR) 

effect,301 although various ligands can furthermore be conjugated to the NP 

surface in order to achieve selective, targeted delivery.82 PACA NPs have more 

recently also gained increasing attention as potential drug carriers over the 

BBB, which sets perhaps the biggest challenge in drug delivery by effectively 

limiting drug penetration into the brain.295,302,22 For instance, ultrasound 

treatment in combination with microbubbles (MBs) has been explored as a 

means of improving PACA NP-mediated drug delivery, both to different 

tumors and over the BBB.303,304  

 

Figure 21.  Schematic representation of a polymeric nanosphere and the primary 

degradation mechanism of PACA by hydrolysis of alkyl side chain ester functions. 

Modified from Nicolas and Couvreur (2009).305  
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As for all drug carriers the degradation, excretion and toxicity of PACA 

NPs and their degradation by-products are crucial aspects for their 

applicability in biomedicine. The main degradation mechanism of PACA NPs 

involves hydrolysis of their side chain ester,297 into the corresponding alkyl 

alcohol and poly(cyanoacrylic acid) (Figure 21), both of which can potentially be 

harmful to cells.306 The latter is, however, completely water-soluble and can be 

excreted by renal filtration.305 The biodegradation process can in biological 

fluids be catalyzed by esterases from serum, lysosomes, or pancreatic fluid.307,308 

Other mechanisms have also been proposed, but are thought to be less 

significant in biological conditions. The typically very fast degradation of 

PACA NPs is strongly dependent on the alkyl side chain length of the 

monomer (Publication II). Shorter alkyl chains are associated with faster 

hydrolysis, but also higher toxicity due to resulting high concentrations of 

degradation by-products.309,310 Since drug release from polymeric NPs occurs 

mainly in connection to the biodegradation of the carrier (Publication II) or by 

diffusion out of the carrier,311 careful tuning of the NP monomer composition 

could both potentially minimize toxic responses, and offer control over drug 

release kinetics, through manipulation of the biodegradation rate. Although 

showing great promise as nanomedicines for cancer therapy, PACA NPs have, 

due to remaining concerns regarding their safety and efficiency, not yet been 

authorized for clinical use. Some PACA-based drug formulations have, 

however, reached Phase II and III clinical trials.282,312 
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5 Nanoparticles in pharmaceutical technology 

One of the fundamental aspects of pharmaceutical technology and drug 

development is proper drug delivery and distribution within the patient’s 

body.313 This poses a challenge, especially for the effective and safe 

administration of highly toxic and poorly water-soluble compounds, such as 

many cytostatic drugs intended for cancer treatment, using conventional drug 

formulations. Pharmaceutical technology has hence, during the past three 

decades, experienced an upsurge, as a wide range of new NP-based DDSs with 

controllable properties have been designed with the intent of overcoming this 

obstacle by entrapping various drugs within the matrix of the nanocarrier. An 

ideal DDS, which should also be stable under various physiological conditions, 

would thereby increase the bioavailability and safety of the drug by providing 

control over the rate, time and place of drug release, in a reproducible 

manner.314,315 In practice, this requires proper administration and transport 

across biological membranes to the desired site of action, while avoiding 

premature release or interaction with non-diseased tissue, which could lead to 

harmful side effects. 

Among the countless varieties of NPs designed for pharmaceutical use, 

amorphous mesoporous silica-based NPs have emerged as especially 

promising candidates for the use as multifunctional DDSs. Their unique 

properties, such as large surface area and pore volume and flexible functional 

regimes allowing control over size, morphology and surface functionality, 

along with biocompatibility and biodegradability make them highly suitable 

for combined diagnostic and therapeutic approaches, as so called theranostic 

agents.316 MSNs with fluorescent molecules and nanosized particles for optical 

imaging,70,317–319 radionuclides for PET,320,321 and various contrast agents, such as 

metal oxide NPs and quantum dots, for MRI49,59,322,323 have been synthesized for 

diagnostic actions. Furthermore, silica NPs have successfully been loaded and 

conjugated with various drugs, proteins, peptides, vaccines and antigens, and 

their outer surface has been decorated with various ligands to achieve targeted 

therapies19,324–327 Some recent efforts to create MSN-based theranostics include 

MSNs conjugated with lanthanide ions, such as europium or gadolinium that 

have recently been explored for in vitro and in vivo targeted delivery of the 

anti-cancer drug camptothecin (CPT) to cancer cells, during simultaneous 

monitoring of the course of events by MRI and fluorescence imaging.328 MSN-

encapsulated carbon and silicon nanocrystals, conjugated with hyaluronic acid 

and PEGylated phospoholipids have also been studied in vitro in combination 

with luminescence imaging for combined imaging and targeting of breast 

cancer.90 Furthermore, Chen et al. presented a hollow MSN-based theranostic 

DDS that showed promising results both in vitro in human umbilical vein 
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endothelial cells (HUVEC) and human breast cancer cells as well as in vivo in 

the treatment of breast cancer upon IV injection.329  

Also polymeric NPs have due to their biocompatibility and flexibility in 

terms of surface functionalization for targeted actions and high loading 

capacity for various diagnostic and therapeutic molecules shown great promise 

for theranostic applications.330 PACA nanocarriers that have previously 

demonstrated successful drug delivery both to solid tumors and over the BBB,22 

have more recently also emerged as potential theranostic agents when used in 

conjunction with hard-shell MBs, MRI and molecular ultrasound (US) 

imaging.299,300 For example, Fokong et al. recently demonstrated successful 

combined targeting and US imaging of PBCA MBs in vitro on HUVEC and in 

vivo in human ovarian carcinoma bearing mice.331 Similarly, Fokong et al. also 

demonstrated the efficient US-mediated delivery of both hydrophilic and 

hydrophobic model drugs in vitro, and in vivo in tumor-bearing mice with the 

help of PBCA MBs.332 The future of both MSN- and PACA-based cancer 

theranostics most certainly looks bright, both in the light of already achieved 

results and due to the multitude of diagnostic molecules and techniques, 

therapeutic compounds, targeting strategies and administration routes 

available that offer endless new possibilities for multimodal and personalized 

medical treatment. However, additional in vivo investigation to ensure the 

safety and efficacy of these DDSs will be required in order for them to achieve 

real clinical applicability. 

5.1 Incorporation of hydrophobic drug 

Due to their high surface area and pore volume, MSNs are capable of carrying 

large payloads of therapeutic molecules, mainly inside the pore structure, but 

also conjugated to the outer surface of the particle.333 Some therapeutic 

molecules, such as e.g. antibodies that are conjugated to the outer surface of the 

particle may serve dual purposes, also acting as targeting ligands. The 

incorporation of drug to MSNs typically occurs as a post-synthetic procedure, 

either by adsorption or through covalent conjugation.334–336 These procedures 

differ significantly from the drug incorporation into e.g. polymeric (PACA) 

NPs, in which the drug is generally incorporated during the emulsification 

synthesis of the NPs.303 Though this approach is generally very successful for a 

variety of drugs and results in homogeneous drug dispersion within the 

polymeric structure, it should be kept in mind that alkylcyanoacrylates are 

highly reactive compounds and may react with any substances containing 

nucleophilic groups. On one hand, this can be exploited to promote association 

between the drug molecules and the NPs by covalent binding. On the other, it 

may also compromise drug activity or NP formation.337 The method 
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furthermore offers poor control over the amount of drug being incorporated 

and typically allows incorporation of much smaller drug amounts than those, 

which can be incorporated by adsorption to mesoporous silica.102,338–341 

Incorporation of therapeutic molecules into nanocarriers allow for drugs with 

poor hydrolytic stability and low aqueous solubility to be efficiently delivered 

to their target organs. Furthermore, the matrix of the NP may protect various 

drugs or biomolecules from enzymatic degradation. 

 The extent of drug adsorption to any NP is dependent on interactions 

between the adsorbent (carrier) and adsorbate (drug) as well as their 

interactions with the solvent.  Hence the solvent can be chosen based on the 

chemical properties of the drug as to promote drug-adsorbent over drug-

solvent interactions.337 Since the silica matrix is unaffected in organic solvents, 

adsorption of hydrophobic drugs from various organic solvents is very 

convenient. Adsorption from organic solvents mainly relies on hydrogen 

bonding and interactions between polar groups on the drug molecule and the 

carrier.  For silica NPs, the surface silanol groups typically serve as anchoring 

points for the drug. Functionalization of the silica surface can further be 

performed to enhance the affinity between drug and carrier. One such example 

is the functionalization of silica with amino groups in order to promote 

adsorption of carboxylic acids.342–344 By performing the drug loading in organic 

media, repulsive forces between drug and nanocarrier that might occur in 

aqueous media due to electrostatic interactions, pH-dependencies and 

hydrophobicity of the drug, can be avoided. Conversely, in the case of 

hydrophilic drugs, the exact same interactions can be used for fine-tuning the 

drug adsorption extent in hydrophilic media.344,345 

5.2 Drug release 

The release of drug from silica NPs is dependent on both carrier and drug 

characteristics. The degradation behavior of the nanocarrier is linked to its pore 

size, morphology and surface chemistry. These factors, along with the drug 

loading degree, affect the surface wettability of the nanocarrier, i.e. the ability 

of the solvent to wet the surface of the carrier.346 Dissolution and subsequent 

diffusion of the drug from the carrier or erosion of the carrier matrix due to 

wetting of inner and outer surfaces may thereby cause drug release.208,347 

Naturally, solvent properties such as pH, temperature, polarity, electrolyte 

concentration, enzyme or protein content may also affect the carrier 

degradation and drug release behavior (Publication I). For polymeric NPs, 

such as PACA, the release of hydrophobic cargo (dye/drug) is in addition to  

hydrophobic and electrostatic interactions between the cargo molecules and 

NPs (Supporting Publication II), strongly connected to the degradation of the 
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polymer matrix,348,349 which causes liberation of the encapsulated drug 

molecules, as furthermore investigated in Publication II.  There are also cases, 

in which direct contact between the PACA nanocarrier and biological 

membranes has been shown to cause release of the hydrophobic content into 

the cells by diffusion through the plasma membrane.311 The physical state 

(crystalline or amorphous) of the drug also affects its solubility and, hence, its 

release, amorphous drug forms having higher solubility than crystalline ones. It 

has been shown that several drugs can be maintained in their amorphous form 

when confined within the mesopores of NPs, thus, improving the solubility and 

release of an otherwise poorly soluble crystalline drug form.350–352 To avoid 

premature release, the drug can be covalently attached to functional groups on 

the inner pore walls.229,353,354 Depending on the physicochemical properties of 

the drug as well as the carrier, confining the drug molecules inside the porous 

matrix of the nanocarrier may allow delayed or sustained release of the drug.355 

A delayed release profile can be of crucial importance in providing a 

substantial amount of circulation time for the carrier to reach the target organ. 

Controlled or sustained release, on the other hand, can provide a slow, 

continuous release profile in order to maintain the plasma drug concentration 

within a certain therapeutic window (see Figure 22). The release profile can 

furthermore be adjusted by employing various capping molecules and release-

on-demand systems to the NP that rely on external stimuli to trigger the release 

of drug.356–358 

 

 

Figure 22. Drug levels in the plasma released from a traditional release system, i.e. 

multiple oral capsules or injections (blue dashed curve), and a controlled release system 

(red continuous curve).359   
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5.3 Targeted drug delivery 

Drug targeting can be achieved by either passive or active actions (Figure 23). 

Passive targeting takes advantage of physicochemical factors, mainly size and 

surface charge, of particulate carrier systems in order to promote uptake by 

cells of the RES, also called the mononuclear phagocyte system (MPS).266 

Another targeting strategy involves exploiting the EPR effect for the uptake of 

materials within a certain size range. By contrast, active targeting requires 

establishment of a specific connection between targeting molecules on the 

surface of the NP and receptors or ligands on the cell membrane to induce 

cellular uptake. Such targeting strategies include conjugation of the particle 

surface with e.g. antibodies,19 also presented in Supporting Publication IV, 

peptides,360 sugars361 or folate325 (Supporting Publication VII). Passive and 

active drug targeting of nanocarriers to tumors may reduce toxic side effects, 

increase therapeutic efficacy and improve the bioavailability of poorly soluble 

or stable drugs. In this thesis, we have not aimed at active targeting, but instead 

investigated various passive targeting strategies to achieve efficient 

intracellular NP uptake. 

 

 
 

Figure 23. Schematic representation of passive and active tumor targeting with 

nanocarriers. Both types of nanocarriers reach tumors selectively through the leaky 

vasculature surrounding the tumors. Stealth nanocarriers can be taken up 

unspecifically by the cells, whereas the nanocarriers with targeting molecules can bind 

to the target cells and enter them via specific receptor–mediated interactions.362 
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5.3.1 Passive targeting 

Passive targeting occurs when the physicochemical characteristics of a NP 

induce cellular uptake or accumulation in cells and tissue (e.g. tumors). The 

two main parameters that determine the pharmacokinetics and biodistribution 

of NPs are size and surface charge, which are, thus, the main characteristics 

responsible for passive targeting and intracellular uptake of NPs.363,364 Foreign 

materials, such as various NPs that are introduced intravenously to the body 

are typically rapidly recognized and cleared by the body’s own immune 

system, the RES. The RES is the body’s first line of defense against pathogens 

and consists of different phagocytic cells.365 The efficient uptake of material by 

phagocytic cells, mainly macrophages and neutrophils, abundantly present in 

the spleen, liver, lungs and bone marrow can also be exploited to achieve 

passive targeting of drugs to treat cancer localized in these organs.366 Non-

phagocytic cells do typically not efficiently internalize particles larger than 500 

nm.367,368 Thus, NPs can be designed for uptake by phagocytic cells by tuning 

the particle size. 

The uptake and fast clearance of NPs by the RES from the blood 

circulation is, however, not desirable when aiming for treatment of other 

organs or tissues. Recognition of foreign materials by the RES is typically 

preceded by a process called opsonization, which involves binding of plasma 

proteins and glycoproteins to the surface of the material in order to facilitate 

recognition by the phagocytic cells. For instance, hydrophobic particles have 

been found to efficiently bind plasma proteins and as a result be rapidly cleared 

from the circulation.365,369 With the help of surface engineering, NPs can be 

made unrecognizable to the cells of the immune system, leading to longer 

blood circulation times and consequently better ability to reach the target site.363 

The ability to avoid opsonization and clearance by the RES is commonly 

referred to as ’stealth’ effect, and is in general achieved by coating the surface of 

the NPs with a hydrophilic polymer, such as the nonionic polymer PEG,370–372 

either by electrostatic adsorption or covalent conjugation to the NP surface or 

by incorporation of PEG into the polymeric backbone of the NP.256,373 Passive 

targeting for cancer treatment can be achieved with long-circulating PEGylated 

NPs that accumulate in some tumors as a result of fenestrations in the tumor 

capillaries and lack of functional lymphatics, which causes retention of the NPs 

in the tumor tissue.374 This so called EPR effect serves as a possibility for 

particles or molecules of a certain size to enter into the cancerous tissue due to 

the leaky and defective tumor vasculature that develop as a result of rapid 

vascularization in fast-growing tumors.375,376 Since smaller particles permeate 

more easily over biological barriers, drug-containing NPs tuned to the right 

size can be used for passive targeting of cancerous tissue. 
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Although charged NPs typically have short circulation times due to 

adsorption of plasma proteins, which leads to fast recognition and removal by 

the RES,377 passive targeting with NPs carrying a high positive charge, such as 

PEI-grafted NPs, may also be an efficient way of inducing intracellular uptake 

by promoting non-specific binding with the typically negatively charged cell 

membrane.378 Furthermore the high positive charge of PEI helps maintain good 

dispersion stability also at physiological conditions by electrostatic stabilization 

of the particles. PEI has furthermore been proposed to exhibit a unique proton-

sponge or endosomal buffering effect, arising from protonation of the tertiary 

amines in the interior of PEI at acidic endosomal pH, causing destabilization of 

the endosomal membrane, and subsequent endosomal escape.244,379 The basis of 

this hypothesis has been more thoroughly discussed in chapter 3.4.3.   

5.4 Intracellular uptake of nanoparticles 

Cells possess a variety of mechanisms for transferring materia across the 

plasma membrane. Ions and small molecules use both passive and active 

transport routes, while larger macromolecules and particulate systems rely on 

endocytosis and exocytosis to traverse the cell membrane (see Figure 24).380–382 

The most well-described routes of endocytosis are the clathrin-mediated route, 

which typically requires recognition of some ligand by a specific receptor,59 and 

the non-specific caveolin-mediated route.383 The clathrin-mediated route has, 

however, also been suggested to take part in endocytosis through unspecific 

binding.384,385 The rate and pathway of NP uptake depends strongly on cell type 

and on the size, shape, charge and surface chemistry of the NP that can 

naturally be manipulated in order to promote receptor-specific intracellular 

uptake.386,387 Particles ≤200 nm in diameter, are typically more efficiently taken 

up through the clathrin- and caveolin-mediated routes.252 Caveolin-mediated 

uptake has, however, also been reported for NPs as large as 500 nm.367 Larger 

particles and complexes (>500 nm) are taken up by phagocytosis performed by 

macrophages and neutrophils.59 The endocytic process is moreover affected by 

the temperature, pH and energy of the system as well as the time of exposure to 

the external stimulus.388 

Receptor-mediated endocytosis is initiated by ligand-receptor binding 

on the extracellular side of the cell membrane. The binding gives off a chemical 

signal to the cellular machinery, which causes invagination of the particle and 

receptor-ligand complex inside clathrin-coated vesicles that are internalized by 

the cell by budding off from the plasma membrane.389,390 Caveolin-coated 

vehicles form in a similar fashion as a result of unspecific binding of ligands or 

other constituents to the plasma membrane. Inside the cell the clathrin- or 

caveolin-coated vesicle is fused with the endosome, which functions as a 
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sorting compartment and can either recycle the material back to the cell 

membrane or transfer it to the lysosomes, where material is broken down by 

different hydrolytic enzymes.59,391,392 Caveolin-coated vehicles may also be 

delivered directly to the endoplasmic reticulum or Golgi apparatus, thus, 

escaping degradation by lysosomes.393 Achieving endosomal escape is of crucial 

importance for many NPs intended for drug delivery, as a large number of 

drug targets are located within the cytoplasm. The ability of drug carriers to 

release their cargo into the cytoplasm, either by transfer of the active substance 

over the endosomal membrane or by escaping the endosome and subsequently 

releasing their cargo into the cytosol, is hence a decisive parameter in achieving 

efficient intracellular drug delivery.394 NPs that absorb protons in the acidic 

endosomal environment have been found to disrupt the endosomal membrane 

by causing swelling and an increase in osmotic pressure, thus, enabling 

endosomal escape.395  

 
Figure 24. The cellular uptake of particles is determined by the natural size rules and 

gatekeepers within the cell. Phagocytes can take up large particles or NP aggregates, 

opsonized NPs, or particles with certain ligand modification. Active particle uptake by 

a non-phagocytic cell occurs mainly through pinocytosis. Particles with different 

surface modifications, may be taken up either by specific (receptor-mediated) or 

nonspecific routes. The heterogeneity of particle dispersions and surfaces always cause 

uptake through multiple pathways. Modified from Zhu et al. 2013.252 



Aims of the study 

 

46 

AIMS OF THE STUDY 

The aim of the present study is the rational and stepwise design and 

development of multifunctional NP-based delivery systems for cancer 

theranostics. The degradation and hydrophobic cargo release behavior of 

inorganic MSNs will be studied in vitro, in order to enable future control and 

prediction over these parameters, to understand their interdependency and 

pinpoint the mechanism of intracellular drug release. The same parameters will 

also be studied for an organic delivery system, based on biodegradable PACA 

NPs, in order to elucidate the relationship between NP monomer composition 

and biodegradation rate as well as intracellular biodegradation behavior and 

cargo release. Finally, a core-shell composite NP, comprising a 

photoluminescent ND core coated with mesoporous silica, will be developed to 

achieve combined long-term biomedical imaging and tracking, as well as 

therapeutic actions. By employing a ND core, we aim for superior diagnostic 

properties over conventional fluorescently labeled NPs, in terms of 

fluorescence intensity and stability. Efficient cargo delivery and release is 

aimed for by taking advantage of the flexible functionalization regimes of 

MSNs in terms of cargo loading and surface modification. 

 

The specific aims of this thesis are to: 

 

 pinpoint the interdependency of the degradation and cargo release 

behavior for both an inorganic and organic NP-based delivery system 

 

 develop a novel core-shell composite NP comprising diagnostic and 

therapeutic functions 

 

 verify the applicability of the delivery systems in terms of intracellular 

delivery and cargo release, imaging and tracking   



Characterization methods 

 

47 

CHARACTERIZATION METHODS 

A wide set of characterization techniques is typically needed in order to define 

the properties and phenomena exhibited by NPs intended for biomedical 

applications. Table 1 presents a summary of the techniques used in this thesis 

and the properties or phenomena they have been used for elucidating. In the 

following section, these techniques will be discussed to the extent required for 

understanding the results that will be presented. 

  

Table 1. Summary of characterization techniques used for studying different properties 

and phenomena in the presented publications.  
Characterization method  Studied properties/events Publication 

No 

Dynamic light scattering Particle size I-IV 

Electrokinetic measurement  Net surface charge (zeta potential) I-IV 

Small-angle x-ray scattering Pore structure I, III-IV 

Nitrogen physisorption Surface area, pore size and pore volume I 

UV-vis spectrophotometry Silica dissolution I, III 

Cargo loading/release I, III-IV 

Thermogravimetric analysis ND/silica mass ratio III 

Cargo loading, surface functionalization  I 

Scanning electron microscopy Particle morphology I, III 

Transmission electron microscopy Particle and pore morphology I, III-IV 

Intracellular NP uptake and trafficking IV 

Flow cytometry Intracellular uptake II, IV 

Confocal laser scanning microscopy Intracellular uptake and localization I-II, IV 

Internalization pathways II 

Fluorescence recovery after 

photobleaching 

Intracellular cargo release I 

Fluorescence lifetime imaging 

microscopy 

Intracellular localization and NP degradation II 

Förster resonance energy transfer Intracellular NP degradation  II 

Stimulated emission depletion ND imaging and intracellular tracking  IV 

 
1 Dynamic light scattering396–398 

Dynamic Light Scattering (DLS) is commonly used to measure the 

hydrodynamic size of particles in a suspension. The technique is based on 

measuring the spontaneous random diffusion of particles within a liquid, i.e. 

the Brownian motion that arises due to bombardment of particles by the 

surrounding solvent molecules. By using the patented technique called Non-

Invasive Back-Scatter (NIBS), where the scattered light is collected at a 173 

angle relative to the light source, typically a laser beam, better sensitivity can be 

achieved and samples containing large particles and higher concentrations of 

particles can be measured.396 
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When hit by a light source, particles scatter light in all directions. The 

constant random movement of the particles, which is dependent on their size, 

causes intensity fluctuations in the scattered light. Smaller particles move faster 

than larger ones, thus also resulting in larger intensity fluctuations. As the 

intensity fluctuates randomly with time, the scattered light causes either 

constructive or destructive interference, which is detected and registered as a 

continuously changing interference pattern. A number of different algorithms 

are then used for translating the pattern into a correlation function, based on 

which both the size and size distribution of the particles can be determined. As 

the size of the spherical colloidal particles is related to their translational 

diffusion coefficient, D, their hydrodynamic radius, r, may be calculated using 

the Stokes-Einstein relationship, 

r

Tk
D B

3
                        (Eq. 1) 

                           

where kB is the Boltzmann’s constant, T the absolute temperature, and  the 

viscosity of the solvent.399 

The resulting particle size is typically displayed as the Z or Z-average, 

also called Intensity PSD (Particle Size Distribution), because it is the mean 

particle size calculated based on the intensity of the sample. For the Z-average a 

polydispersity index (PdI) is given, which describes the width of the size 

distribution. The Z-average value is best used if the particles are spherical and 

the sample monomodal and monodisperse. A sample with a PdI below 0.5 can 

be considered suitable for comparative analysis. A PdI over 0.5 indicates a 

fairly polydisperse sample, in which case a distribution analysis is preferred. In 

the case of polymodal samples, the size distribution can also be displayed as 

either Volume PSD or Number PSD, which are calculated based on the mean 

particle volume or number, respectively (Figure 25). 

 
Figure 25. The size distribution of a sample, containing only two sizes of particles in 

equal numbers, shown as number, volume and intensity distributions.396 
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2 Electrokinetic measurement of zeta potential400,401 

When particles are dispersed in a liquid, they obtain an electrical charge as a 

result of ionization of surface functional groups or adsorption of ions onto the 

particle surface. This gives rise to electrostatic forces that are either attractive or 

repulsive and that affect the electrophoretic mobility of the particles in a 

medium. The charged particles attract counterions, i.e. ions of opposite charge, 

in such a way that an inner layer with a higher concentration and more 

strongly bound counterions is formed close to the particle, while an outer layer 

of more loosely associated ions is formed further away from the particle surface 

(Figure 26).402 The inner Stern layer and the outer diffuse layer together form the 

electrical double layer. When the particle moves within a liquid due to gravity 

or an applied voltage, counterions up until a certain distance from the particle 

move along with the particle. Ions at a farther distance do not move with the 

particle. This theoretical boundary, beyond which the ions do not follow the 

movements of the particle, exists within the diffuse layer and is called the 

surface of hydrodynamic shear or the slipping plane. The electric potential that 

exists at the slipping plane is called the zeta () potential. The zeta potential can 

thus be defined as the double layer potential close to the slipping plane, at the 

interface between the surrounding medium that is attached to the particle and 

the dispersion medium. It is, however, noteworthy that the exact location of the 

zeta potential cannot be specified.398 

 

Figure 26. Schematic representation of the electrical double layer and zeta potential.402  
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The electrophoretic mobility of the particles can be obtained by performing an 

electrophoresis measurement using laser Doppler velocimetry (LDV). When an 

electric field is applied across a sample in dispersion, placed in a sampling cell 

equipped with electrodes, it induces the charged particles to move towards the 

oppositely charged electrode. The velocity of the particles depends on the 

strength and direction of the electric field, the dielectric constant and viscosity 

of the medium and on the zeta potential. By measuring the electrophoretic 

mobility, the zeta potential can be determined using the Henry equation: 

    




3

)(2 af
UE                         (Eq. 2)  

where UE is the electrophoretic mobility,  the dielectric constant of the 

medium, f(a) Henry’s function,  the zeta potential and  the viscosity of the 

medium. Two values are generally used for Henry’s function. For aqueous 

solutions, the value 1.5, referred to as the Smoluchowski approximation, is used 

and for non-polar solvents, the value 1.0, also known as the Hückel 

approximation, is used. 

The zeta potential value is of crucial importance considering the dispersion 

stability. A colloidal dispersion is considered electrostatically stable if it has a 

large negative or positive zeta potential value,  ≤ -30 mV or  ≥ 30 mV, which 

creates sufficient repulsion between the particles to keep them from 

flocculating. Since pH greatly affects the surface charge and thereby also the 

stability of the dispersion, a zeta potential value without the accompanying pH 

is virtually meaningless. The pH of the medium should therefore always be 

noted. The pH-dependence can also be exploited for determination of the IEP of 

the dispersion through electrokinetic titration. The IEP is the pH value at which 

the net effective charge () of the particle is zero and, thus, where the colloidal 

dispersion is least stable. In addition to the pH value, the electrolyte 

concentration should furthermore be stated, since added electrolytes screen the 

surface charges and thus distort the absolute zeta potential value. 

3 Small-angle X-ray scattering 

X-ray diffraction (XRD) is a powerful nondestructive and widely used 

technique for studying the porosity and periodic atomic arrangement of 

materials. With Small-angle X-ray Scattering (SAXS) it is possible to determine 

both microscale or nanoscale structural characteristics, such as the atomic 

position, bond lengths and bond angles of molecules in a lattice, of various 

well-ordered particulate systems. Hence, SAXS can serve as a useful tool for 
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studying the structural characteristics of inorganic mesoporous materials, such 

as silica NPs.  

The technique involves bombarding a sample with a monochromatic X-

ray beam and then recording the elastic scattering of electrons at very low 

angles, between 0.1 and 10. The measurement is performed in vacuum to 

minimize interference effects caused by air. The scattering, which is caused by 

the electron clouds of the atoms in the irradiated sample, creates a scattering 

pattern, which describes the intensity of the scattered x-rays measured as a 

function of scattering angle, and is dependent on the electron density in the 

sample. This means that in the absence of adsorption effects the intensity of the 

scattered electrons is directly proportional to the electron density differences in 

the system. The scattering pattern provides information about the size and 

shape, size distribution and surface-to-volume ratio of the studied material.  

 The position of diffraction peaks in a pattern is determined by the unit 

cell of the crystal, whereas the peak intensity is a function of the positions of the 

atoms in the crystal. Depending on the structure of the sample the scattered 

waves can thus give rise to either constructive or destructive interference.403 

Heterogeneities in the material’s structure causes the scattered waves to 

interfere destructively, canceling each other out. Contradictory, well-ordered 

materials, where the atoms are periodically arranged in lattices, cause 

constructive interference, which gives rise to a diffraction pattern. Diffraction 

thus occurs when the wavelength of the constructively interfering waves is of 

the same order of magnitude as the repeat distance, i.e. the phase shift 2, 

between the scattering centers within a crystal. The diffraction then follows 

Bragg’s law,404 

 



n  2dhkl sin               (Eq. 3) 

 

where n describes the integer number of wavelengths, i.e. the order of 

diffraction,  is the wavelength of the x-ray beam, dhkl the repeating distance 

between the lattice planes and  the scattering angle. Bragg’s law hereby relates 

the distance (dhkl) between the periodically repeated crystal lattices to the angle 

() of diffraction.  

The lattice spacings and scattering intensities of materials with different 

unit cells vary greatly. The materials therefore display very different diffraction 

patterns that are specific for the atomic composition of the material. Because the 

diffraction arises from scattering by a periodically ordered material, not only 

crystalline, but also amorphous materials, with an ordered molecular structure, 

can be characterized. Figure 27 shows the diffraction pattern for three 
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mesoporous materials with different unit cell structures, where also the Bragg 

diffraction peaks are displayed.405  

 
Figure 27. X-ray diffraction patterns for some mesoporous materials.405 

The Bragg diffraction peaks refer to the d-spacing between the lattice planes 

and are indexed accordingly. For a hexagonal unit cell the lattice planes are 

indexed (100), (110), (200), (210), and (300). The Bragg spacing ratio is specific 

for the composition of matter. For materials with a two-dimensional hexagonal 

structure, the Bragg spacing ratio is 1: 13: 14: 17: 112. The repeating 

distance d100 can directly be used to calculate the lattice parameter, a, of the 

hexagonal structure, through application of the Bragg spacing ratio in the 

following expression: 



a 
2dhkl

3
              (Eq. 4) 

 

where a is the lattice parameter, the distance between the centers of two 

cylinders in the hexagonal structure, and dhkl equals d100 and is the spacing of the 

hexagonal structure. The d100-spacings of a hexagonal and lamellar structure are 

illustrated in Figure 28. 
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Figure 28. Illustration of a hexagonal and lamellar structure and their d100-spacing. 

Modified from Barton et al.405 

The d100-spacing provides direct information about the lattice spacing if the 

mesoscopic order of the material is known. Additional information about the 

pore width and pore wall thickness can be obtained by using SAXS results in 

conjunction with physisorption data. 

4 Nitrogen physisorption108,406 

Gas physisorption is of major importance for the characterization of a large 

variety of porous materials, such as industrial adsorbents, ceramics, pigments 

and building materials, since it can be used for determining both the pore size 

and shape, pore volume, pore size distribution and specific surface area of the 

studied material. Determination of the physisorption isotherm is typically 

performed either by the conventional technique, by which the adsorption 

isotherm is constructed point-by-point by admission of successive amounts of 

nitrogen to the adsorbent, allowing the system to attain equilibrium between 

each gas admission. The more recent continuous technique, is used to 

determine the adsorption under quasi-equilibrium conditions; gas is then 

continuously admitted by a slow and constant flow. Volumetric or gravimetric 

means can be used to determine the adsorption at the gas-solid interface. Before 

determination of the adsorption isotherm, the sample must always be degassed 

at vacuum and typically at an elevated temperature in order to remove all 

psysisorbed molecules from the surface of the adsorbent that might otherwise 

distort the result. 

4.1 Porosity and classification of pores108 

According to the IUPAC classification of pores, porous materials can be 

divided into three classes based on pore width.  Microporous materials have 

pores with a diameter less than 2 nm, mesoporous materials have pores with a 

diameter between 2 nm and 50 nm and finally macroporous materials have 

pores of a diameter more than 50 nm. These values are, however, to some 

extent indiscriminate as the process of pore filling depends largely also on pore 
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shape and adsorbent-adsorbate interactions. The complete volume of a 

microporous material can be considered as adsorption space, where micropore 

filling occurs, in contrast to surface coverage, which occurs on the walls of 

macro- and mesopores. While micropore filling can be regarded as a primary 

physisorption process, mesopore filling involves a two-step process consisting 

of monolayer-to-multilayer formation and capillary condensation.   

5.5 Physisorption isotherms 

The properties of the material, the adsorbent and adsorbent-adsorbate 

interactions all influence the physisorption process, while the equilibrium 

pressure and temperature of the system furthermore influence the adsorption 

efficiency. Based on the material characteristics and interactions of the gas-solid 

system, the adsorption follows a certain type of pattern, called isotherm. 

Although a wide range of physisorption isotherms have been experimentally 

recorded, the majority of the isotherms can be divided into six main classes 

(Figure 29) according to the IUPAC classification.108 

 
Figure 29. The six main types of adsorption isotherms according to the IUPAC 

classification.108 

The type I isotherm is typical of materials with micropores (0.7-2 nm) of 

molecular dimension with strong adsorbent-adsorbate interactions. The steep 

slope of the adsorption curve is an indication of a relatively small pore size 

distribution and the wide plateau signifies a very small surface area. Type II 

isotherms are usually displayed by non-porous and macroporous solids, which 

allow unrestricted monolayer to multilayer adsorption on an open surface. The 

isotherm then describes the formation of an adsorbed layer, whose thickness 
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increases progressively as the relative pressure increases. Point B typically 

represents the completion of the monolayer and the start of multilayer 

formation. The type III isotherm is convex to the relative pressure over the 

whole range, which means that the monolayer coverage increases as the 

relative pressure is increased, but instead of reaching a point of completion of 

the monolayer, multilayer adsorption starts as gas molecules clusters at the 

most favorable sites. Therefore, no point B exists. The isotherm is indicative of 

very weak adsorbent-adsorbate interactions. Type IV isotherms resemble type 

II isotherms with the difference that they most often exhibit a second plateau at 

higher relative pressures. The characteristic hysteresis loop describes the 

progressive filling (lower branch) and emptying (upper branch) of the pores by 

capillary condensation. The type V isotherm resembles the type III isotherm, 

but levels off at high relative pressures. The isotherm is displayed by a number 

of inorganic oxides, such as e.g. amorphous silica gels, and indicative of weak 

adsorbent-adsorbate interactions. The type VI isotherm is quite rare and 

typically seen in materials where a layer-by-layer adsorption occurs on a highly 

uniform surface. 

5.6 Surface area determination by the BET method 

The most commonly used method for determining the surface area of porous 

materials is the Brunauer-Emmett-Teller (BET) gas adsorption method.407 The 

BET theory is an extension of the Langmuir theory of monolayer adsorption, 

and also describes multilayer adsorption. The theory relies on two 

assumptions: a homogeneously adsorbed layer of molecules on the surface of 

the material and the absence of interaction between the adsorbed molecules, 

whereby it can be expressed in its linear form by the following equation:108 

 



p

na (p  p)


1

nm
aC


(C 1)

nm
aC

p

p
             (Eq. 5) 

 

where na is the amount adsorbed at the relative pressure 



p p and 



nm
a  is the 

monolayer capacity. C is a constant, which is exponentially related to the 

adsorption enthalpy in the first adsorbed layer and provides an indication of 

the magnitude of the adsorbent-adsorbate interactions. The constant C typically 

has a value between 80 and 150 for many non-porous and mesoporous 

materials in nitrogen at 77 K. The specific surface area, also known as the BET 

area, can subsequently be calculated from the monolayer capacity,



nm
a :108 
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m

a

ms LanBETA )(               (Eq. 6) 



as(BET)  As(BET) /m            (Eq. 7) 

                                                    

where As(BET) is the total and as(BET) the specific surface areas of the adsorbent 

mass (m), L is Avogadro’s constant and am the average area occupied by each 

gas molecule in the complete monolayer (am for N2 at 77K = 0.162 nm2).  

5.7 Pore size and shape determination 

The most useful method for determination of mesopore size is the Barrett-

Joyner-Halenda (BJH) method.408 By using the corrected form of the Kelvin 

equation,108,409 which accounts for multilayer thickness in the pore walls, the 

pore width can be determined. The Kelvin equation assumes a hemispherical 

liquid/vapor meniscus and a well-defined surface tension and can be 

expressed: 

 



ln
p

p


2VL
RT

1

rm









                           (Eq. 8) 

 

where 



p p is the relative pressure,  and VL the surface tension and molar 

volume of liquid nitrogen at 77 K, rm the mean radius of curvature of a liquid in 

a pore, R the universal gas constant and T the absolute temperature. For 

cylindrical pores, the BJH method makes the correction 



r p rm  t , where rp is 

the pore radius and t is the thickness of the multilayer. However useful for 

comparison of pores sizes, the BJH model is unable to accurately determine the 

absolute pore size, as it underestimates the pore size by approximately 1 nm 

within the size range 2–4 nm.410. A more accurate method for determination of 

pore size distribution is the non-local density functional theory (NLDFT),408,410 

which is based on statistical mechanics and calculates the adsorption and 

desorption isotherms based on intermolecular potentials of fluid-fluid and 

fluid-solid interactions, simultaneously taking into consideration the 

adsorption forces close to the pore walls. Hence, the NLDFT allows for 

calculation of pore sizes over the whole micro- and mesopore range. By 

combining nitrogen physisorption and SAXS analysis data the pore wall 

thickness can furthermore be calculated.409 
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5 UV-Vis spectrophotometry411 

Spectroscopy studies the interaction between electromagnetic radiation and 

matter. When a molecule is illuminated by a light source with a specific 

wavelength or wavelength range, part of the light can be absorbed as it passes 

through the sample. As a molecule absorbs energy from the radiation, it is 

excited to a higher energy level. Ultraviolet and visible (UV-Vis) absorption 

spectrophotometry measures and calculates the amount of energy absorbed by 

comparing the transmitted (It) and incident (I0) light intensities. The Beer-

Lambert law expresses the linear relationship between absorbance and 

concentration (or path length) through the equation:411,412 

 



A  log
I0

It
cl                           (Eq. 9) 

 

where A is the absorbance at the specific wavelength ,  is the molar 

absorptivity (molar extinction coefficient) at that specific wavelength, c is the 

molar concentration of the sample and l is the path length. Typically, the 

experimental procedure involves measuring the transmittance through, rather 

than absorbance of, the sample. Since transmittance is defined as 



T  It I0 , the 

following relationship between the absorbance and transmittance applies: 

 



A  logT                                      (Eq. 10) 

  

When performing measurements with a sample cuvette a small amount of light 

is lost due to reflection at the cuvette walls. Corrections for the reflection and 

the absorption by the pure solvent, thus, need to be made. A reference sample 

containing only the pure solvent should therefore be measured and used as I0 

in the Beer-Lambert expression. Deviations from the Beer-Lambert law may 

arise for a number of reasons: sample inhomogeneity, scattering by particulates 

in the sample, a concentration-dependent equilibrium between chemical 

species within the sample, concentration-dependent changes in the refractive 

index of the solution or occurrence of aggregation due to high sample 

concentrations.413 The predominate consequence of such effects, is the loss of 

linear relationship between increase in absorbance and concentration or path 

length. 
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6 Thermogravimetric analysis414,415 

Thermogravimetric analysis (TGA) provides a means of analyzing the 

composition of a material by examining its mass change as a function of 

temperature when the material is subjected to a controlled temperature 

program. The sample is placed on a sensitive scale, the so-called 

thermobalance, which, during the program, measures the weight loss of the 

sample that occurs due to oxidation or decomposition of volatile substances in 

the studied material. The temperature program may involve heating, cooling, 

keeping the temperature constant, or any combination of these. Measurements 

can be performed from room temperature up 1500C under controlled gas 

atmospheres. The result is typically displayed as the weight percent loss curve, 

or its first derivative, of the sample as a function of temperature or time. The 

first derivative, which describes the rate of mass loss against time plotted as a 

function of temperature or time, can be helpful when wanting to distinguish 

two overlapping reactions, as double peaks or gradient changes will occur in 

the first derivative curve. During heating also other reactions, such as different 

state transitions, that do not include mass loss, may take place in the sample. 

These can be detected by differential scanning calorimetry (DSC), which 

measures the change in heat flow in a sample as a function of temperature or 

time. A combined, simultaneous TGA and DSC analysis is therefore a 

convenient way of gaining additionally detailed information about the studied 

material. It is important to remember that the sample-heating rate distinctively 

affects the appearance of the resulting weight loss curve, wherefore the same 

setting for the heating program should always be used for samples that are to 

be compared to each other.  

7 Electron microscopy398,411 

To be able to directly observe particles of colloidal dimensions, the resolution of 

a microscope needs to be far beyond that of an optical microscope, meaning 

that the wavelength of the radiation must be far shorter than that of visible 

light. An electron microscope is able to produce electron beams with a very 

short wavelength, in the magnitude of 0.01 nm, which can be focused using 

electrostatic or magnetic lenses. As a consequence, it is possible to acquire 

images of several hundredfold better resolution by electron microscopy than by 

light microscopy. Electron microscopy techniques have therefore become 

increasingly important in the characterization and study of different nano- and 

microparticles, macromolecules and cellular components.    
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7.1 Scanning electron microscopy416,417 

Scanning Electron Microscopy (SEM) is a useful technique for acquiring images 

of the outside morphology of different materials by scanning a small area of the 

sample with a focused, high-energy (0.1-50 keV) electron beam. The SEM can 

also obtain information about the chemical composition of the studied material. 

For a sample to be suitable for SEM analysis it must be electrically conductive, 

at least on the surface, and be electrically grounded in order to avoid 

accumulation of an electric charge on the sample surface. In order to analyze 

samples, such as silica, which are not naturally conductive, the sample first 

needs to be coated (sputtered) with an ultrathin layer of a conductive material, 

typically carbon, gold or platinum, prior to analysis.418,419 The system must 

always be kept at vacuum during scanning to eliminate interference effects 

arising from interactions between the electrons and molecules in the air.  

As the electron beam is scanned across the sample, the electrons interact 

with the sample and give rise to various signals, including secondary electrons, 

reflected or back-scattered electrons, x-rays, light (cathodoluminescence), 

absorbed current and transmitted electrons, which all can be detected by 

specific detectors. The different signals originate from interactions between the 

incident electron beam with atoms at varying depths within the sample and, 

thus, provide both quantitative and qualitative information about the structure 

and elemental composition of the studied sample. The two main signals used 

for generating images of the sample are the secondary electrons and the 

backscattered electrons. The inelastic scattering of electrons from the sample 

surface produces secondary electrons that are emitted from the k-orbitals of the 

sample atoms. The intensity of the recorded signal depends on the number of 

electrons arriving at the detector. A topographical image is therefore obtained 

as a result of electron emissivity variations on the sample surface, where the 

intensity fluctuations result in variations in brightness on the detected image. 

Elastic scattering occurs due to interactions between the primary electrons and 

the sample atoms, and produces backscattered electrons. Since a greater 

number of electrons backscatter from heavier elements than from lighter ones, 

backscattered electrons provide important information about the elemental 

composition of the sample.418 

The resolution of the resulting image from the different intensity signals 

is primarily dependent on the focusing capacity of the electron beam, but the 

sputter coating on the sample surface further enhances the signal and surface 

resolution, hence improving the obtained image. Although the resolution of a 

SEM is typically not as good as that of a transmission electron microscope 

(TEM), its major advantage is its ability to acquire images with a great depth of 

focus. This property, which is a consequence of the low numerical aperture of 
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the SEM, offers the possibility of obtaining sample images with three-

dimensional characteristics, providing highly useful information about both 

bulk and surface characteristics of the sample. 

7.2 Transmission electron microscopy417,420,421 

TEM is a highly useful technique for studying particles and structures of 

nanoscopic dimensions as it examines their internal structure and provides 

detailed microstructural information of the material. By switching between 

different imaging modes422 TEM can study e.g. the chemical composition, 

crystal orientation or electronic structure of a sample, in addition to the 

conventional absorption-based imaging. TEM can distinguish and image 

objects in the approximate size range 1 nm-5 m. Using high resolution 

transmission electron microscopy (HRTEM), also called phase-contrast, images 

with even greater resolution have been achieved, enabling study of the periodic 

structure of solids, complex structures and crystal defects down to the atomic 

level. For a sample to be suitable for TEM analysis it needs to be extremely thin, 

typically <100 nm, and in extreme cases such as HRTEM even <50 nm or <10 

nm. Since high-vacuum conditions are required for the electrons to travel 

unhindered the sample should furthermore be stable in vacuum and able to 

withstand radiation damage by the electron beam.  

The components of a TEM are assembled into a vertical microscope 

column with an electron gun positioned at the top of the instrument.421 

Condenser lenses situated below the electron gun demagnify the electron beam, 

limiting its diameter, hence, controlling the intensity of the illumination and the 

size of the illuminated sample area. The sample, usually mounted on a thin 

electron-transparent plastic or carbon film supported by a copper mesh grid, is 

illuminated by accelerating an electron beam at a potential difference range 40-

400 kV onto the sample. The applied voltage depends on the nature of the 

specimen and the desired information. The electrons interact with the specimen 

as they pass through it and form an image on the underlying fluorescent screen 

or photographic plate. One of the main requirements of the sample is that it 

needs to be ultra-thin in order for the transmitted electrons to have sufficient 

intensity for creating an interpretable image within a certain time limit, which 

generally is a function of the electron energy and the average atomic number of 

the sample. 

Contrast formation in TEM is largely dependent on which imaging 

technique is used. The most common operation mode is bright-field imaging, in 

which only the transmitted electrons contribute to image-formation.423 The 

result is a two-dimensional image where thicker specimen regions or regions 

with atoms of higher atomic number appear darker and thinner specimen 
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regions or regions with a lower atomic number appear brighter on the screen. 

Dark-field imaging exploits the scattering of electrons from the sample into 

locations in the back focal plane and can be useful e.g. in identifying lattice 

defects in crystals. By selecting certain reflections and excluding the 

unscattered beam and by projecting the back focal plane instead of the imaging 

plane onto the image device, a diffraction pattern, which appears dark at the 

locations lacking sample scattering can be created. For thin single-crystal 

samples, diffraction produces an image dotted pattern, which provides 

information about crystal orientation and space group symmetries in the 

crystal. In polycrystalline or amorphous materials diffraction causes a ring-

pattern.143 

8 Flow cytometry424–426 

Fluorescence-based flow cytometry (FCM) is an effective technique for 

analyzing the physical and chemical characteristics of biological material, such 

as cells or other biological components in the same size range, based on their 

fluorescent characteristics. Thousands of cells can be quantitatively analyzed, 

counted and sorted each second,427 as the cells are illuminated by a laser beam 

and pass through an electronic detection device in a fluid stream, called the 

sheath fluid.  The liquid flow is regulated so that the cells are well separated 

and only one cell at a time passes the fluorescence measuring station, making it 

possible to record the fluorescent signal of each individual cell.426 When the 

stream flows through the laser beam fluorescent molecules in or on the surface 

of the cell can be exited and emit light. The emitted light is detected by the 

forward scattering (FSC) and sideway scattering (SSC) detectors as well as by 

one or several fluorescence detectors. While FSC provides information about 

cell size or volume, SSC describes the granularity or inner structure of the cell. 

Each cell produces a separate signal that is converted by an analog-to-digital 

conversion detector system to electrical signals that can be processed and 

analyzed by a computer. The acquired data can then be viewed on a linear or 

logarithmic scale as a two-dimensional dot plot or as a single-dimension 

histogram. Based on fluorescence intensity one or several regions of interest, i.e. 

cell populations with similar properties, can be chosen or “gated” for 

analysis.424 When using fluorescence as the means to obtain information about a 

sample it is always important taking into consideration factors such as 

fluorochrome quenching, bleaching and photon saturation that might 

potentially interfere with the measurement.428 
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9 Confocal laser scanning microscopy429,430 

Confocal laser scanning microscopy (CLSM) is a valuable instrument for non-

destructive examination of thin (0.5-1.5 m) optical sections within or on the 

surface of a wide range of both living and fixed biological specimens. By 

scanning multiple layers, so-called stacks of the sample, also 3D-images of the 

object can be produced. Modern confocal fluorescence microscopes have 3-5 

lasers with adjustable excitation intensity and several detectors, each able to 

collect emission in a certain wavelength range. One or several of the lasers and 

detectors may be operated simultaneously and the microscopes are able to 

detect fluorescence emission in the wavelength range 400-750 nm.431 Due to the 

wide array of existing fluorochromes suitable for labeling of biological 

specimens, a variety of molecules as well as cellular and sub-cellular 

components, can be fluorescently labeled and simultaneously identified and 

imaged with high precision using CLSM. 

 

 
Figure 30. Schematic diagram of the optical pathway and main components in a 

CLSM.431  

Within the instrument both the fluorescence and scattered light from the 

examined specimen is collected by the objective lens and passed forward to a 

beam splitter, which separates the light and carries only a part of it into the 

detector. The detector filtrates the light, letting through only the selected 

fluorescent wavelengths, while blocking the primary excitation wavelength. 

The signal then passes through a pinhole in the conjugate plane, allowing only 
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light from the focal plane to enter the detector, thus, contributing to creating a 

sharper image. The final signal passes through a photodetection device, which 

converts the light into an electric signal that can be registered by a 

computer.430,431 The beam path and principal component of a CLSM is 

illustrated in Figure 30.  

CLSM can additionally be used for studying varying cellular structures 

and dynamics by techniques, such as  Stimulated emission depletion (STED) 

microscopy, Fluorescence-lifetime imaging microscopy (FLIM), Förster 

resonance energy transfer (FRET) and Fluorescence recovery after 

photobleaching (FRAP). STED microscopy enables enhancement of the image 

resolution by minimizing the area of illumination at the focal point by 

selectively deactivating the peripheral fluorescence.432 This allows for highly 

detailed analysis of various structures in biological systems. In FLIM, the 

exponential decay, i.e. the lifetime of the fluorescent signal, instead of its 

intensity, is recorded and used for producing an image.433 The technique is 

useful e.g. when investigating the intracellular degradation of fluorescently 

labeled samples and has the advantage of reducing the effects of photon 

scattering in thicker samples. FRET describes a mechanism, where energy is 

transferred from a donor chromophore to an acceptor chromophore through 

radiationless dipole-dipole coupling.434 Since the distance required for 

interaction is extremely short (≤10 nm), FRET is highly useful for studying the 

colocalization of different structures. FRAP is performed by selectively 

illuminating a small area of a specimen at a low light intensity, while the 

emitted fluorescence is measured. 435 The illumination is then briefly increased 

to a very high level to rapidly bleach the fluorescent molecules in that region. 

The recovery of fluorescence intensity, by diffusion of new unbleached 

fluorescent molecules into the bleached region, is then monitored to obtain 

information about the molecular transfer dynamics into the specified region.436
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SUMMARY OF RESULTS 

1 Design of MSNs for drug delivery 

1.1 Synthesis and functionalization of MSNs 

MCM-41 type amino-functionalized MSNs of approximately ~200-300 nm in 

diameter were synthesized for investigating their degradation behavior and 

drug release mechanism in vitro, as well as the interdependency of the two 

above-mentioned parameters. The materials were synthesized and surface-

functionalized using already thoroughly documented protocols and the 

obtained characterization data from SAXS and N2-sorption measurements 

corresponded well with literature data.111,437,438 Moreover, additional 

characterization methods (DLS, SEM and TEM) confirmed that the obtained 

materials were of the desired size and shape, had a narrow size distribution, 

good dispersion stability at physiological pH and maintained their porous 

structure throughout all functionalization steps. Successful surface grafting 

with PEI was confirmed by electrokinetic measurements and the grafted 

amount (22 wt%) was quantitatively determined by TGA.  

1.2 Drug loading 

The fluorescent lipophilic cationic indocarbocyanine dye 1,1’-dioctadecyl-

3,3,3,3’-tetra-methylindocarbocyanineperchlorate (DiI or DiIC18) is widely used 

as a membrane stain, as it diffuses laterally to stain the entire cell membrane 

and has a bright fluorescence with good photostability in physiological 

environment. It is well suited for use as a model drug, for labeling purposes 

and as a long-term tracer in various cells.439 DiI was thereby, in the drug release 

experiments, used as a model drug for the gamma()-secretase inhibitor (GSI) 

drug N-[(3,5-difluorophenyl)acetyl]- L-alanyl-2-phenyl]glycine- 1,1-dimethyl-

ethylester (DAPT) and, moreover, since we have previously verified DiI to be a 

suitable model drug for DAPT when studying cancer targeting in vivo 

(Supporting Publication VII). DAPT was also used as a control substance for 

confirming that the release behavior of DiI resembled that of a real 

hydrophobic drug. DAPT is a highly hydrophobic drug that has been studied 

as an inhibitor of e.g. autoimmune and lymphoproliferative diseases, cancer 

cell growth and angiogenesis. Both DiI and DAPT are insoluble in water and 

aqueous buffers, but soluble in some organic solvents, such as 

dimethylformamide (DMF) and dimethylsulfoxide (DMSO), which is why they 

are typically adsorbed to the substrate from organic media. The adsorption of 

DiI and DAPT was, hence, performed from cyclohexane to avoid competition 
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between adsorbent-adsorbate and solvent-adsorbate interactions.440 The 

adsorption efficiency of both adsorbates was through dye/drug elution from 

the loaded NPs in methanol and characterization with UV-vis 

spectrophotometry (DiI) and high-performance liquid chromatography (HPLC) 

(DAPT) found to equal 100% when a 5 wt% (with regard to particle mass) 

dye/drug amount was applied. An impregnation time of one day was found 

sufficient for reaching complete adsorption.  

1.3 Degradation of MSNs in vitro 

The degradation of MSNs with varying surface-functionalization and 

dye/drug-loading was investigated using a dialysis setup in the aqueous buffer 

4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) at pH 7.2 and 

37C, in order to mimic intracellular cytosolic conditions. The dissolution of 

silica was determined spectrophotometrically using the molybdenum blue 

method.14 The results of the degradation experiments, which were carried out 

over one week, are displayed in Figure 31. The surface chemistry (PEI-

functionalization) as well as cargo  (DiI/DAPT)-loading were found to clearly 

influence the degradation behavior of the investigated materials. All PEI-

functionalized samples, regardless of dye/drug-loading, were found to initially 

degrade faster than the amino-functionalized particles (MSN). This 

phenomenon was thought to relate to the abundance of amino groups grafted 

onto the silica surface, which is known to boost silica degradation in neutral 

and alkaline conditions in the presence of water.212,213 The degradation profiles 

of the dye/drug-loaded 

samples (MSN-PEI/DiI and 

MSN-PEI/DAPT) and the 

amino-functionalized sample 

(MSN) were fairly similar. As 

the pore filling with 

hydrophobic molecules 

would be expected to retard 

the material degradation 

through delayed wetting by 

the solvent, these results 

pointed to a possible 

difference in degradation 

mechanism between the 

cargo-containing and amino-

functionalized MSNs. As 

further investigation of the 
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degradation samples with TEM (Figure 32) displayed a very intact outer 

spherical shape of the amino-functionalized MSNs while the pore structure had 

clearly been deformed, we proposed that these particles had primarily 

degraded from the inside by bulk erosion, which agrees with previously 

published data.441,442 The PEI-grafted unloaded sample (MSN-PEI), which 

displayed a more intact pore structure, was suggested to degrade by a 

combined bulk and surface erosion, since the absence of cargo would allow 

pore wetting and the surface amino groups would promote hydrolysis of Si-O-

Si bonds, leading to surface erosion. Based on the same statements, the cargo-

containing samples were suggested to degrade in a similar fashion as MSN-PEI 

with the addition of an initial retardation in dissolution rate due to the presence 

of hydrophobic cargo. The low asymptote value of 20-25 wt% silica dissolution 

for all investigated samples that was reached after one week of testing was 

thought to be related to limitations set by the experimental setup, including 

potential dissolution-reprecipitation behavior and the absence of solvent-

exchange in the system. Naturally, at physiological conditions, the exchange of 

fluids would ultimately result in complete dissolution of the NPs. 

 

Figure 32. TEM overview and single-particle images of MSN, MSN-PEI and MSN-

PEI/DiI after dissolution and drug release testing for one week.  

 



Summary of results 

 

67 

1.4 Drug release 

The release of hydrophobic cargo (DiI/DAPT) from PEI-functionalized NPs was 

investigated in HEPES buffer at various solvents over one week, mimicking 

intracellular conditions in terms of temperature, pH, polarity, protein, enzyme 

or lipid content, presence of hydrophobic structures and finally also in live 

cancer cells.  As can be seen in Figure 33, the release of cargo in pure aqueous 

buffer (HEPES) at pH 7.2 was very low both due to the limited water-solubility 

of the hydrophobic active agents and the presence of cargo that counteracted 

degradation-related release by preventing penetration of water molecules into 

the pore structure. A strong positive correlation between the release profiles 

and their corresponding carrier degradation profiles suggested that the release 

of poorly water-soluble cargo in a simple aqueous environment is strongly 

connected to the degradation of the carrier. 

 
Figure 33. A) Dye and drug release profiles from MSN-PEI/DiI and MSN-PEI/DAPT 

particles in HEPES buffer (pH 7.2) at 37°C. Error bars are SD; n=3. The correlation 

between carrier degradation and cargo release is shown for B) DiI-loaded and C) 

DAPT-loaded particles.  
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Since only a small fraction of the total cargo amount was released at the 

employed conditions, further investigations of model drug (DiI) release in more 

complex media were performed (Figure 34). A decrease in pH to 4.8 of the 

release medium, which corresponds to the acidic environment found in late 

endosomes and lysosomes, where NPs typically end up after intracellular 

uptake, showed no signs of increasing the release rate. The dye release rather 

decreased, which reinforces the earlier statement that the release of 

hydrophobic agents in aqueous buffer is primarily dependent on carrier 

degradation, and agrees with knowledge of the pH-dependent solubility of 

silica.14,106 The presence of surfactants (concentration below CMC), enzymes or 

proteins in the release medium was also excluded as release-triggering factors. 

Upon the addition of an organic apolar solvent to the release medium, an 

almost immediate release of adsorbed model drug was observed. Further 

investigations revealed that only the hydrophobic dye moved into the apolar 

phase, while the NPs resided in the aqueous phase. The desorption of model 

drug moreover reached a higher completion following an increased 

concentration (>CMC) of amphiphilic molecules or other hydrophobic 

components, such as cellular membranes and organelles, in the release 

medium. The drug-solubilizing capacity of the micellar and hydrophobic 

structures was clearly displayed and is possible to predict based on the high log 

P value (12.0) of DiI,443,444 which signals that DiI preferentially partitions into a 

more apolar substance.445 The strong mechanical agitation applied during 

experimental conditions should be taken into consideration when comparing 

the drug release profile to the drug release in actual intracellular conditions in 

live cancer cells. The lack of such a mechanical agitation at intracellular 

conditions is expected to result in a less pronounced contact between cargo 

molecules confined to the pores of the nanocarrier and surrounding 

hydrophobic structures, consequently resulting in a delayed release of cargo. 
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Figure 34. DiI release in different media plotted as % of dye released over time. Error 

bars are SD; n=3. 

1.5 Intracellular drug delivery and release 

The presented nanocarrier system has previously been extensively studied and 

established as non-cytotoxic, biocompatible and biodegradable.19,224,361 The 

cancer-specific uptake of nanocarriers, along with the delivery of hydrophobic 

cargo in vitro and in vivo has furthermore been demonstrated in a number of 

publications,19,224,286,325,361,446 including  Supporting Publication VII. The 

nanocarriers have been efficiently taken up into intracellular compartments and 

the release of drug has been restricted to the intracellular environment without 

any premature leakage.224,325 Investigation of the intracellular uptake of MSN-

PEI/DiI particles and their subsequent intracellular release of hydrophobic 

cargo (DiI) in HeLa cervical cancer and MDA-MB-231 breast cancer cells was 

hereby performed as a verification of the proposed drug release mechanism, 

ascribed to interaction between apolar substances.447 The nanocarriers were 

efficiently taken up into intracellular compartments, from which a sudden 

release of cargo into the cytosol was observed after approximately 48 h (Figure 

35). The active intracellular release was verified by bleaching a cytosolic area 

containing previously released dye and subsequently recording the continuous 

dye-release from cytoplasmic vesicles into the pre-bleached spot, using FRAP. 

0

20

40

60

80

100

0 24 48 72 96 120 144 168

D
iI 

re
le

as
ed

 [
%

] 

time [h] 
HEPES MES HEPES/octane Phospahtidyl choline crude lysate



Summary of results 

 

70 

 

Figure 35. Confocal microscopy images of MDA-MB-231 breast cancer cells after 48 h 

incubation with MSN-PEI/DiI NPs. a) Bright-field image of cells, b) 4′,6-diamidino-2-

phenylindole (DAPI)-stained cell nuclei, c) intracellularly delivered and released DiI, 

and d) overlay image. 

1.6 Summary of results 

The intracellular release of hydrophobic cargo from an MSN-based DDS was 

evaluated in various mimicked intracellular conditions as well as in live cancer 

cells. The release of cargo in purely aqueous solvents was found to correlate 

strongly with the degradation of the nanocarrier. The release was not affected 

by changes in pH or by the presence of enzymes or protein in the release 

medium. We found that the release from MSNs was triggered as a result of 

close association with high concentrations (>CMC) of amphiphilic molecules or 

hydrophobic structures, such as cellular membranes and organelles. At these 

conditions the physicochemical characteristics of the cargo molecules, thereby, 

became the release-governing factors. The release of cargo was observed as a 

sudden burst from the nanocarrier; very similar to the intracellular release 

observed from cytoplasmic vesicles in live cancer cells 24-48 h after NP uptake.         
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2 Intracellular uptake and degradation of PACA NPs 

2.1 The nanocarrier system 

PEG-functionalized PACA NPs with different monomer compositions (PBCA, 

POCA and P(BCA/OCA)), containing the fluorescent hydrophobic dye NR668 

(model drug), were synthesized at SINTEF Materials and Chemistry 

(Trondheim, Norway) by an oil-in-water miniemulsion polymerization 

process.303 The produced NPs had the approximately same size (d~150-175 nm) 

and surface charge (~-10 mV). Due to their easy fabrication and 

functionalization, biocompatibility and controllable degradation rate21 PACA 

NPs can potentially serve as drug carriers both to solid tumors and across the 

blood-brain barrier.22 PACA degradation in aqueous environment occurs 

predominantly by surface-erosion through the hydrolysis of esters,448 which 

produces the corresponding alkyl alcohol and water-soluble poly(cyanoacrylic 

acid).348,349 This process can potentially also be catalyzed by esterases.308 The 

degradation rate is furthermore strongly dependent on the alkyl chain-length of 

the monomer.349 As the release of hydrophobic drugs from PACA NPs occurs 

primarily as a result of carrier degradation the intracellular uptake and 

degradation of the NPs are the two main factors that determine the 

bioavailability of the drug. Since the knowledge of these processes are still 

fairly limited, they were evaluated as a function of NP monomer composition 

in two different cells lines.  

2.2 Intracellular uptake of PACA nanoparticles 

The intracellular uptake of PBCA and POCA NPs in the PC3 human prostate 

cancer and RBE4 rat brain endothelial cell lines was quantified by FCM. The 

results are presented in Figure 36 as fluorescence intensity and percentage 

positive (fluorescent) cells. RBE4 cells displayed a significantly faster and 

overall higher uptake of both particle samples than the PC3 cells. Roughly, 90% 

of the RBE4 cells were fluorescence positive after only 1 h of incubation, 

whereas the same level was reached in PC3 cells after 24 h. The RBE4 cells 

furthermore showed higher uptake of PBCA NPs, while POCA NPs were more 

efficiently taken up in PC3 cells, suggesting that intracellular uptake is 

dependent both on cells line as well as on the alkyl chain-length of the 

monomer. NP size and surface charge are furthermore known to affect 

intracellular uptake.51 NP enlargement due to swelling or protein corona 

formation, or changes in net surface charge () as a result of protein adsorption 

or NP degradation were therefore also thought to influence the uptake. 
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Figure 36. a) PBCA and POCA NP uptake kinetics in PC3 and RBE4 cells expressed 

as fluorescence intensity relative to untreated cells. b) Percentage positive cells. Error 

bars are SD; n=2. 

The uptake of NPs was analyzed by CLSM after 3 h, displaying some 

colocalization of PBCA NPs with early endosomes, late endosomes and 

lysosomes in RBE4 cells and of POCA NPs with lysosomes in PC3 cells. The 

level of colocalization was, however, low and the vast majority of endocytic 

compartments did not contain any NPs. This corroborates findings by other 

research groups,449,450 possibly indicating that PACA NPs are capable of early 

endosomal escape, the mechanism of escape, however, remaining unclear. The 

lack of cellular fluorescence upon incubation at 4C also confirmed the uptake 

of NPs to be an energy-requiring process, which proceeds through active 

endocytosis. These results agree with previous studies279,451 and furthermore 

demonstrated that no fluorophore-leaking occurred prior to cellular uptake as a 

result of NP-cell contact that has previously been observed for nile red from 

PACA NPs.311 Both clathrin-mediated (CME) and caveolin-mediated 

endocytosis (CavME), which were inhibited using chlorpromazine and 

genistein, respectively, were found to participate actively in particle uptake in 

both cell lines (Figure 37). Active endocytosis by CavME was found to be less 

prominent for PBCA than POCA NPs in PC3 cells, while inhibition of CME 

reduced the uptake of both particle samples by approximately 40%. Inhibition 

of CME and CavME in RBE4 cells both resulted in significant reduction of 

cellular uptake of both particles. PBCA uptake was reduced by 83% (CME) and 

56% (CavME), while POCA uptake was reduced by 73% and 43%, respectively, 

indicating that these endocytic routes played a greater role for NP uptake in the 

RBE4 than the PC3 cell line. Previously published results,51,380,452 have shown 

similar high NP uptake efficiency by RBE4 cells compared to other cell types, 

suggesting that the high uptake efficiency might be a cell type-specific 

characteristic of brain endothelial cells, something that may potentially be 

exploited for delivering NPs over the blood-brain barrier.22,302 CME and CavME 
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inhibition showed that both pathways were active, CME being particularly 

dominant in RBE4 cells. The combined reduction in uptake efficiency by RBE4 

cells through inhibition of the CME and CavME pathways exceeded 100% 

inhibitors, which suggested poor inhibitor-selectivity for the respective 

internalization pathways, as has also been stated by others.453 The overall low 

inhibition effect in PC3 cells may also indicate that other endocytic pathways 

were active.  

 
Figure 37. The inhibition effect of genistein and chlorpromazine on endocytosis of 

PBCA and POCA NPs in a) PC3 cells and b) RBE4 cells. Control is untreated cells. 

The median fluorescence intensity is expressed relative to autofluorescence. Error bars 

are SD; n = 2. 

2.3 Intracellular degradation and drug release 

The degradation rate of PACA NPs was studied by monitoring the change in 

particle size and concentration as a function of time in physiologically relevant 

buffers of different pH, in cell medium and human blood serum. PBCA NPs 

were found to degrade in all media, increasingly fast upon increase in pH of 

the medium, whereas POCA NPs displayed little sensitivity to pH. For both 

particles an initial increase in size was observed at physiological pH 7.4, as well 

as in cell medium and serum, the former most likely relating to polymer 

swelling454 and the latter to adsorption of proteins455m onto the particle surface. 

Quantitative determination of the degradation products butyl and octyl alcohol 

by gas chromatography (GC) revealed 88% degradation of PBCA, 45% of the 

hybrid polymer NP P(BCA/OCA) and  only 3% of POCA, after 48 h (Figure 38). 

Assuming linear degradation rates for all samples, half-lives of 25 h for PBCA, 

48 h for P(BCA/OCA), and ~500 h for POCA were obtained. The above-

presented values indicate that the degradation rate of the NPs can be 

manipulated by mixing two monomers with different alkyl chain-lengths. 



Summary of results 

 

74 

 
Figure 38. Degradation of PACA NPs as % hydrolysis of the NPs as a function of time 

at pH 7.4. 100 % hydrolysis was obtained in glycine buffer at pH 9. Error bars are SD; 

n = 3. 

Intracellular degradation of NPs and drug release was studied in PC3 cells by 

exploiting the spectral properties of the incorporated hydrophobic fluorescent 

dye (model drug) NR668. The dye was strongly associated with the polymeric 

matrix since no diffuse cytoplasmic staining, resulting from dye leaking, could 

be observed at 4C. Dye-labeling of cytoplasmic lipid droplets and hydrophobic 

molecules should, hence, be a result of degradation-associated release of 

NR668. FLIM and spectral analysis of free dye NR668, PBCA and POCA NPs 

was used to investigate NP degradation (Figure 39). The significant shift in 

fluorescence lifetime distribution of the PBCA NPs indicated that the NPs were 

constantly degrading. The POCA NPs underwent virtually no shift, but the 

change in distribution profile and large standard deviation at 6-7 days suggests 

that the particle underwent some physical or chemical changes. Fluorescence 

emission spectra of PC3 cells incubated with PBCA and POCA NPs for 24 h 

were compared to that of NPs prior to incubation and PC3 cells incubated with 

free NR668 dye for 24 h. The PBCA NPs displayed clear spectral differences at 0 

and 24 h, while at 24 h the emission spectra shifted towards that of PC3 cells 

incubated with free NR668. The emission spectrum of POCA NPs did, 

however, not shift after 24 h and were more similar to that of the corresponding 

free NPs. To confirm that the observed changes in fluorescence lifetime and 

spectral emission originated from the release of dye of NPs, the hydrophobic 

dye pentamer hydrogen thiophene acetic acid methyl ester (p-HTAM) was 

used to create a FRET pair with NR668. PC3 cells were stained with p-HTAM 

following 24 h of NP incubation, whereupon a FRET signal was detected in 



Summary of results 

 

75 

cells incubated with PBCA NPs, while no signal was detected in cells incubated 

with POCA (Figure 40). Formation of a FRET pair requires the immediate 

proximity (10 nm) of the fluorescent molecules to each other, wherefore FRET 

could not occur unless the dye had been released from the NPs.434 The presence 

of a FRET signal, thus indicates dye release as a consequence of particle 

degradation in PBCA. 

 

 
Figure 39.  A-C) FLIM images of PC3 cells incubated for 24 h with A) free NR668, B) 

PBCA and C) POCA NPs and grown for an additional 5 days. Each pixel is colored 

based on the average lifetime. Fluorescence lifetime distribution for D) PBCA, and E) 

POCA NPs inside cells at 5 h, 24–48 h and 6-7 days. Emission spectra from NPs prior 

to incubation (blue) and PC3 cells incubated with free NR688 (green), F) PBCA or G) 

POCA NPs after 24 h (red). Error bars are SD; n=5. 
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Figure 40. PC3 cells incubated with a-b) PBCA and c-d) POCA NPs for 24 h and 

grown for an additional 72 h before p-HTAM staining. Excitation at 405 nm, a) & c) 

emission signal from p-HTAM at  500–540, and b & d) FRET signal at 650–710 nm. 

2.4 Summary of results 

NPs with different polymeric compositions (PBCA, POCA, PBCA/POCA) 

containing the fluorescent hydrophobic dye NR668 as a model drug were 

assessed for intracellular degradation and uptake in the RBE4 and PC3 cell 

lines. Analysis by various optical imaging techniques showed that the PBCA 

NPs were intracellularly degraded within 24 h of administration and 

consequently released their payload into the cytosol, whereas the POCA NPs 

remained intact and displayed no release of model drug after the same 

incubation time. An intermediate degradation and drug release rate was 

observed for the PBCA/POCA hybrid NPs, which indicates that the drug 

release profile could be fine-tuned by choosing the appropriate PACA 

monomers. The intracellular uptake of PACA NPs was furthermore shown to 

depend both on the chain length of the monomer as well as on the choice of cell 

line. The overall NP uptake was considerably higher in RBE4 than in PC3 cells. 

CME and CavME were actively involved in PACA NP uptake, the former being 

particularly dominant in RBE4 cells.  
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3 Design of core-shell nanoparticles for theranostics 

3.1 The core-shell nanocarrier system 

A multifunctional core-shell composite NP comprising a photoluminescent ND 

core and a mesoporous silica shell was designed for combined diagnostic and 

therapeutic – theranostic – actions. The nanocarrier was functionalized with a 

hydrophilic copolymer for efficient permeation over the cell plasma membrane 

in order to enable delivery of hydrophobic cargo into cancer cells with 

subsequent cargo release into the cytosol. NDs containing luminescent NV 

color centers present bright and stable fluorescence and do not suffer from 

photobleaching or toxicity.151 The structural defects on the surface of NDs also 

contribute to the luminescent signal but is, contrary to the NV-center 

luminescence, dependent on particle size and may be affected by interaction 

with the surrounding medium or additional surface functions attached to the 

particle.456 Thus, the applied silica coating could potentially protect the ND 

surface fluorescence and serve as a protective coating against a degradative 

environment. In addition to its apparent function as a drug-carrying matrix, the 

mesoporous silica shell furthermore provides the otherwise rough ND surface 

with a smoother, physicochemically more homogeneous, and subsequently 

easily functionalizable surface. Based on the many advantageous properties 

and excellent compatibility of these two materials we set out to create a new 

core-shell ND@MSN nanocomposite for combined imaging and drug delivery.           

3.2 Formation of porous silica shells 

Silica-coating of hydrophilic, net negatively charged DNDs (Table 2) was 

performed using the same chemical components (water, CTAB, ammonia and 

TEOS) as used in the synthesis of conventional base-catalyzed MCM-41 MSNs, 

with the crucial addition of ethanol when aiming for a core-shell structure, 

similar to conditions employed when coating non-porous Stöber silica NPs 

with porous shells.457 DLS analysis of the materials prior to and following 

coating with silica displayed an increase in particle size along with an apparent 

decrease in PdI, suggesting that the ND cores had been successfully coated. 

Morphological and structural analysis of the composite NPs by TEM (Figure 41) 

confirmed that spherical porous nanocomposites containing a single ND had 

been formed. Elemental analysis by X-ray energy dispersive spectroscopy 

(EDS) (Figure 41d & e) at spot 1 and 2, respectively, in Figure 41b furthermore 

confirmed the presence of a diamond core surrounded by a silica shell. The 

silica shell presented radially aligned pores with a size of 3-4 nm in diameter, 

but was structurally less well-ordered than bulk MCM-41 materials.92 
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Table 2. Characteristics of the used DND core materials. 
Sample  Methods of synthesis and treatment of samples Crystallite 

sizea 

b Particle size 

of ND 

dispersionb 

ND-1 Detonation of a mixture of graphite and 

hexogen, singlet oxygen and acid purification 

34 nm 23 mV 200 nm 

ND-2 Detonation of a mixture of trinitrotoluene and 

hexogen, acid purification 

6 nm 36 mV 120 nm 

a Size was determined by SAXS. 
bZeta potential and size (DLS) measurements were performed in HEPES buffer (25 mM; pH 7.2). 

 

 
Figure 41. TEM studies of sample ND-1. a) bright-field image; b) single-particle  

bright-field image; c) electron diffraction pattern of a selected area, indexed for diamond 

structure; d) & e) EDS spectra collected at spot 1 and spot 2 in b), respectively; and f) C 

K-edge energy  electron energy-loss spectrum (EELS) at spot 2 in b).   

3.3 Optimization of coating parameters 

Having established a working coating protocol, we attempted to control the 

silica coating thickness. As the approximate reaction yield of the silica 

precursor was determined to be ~ 60%, we hypothesized that the coating 

thickness could be reduced as the yield fell below 100%. Thus, by reducing the 

silica precursor (TEOS) volume in respect to ND amount and synthesis volume, 

still keeping the CTAB/TEOS ratio of the reaction constant, the effect on coating 

thickness was investigated. Results presented in Figure 42 show that no 

reduction of hydrodynamic particle size was achieved, until a sudden decrease 

of DLS size (z-average) to the size of the ND core. Elemental analysis confirmed 

that no silica was present in these samples that were clearly also structurally 

different from the silica-coated samples. The silica precursor amount was, thus, 
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not the decisive parameter for 

tuning the coating thickness, as 

was expected based on 

knowledge of coating of non-

porous silica.458,459 Instead any 

amount exceeding the critical 

CTAB/TEOS value 30 mg/60 L 

resulted in formation of equally 

sized particles. 

Given the fact that co-

solvents affect the formation of 

pristine MSN synthesized by the 

Stöber method,86 the water-to-

ethanol ratio of the reaction 

solution was expected to 

influence particle size and 

morphology. Since ethanol is also 

produced as a result of alcohol condensation during silica polymerization, the 

addition of ethanol causes the chemical equilibrium of the reaction to shift, 

consequently reducing the reaction rate. This in turn reduces the high surface 

curvature energy at the nanosized core particle, thus facilitating formation of 

curved morphologies.184 A range of samples displayed in Figure 43 were 

synthesized using different H2O/EtOH ratios in order to investigate its 

influence on the silica coating thickness. The particle size was analyzed by DLS, 

and furthermore investigated by SEM and TEM, the two latter also for the 

purpose of studying the morphology and pore structure of the samples. The 

particles show a decreasing size trend upon increased H2O/EtOH ratio. The 

SEM images also revealed a systematic size decrease of the spherical particles 

(Figure 43a & c) until a point where larger irregular particles start to form 

(Figure 43e & g). The corresponding HRTEM images indicated that thinning of 

the silica layer resulted in formation of separate silica spheres due to self-

nucleation of excess precursor molecules. The irregularity of the larger 

composite NPs with thin silica layers (Figure 43f & h) also seemed a result of the 

irregular shape of the core. The applicable coating thickness range (within the 

limits of the study) reached from ~90 nm for the lowest H2O/EtOH ratio value 

to a coating thickness of ~45 nm of the core structures with an average size of 80 

nm. The coating thickness was, thus, limited to approximately the size of the 

core radius. 
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Figure 43. SEM and corresponding TEM images of selected ND-1@MSN samples, 

with increasing H2O/EtOH ratio starting from the lowest at a) & b).  
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3.4 Hosting of hydrophobic molecules 

The fluorescent hydrophobic dye DiI that had previously be established as a 

well-suited model substance for highly water-insoluble drugs (Publication I) 

was adsorbed to the particle in order to investigate the cargo-carrying capacity 

of our composite NP (ND@MSN). An ND@MSN sample with the average 

particle size 200 nm was loaded with DiI, successively adding dye until 

complete adsorption was no longer observed. Spectrophotometric 

quantification of adsorbed dye revealed a loading degree of 110 wt% in respect 

to total particle mass (DiI/ND@MSN). In contrast, direct adsorption of dye to 

ND cores resulted in a loading degree of 1 wt%, clearly displaying the huge 

advantage of mesoporous silica as a drug-carrying matrix over conventional 

direct adsorption to NDs. Naturally the adsorptive properties of silica will vary 

depending on the physicochemical characteristics of the loaded compound. For 

confirmation, a range of hydrophobic drugs was adsorbed under the same 

loading conditions. The obtained results showed similar loading degrees (>100 

wt%) as for the model drug. Drug loading by direct adsorption to ND cores has 

commonly been used as the loading strategy of NDs intended for drug 

delivery.460,461 Based on the above-presented results our ND@MSN composite 

NP can be considered a significant improvement in ND-based drug delivery, 

both in terms of drug-carrying capacity and carrier uniformity.    

3.5 Photoluminescence of nanodiamonds 

In order to confirm the functionality of the ND core and our core-shell design 

PL measurements of two ND samples of different origin, ND-1 and ND-2, were 

performed. Figure 44 shows the PL spectra for both samples and their 

corresponding composite ND@MSN excited at 488 nm. High bulk PL from 

active neutral (NV0) and negatively charged (NV-) vacancy color centers in 

Figure 44a of ND-1, typical of such NDs, produced from a mixture of graphite 

and hexogen,146 display ZPLs at 576 nm and 639 nm, respectively. The PL 

spectrum of ND-2 (produced from a mixture of trinitrotoluene and hexogen) 

(Figure 44b) consisted of a broad featureless band with a maximum PL around 

600 nm, which is typical of detonation ND and can be assigned to surface 

defects.166,171 The bulk PL of ND-1 was not affected by silica coating, while the 

surface PL was in fact enhanced by 30% as a result of silica coating. This 

confirms that coating NDs with silica does not impair the luminescent 

properties of the core, but can instead enhance them, in addition to acting as a 

protective shield in potentially damaging environments. PL stability 

measurements moreover confirmed excellent stability of the ND probes, 

showing no deterioration following silica coating. 
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Figure 44. PL spectra of ND-1 and ND-2 recorded at 488 nm laser excitation at RT. a) 

PL spectra of ND-1  and ND-1@MSN. The Raman diamond line, and ZPL of NVo and 

NV- are indicated by arrows at 522 nm, 576 nm, and 639 nm, respectively. b) PL 

spectra of ND-2 and ND-2@MSN. 

3.6 Intracellular uptake and localization 

Electron-irradiated HPHT-synthesized ND cores exhibiting bright PL were 

used for studying the intracellular uptake and localization of NDs and its 

composites in HeLa cells. The optical detectability of composite ND@MSN was 

studied using standard confocal microscopy. In addition to the composite’s 

fluorescent signal, which was detected over a range of 650-730 nm a fairly 

strong reflection signal at 500-550 nm could also be recorded (Figure 45), thus, 

providing an alternative option for localization of the fluorescent probe. In 

accordance with previously published data,168 NDs were found to be suitable 

labels for super-resolution STED imaging, the technique demonstrating 

superior resolution of individual NV centers as compared to conventional 

confocal microscopy. STED microscopy could thereby be a valuable method for 

intracellular tracking and investigation of cell fate of ND-based NPs. Since 

biocompatibility is the basis for any NP system intended for biomedical use, it 

should be evaluated after each separate system modification. Toxicity 

evaluation of ND and its composites showed low toxicity to cells at a 

concentration of 10 mg/mL, which was the concentration used in all cell-based 

experiments. These results affirm previously published statements of NDs 

being biocompatible in terms of cell viability and cytotoxicity in vitro152,462–465 

and in vivo.151 Furthermore silica is regarded as safe in biological context16 and 

capable even of enhancing the biocompatibility of other materials.28 
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Figure 45. Confocal microscopy images of ND@MSN. a) Reflection signal in red (500-

550 nm) and b) PL signal in grayscale (650-730 nm).  

 

 The intracellular uptake of ND and its composites ND@MSN and 

copolymer-coated ND@MSN@cop in HeLa cancer cells was investigated by 

confocal microscopy. An emission signal at 650-730 nm was clearly 

distinguishable from all samples, indicating efficient particle uptake after 6h 

(Figure 46). Stronger emission intensity/cell was recorded for the composite 

NPs, than for pure ND, clearly demonstrating the potential of these composite 

NPs as labeling probes for bioimaging and intracellular tracking purposes. 

Larger aggregates of ND@MSN were seen probably as a result of 

compartmentalization inside endosomal vesicles. A strong, and more evenly 

distributed emission signal was seen especially for ND@MSN@cop that seemed 

to be localized throughout the cytoplasm. This may be owing to the PEG-PEI 

copolymer coating, which enhances cellular uptake and promotes endosomal 

escape by the endosomal membrane-destabilizing capacity of PEI at acidic pH 

(4-6).248 As most drugs require delivery into the cell cytoplasm, such a 

composite NP can, thus, by promoting endosomal escape or at least preventing 

particle aggregation, potentially serve as an efficient probe for combined 

intracellular tracking and drug delivery. 

 

Figure 46. PL from fixed HeLa cells incubated with a) ND, b) ND@MSN and c) 
ND@MSN@cop. (Ex. 488 nm; Em. 650– 730 nm). 
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Subcellular localization by TEM found composite NPs to be localized 

inside endosomal vesicles throughout the cell 48 h following incubation. 

Opening of the cell membrane upon particle uptake in vesicular bodies, 

followed by movement across the cytoplasm and aggregation into 

multivesicular bodies can be seen in Figure 47. The resemblance of these 

structures to internalized ND cores was very high, suggesting that the ND 

cores were collected in the multivesicular bodies, from which they were unable 

to escape, whereas the coating had degraded, whereupon potential cargo 

molecules would have been released. 

 
Figure 47. Intracellular uptake and trafficking of ND@MSN@cop in thin sections of 

HeLa cells imaged by TEM. a) Opening of the plasma membrane to internalize the 

composite NP (indicated by arrow) present in the extracellular space. b) Illustration of 

the movement (indicated by arrows) of internalized ND@MSN@cop across the 

cytoplasm. c) Large multivesicular body of aggregated particles at 48 h. 

3.7 Intracellular delivery and release of hydrophobic cargo  

Live cell imaging of dye-loaded (2.5 wt% DiI) composite NPs ND@MSN/DiI 

and ND@MSN@cop/DiI was performed over a period of 72 h in order to 

investigate the intracellular uptake efficiency and cargo-release from the 

nanocomposites. Figure 48 demonstrates efficient uptake of the 

ND@MSN@cop/DiI sample (Figure 48b), seen as green ND cores and 

intracellular release of red DiI dye. Whereas the ND signal was localized to 

intracellular compartments (dotted pattern), the DiI dye was disseminated 

throughout the cells. Cells incubated with the ND@MSN/DiI particle, lacking 

copolymer coating and corresponding amounts of free dye show slight uptake 

(Figure 48c & d).  The polymer coating prevents aggregation, enhances 

intracellular uptake and promotes intracellular release of cargo into the 

cytoplasm through endosomal escape. In sharp contrast, ND@MSN/DiI tended 
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to form aggregates in the cell medium, leading to decreased uptake efficiency. 

Regardless of the hydrophilicity of the silica coating, the adsorbed hydrophobic 

payload renders the particle hydrophobic, thus, impairing its ability to 

permeate over the cell membrane. Quantitative determination of uptake with 

confocal microscopy and flow cytometry corroborated the above-mentioned 

results, highlighting the superior uptake efficiency of composite NPs as 

compared to free dye. However, since lipophilic carbocyanine dyes such as DiI 

are commonly used as membrane stains, some degree of uptake of free dye, 

mainly in the plasma membrane, can be expected. 

 
Figure 48. Microscopic evaluation of intracellular delivery efficacy by measuring DiI 

fluorescence after particle (loaded with 2.5 wt% DiI) incubation in HeLa cells for 72 h. 

a) Control cell, b) ND@MSN@cop/DiI, c) ND@MSN/DiI, and d) DiI. Red channel 

shows DiI emission, green/yellow a reflection from ND cores and grey- scale was set to 

show transmission signal. 
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3.8 Summary of results 

Successful coating of PL NDs with uniform layers of mesoporous silica through 

a one-step coating procedure was demonstrated. The thickness of the silica 

layer could be varied, allowing tuning of the composite particle size over a 

broad range. PL from NV-color centers was detectable by spectrophotometric 

measures also after silica coating. The silica coating did thus not impair the PL 

properties of the ND core, but could instead serve as a protective layer. The 

composite NPs were capable of carrying their own weight of hydrophobic 

cargo (100 wt%), in apparent contrast to ND cores, which had a loading-

capacity of 1 wt%. Surface-modification with a PEG-PEI copolymer enabled 

intracellular uptake of the cargo-containing composite NPs and subsequent 

release of cargo into the cytosol. The ND cores, however, remained inside 

intracellular vesicles and were aggregated into multivesicular bodies. Both NDs 

and cargo molecules were detectable by optical imaging techniques and readily 

distinguishable in the intracellular environment.  The final fate of the NDs was 

not investigated in the presented study. We, however, note that ND exocytosis 

and subsequent excretion from the body following intracellular drug release 

would naturally be necessary for the applicability of such a drug delivery 

system. A few publications report very limited exocytosis and excretion of 

NDs,466,467 while others have found them to distribute in lung, spleen and liver, 

with subsequent excretion into the urinary tract after intravenous 

administration468. Several publications also report low ND toxicity, both in vitro 

and in vivo regardless of cell or organ accumulation.469 Although these results 

seem promising, it is important to keep in mind that the biobehavior of NDs 

may vary greatly depending on physicochemical characteristics and 

administration route. As the data on this subject is still quite scarce, and the 

result somewhat inconsistent, it is without doubt an area of research that needs 

to be further investigated. 
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CONCLUSIONS AND OUTLOOK 

The rational design and characterization of multifunctional mesoporous silica-

based NPs have been presented with focus on developing a biodegradable and 

efficient DDS with bright and stable fluorescence, tunable properties and 

predictable biobehavior for theranostic applications. For future control and 

prediction of the biobehavior of our DDS, the release mechanism of poorly 

water-soluble drugs and its relation to the degradation of the nanocarrier was 

established. The release of cargo was found to be dependent on both carrier 

degradation and the physicochemical properties of the cargo molecule in a 

given environment. For purely hydrophilic environments, the release of cargo 

was connected to the degradation of the nanocarrier, while in an intracellular 

setting, release occurred due to interactions between the cargo molecules and 

hydrophobic structures in the surrounding environment.  For comparison, the 

intracellular uptake and release of hydrophobic cargo in relation to the 

biodegradation of PEGylated PACA NPs was studied. For these particles, the 

cargo release was strongly associated with the degradation of the nanocarrier, 

the behavior of which was closely related to its monomer composition. The 

obtained results elucidate the relationship between degradation and drug 

release behavior in the studied systems and highlight the importance of its 

understanding in order to enable better prediction and manipulation of the 

pharmacokinetics of DDSs. 

To improve the applicability of our MSN-based DDS, core-shell 

structures of optically detectable and stable, PL ND cores coated with 

mesoporous silica (ND@MSN) were developed. Fluorescence from both NDs 

and their composites was optically detectable in live cancer cells. The surface 

composition of functional groups was found to crucially influence the 

dispersion stability and, consequently, also the intracellular uptake of the 

composite NPs. The efficient intracellular uptake and movement of these 

surface-functionalized composite NPs with subsequent release of cargo into the 

cytosol of cancer cells was readily detectable by optical microscopy. These 

results confirmed the feasibility of this novel core-shell composite as a probe for 

simultaneous intracellular imaging, tracing and drug delivery. Core-shell 

ND@MSNs with combined imaging and drug delivery functions, show great 

promise for theranostics. Moreover, additional surface-functionalization of 

such NPs to develop so called stimuli-responsive DDSs that react on an 

external stimulus to release the active compound, and modification with active 

targeting molecules, could naturally further enhance their efficacy and 

applicability. As for any DDS, the complete degradation and excretion of all 

degradation products, without cytotoxic effects or organ accumulation would 
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naturally be the ultimate aim. The knowledge of these processes concerning 

diamond nanostructures is, however, still scarce and would therefore certainly 

be an interesting aspect of future studies. Hence, further in vitro and in vivo 

research regarding the biocompatibility of NDs is still required before their full 

biomedical potential can be realized. 

 Although significant progress within the field of nanomedicine has been 

made during the last three decades, only a few cancer-targeted DDSs have to 

date been approved for clinical use. Moreover, a recent literature survey 

published by Wilhelm at al. showed that, on average, only 0.7% of the injected 

dose of IV administered NPs accumulated in tumor tissue.470 Is this low number 

reason for concern, and what is the reason for the poor translation of 

nanomedicines? From a clinical perspective, the accumulated percent of the 

injected dose is not necessarily the most important aspect for patient benefit. 

Rather, improving the balance between on- and off-target accumulation plays a 

greater role, as it ultimately improves quality of life of the patient. Thus, 

instead of focusing on targeting as such, more attention should be payed to 

developing and improving nanocarrier-based drug formulations, combination 

therapies and patient selection protocols, in order to improve clinical 

translation. The main reason for the poor translation of nanomedicines may be 

the lack of “true” interdisciplinarity within the field, to drive the collective 

progress. Multifunctional theranostic nanocarriers can perhaps promise 

improved chemotherapies by enabling better patient selection through 

diagnostic screening and by offering improved therapeutic efficiency-to-

toxicity ratios. However, for the overall goal to be realized, and in order for 

materials chemistry, colloid science and nanotechnology to continue 

contributing to the development of nanomedicine, better integration with 

biology, pharmacology, immunology and clinical needs is required. A joined 

technological push and clinical pull, strengthened by proof of efficacy and 

safety in biological systems are thus needed for achieving efficient clinical 

translation of new nanomedicines. 
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