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Abstract 

In the present thesis we propose the development of hybrid polymer titanium dioxide 

(TiO2) nanoparticles for use in biomedical applications. TiO2 exhibits high 

biocompatibility in the dark however, upon illumination in aqueous media with near 

UV light it produces an array of reactive oxygen species (ROS) which have the 

capability to induce death in neighbouring cells. The process of inducing cell death 

using a photosensitive material which produces ROS is known as photodynamic 

therapy (PDT) and is used to treat a wide range of maladies from psoriasis to cancer. 

 

We have demonstrated the ability to produce anatase nanoparticles with high control 

over their resulting size through a novel water mediated sol-gel synthetic method in 

benzyl alcohol, using either Ti(OnPr)4, Ti(OnBu)4 or Ti(O
i
Pr)4 as the metal 

precursor. Through dynamic light scattering (DLS) analysis we have shown that the 

mechanism of nanoparticle growth appears to proceed through the agglomeration of 

primary nanoparticles formed instantly upon adding the reagents together. After 

synthesis the nanoparticles could be easily redispersed in aqueous media at pH2 with 

any further agglomeration being controlled by the parent alkoxide. 

 

After synthesis the nanoparticles were coated with PEG, conjugated to either a 

catechol or phosphate as ligand, in order to stabilise the nanoparticles at neutral pH. 

Uncoated nanoparticles exhibited good photoactive capability in the photooxidation 

of methylene blue. However, on coating with catechols the photoactivity of the 

nanoparticles was abolished. Coating with phosph(on)ates on the other hand 

preserved or even enhanced the photoactivity which makes this system promising for 

in vivo applications. 

 

At the same time this thesis also reports preliminary investigations on the use of TiO2 

embedded into the walls of model drug loaded poly electrolyte multilayer 

microspheres for UV triggered delivery applications.  
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MRI Magnetic Resonance Imaging 

mW milli Watt (10
-3

 Watt) 

MWCO Molecular Weight Cut-Off 

N Newton 

NIR Near InfraRed 

nm Nanometer (10
-9

 meter) 

NMR Nuclear Magnetic Resonance 

PAH Poly(allylamine) 

PBS Phosphate Buffered Saline 

PDI Poly Dispersity Index 

PDMS Poly(dimethyl siloxane) 

PDT PhotoDynamic Therapy 

PEA O-PhosphorylEthanolAmine 

PEG Poly(ethylene glycol) 

PEM PolyElectrolyte Multilayer 

PFA ParaFormAldehyde 

PGMMA Poly(glycerolmonomethacrylate) 

pN PicoNewton (10
-12

N) 

PNP 4-Nitrophenyl chloroformate 
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PPA 3-PhosphonoPropionic Acid 

PPS Poly(propylene sulfide) 

PPS-

PGMMA Poly(propylene sulfide)-poly(glycerol monomethacrylate 

PS PhotoSensitizer 

PSS Poly(sodium 4-styrene sulfonate) 

PVDF PolyVinyliDene Fluoride 

Rg Radius of Gyration 

ROS Reactive Oxygen Species 

Rp Radius of primary particles 

rpm Revolutions Per Minute 

SilGMMA 

Poly(glycerolmonomethacrylate)-poly(dimethylsiloxane)-

poly(glycerolmonomethacrylate) 

SLS Static Light Scattering 

TBA TetraButylAmmonium hydroxide 

TEA TriEthylAmine 

TEM Transmission Electron Microscopy 

Tg Glass transition temperature 

TGA Thermogravimetric analysis 

TiO2 Titanium Dioxide 

UK United Kingdom 

UV Ultraviolet 

XRD X-Ray Diffraction 

μm Micrometer (10
-6

 meter) 
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1 Introduction 

The search for new ways to combat disease and illness is an ever growing field. The 

onset of drug resistance is a major obstacle for the treatment of many diseases and 

has led to the development of stronger drugs to combat them
1
. However, because the 

majority of drugs are non-specific, they are highly toxic to non-target cells and often 

cause side effects which can be more debilitating than the disease at that set 

moment
2
. Now it seems that new avenues need to be explored and the use of 

traditional drugs alone to combat disease needs to be reviewed. 

 

Through the need for the development of new therapies a lot of interest is now being 

directed towards utilising nanoparticles, particles billionths of meters in diameter, for 

biomedical applications
3-5

. The reasons as to why nanoparticles are an interesting 

prospect will be described in more detail later in Chapter 1.1.3. However briefly, 

nanoparticles are on a scale that can interact on a subcellular level
6
 and their 

composition can be finely tuned to give them unique properties
7
. Also nanoparticles 

may be used as an active agent themselves or as scaffolds for delivering active agents 

more efficiently to target areas.  

 

This thesis is based on the development of titanium dioxide (TiO2) nanoparticles for 

biomedical applications. TiO2 is an attractive material to use medically due to the 

photoactivity it exhibits under illumination in the near ultraviolet (UV) range
8
. 

Utilised in the body the photoactivity of TiO2 could allow the development of unique 

applications as TiO2 is highly biocompatible in the dark
9
, however upon illumination 

in bodily tissue it releases highly reactive oxygen species (ROS) which are cytotoxic 

and can induce apoptosis in neighbouring cells
10

. There is a lot of interest in using 

nanoparticles which are activated by external stimuli as without a stimulus they are 

harmless and do not cause any adverse side effects. Also there is the possibility to 

give a stealth character to the nanoparticles giving them a polymer coating, see 

Chapter 1.4.2. Therefore the nanoparticles can remain undetected in the body and are 

only activated when they have reached the desired target site, rather like a Trojan 

horse on a cellular level
11-13

. 
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1.1 Nanoparticles 

Michael Faraday is heralded as the father of nanoscience due to his work, reported in 

1847, in the change of the optical properties of nanoparticles compared to their bulk 

metal counterparts
14

. Richard Feynman is also credited as being one of the first 

people who really began to contemplate the concepts of nanotechnology. Feynman’s 

talk at the California Institute of Technology in 1959 titled “There’s Plenty of Room 

at the Bottom” described a variety of ways in which it would be possible to 

manipulate a material on an atomic scale; nowadays a number of these methods have 

been realised such as in atomic force microscopy (AFM) and scanning tunnelling 

microscopy (STM)
15

.  However, it was the development of scanning tunnelling 

microscopy by Binnig and Rohrer in 1982
16

 and the discovery of 

buckminsterfullerene by Smalley in 1985
17

 that dawned the new era of 

nanotechnology which opened up a whole new world for materials science. 

 

1.1.1 What is nano? 

Nanomaterials have the potential to be used in almost all aspects of modern 

technology such as cosmetics
18

, food packaging
19

, energy production
20

, medicine
21

, 

the list is practically endless. As the use of nanomaterials in everyday applications is 

relatively new, there is growing apprehension as to the potential consequences of 

their widespread use
22, 23

. The main uncertainty rests with how the nanomaterials will 

affect the environment and human health, as it will be practically impossible to 

control their distribution once they are being used widely
24

. Due to these 

uncertainties the definition of what constitutes as a nano material is a widely debated 

topic
25, 26

.  

 

Up until October 2011 there wasn’t actually any official definition for what can be 

called “nano”. However, with the ever increasing use of nanomaterials the European 

Commission published a report with the first official definition of what they are, the 

definition is as follows; “A natural, incidental or manufactured material containing 

particles, in an unbound state or as an aggregate or as an agglomerate and where, 
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for 50 % or more of the particles in the number size distribution, one or more 

external dimensions is in the size range 1 nm - 100 nm”
27

.  

 

As a derivation of the above statement, 2-dimensional materials, such as graphene 

and silicene flakes with only one dimension below 100 nm may be classed as 

nanosheets
28

. Structures with 2 dimensions less than 100 nm in diameter are typically 

called nanofibres
29

. Finally when all 3 dimensions of the material are in the sub 100 

nm range then the material is defined as a nanoparticle
30

.  

 

There is still a lot of debate as to whether this definition is the be all and end all for 

what constitutes as a nanomaterial. For example, it can be argued that the 100 nm 

limit should be lowered to at least 60 nm as this is the range where quantum 

confinement (see Chapter 1.1.2) typically begins to control and provide the unique 

properties of a nanomaterial
31

. Also the term “50% or more” seems a little 

ambiguous as surely a nanomaterial should be completely 100% in the nanoregime? 

It seems likely that as a result of the enormous diversity of nanomaterials available 

there will never be a single definition that fits all, and perhaps the nanomaterial class 

may have to be subdivided in the future. However on saying that, is there any real 

reason as to why they have to be classified and have unique regulations in the first 

place? There are already a multitude of regulations in place for the development of 

new products, especially for biomedical use, therefore why would the process of 

regulation be any different for nanomaterials? 

 

1.1.2 The unique properties of nanoparticles 

Materials with all three dimensions in the micron or higher range typically exhibit 

the same fundamental characteristics regardless of their size. However if you reduce 

the size of the material into the nano regime then some of their characteristics begin 

to change as discussed below
32

. There are a number of reasons for these changes. 

 

In the macro range the atoms constituting the surface of the material are so few, 

relative to the bulk of the material, that they practically have no influence on the 

properties of the material. However, as the size of the material reduces to the nano 
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regime, the overall surface area to volume ratio is drastically increased
31

. This 

increase in surface area is particularly important for the reactivity of the material. For 

example the reactivity of catalysts can be increased by many magnitudes by simply 

using their nanoparticle counterparts and increasing the surface area to volume 

ratio
33

. The potential of nanoparticles as high performance catalysts was fully 

realised by Haruta et. al. who were the first to use transition metal doped gold 

nanoparticles to catalyse the oxidation of carbon monoxide at a temperature of -70 

°C
34

.  

 

As you move into the nano scale the properties of many nanoparticles are governed 

by the afore mentioned quantum confinement effect
35

. Quantum confinement is 

particularly important when using nano sized (5-10 nm) semi-conductors also known 

as quantum dots. Quantum dots are typically constituted of calcogenides (containing 

sulphur, selenium etc.) of metals such as cadmium and zinc producing, for example, 

CdSe
36

 or ZnS
37

.  A semi-conductor typically has a small band gap, this is the energy 

required to promote an electron from the ground state (valence band) to a singlet 

excited state (conduction band) Figure 1.1.2-1. By exciting the semi-conductor a free 

electron and a positive hole (h+) are created, which are often referred to as an exciton 

pair. The distance between the electron hole pair is called the exciton Bohr radius. 

The excited electron can then either relax back down to the ground state from the 

singlet state emitting a photon of light, this is known as fluorescence. Otherwise, the 

electron can undergo intersystem crossing to a much longer lived triplet state, and 

from here relax back to the ground state emitting a photon of light with lower energy 

than that of fluorescence, this is known as phosphorescence
38

. When the size of the 

semi-conductor crystal decreases below the exciton Bohr radius the band gap of the 

crystal increases. Therefore, as the band gap changes this gives rise to the potential to 

finely tune the optical and electronic properties of a quantum dot simply by 

controlling its size.  
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Figure 1.1.2-1 A Jablonski diagram showing the changes in energy an electron undergoes after 

absorbing a photon of light promoting it from the electronic ground state to a higher energy singlet 

state. 

 

Figure 1.1.2-2 illustrates the dependence of luminescence on the size of CdSE/ZnS 

quantum dots, where the smaller, 2.3 nm, nanocrystals emit blue light but as size 

increases to 5.5 nm the emission shifts towards the red region (reproduced from 

reference 37)
39

. 
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Figure 1.1.2-2 The emission of CdSe/ZnS quantum dots is highly dependent on their size
39

. 

 

Unlike molecular fluorophores, quantum dots are extremely resistant to 

photobleaching providing them with a much longer lifetime; this gives them 

particular advantages for applications in biology and medicine as immunostaining 

markers and as diagnostic tools (see Chapter 1.1.3). 

 

1.1.3 The drive for stimulus responsive nanoparticles in biomedical applications 

The use of nanoparticles for medical applications has gained a lot of interest recently 

as there are many potential uses for them depending on their characteristics. The 

primary focus of this thesis is on preparing UV responsive titanium dioxide 

(specifically anatase) nanoparticles for photodynamic therapy (PDT) (see chapter 

1.3.2). Using stimulus responsive nanoparticles for biomedical applications is 

gaining a considerable amount of attention recently, especially in the field of drug 

delivery and therapeutics. The main interest lies in the fact that a relatively inert 

material can be administered into the body and only when it is triggered do they 
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become “active” i.e. release encapsulated drugs, produce cytotoxic substances etc. 

Therefore, by using such accurate systems, normal healthy cells and tissues can 

remained unharmed by the therapeutics thus leading to a drop in the number of side 

effects and an increase in efficacy of the active agents. 

 

In general most research has been focused on the design of systems which are 

responsive to one of three internal stimuli. The first of these stimuli is changes in pH 

as when cells ingest extracellular material they are transported in lysosomes which 

have a local pH of 5 compared to the physiological pH 7.4. A lot of attention has 

been directed at producing drug carriers, typically constructed of polymeric 

constituents, that are stable at physiological pH but undergo structural changes in the 

lysosomes and release their payload
40-42

. By labelling the drug carriers with antigens 

there is the possibility to target them towards specific cells in the body
43

.  

 

In cancer therapeutics it has been noted that tumours exhibit microenvironments 

which are under mild hyperthermia where the local temperature is 1-2 °C above that 

of healthy tissue
44

. Once again polymeric drug delivery systems, which are sensitive 

to changes in temperature, may be used to deliver drugs to these sites. However, for 

both pH and thermo responsive systems, the changes are sometimes so slight that it 

can be difficult to design systems which are stable under normal physiological 

conditions and “active” under the slightly different conditions of the targeted site. 

 

Sites of inflammation often have a high local concentration of ROS and attention is 

being directed towards preparing delivery systems that undergo chemical changes 

upon contact with ROS. These systems are typically based on poly(propylene 

sulphide) (PPS). Various constructs can be created with PPS such as cross linked 

nanoparticles or micelles, which are formed by the self-assembly of block 

copolymers of PPS, which is hydrophobic and a hydrophilic polymer such as 

poly(glycerolmonomethacrylate) PGMMA
45

. Upon contact with ROS, PPS is 

oxidised to sulfoxides and further to sulfones which are hydrophilic
46

. By 

incorporating an anti-inflammatory drug within the core of the PPS constructs it can 

be transported around the body and only released in areas of high ROS concentration 

i.e. sites of inflammation.   
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Using external, i.e. out of body, stimuli to trigger a response in previously 

administered materials is one direction in which the field of responsive therapeutics 

is highly promising. This technique relies on a highly stable system which is 

introduced to the body and allowed to accumulate in the desired region. The material 

can then be activated by an external trigger without need to rely on in vivo stimuli. 

For example, using magnetic responsive therapeutics has high prospects as a 

magnetic field can pass through the entire body and reach any tissue
47, 48

. For 

example Bridot et. al. have shown that Gd2O3 nanoparticles greatly enhance contrast 

during magnetic resonance imaging (MRI) compared to currently used contrast 

agents
49

. It was also shown that as the nanoparticle size decreased the contrast 

increased due to longer relaxation times of the nanoparticles. However, the reliance 

of toxic heavy metals such as gadolinium and chromium for such systems limits their 

applicability
50, 51

. 

 

Carregal-Romero et. al. have recently reported the development of polyelectrolyte 

multilayer (PEM) hollow core microcapsules for the NIR triggered release of 

encapsulated macromolecules
52

. The PEM microspheres were grown by the layer by 

layer (LbL) addition of poly(styrene sulfonate) and poly(allyl amine) around a 

calcium carbonate (CaCO3) core. After preparation the CaCO3 could be removed by 

complexing with ethylenediaminetetraacetic acid (EDTA) leaving a hollow core 

behind. It has been shown that similar PEM microcapsules have large pores, ~ 13 

nm, present in the polymer walls which allow the penetration of molecules into the 

core. However, upon heating the polymers are raised above their glass transition 

temperature (Tg) and rearrange shrinking the pore size to ~ 5 nm, entrapping any 

large macromolecules inside
53

. Carregal-Romero et. al. modified the walls of the 

microcapsules by embedding gold nanoparticles into them and upon illumination 

with NIR radiation the gold nanoparticles induced a drastic rise in local temperature 

causing the microcapsules to release their payload. 

 

Using light as an external stimulus is not a new concept; however the applicability of 

such systems has been restricted due to the low penetration of light within bodily 

tissues. The window of the electromagnetic spectrum that can be used medically has 
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defined limits. The wavelength of light used must be between 300-1000 nm, below 

this region the radiation administered is too damaging to human tissue and above it 

H2O absorbs the majority of the radiation reducing its penetration depth. However 

between these limits it is has been shown that as the wavelength increases so does the 

penetration depth of the light. Eichler et. al. have shown that the transmission of light 

with a wavelength of 400 nm is only 20 % in a tissue depth of 0.4 mm. However, 

when using a wavelength of 700 nm transmission is 70 % and when the tissue depth 

was increased to 1 mm penetration using a wavelength of 700 nm remained decent  

at 40 %
54

. The reason why much of the light administered does not penetrate is 

because of absorption by haemoglobin which has a strong absorbance at 540 and 576 

nm with a lot of scattering in the region of 300-450 nm
55

. However between 700-

1000 nm the penetration of light in tissue can reach several millimetres
56

. Due to the 

limited penetration of light in tissue one would think that any technique that relies of 

the use of illumination would not be very efficient. However recent advances in 

micron sized endoscopy
57

 and dual photon microscopy
58

 (which involves exciting a 

fluorophore with two photons of lower energy than that needed for one photon 

excitation) have improved the administration of light into bodily tissues many times 

over. 

 

1.1.4 The medical potential for stimulus responsive inorganic nanoparticles 

 

Cells are typically around 10 µm in diameter, organelles have typical dimensions of 

0.2-5 µm (depending on the organelle) and proteins have sizes in the range of around 

5 nm, meaning nanoparticles have the ability to interact with cells on a level as small 

as that of proteins.  

 

There is a large push to understand biological processes on the nanoscale and 

quantum dots have a great potential for use as cellular probes for monitoring cellular 

processes. As mentioned above the high stability of quantum dots is in itself a 

pronounced advantage over traditional fluorescent probes, however the ability to 

modify the surface, for example with antibodies, of the quantum dots to target 

particular cells in vivo holds great possibilities for their use as diagnostic tools. 
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Bruchex et. al. were amongst the first to report the use of bleaching resistant CdSe-

CdS quantum dots for biological staining and they detailed a remarkable increase in 

detectability and stability of the quantum dots compared to classically used 

markers
59

.  

 

Gold nanoparticles are of particular importance in medicine in a field known as 

photothermal therapy. Hirsch et. al. have shown that gold nanoparticles with an 

average size of 3 nm induce a dramatic change in temperature (ΔT = 37.4 ± 6.6 °C) 

in surrounding tissue upon radiation with near infrared (NIR) light
60

. This change in 

temperature resulted in the irreversible damage of surrounding tissue highlighting the 

potential of using gold nanoparticles for treating tumours which are located in 

sensitive areas and may not be treatable by conventional means. Also it has been 

shown that gold nanoparticles may be suitable for drug delivery applications by co-

localising drugs and gold nanoparticles into a thermally responsive organic shell, 

which is disrupted upon irradiation releasing the payload
61

.  

 

Another biomedical use of nanoparticles is as contrast agents for MRI as mentioned 

previously. Lee et. al. have shown that metal ion doped ferrite (Fe2O3) nanoparticles 

show enhanced contrast compared to typical contrast agents; in particular the 

imaging of small tumours that were practically undetectable using traditional means 

was greatly enhanced
62

. There is an evident potential to use these, and indeed many 

other, nanoparticles for dual action in that the surface of the nanoparticles can be 

modified with, for example, cancer therapeutic drugs so that the target sight can be 

imaged and, if needs be, treated simultaneously.  

 

Indeed the field of stimulus responsive nanoparticles is a rapidly growing one. The 

primary focus of this thesis is to develop biocompatible TiO2 nanoparticles which 

become cytotoxic upon UV excitation. The following chapter introduces the many 

different methods that can be employed for the synthesis of metal oxide, specifically 

TiO2, nanoparticles. 
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1.2 Metal Oxides 

 

Metal oxide nanoparticles include a diverse range of materials which are useful for 

many applications including catalysis
63

, bactericidal agents
64

 and gas sensing
65

, just 

to name a few. Due to the wide range of applications that metal oxide nanoparticles 

can be used for, a large amount of research is being diverted towards their synthesis. 

During the synthesis of nanoparticles it is desirable to have a method where high 

control is kept over the growth of the nanoparticles and that they have a rather 

uniform size, i.e. they are monodisperse after synthesis. There are a number of 

methods to produce metal oxide nanoparticles with the most commonplace 

highlighted below. 

 

1.2.1 Overview of synthetic methods 

 

Traditionally bulk metal oxide materials were prepared by a powder based technique 

involving the direct reaction of fine powders, however the high temperatures and 

pressures required for such a reaction negate the ability to produce nanosized 

structures
66

. 

 

Co-precipitation was an early method used for the production of metal oxide 

nanoparticles. In short the nanoparticles are produced from sparingly soluble 

precursors in a saturated aqueous solution. Upon nucleation the nanoparticles grow 

by aggregation and precipitation. However, this method is very crude as all steps of 

nanoparticle growth being nucleation, growth, coarsening/agglomeration all happen 

simultaneously and control over the resulting size, shape and uniformity of the 

nanoparticles is very difficult
67

.  

 

Using microemulsions to produce metal oxide nanoparticles is similar to the co-

precipitation method. Typically a reverse micelle solution with the metal precursor in 

the core is added to an aqueous solution, the metal oxide nanoparticles are then 

produced in the micelle core and as such the resulting size is limited to the size of the 

micelles, in this process the micelles are often referred to as nanoreactors. Whilst the 



1          Introduction 

 

 

 30 

nanoparticles produced are typically of a uniform nature, heating is required to 

remove remaining water and to induce crystallinity in the nanoparticles
68

. When 

heating metal oxide nanoparticles it is inevitable that the nanoparticles agglomerate 

together, through further condensation reactions, therefore the nano regime and 

monodispersity are lost
69

 (more details on this matter are provided in chapter 1.2.2). 

 

The solvothermal method is a widely used method to produce metal oxide 

nanoparticles. In short the reaction involves heating the soluble metal precursor up to 

temperatures higher than the normal boiling point of the solvent however due to the 

high pressures involved the solvent is actually in a supercritical state
70

. The 

temperature provided allows the metal precursors to react together creating 

nanoparticles. This method does indeed allow the synthesis of monodisperse 

nanoparticles with the size and crystallinity of the products being able to be 

manipulated by varying the reaction conditions. However, the high pressures and 

temperatures involved generally make this method of synthesis unfeasible for a 

general laboratory setup. 

 

Despite the number of methods available to synthesise metal oxide nanoparticles one 

particular method has gained a rapid amount of attention in recent years. This 

method is called sol-gel synthesis and this was the method of synthesis employed to 

produce the nanoparticles presented later on in this thesis. The reasons as to why sol-

gel chemistry is the choice method for producing metal oxide nanoparticles, are 

outlined below. 

 

1.2.2 Sol-gel synthesis 

 

The importance of sol-gel chemistry was first recognised by Ebelmen who reported 

the synthesis of SiO2 through the hydrolysis of Si(OC2H5)4
71

. As the name suggests, 

in sol-gel synthesis a solid product (gel) is prepared from liquid precursors in 

solution (sol). For the synthesis of metal oxide nanoparticles there are two main 

routes available to their production utilising sol-gel techniques. These two methods 

are aqueous sol-gel and non-aqueous sol-gel and a description of each technique is 

given below.  
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Aqueous sol-gel synthesis has been used for many years for the production of metal 

oxide nanoparticles
72-74

. Typically the reaction involves a soluble metal oxide 

precursor, typically an alkoxylated or halogenated metal centre, which is dissolved 

into an aqueous environment. The growth of the nanoparticles is primarily governed 

by two processes being; 1) the hydrolysis of the ligands on the metal centre and 2) 

the condensation of these hydroxy ligands to form a metal-oxygen-metal bridge with 

the release of water. Figure 1.2.2-1 represents the main steps involved in the growth 

of metal oxide nanoparticles from metal alkoxide precursors dispersed in H2O. 

 

 

 

Figure 1.2.2-1 There are two main steps in aqueous sol-gel synthesis 1) The metal precursor is 

hydrolysed and 2) The hydroxyl ligands then condense together, or a hydroxyl ligand condenses with 

a parent alkoxide ligand, forming an oxygen bridge between two metal centres and the release of H2O. 

Note: Here OR represents an alkoxide, however similar steps happen with a halogenated metal 

precursor. 

 

Now whilst the reaction does provide nanoparticles there are two major limitations to 

this method. Firstly the hydrolysis and condensation reactions occur at such fast rates 

that control over the specific size of the nanoparticles obtained is virtually non-

existent. Also, as an effect of the fast reaction rate, there is often a very low degree of 

crystallisation within the nanoparticles. As a lot of metal oxide nanoparticle 

applications rely on their crystallinity this is a problem; crystallinity is induced into 
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the nanoparticles by annealing them at temperatures often higher than 600 °C
75

. 

Whilst heating the nanoparticles induces crystallinity, by providing sufficient energy 

to rearrange the atoms into a more energy favourable state, the process inevitably 

induces further condensation between the nanoparticles causing an increase in 

overall size. As a result of the growing need for controllable and reproducible 

methods to synthesise metal oxide nanoparticles the sol-gel method was adapted as 

discussed below. 

 

To combat the problems associated with aqueous sol-gel synthesis, synthetic routes 

which negated the use of water were developed. Before going any further it should 

be mentioned that non-aqueous sol-gel synthetic methods may also be split into two 

categories be they either solvent mediated or surfactant mediated. Surfactant 

mediated synthesis typically involves the injection of a metal precursor into a hot 

solvent in the presence of surfactants
76

. These surfactants prevent the agglomeration 

of the nanoparticles during synthesis therefore the result is highly crystalline 

nanoparticles with very small dimensions
77

. However, the number of cases where 

this method has proven successful are limited with the main mechanism of 

nanoparticle formation poorly understood. Also the use of surfactants results in 

considerate effort needed to purify the nanoparticles for further use. For these 

reasons this method of synthesis was disregarded for this thesis, and in its place a 

solvent mediated non-aqueous sol-gel synthetic method was adopted.  

 

In non-aqueous reactions the starting materials are typically the same as those for the 

aqueous synthesis i.e. an alkoxylated or halogenated centre which can be dispersed in 

an aqueous free solvent. For reactions in aqueous solvents the oxygen is provided by 

the water present whereas for non-aqueous systems the oxygen may be either 

provided by the parent ligands, e.g. alkoxides, or by substitution of the primary 

ligands, e.g. halogens, with short chain alcohols such as ethanol
78-80

. The reaction is 

then heated to commence the condensation reactions. As there are no hydroxy 

ligands in the non-aqueous synthesis the condensation reactions occur between the 

oxygen bearing ligands present on the metal precursors. For example, when using 

alkoxylated precursors the alkoxides may condense together forming ethers
81

. 

However, since for non-aqueous sol-gel synthesis the process is typically carried out 
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in alcohols with high boiling points, such as benzyl alcohol, they may also substitute 

the parent alkoxides leading to the possibility of a combination of ethers being 

released upon condensation (Figure R)
81, 82

. When starting from a halogenated metal 

centre it is also possible for the condensation to occur between a halogen and 

alkoxide resulting in the release of a halgenoalkane
83

. All these condensation 

pathways are made possible due to the fact that substitution reactions never reach 

100 % and an equilibrium always exists. Therefore, there will always be a variety of 

ligands present on the metal precursors during the condensation steps. Figure R 

illustrates a number of routes available for the production of metal oxides from metal 

alkoxide/halide precursors in benzyl alcohol (the choice solvent for the synthesis of 

TiO2 nanoparticles in this thesis).  

 

The list of examples given in Figure 1.2.2-2 is not exhaustive and only outlines 

modes of condensation which are the most apparent. In some cases the role of the 

solvent may not be as clear cut as that shown. Niederberger et. al. have reported the 

synthesis of various perovskite type nanoparticles (i.e. alkaline earth TiO3 blends 

such as BaTiO3, SrTiO3 etc.) in benzyl alcohol
84

. They revealed that during the 

condensation step barely any ethers are formed, in fact the main by-product observed 

was 4-phenyl-2-butanol. Whilst the reaction mechanism for the formation of this by-

product is not shown here, briefly it involves the formation of a C-C bond between 

the α carbon of the alcohol solvent and the β carbon of the Ti(O
i
Pr)4 precursor 

leading to the formation of a Ti-O-Ti bridge and the release of 4-phenyl-2-butanol. 

 

Due to the fact of steric hindrance and the lower reactivity of alkoxide, relative to 

hydroxy ligands, the rate of condensation reactions is much reduced compared to 

aqueous methods
85

. Therefore the size of the nanoparticles can be controlled to a 

much higher degree when using non-aqueous solvents. Also, due to the slow 

condensation rate, the growth of the nanoparticles is governed by thermodynamics 

rather than kinetics and therefore the nanoparticles typically exhibit a high degree of 

crystallinity
86

.  
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Figure 1.2.2-2 An illustration of the possible processes taking place during a non-aqueous sol-gel 

synthesis. Substitution reactions may occur where the ligand on the metal precursor may be liberally 

interchanged between parent alkoxide, parent halides and the solvent the reaction is taking place in. 

Due to the wide number of metal-ligand precursors a large number of routes can be employed during 

the condensation step resulting in various ethers or halogenoalkanes being produced. However, 

regardless of the route employed the metal-oxygen-metal bridge is formed in all cases. 
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1.2.3 The application of the sol-gel method for TiO2 nanoparticle preparation 

Due to the fact that a high degree of control can be kept over the resulting properties 

of nanoparticles a non-aqueous sol-gel synthetic method was adopted for the 

synthesis of TiO2 nanoparticles in this thesis. The fact that the reaction can be carried 

out under mild conditions and with standard laboratory equipment was also a driving 

force to use this method rather than using a solvothermal method.  

 

Niederberger et. al. have demonstrated that titanium tetrachloride (TiCl4) dispersed 

in benzyl alcohol upon heating to various temperatures from 40 to 150 °C produces 

TiO2 nanoparticles
87

. The size of the nanoparticles was governed by reaction 

temperature and time of reaction however in all cases TiO2 nanoparticles with an 

average size between 5-8 nm were produced. X-ray powder diffraction (XRD) 

patterns of the nanoparticles showed that they were highly crystalline with only the 

anatase form of TiO2 present, more details on the crystalline phases of TiO2 can be 

found in chapter 1.4. This method of synthesis is particularly interesting for the 

production of nanoparticles which are intended for biomedical use because of the 

choice of solvent. Benzyl alcohol is widely used in the food and cosmetics industry 

due to it being highly biocompatible and the fact that it is quickly metabolised to 

benzoic acid and further to hippuric acid which is then excreted from the body
88

. 

Therefore benzyl alcohol is a choice solvent for the production of biomaterials over 

using more toxic solvents such as dichloromethane (DCM), dimethylformamide 

(DMF) etc..  

 

It has recently been shown in our group that TiO2 nanoparticles may be produced by 

prior alkoxylation of TiCl4 with ethanol and subsequent dispersion in benzyl 

alcohol
89

. After heating to 80 °C for 9 hours highly crystalline anatase nanoparticles 

with an average size of around 9 nm were produced. The nanoparticles were then 

able to be easily redispersed into an aqueous environment at a low pH to prevent 

their aggregation through electrostatic repulsion. This is therefore ideal for our 

synthesis as the control of using an organic solvent for synthesis is kept whilst 

dispersion into an aqueous environment, which is vital for use in vivo, is allowed. 

This method of synthesis has been adopted for the synthesis of the nanoparticles used 

in this research as it was desirable to produce anatase nanoparticles with size ranges 
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around the 10 nm mark which were dispersible in an aqueous environment. 

However, it has been documented that using halogenated titanium precursors may 

hinder the resulting photoactivity of the nanoparticles due to the poisoning of surface 

sites, therefore, for this project, the tetraalkoxide precursor was used directly rather 

than alkoxylating the tetrachloride precursor in situ
90

. Also by using the fully 

alkoxylated precursor the ambiguity around the exact metal species undergoing 

condensation was removed, thus leading to a more controlled reaction. 

 

1.3 Titanium dioxide 

TiO2 is a very diverse material and has found uses in many applications including 

pigments in paints
91

, gas sensing
92

, water purification
93

, photovoltaics
94

, sunscreen
95

 

and self-cleaning windows
96

. The majority of applications that utilise TiO2 can be 

split into two main categories being energy production and catalysis, both of which 

rely on the unique photoactive capability the metal oxide exhibits. It is its 

photoactivity along with TiO2 being extremely biocompatible, which has made it a 

viable candidate for biomedical applications
9
.  

 

1.3.1  Current uses of micro/nano TiO2 

When TiO2 is illuminated with near UV light an electron is promoted from the 

valence to the conduction band. Upon splitting, the electron and the positive hole are 

free to migrate to the surface of the crystal and transfer their energy to surface 

adsorbed species. It is this transfer of energy from the bulk crystal to the surrounding 

area which is of particular interest for this thesis and more detail is given in chapter 

1.3.2. For example in self-cleaning windows the TiO2 is activated by sunlight and the 

excitons react with any organic matter on the surface of the window, breaking it 

down and therefore allowing the matter to be more easily washed from the surface 

the next time it rains
97

. The same applies to water purification where any organic 

contaminants are broken down upon illumination. In aqueous systems however the 

contaminants do not necessarily need to be adsorbed on the TiO2 to be broken down. 

Instead energy can be transferred from the surface of TiO2 to surface adsorbed H2O 

or O2 releasing ROS. These ROS then diffuse away from the surface of the TiO2 and 
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degrade any organic matter in the vicinity; this is discussed in greater detail in the 

next chapter (1.3.2). 

 

 In sunscreen the TiO2 absorbs any harmful UV radiation before it reaches and 

damages the skin. The phenomenon of energy transfer is restricted by coating the 

nanoparticles with aluminium oxide which halts the migration of the excitons thus 

stopping the nanoparticles from reacting with the skin. In photovoltaics, dyes, 

typically ruthenium complexes, are adsorbed onto the surface of the TiO2, it is these 

dyes rather than the metal oxide which act as the photoactive agent in this case
94

 and 

TiO2 acts to propagate and aid the transfer of the created excitons which can be 

integrated into an electrical circuit. The reason for using dyes is that TiO2 is activated 

by UV light which at ground level only makes up a small percentage of the incoming 

solar radiation
98

; whereas, the addition of a dye shifts the maximum absorbance of 

the system to wavelengths of > 500 nm which penetrate the atmosphere a lot more 

than UV allowing a higher proportion of the incoming solar radiation to be utilised
99, 

100
. The idea of using dyes to shift the maximum absorbance of the TiO2-dye 

complex is visited again later in this thesis in Chapter 1.4.2. 

 

Recently TiO2 nanoparticles have received considerable interest for use as in vivo 

transport agents
101-103

. For these applications it is not their photoactivity but their 

relatively low toxicity, coupled with the ease of surface modification, which give 

them high potential as transport scaffolds. In particular, a number of research groups 

are modifying the surface of TiO2 nanoparticles with novel MRI contrast agents. For 

example, Paunesku et. al. have modified the surface of TiO2 nanoparticles with 

gadolinium MRI contrast agents, which were attached onto the nanoparticle surface 

using catechols (see Chapter 1.4.2 for more details)
104

. They reported a significant 

increase in intracellular accumulation, retention and subcellular localization 

compared to the free contrast agent. It has also been hypothesised that the surface of 

TiO2 nanoparticles may be further modified in order to enhance cellular uptake. 

Coating the nanoparticles with folic acid has been shown to increase uptake into 

tumour cells in mice
105

.  
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Due to its low toxicity and unique photoactive properties the future of nano-TiO2 is 

looking bright for now, and with the recent explosion in the number of publications 

related to the application of TiO2 in biomedicine, the trend is set to continue for 

many years to come. 

 

1.3.2 The structure of TiO2  

Three main crystalline forms of TiO2 are rutile, anatase and brookite and all three 

have slightly different band gaps at 3.05, 3.26 and 3.27 eV respectively
106, 107

. Using 

Equation 1.3.2-1 the wavelengths of light required to promote an electron into the 

valence band for each crystalline form are 413 nm for rutile, 380 nm for anatase and 

376 nm for brookite.   

 

  (
  

 
) (

 

 
) 

Equation 1.3.2-1 Where λ is the wavelength of light, c is the speed of light, h is Planck’s constant, e 

is the elementary charge and b is the band gap. 

 

From their activation wavelengths you would expect that the most photoactive 

crystal form of TiO2 would be rutile followed by anatase and finally brookite. Whilst 

it is certainly true that brookite is the least photoactive it has been found that anatase 

is actually more photoactive than rutile. The reason behind anatase having a higher 

photoactivity is the fact that the recombination rate of the electrons with the holes is 

around ten times less than that found for rutile
108

. Therefore for many applications an 

anatase structure is required for the TiO2 and this fits in with a non-aqueous sol-gel 

synthetic method as it predominantly produces anatase nanoparticles whereas 

processes involving calcination often produce a mixture of anatase and rutile 

phases
109

. It was indeed the aim to produce anatase nanoparticles for this thesis as 

these are the most photoactive making them the most suitable crystal form of TiO2 

for photodynamic therapy (PDT). 
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1.4 Photodynamic therapy 

 

PDT was first developed around 100 years ago where von Tappeiner and Jesionek 

first saw that when eosin was in contact with skin tumours and then illuminated with 

white light the tumour size shrank over time
110

. In PDT an active component, known 

as a photosensitizer (PS), is administered to the body, either intravenously or 

topically. Under illumination an electron is excited into a higher energy state and in 

an oxygenated aqueous solution the sensitizer can then transfer the energy to 

surrounding molecules, either H2O or O2, creating ROS which can induce apoptosis 

and cell death in surrounding tissue.  

 

To date there are a several photosensitizers approved for commercial use with each 

one usually falling into the category of either porphyrins, chlorophylls or dyes, and 

they are used to treat a wide range of maladies ranging from a number of different 

cancers to psoriasis. Photofrin was the first commercially available PDT sensitizer 

and it is composed of a mixture of oligomers of up to eight porphyrin units which has 

a wavelength of activation of 630nm and was approved for use to treat bladder 

cancer in 1993
111

. Meyer-Betz was the first person to test the effects of porphyrin on 

humans, himself in fact, in 1913
110

. After applying porphyrin to certain areas of his 

skin, especially hands and face he went for a short walk. On his return he noticed that 

the areas which were exposed to sunlight were inflamed and sore and 3 days after 

exposure the areas inflamed had swollen so much that he became almost 

unrecognisable. The swelling and pain Meyer-Betz experienced was due to the 

reaction of ROS with his skin and in modern treatment exposure to light is one of the 

major problems with PDT, typically when being treated the patient must stay out of 

strong light, both artificial and sunlight, for up to 2 weeks. 

 

Typically it has been found that the main ROS produced upon illumination is singlet 

oxygen (
1
O2). Upon illumination the sensitizer is excited and promotes an electron to 

a higher energy singlet state. This singlet state has a very short lifetime and usually 

undertakes one of two relaxation pathways either radiative emission in the form of 

fluorescence and relax back down to ground state, or it may undergo internal 

conversion producing heat. However, the excited PS may undergo intersystem 
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crossing to a relatively long lived triplet state. It is this triplet state which is required 

in the PDT mechanism and which will ultimately undergo energy conversion to 

produce an array of ROS in one of two ways. In the type one reaction the PS directly 

transfers an electron or proton to adsorbed species which typically create hydroxyl 

radicals (˙OH), superoxide anions (O2˙ˉ) or peroxide (H2O2). Alternatively a type 2 

reaction may occur in which the triplet state PS directly transfers its energy to 

molecular oxygen to produce singlet oxygen (Figure 1.4-1)
112

. After production the 

ROS are free to disperse into the surrounding media where they induce apoptosis in 

neighbouring cells by reacting with unsaturated fatty acid chains and side chains of 

certain amino acids
113

. The main advantage of PDT over conventional cancer 

treatments is the fact that the active agent is generally non-toxic when it is not 

illuminated. Also the light source used to excite the photosensitizer can be directed 

with great accuracy therefore only the affected areas of the body are targeted leaving 

healthy tissue unharmed. 

 

 

 

 

Figure 1.4-1 Schematical representation of the energy conversion pathways typically undertaken by a 

PS under illumination. (Figure modified from Ref. 100). 
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It has been hypothesised for some time now that TiO2 may be used as the next 

generation of photosensitizer in PDT. Although the wavelength of activation of TiO2 

is short, thus dropping the penetration potential of light in tissue, there are a number 

of benefits to use TiO2 being 1) The surface of the TiO2 can be easily modified thus 

allowing the attachment of a wide range of anitbodies, such as tumour specific 

antigens (e.g. CA-125
114

, carcinoembryonic antigen
115

 etc.) to allow specific 

targeting of cells within the body, thus limiting unwanted sensitization; 2) The 

photoactivity of TiO2 is directly related to its surface area therefore the photoactivity 

can be dramatically increased in the nano regime; 3) The production cost of TiO2 is 

extremely low and highly reproducible unlike commonly used sensitizers which are 

typically derived from blood samples. 

 

Under illumination in aqueous conditions it has been reported that TiO2 also 

produces 
1
O2 however the predominant ROS formed is actually the superoxide anion 

(O2˙
-
) along with a whole host of other secondary reactive oxygen species. The 

electron and hole pair created upon illumination move to the surface of the 

nanoparticle as previously described. Here a number of processes take place 1) the 

electron reduces an electron acceptor, primarily this occurs as O2 being reduced to 

O2
.-
; 2) the hole oxidises an adsorbed electron donor, this happens in two ways, the 

conversion of H2O to 
.
OH or the conversion of surface titanols to radical titanol 

species (Figure 1.4-2)
106

. It has also been seen that positive holes can directly oxidise 

adsorbed species which is particularly influential for applications in water 

decontamination
116

.  Secondary ROS, such as H2O2, can be produced with further 

energy transfer reactions of the primary ROS. 

 

After their production the ROS diffuse in the surrounding solution, the lifetimes and 

migration distances of the most common ROS produced upon TiO2 illumination are 

given in Table 1.4-1 and it is clear that O2
.- 

is the longest lived, which may be the 

reason why it has been shown to be the most prominent ROS produced upon TiO2 

illumination. 
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Table 1.4-1 The half-lives and diffusion distances on the 3 most common ROS produced upon 

illuminating TiO2 with UV light. Please note, the half-lives and distances are given in orders of 

magnitude rather than definitive values as they typically depend on the concentration of the ROS.  

 

ROS Half-life Diffusion distance 

1
O2 μs

117
 nm

118
 

˙OH ns
119

 Å
119

 

O2˙
- 

ms
120

 μm
120

 

 

 

Figure 1.4-2 Scheme indicating the main processes occurring within a TiO2 nanoparticle under 

illumination. a) electron-hole generation; b) migration of positive holes to the nanoparticle surface 

resulting in the oxidation of an electron donor; c) migration of the electron to the nanoparticle surface 

resulting in the reduction of an electron acceptor; d) recombination of the electron hole pair at the 

surface of the nanoparticle; e) electron hole pair recombination in the bulk of the nanoparticle. (Figure 

modified from Reference 112). 
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1.5 The design of TiO2 nanoparticles for photodynamic therapy: 

Chemical, physical and biological aspects 

The design of TiO2 nanoparticles for PDT has to take into account a number of 

different aspects, from the size and structure of the nanoparticles to the post-coating 

of the nanoparticles in order to extend their lifetime in vivo. This section aims to 

explain the rationale behind the design of the TiO2 nanoparticles for PDT. 

 

1.5.1 TiO2 nanoparticles: Synthesis, size and structure 

When designing materials for use in vivo it is necessary to minimise the use of toxic 

or harmful reagents during the synthesis. As mentioned previously, a non-aqueous 

sol-gel method in benzyl alcohol was chosen for the synthesis of the nanoparticles. 

Benzyl alcohol is highly biocompatible and can be rapidly metabolised and excreted 

by the body therefore any residual traces in the final nanoparticle product, however 

unlikely, will not cause any adverse effects
88

. However, the benzyl alcohol route was 

also chosen for more pressing reasons than for biocompatibility alone. 

 

When using non-deformable nanoparticles in vivo there is an upper limit on their 

usable size. This limit is ~ 200 nm and is set by the spleen as any nanoparticles larger 

than this cut off limit are rapidly filtered out rendering them useless
121

. Also there is 

a lower cut off limit of ~ 5 nm this is to ensure that the nanoparticles remain above 

the size of where quantum confinement effects start to take place
122

. The lower limit 

is typically of little concern as synthesising nanoparticles with a size lower than 5 nm 

is not very commonplace. Rather, the upper limit of 200 nm causes most problems in 

the synthesis of nanoparticles for biomedical applications. However, due to the high 

degree of control that the non-aqueous synthetic route allows, the production of 

metal oxide nanoparticles with diameters of less than 200 nm is quite readily 

achievable
123, 124

. Particularly, TiO2 nanoparticles have been synthesised in benzyl 

alcohol on a number of occasions with dimensions between below this upper limit
125-

127
. 
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Regardless of the fact that nanoparticles with diameters less than 200 nm need to be 

used for in vivo applications, there is also an added bonus for producing TiO2 at the 

nanoscale. The photoactivity of TiO2 is directly linked to the number of surface sites 

present, therefore it stands to reason that as you reduce the size of the particles the 

overall photo-oxidative efficiency of the nanoparticles increases due to the increase 

in surface area to volume ratio
128

. 

 

After synthesis the nanoparticles need to be removed from the parent solvent and 

redispersed in an aqueous environment if they are to be used in biomedical 

applications. This step is typically quite crucial as it is here that a large amount of 

agglomeration can occur between the nanoparticles resulting in an overall increase in 

size. However, once again the benzyl alcohol route guards against excessive 

agglomeration. In particular Kotsokechagia et. al. have previously shown that TiO2 

nanoparticles synthesised in benzyl alcohol could be redispersed in a 50:50 mix of 

H2O:Ethanol, at pH 2, with only a minor degree of aggregation occurring resulting in 

an increase in size from 10 to 35 nm
89

. The ability for the nanoparticles to be 

redispersed in this solvent mixture is due to the fact that alkoxide ligands are present 

on the surface of the nanoparticles after synthesis, these hinder agglomeration which 

occurs through further condensation between surface hydroxyl ligands. After 

redipsersion the nanoparticles can be purified through dialysis resulting in “naked” 

(i.e. solely hydroxyl ligands coating the surface) nanoparticles. A major point to 

address here is the need for the nanoparticles to be redispersed in an acidic (pH 2) 

solution, this is due to the fact that TiO2 has an isoelectric point ~ pH 4.8 – 6.2
129

. 

Redispersing the nanoparticles into an acidic solution protonates the surface of the 

nanoparticles and prevents unwanted agglomeration through electrostatic repulsion. 

Therefore if the nanoparticles were redispersed at neutral pH they would agglomerate 

immediately rendering them useless for biomedical applications. Here in though lies 

a problem as inevitably the nanoparticles will need to be dispersed into a solution at 

physiological pH (pH 7). If the nanoparticles were left naked they would inevitably 

agglomerate. Consequently the surface of the nanoparticles needs to be coated with a 

suitable ligand in order to prevent agglomeration at neutral pH (TiO2 surface 

coatings are discussed further in Chapter 1.5.2). 
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Finally, as well as size, control needs to be kept over the crystal structure of the 

resulting nanoparticles. As previously mentioned there are three main crystal forms 

of TiO2, being anatase, rutile and brookite, and the anatase modification has been 

shown to be the most photoactive
108

. Therefore for this project it was desired that the 

nanoparticles not only had diameters in the nano regime but that they exhibited a 

mostly anatase structure. Once again the benzyl alcohol route for the synthesis of 

TiO2 nanoparticles favours the formation of nanoparticles with an anatase 

morphology
89, 127

. This is due to the slow condensation rate of the titanium 

precursors, allowing the nanoparticles to orientate themselves into a crystalline 

morphology. 

 

From the above discussion it was concluded that in order to optimise the 

photoactivity of the TiO2 nanoparticles and to enable their application in vivo they 

had to have average diameters in the nanoregime (< 200 nm), have a predominantly 

anatase phase and be dispersible in an aqueous medium. The non-aqueous sol-gel 

route in benzyl alcohol allowed fine control over all these characteristics and was 

deemed suitable for this study. However, upon redispersion the nanoparticles were 

only stable at acidic pH therefore the surface of the nanoparticles needed to be 

modified in order for them to be redispersed at physiological pH. 

 

1.5.2 TiO2 nanoparticles: Surface composition and biological aspects 

In order to disperse the nanoparticles at neutral pH it is necessary to modify the 

surface of the nanoparticles to prevent them from agglomerating. This can be done 

via one of two ways by either modifying the surface charge of the nanoparticles or 

attaching sufficiently bulky groups to the surface, which prevent the surface of the 

nanoparticles from coming into contact through steric interference.  

 

Dispersing the nanoparticles at acidic pH prevents them from agglomerating due to 

electrostatic repulsion between the positively charged surfaces. Upon neutralising the 

solution there is effectively no charge on the surface of the nanoparticles thus they 

agglomerate and precipitate out of solution. The addition of surface groups which 

remain or become charged at neutral pH is one way to stabilise the nanoparticles. For 
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example, the nanoparticles may be coated with a suitable ligand which has a 

carboxylic acid tail. Upon neutralisation the carboxylic acid will deprotonate leaving 

a carboxylate present on the nanoparticle surface
130

. At a sufficient ligand density the 

carboxylates will prevent agglomeration through electrostatic repulsion much in the 

same way as protonating the surface at acidic pH. On the other hand quaternary 

amines may be used to stabilise the nanoparticles, and since their charge is not 

dependant on the pH of the solution, the nanoparticles will be stable at a wide range 

of pH’s. However, whilst the nanoparticles will be stable, charged nanoparticles will 

be rapidly recognised in vivo and their lifetime will be much reduced
131

. The method 

of recognition is outlined below along with a method to evade detection and extend 

the lifetime of the nanoparticles in vivo. 

 

Following injection into the bloodstream many nanoparticles are rapidly detected and 

eliminated out of the bloodstream. The main method of removal is the mononuclear 

phagocyte system (MPS) coupled with the complement system
132

. There is a second 

method of elimination of nanoparticles and this depends on the size of the particles 

themselves. For particles >200 nm in size the nanoparticles will accumulate and 

agglomerate in the spleen. Therefore, as previously mentioned, it is necessary for the 

particles to be of a size less than 200 nm to avoid filtration out of the bloodstream
133

. 

These responses present a problem for nanoparticles within a biological environment 

as elimination is often too swift and many particles are practically detected and 

eliminated almost immediately without sufficient time for them to have a therapeutic 

effect.  

 

The complement system is the main method of recognition of nanoparticles in the 

blood stream. Nanoparticles are recognised by complement proteins, known as 

opsonins, such as C3b, immunoglobulins G and M and fibronectin to name just a 

few, overall around 30 binding proteins are known to be utilised as opsonins in the 

human body
132

. There are a number of activation pathways that opsonins can 

undertake, but in regard to nanoparticles the main pathway involves the adsorption of 

these complement proteins onto the nanoparticle surface, this process is known as 

opsonisation. Following adsorption, MPS cells are recruited, which recognise the 

adsorbed proteins with the use of specific receptors found on the cells surface and 
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subsequently bind the proteins to the surface of the MPS cells. After binding to the 

cell surface, the nanoparticle may be then invaginated within the cell via an 

endocytic mechanism (discussed below)
132

. 

  

The MPS (also known as the reticuloendothelial system) is the other major form of 

blood clearance response to nanoparticles and colloidal structures
132

. The MPS is 

made up of two main classes of cells, these being macrophages and monocytes. The 

main role of the MPS is to remove dead cells from the bloodstream and to remove 

dead cells and foreign bodies from the blood stream following recruitment by 

complement proteins as previously discussed
132, 134

. MPS cells uptake foreign bodies 

by an irreversible process known as endocytosis, where the cell membrane of the 

MPS cell surrounds the foreign body and pinches off forming a vesicle within the 

cell trapping the foreign material
135, 136

. There are three main methods of endocytosis, 

these being phagocytosis, pinocytosis and receptor mediated endocytosis, and all 

three are described in more detail below.  

 

Phagocytosis (meaning cell eating) is an active process performed by MPS cells, 

such as macrophages and neutrophils, via the use of specific or non-specific 

receptors to engulf larger particles of a size greater than 0.5 µm
132

. Phagocytic cells 

are used alongside the complement system and phagocytosis is the main method of 

endocytosis following opsonisation of the foreign body
137

. 

 

Pinocytosis (meaning cell drinking) on the other hand, involves the non-specific 

uptake of solute molecules via non-coated vesicles and does not involve the use of 

receptors on the surface of the cells
132

.   

 

The final method of endocytosis that remains to be discussed is receptor mediated 

endocytosis. On the surface of a number of MPS cells membranes, specific receptors 

may be found which bind to specific ligands or anti-bodies
135

. For example on the 

surface of lymphocytes the low density lipoprotein receptor may be expressed and it 

binds to LDL which, in turn, enables the invagination of cholesterol into the cell
135

. 

There are a large number of receptors present on the surface of cells and any 
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invading body (such as nanoparticles) which complement these receptors will 

quickly be internalised by MPS cells. 

 

After internalisation in the cell, the vesicle containing internalised material, will be 

transported and fused with endosomes and lysosomes
132

. Biological materials would 

then normally undergo either degradation then excretion out of the body or be 

recycled within the cell. However, if the nanoparticle is inorganic, it is not typically 

degraded by the lysosomes. Instead it is rather thought that inorganic particles remain 

in the body indefinitely encapsulated in a vesicle, rendering them inert.  

 

From the above discussion, it can be concluded that to be of any effect in 

therapeutics, nanoparticles need to be designed to by-pass the MPS when circulating 

in the bloodstream. One way to accomplish this task is to conjugate protein repellent 

hydrophilic polymers to the surface of the nanoparticles which (as the name 

suggests) disguise the nanoparticles for the MPS and allowing extended circulation 

times.  

 

Coating the nanoparticles with a protein repellent polymer may not only be 

beneficiary for extending the lifetime of the nanoparticles in vivo, but also for 

stabilising the nanoparticles at neutral pH. It has been shown on a number of 

occasions that adsorbing polymers of a sufficient molecular weight and surface 

grafting density stabilises nanoparticles against aggregation. Here the stability is not 

related to electrostatic repulsion but to the steric interference between polymer chains 

thus restricting the surface of the nanoparticles from coming into contact with one 

another.  

 

Pain et al. were one of the first to report that polysaccharide (particularly dextran) 

coated liposomes had a circulatory half-life twice of that of “naked” liposomes
138

. 

This increase in circulatory time was relatively modest and research was conducted 

into polymers that increase the half-life further. The next major class of molecules 

found to increase the half-life was glycolipids, such as monosialoganglioside GMI
139

. 

Glycolipids proved highly effective at evading the MPS, particularly in the liver and 

a two-fold decrease in uptake has been observed
139

. Although effective, glycolipids 



1          Introduction 

 

 

 49 

have two major drawbacks, the first being their cost and the second being the 

difficulty in their purification. Studies into the surface modification of liposomes 

with GMI yielded separate results from different research groups. It was found that 

even the smallest impurity in the glycolipid used resulted in a reduced effect of the 

“stealth” giving character
139

. 

 

Research into surface modification using polyethylene glycol (PEG) actually 

predated that of polysaccharides, and its importance was overlooked for many years. 

Abuchowski et al. reported studies in 1977 into modifying bovine serum albumin 

with PEG and the results showed a dramatic increase in evasion of the MPS
140

. PEG 

has undoubtedly received the most interest recently in modifying the surface of 

inorganic nanoparticles as it is already food and drug administration (FDA) approved 

for drug use. It has been noted that PEG with an average molecular weight of 1000 – 

2000 gmol
-1

 increases the circulation half-life substantially and PEG is a popular 

choice for the surface coating of biomaterials
139

. Further functionalisation of the 

terminal OH group on PEG can lead to the polymer being chemically grafted to 

ligands which have an affinity for adsorbing onto the surface of inorganic 

structures
141

. Due to the wide use of PEG in coating inorganic nanoparticles it seems 

that PEG derivatives will be suitable in coating TiO2 nanoparticles in this project
142, 

143
. 

 

Before PEG can be adsorbed onto the surface of the TiO2 nanoparticles it is 

necessary to conjugate it to a suitable ligand which has a high affinity for adsorbing 

to the surface of TiO2. There are quite a number of ligands which have the ability to 

adsorb onto TiO2 but without doubt there are two classes of ligands which stand out, 

these are catechols
144, 145

 and phosph(on)ates
146, 147

 (Figure 1.5.2-1). Catechols are 

rigid 1,2 diols which have gained a considerable amount of attention for the surface 

modification of TiO2. The ligand binds to unsaturated TiO2 sites, where a site is 

unsaturated if the titanium is bound to a hydroxyl ligand which are highly labile. 

Each titanium atom in titanium dioxide forms 6 bonds to oxygen atoms and in 

macroscopic TiO2 surface titanium atoms typically only have one unsaturated surface 

site. Therefore, when catechols adsorb onto macroscopic TiO2 they bridge two 

titanium centres. However, due to the curvature of the nanoparticles, on the 
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nanoscale, surface titanium atoms typically have multi unsaturated sites therefore and 

each catechol can bind solely to one titanium centre in a chelating fashion resulting 

in the formation of a five membered ring
144

. The rigid structure of the 1,2 diols of 

catechols means that they readily bind in a chelating fashion. Catechols are 

particularly interesting for the surface modification of TiO2 where the nanoparticles 

have to remain photoactive. This is due to fact that when catechols adsorb onto the 

surface of TiO2 the λmax of the system shifts from ~ 380 nm to 435 nm i.e. the visible 

region
148

. Therefore it is theorised that light of a longer wavelength can be used to 

excite the nanoparticles. For biomedical applications this is particularly interesting as 

the longer the wavelength of light the deeper the penetration into bodily tissue.  

 

 

 

Figure 1.5.2-1 Skeletal structures of catechols, phosphates and phosphonates. 

 

Research into the surface modification of TiO2 using phosph(on)ates is gradually 

gaining more interest in recent years. Phosph(on)ates have similar adsorption 

properties to catechols where the ligand can adsorb by bridging two metal centres or 

chelate in a bidentate fashion directly to one centre
149

 and it has also been noted that 

they can bind in a tridentate fashion
146

. Catechols and phosph(on)ates also seem to 

have relatively similar binding constants between 10
3
 and 10

4
 M

-1
 therefore they are 

both suitable ligands for the surface of TiO2
150, 151

. However, phosph(on)ates do not 

cause a shift in the λmax of the TiO2 system towards the visible light region therefore 

the nanoparticles remain photoactive under near UV illumination. On the other hand 

phosph(on)ates have been reported to increase the photooxidative capability of TiO2 
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quite substantially. For example Zhang et. al. have shown that modifying the surface 

of TiO2 nanoparticles increases the photodegradation rate of 4-chlorophenol, phenol 

and Rhodamine blue. The increase in rate was attributed to the fact that upon 

adsorption phosph(on)ates donate a negative charge to the surface of the TiO2
152

. 

This negative charge enhances the positive hole migration to the surface of the 

nanoparticles resulting in a much increased production of the ˙OH radical. 

 

For this thesis catechols and phosph(on)ates were used to tether PEG to the surface 

of the TiO2 nanoparticles. Both ligands were chosen for their high binding efficiency 

towards TiO2 and the fact that they both have the potential to enhance the 

photoactivity in drastically different ways. 

 

1.6 Scope of thesis and Authors Contribution 

The development of stimulus responsive biomaterials has gained much attention in 

recent years for applications such as drug delivery and cancer therapeutics. This 

thesis reports the development of hybrid titanium dioxide polymeric nanoparticles 

for biomedical applications, in particular for use in PDT and stimuli-responsive drug 

delivery systems. 

 

The project can be divided into a number of stages with the first being the synthesis 

of water dispersible TiO2 nanoparticles. It was desired that the nanoparticles were 

monodisperse with an average diameter of between 5-200 nm, with the goal being to 

produce nanoparticles as small as possible in order to increase the surface area to 

volume ratio and in effect increase their photoactivity. It was also desired that the 

nanoparticles had an anatase crystallinity in order to enhance their photodegradative 

capability even further. Chapter 2 reports the results into the synthesis of TiO2 

nanoparticles through a predominantly non-aqueous sol-gel synthetic method using 

benzyl alcohol as the reaction solvent. For this reaction molar equivalents of H2O 

were added in order to a) decrease the reaction time and b) gain fine control over the 

synthesis of the nanoparticles. 
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Chapter 3 reports the results into the surface functionalisation of the TiO2 

nanoparticles with a variety of ligands all based on either catechols or 

phosph(on)ates. The stability of the nanoparticles was assessed at physiological pH 

as a function of ligand species and grafting density. Subsequently the effect of 

surface composition on the photodegradative capability of the nanoparticles was 

assessed. The photoactivity was assessed by monitoring the degradation of 

methylene blue (MB) under illumination in the presence of the nanoparticles either 

coated or uncoated. MB is highly susceptible to ROS degradation in solution and it’s 

degradation can be easily recorded by monitoring the subsequent decrease in its 

absorbance at 665 nm over time. 

 

Chapter 4 introduces the results into using the TiO2 nanoparticles for a different 

application other than PDT. Here we have created PEM microcapsules with the TiO2 

nanoparticles embedded within the walls. The microcapsules could be loaded with a 

model dye and under illumination the ROS created were able to damage and rupture 

the polymer walls and subsequently release the model dye within. 

 

1.6.1 Author’s Contributions 

Dr. Andrea Pucci performed the thermogravimetric analysis runs in Chapter 2 

contributing to 0.5% of this overall thesis. Dr. Ghislaine Robert-Nicoud synthesised 

the dye conjugated polymers for chapter 4 and also co-supervised Mr. Qamar 

Hussain in procuring a number of the results, 3 % of this thesis is attributed to each 

of them. The remaining 93.5% of this thesis was done solely by the author Mr. 

Christopher J. Cadman. 
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1.8 Appendix - Nanocharacterisation Techniques and Examples of 

Their Application 

1.8.1 Introduction 

A complete understanding of the properties of nanomaterials requires the combined 

use of several characterization techniques. Hereafter, some of the most common 

techniques will be reviewed, providing a succinct theoretical background and 

examples of their application directly taken from the research work performed in the 

frame of this thesis. Some of the methods can be employed also in the study of 

macroscopic materials, while others take advantage of the specificities of the nano 

scale. Specifically, we will examine X-Ray Diffraction (XRD) and Transmission 

Electron Microscopy (TEM) as examples of the first group, and Dynamic Light 

Scattering (DLS) and Atomic Force Microscopy (AFM) as typical of the second 

group. 

 

1.8.2  Experimental Details 

X-ray diffraction: XRD pattern of titanium dioxide (TiO2) nanoparticles were 

obtained in reflection mode with CuKα radiation on an IPD PW1800 

diffractometer (PANalytical) using freeze dried nanoparticles, whose synthesis is 

reported in Chapter 2 of this thesis. 
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Transmission electron microscopy: We have employed amphiphilic block 

copolymers, namely poly(propylene sulfide)-poly(glycerol monomethacrylate) (PPS-

PGMMA) and poly(glycerolmonomethacrylate)-poly(dimethylsiloxane)-

poly(glycerolmonomethacrylate) (SilGMMA), whose synthesis is described in 

reference 1 for PPS-PGMMA
1
 and in reference 2 for SilGMMA

2
. The sample 

preparation for TEM analysis was identical for both classes of block copolymers. 

Images were acquired on a Philips CM30 HRTEM operated at 300 kV. A 2% 

aqueous phosphotungstic acid solution (adjusted to pH 7.3 using NaOH 1 M) was 

used as a contrast enhancer. The grids (mesh 300 Cu, diameter 3.05 mm) were 

covered with a formvar film and then coated with carbon (Agar Scientific, Essex, 

UK). A drop of 1 mg/mL sample solution was left for 90 seconds on top of the grid 

and the excess solution was removed using filter paper. A drop of contrast solution 

was then placed on the grid and left for 90 seconds. The excess solution was 

removed with filter paper leaving a thin layer of solution and the grid was allowed to 

fully dry in air before analysis. 

 

Dynamic light scattering: The measurements were performed using a Zetasizer Nano 

ZS instrument (Malvern Instrument Ltd., U.K.) equipped with a solid state laser (λ = 

633 nm), disposable cuvettes with an optical path of 10 mm were used for the 

measurements. 

 

Atomic force microscopy: Images were acquired at 25˚C in water using a Molecular 

Force Probe 3D AFM (MFP-3D, Asylum Research, Santa Barbara, CA) and a silicon 

nitride cantilever (model NP-S10 D, Bruker) with a nominal spring constant, tip 

radius, tip height and resonance frequency of 0.06 N/m, 10 nm, 2.5-8.0  μm and 18 

kHz, respectively. PGMMA films were grown on glass slide cover slips (synthesis 

has been omitted), after which they were fixed to the bottom of a petri dish. After 

fully drying the samples were immersed in water for 1 hour and subsequently imaged 

in contact mode at a scan rate of 0.5 Hz. 
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1.8.3 X-ray Diffraction (XRD) 

The main focus of this PhD project was the development of crystalline TiO2 

nanoparticles, specifically targeting the development of an anatase crystalline phase 

that is considered beneficial to maximize the oxidative photoactivity of the resulting 

materials. An essential tool for the characterisation of nanoparticles is therefore the 

analysis of crystallinity, which is generally performed through XRD (results can be 

seen in Chapter 2.3.5). X-rays can be elastically scattered by atoms, an effect 

primarily produced by the external electrons (the electron shell); the scattered 

photons may be seen as secondary waves (see Figure 1.8.3-1). In an amorphous 

material (lacking long-range organisation) the secondary waves interfere both 

constructively and destructively in a random fashion therefore there is no observable 

preferential scattering direction. A different situation is presented in materials 

characterized by the presence of long-range order, e.g. in crystals: since the 

wavelength of X-rays is comparable to the spacing between the planes of a crystal 

(1-100 Å), whilst yet most of the scattered X-rays interfere destructively, there will 

also be areas in which they may interfere constructively creating what is known as a 

diffraction pattern; Bragg’s law is generally used to link the angle(s) of incidence  

(angle between the direction of the light beam and the director of a crystalline plane) 

for which a constructive interference can be observed, to the features of the crystal 

and of the measuring system
3
 (Equation 1.8.3-1). 

 

          

Equation 1.8.3-1 Bragg’s law where d is the spacing between the diffracting crystal planes, θ is the 

angle of the incoming X-rays, n is an integer and λ is the wavelength of the incoming beam. 

 

Therefore by knowing the wavelength of the incoming radiation and the angle of the 

reflected radiation (which is specular to the incidence angle), the spacing d between 

diffracting planes can be determined. Since d is unique for each crystalline phase, 

XRD allows the absolute assignment of the crystalline phase(s) present in a certain 

material.  
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With crystalline domains sized less than 100-200 nm, it is also possible to use XRD 

to calculate the crystallite size: in a diffraction scan, the peaks are characterized by a 

finite width, which is inversely proportional to the size of the crystallites. The 

Scherrer equation has been developed to quantify this effect
4
 (Equation 1.8.3-2), and 

can therefore be used to calculate the average crystallite size  of a sample. 

 

 

     
     ⁄  

Equation 1.8.3-2 Scherrer equation where τ is the average size of the crystal domain, K is the shape 

factor (also known as the Scherrer constant) typically being 0.9 but may differ depending on the actual 

shape of the crystallite, λ is the wavelength of the incident X-rays, β is the line broadening (full width 

half maximum, FWHM) of the peak and θ is the Bragg angle. 

 

 

Figure 1.8.3-1 Schematic representation of the scattering of X-rays from the electron shell of atoms in 

a primitive cubic crystal. 
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It is important to note that Scherrer analysis provides a minimum value to the size of 

a crystalline material; whenever the crystals are polydisperse, or above all in the 

presence of crystal aggregates, the size derived from the Scherrer equation will be 

that of the smallest components. For example, in Chapter 2 the Scherrer analysis of 

TiO2 nanoparticles synthesised through the non-aqueous process showed that, 

although the overall size of the nanoparticles was in the range of 8-10 nm (via DLS), 

they were composed of smaller ~3 nm crystalline centres that aggregated during the 

process to form larger nanoparticles. 

 

1.8.4 Dynamic Light Scattering 

DLS was developed as a technique to measure the size of solid nanoparticles in 

suspension and has also been used to investigate polymer solutions. The technique 

relies on the time-dependant fluctuation in the intensity of the light scattered at a 

fixed angle; the fluctuations in intensity are caused by fluctuations in the 

concentration of the scattering particles, owing to the random nature of the Brownian 

motion of objects (nanoparticles) dispersed in a fluid (Figure 1.8.4-1).  

 

This phenomenon typically applies to sub-micron objects, typically referred to as 

colloidal objects: at a given temperature, each body is characterized by a defined 

value of thermal energy (only proportional to kBT); by expressing this as kinetic 

energy, it follows that there exists an inverse relationship between mass and the 

square of the object velocity, hence an object with small dimensions, by virtue of its 

small mass, would also move with high speed. As a side result, below a certain size 

the speed of (random) diffusional motion allows to effectively reduce the effect of 

gravity, which is the reason of the stability of colloidal dispersions against 

sedimentation.  

 

It is generally difficult to measure the real speed of a particle moving randomly, 

while it is considerably easier to evaluate its overall displacement as a function of 

time; the displacement is not to be confused with the distance covered and it 

identifies with it only in the case of motion along a line. In a pure random motion, 

the relationship between average displacement and time is quadratic (   ̅̅̅̅    ) and 
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the proportionality constant (D) is known as the translational diffusion coefficient 

and is a measure of the effective speed of a colloid. The Stokes-Einstein equation 

allows to estimate the hydrodynamic radius (RH) of a colloidal object from its 

diffusion coefficient knowing the viscosity (η) and the temperature (T) of the 

solution (Equation 1.8.4-1)
5
. 

 

 

    
   

    ⁄  

Equation 1.8.4-1 Stokes-Einstein equation where D is the translational diffusion coefficient, kB is 

Boltzmann’s constant and RH is the hydrodynamic radius of the particle. 

 

 

Figure 1.8.4-1 General representation of a dynamic light scattering setup. A light source generates a 

beam, which is focused in a small volume of a sample. The intensity of the radiation scattered at a 

given angle is recorded as a function of time, providing an apparently noisy signal that contains all the 

information related to the diffusion properties of the dispersed materials. 

 

The problem is therefore to measure the diffusion coefficients of colloidal particles. 

The solution offered by DLS is based on the fact that, by measuring the fluctuations 

in the concentration of particles of a given volume of a colloidal dispersion, one can 

gather information about their size (the larger, the slower they move, the slower the 

fluctuations). In particular, using the intensity of the scattered light as a measure of 
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the particle concentration, it is possible to create a correlation function G(τ) that 

provides a quantitative measure of the persistence of a particle in a certain volume 

(Figure 1.8.4-2 insert) (Equation 1.8.4-2)
6
. 

 

 

 

     ∫               

Equation 1.8.4-2 Where I is the intensity of the scattered light, t is the time and τ is the time 

difference of the correlator. 

 

There are a number of models used to fit the correlation function to generate a 

distribution of diffusion coefficients and thus calculate the size distribution of the 

particles in solution. Typically, the correlation function is fitted as an exponential 

decaying function of the correlator time delay τ; for a monodisperse sample the 

correlation function may be fit with a single exponential function (Equation 1.8.4-3 

a)
6
. 

a)                      

b)   = Dq
2
 

c)       
  

⁄         ⁄   

Equation 1.8.4-3 a) The correlation function can be fit as single exponential decaying function of the 

time delay where A is the baseline of the correlation function and B is the intercept of the correlation 

function. b) The main time-independent parameter gathered through this fitting is  , which is the 

decay rate of the correlation function and it is directly (linearly) linked to the diffusion coefficient of 

the colloidal objects. c) The parameter q linking the diffusion coefficient to the decay rate depends on 

the experimental conditions, i.e. the refractive index n of the dispersant, the wavelength λo of the laser 

and the scattering angle θ of the laser. 

 

For polydisperse samples the correlation function is often approximated with a 

multiple exponential function (Equation 1.8.4-4) which can be resolved using 

cumulant or CONTIN analysis
6
. 
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a)                   
 ] 

b)           ∑        
      ∫           

    

Equation 1.8.4-4 The correlation function      can be fit as a multiple exponential decaying function 

of the time delay; g1(τ) is the sum of all the exponential decays present in the correlation function. 

 

Based on cumulant analysis theory, an average decay rate ( ) may be calculated 

(Equations 1.8.4-5 a and b) along with a polydispersity index (PDI) of the sample 

(Equation 1.8.4-5 c). It is worth mentioning that parameters beyond µ3 are often 

neglected in order not to over-determine the problem. Using Equation 1.8.4-5 b,   

can be converted into an average diffusion coefficient which can in turn be related to 

an average hydrodynamic radius (Rh) via the Stoke-Einstein equation (Equation 

1.8.4-1). In summary, an intensity average size and a PDI are obtained through 

cumulant analysis and a Gaussian distribution can be constructed assuming a single 

species is present in solution. 

 

a)                 ̅ (  
  

  
    

  

  
    ) 

b)      ̅       

c)           
  

 ̅ ⁄  

Equation 1.8.4-5 The average decay rate can be calculated through a) and b) where μ2 is the expected 

value. c) is the PDI of the sample (often referred to as second order PDI since it is calculated on the 

second parameter of the series expansion). 

 

Size distributions of polydisperse samples can be obtained through CONTIN 

analysis. CONTIN uses an inverse Laplace to transform a correlation function 

depending on time () to a function of the decay rate () (Equation 1.8.4-6). From a 

decay rate distribution, an intensity size distribution can be constructed after 

converting  to D (Equation 1.8.4-3 b) and D to Rh (Equation 1.8.4-1). 

 



1          Introduction 

 

 

 73 

                 

Equation 1.8.4-6 Inverse Laplace in order to transform a time dependant correlation function to one 

that depends on the average decay rate. 

 

Figure 1.8.4-2 shows a typical size distribution of a monodisperse sample of TiO2 

nanoparticles synthesised for this project (see chapter 2) with the correlation function 

shown inset. 

 

 DLS has been implemented for the size analysis of a wide range of colloidal systems 

with relatively accurate results. However, there are a number of drawbacks when 

using DLS. Firstly, the average sizes obtained from measurements are actually 

hydrodynamic sizes, which take into account the thickness of the layer of solvent 

molecules, which diffuse together with the particles. Further extrapolations are 

needed to calculate the size of just the particle
7
.  

 

Secondly, DLS analysis is based on the presumption that particles are perfect hard 

spheres
8
. As a perfect hard sphere is near enough impossible to attain, problems can 

arise in the interpretation of the results if the sample being analysed has a permanent 

non-spherical shape or deforms while diffusing.  

 

An example of the possible development of non-spherical morphologies is shown in 

Figure 1.8.4-3. Two block copolymers composed of poly(propylene sulphide) and 

poly(glycerol monomethacrylate) (PPS-PGMMA) have been dispersed in an aqueous 

solution. Upon dissolution the polymer arranges itself into micelle like structures 

where the polymer chains organise themselves so that the hydrophilic portion of the 

polymer (PGMMA) is exposed to the aqueous solution whereas the hydrophobic PPS 

section is directed towards the centre of the micelle away from the water
9
. Typically 

micelles exist as spherical constructs (Figure 1.8.4-3 C) but depending on the ratio of 

the hydrophilic section to hydrophobic section they may adopt different 

morphologies such as worm like micelles (Figure 1.8.4-3 B).   

 



1          Introduction 

 

 

 74 

The average sizes of the polymer constructs by DLS, whilst varying the 

hydrophilic/hydrophobic ratio, can be seen in Figure 1.8.4-3 A with the 

corresponding TEM images for two of the samples also shown. PPS39-PGMMA75 

dispersed in an aqueous solution gives an average hydrodynamic radius of 45 nm and 

the corresponding TEM image (Figure 1.8.4-3 C) shows that the polymer adopts a 

classical spherical micelle shape (the reasons as to why TEM shows a smaller size 

for the micelles is given in chapter 1.8.5). The size and shape where also confirmed 

by atomic force microscopy (AFM), this technique is described later in chapter 1.8.6. 

By increasing the hydrophobic content of the polymer to PPS30-PGMMA53 the chains 

rearrange to give worm like micelles due to their lower surface/volume ratio
10

. 

However, DLS does not take into account the fact that the polymer is not in a 

spherical conformation and gives an average hydrodynamic diameter of 200 nm, 

which if only DLS was used would lead the user to conclude that their system 

contains spherical polymer aggregates with a diameter of 200 nm. Therefore here is a 

clear example as to why techniques for the analysis of nanoconstructs need to be 

used in conjunction to get an overall picture of what is occurring within the system. 

 

 

Figure 1.8.4-2 A typical size distribution of monodisperse TiO2 nanoparticles obtained by DLS. 

(inset) The correlation function of the scattering of the laser associated with the size distribution. 
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Figure 1.8.4-3 A: Z-average size (from DLS measurements) for different PPS-PGMMA copolymers 

with different PPS/GMMA ratios and two different PPS degrees of polymerization. The bars represent 

the width at half height of the peaks. B: negative staining TEM picture for PPS30-PGMMA53, showing 

the presence of irregular elongated structures (probably worm-like micelles). C: negative staining 

TEM picture for PPS39-PGMMA75, showing the presence of spherical structures (spherical micelles). 

D: AFM image of PPS39-PGMMA75 aggregates deposited on mica. See also Supplementary 

Information, Figures S6 and S7.  E: Structure of a PPS-PGMMA polymer chain. Polymer synthesis, 

DLS and AFM measurements were all performed by Dr. Cong-Duan Vo. Results published in 

Macromolecular and Rapid Communications
1
.  

E

.
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1.8.5 Transmission Electron Microscopy 

The maximum resolution achievable on an imaging device (e.g. a microscope) is 

limited by the wavelength of the electromagnetic radiation employed. In 

microscopes, the Abbe equation   
 

      
 links the minimum distance observable 

to the wavelength through the numerical aperture (nsin(refractive index*angle of 

incidence)) of a lens, which is often close to 1, causing the resolution to be around 

half of the wavelength
11

. For typical light microscopes this diffraction limit to the 

achievable resolution is at best 200 nm. 

 

For the analysis of nanoscale structures, Knoll and Ruska were the first to utilise the 

wave-like properties of electrons to construct what is now known as a TEM
12

. With 

the wavelength of electrons typically being around 1-10 pm, depending on the 

operating power of the microscope, theoretically the resolution of TEM is on a sub 

atomic scale. However in reality the best resolution obtained to date is around 0.1 

nm, mostly due to physical defects and aberrations within the lenses
13

.  

 

Briefly, in a TEM a beam of electrons is created at the emission source, which may 

be composed of tungsten or lanthanum hexaboride (LaB6). The beam then passes 

through an anode in order to accelerate the electrons which then continue on through 

the condenser lens in order to focus the beam through an ultrathin sample (< 100 nm 

thick). The beam then passes through the objective and intermediate lenses which 

refocus the beam once it has interacted with the sample. Finally the beam passes 

through the projector lens which expands the beam onto either a photographic plate 

or, more commonly nowadays, onto a charge coupled device (CCD) camera allowing 

real time observation of the sample (Figure 1.8.5-1). The image is created by the 

scattering of the electron beam as it passes through a sample, therefore denser areas 

would provide lower electron transmittance
14

.  
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Figure 1.8.5-1 Schematic representation of a transmission electron microscope. 

 

This technique has been traditionally used to image materials with significant 

scattering also in thin samples, i.e. materials such as metals or ceramics characterized 

by a high density of ‘opaque’ atoms (= with a high number of electrons). However, 

now also biological samples can be imaged through the use of appropriate contrast 

agents and the fixation of the material; even more advanced is the use of the low 

temperature cryo-TEM where the sample is frozen  (avoiding artefacts due to the 

evaporation of water) and vitreous ice acts as a contrast agent in the sample
15

. 

Organic polymers can also be imaged via TEM, e.g. to visualize the structures 

produced by self-assembly in water; most often this is obtained by negatively 

staining the samples with a heavy metal salt such as uranyl acetate, ammonium 

molybdate or, as for Figures 1.8.4-3 and 1.8.5-2, sodium phosphotungstate
16

. For 

example the strucutres shown in Figure 1.8.5-2 are formed by block copolymers of 

poly(glycerol monomethacrylate) – block - poly(dimethylsiloxane) – block - 

poly(glycerol monomethacrylate) (SilGMMA) stained with a sodium 

phosphotungstate contrast solution (2% wt.).  
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The negative stains allowed the visualisation of the polymer aggregates via staining 

the areas of the grid around the polymer therefore allowing to recognize the structure 

formed by polymers as the areas with the highest intensity of transmitted light . As 

with the PPS-PGMMA polymers analysed in Chapter 1.8.4, as the hydrophobic 

content of the SilGMMA (where the poly(dimethyl siloxane) (PDMS) block is the 

hydrophobic portion of the polymer) increases the morphology of the aggregates 

changes from a classical spherical micelle shape (SilGMMA5 and 6) to a worm like 

micelle one (SilGMMA1 and 3). 

 

As well as determining the morphology of nanoconstructs TEM can also be used as 

an analytical tool for determining the composition and morphology of the materials 

being studied. The scattering of the electrons in TEM can also allow the 

identification of the crystalline phase of specific materials in the sample, since as 

seen for X-rays also electrons scatter elastically creating secondary waves which can 

interfere either constructively or destructively. In a crystalline sample the scattering 

can therefore produce a diffraction pattern which can be mapped to calculate the 

crystal planes in the sample
17

. Figure 2.3.5-1 (left) (Chapter 2.3.5) shows a high 

resolution TEM (HRTEM) image of TiO2 nanoparticles. It can be seen that there is a 

regular pattern of contrasting light and dark areas present in the HRTEM image of 

the nanoparticles: what is being observed here are the crystal planes of the 

nanoparticles themselves. The distance between the spacing was measured to be 

3.2Å which correlates with the 101 plane found in anatase confirming the results 

obtained by XRD.  

 

Although not used in this research, TEM can also permit the determination of the 

elemental composition of a material. When electrons scatter off a material they can 

do so either elastically or inelastically, depending on whether they preserve or 

degrade their initial energy. The energy loss is generally caused by the ionization of 

the atoms the electrons come into contact with and, as the ionisation energy of each 

element is unique, it is possible to map the atomic composition of a sample through 

what is commonly referred to as electron energy loss spectroscopy (EELS)
18

. 
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Figure 1.8.5-2 A: Structure of a SilGMMA polymer chain, during this study the hydrophobic PDMS 

chain length was kept constant at 110 monomer units and the GMMA chain length was changed to 

vary the hydrophobic/hydrophilic ratio of the block copolymer. B: DLS curves of SilGMMA 

dispersion in water with the corresponding TEM pictures shown below. Polymer synthesis and DLS 

measurements were performed by Dr. Ghislaine Robert-Nicoud.  

 

When TEM is used for organic or biological samples there is one main drawback. 

Due to the use of electrons as the source of electromagnetic radiation, the TEM 

chamber must be under a very high vacuum; this is due to the fact that any gas 

molecules in the chamber will interact and scatter the electrons before reaching the 

sample thus knocking them out of alignment which will result in a major decrease in 

focusing and resolution capabilities. For inorganic materials the need to be under 

Molar Composition

Polymer GMMA DMS

SilGMMA 1 17 83

SilGMMA 3 26 74

SilGMMA 5 41 59

SilGMMA 6 69 31

A B
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high vacuum is not a great problem as structure changes during preparation will be 

kept to a minimum
19

. However when using organic samples, as with the samples in 

Figures 1.8.4-3 and 1.8.5-2, the sample preparation and imaging treatment may give 

rise to artefacts which the user has to be aware of. The polymers used in the afore 

mentioned figures are prepared in an aqueous solution and the hydrophilic portion 

will be fully swollen by water, however upon drying the water will evacuate the 

hydrophilic parts causing an apparent shrinkage in the overall size of the micelles. 

Therefore by TEM micelles generally appear to have a smaller size than e.g. when 

measured by DLS in a hydrated state.  

 

1.8.6 Atomic Force Microscopy 

In 1986 Binnig, Quate and Gerber published the first results on their development of 

what is now commonly referred to as an AFM
20

. Originally developed for the 

imaging of samples by “feeling” the surface with a mechanical probe, this technique 

has now been developed for measuring and manipulating samples at the nanoscale, 

making AFM one of the foremost tools for nano scale characterization. Quite simply 

an AFM consists of a cantilever with a sharp tip which has a radius typically in the 

order of a few tens nanometers; a laser is reflected off the top of the cantilever 

towards an array of photodiode detectors, therefore any change in the position of the 

reflected laser spot can be monitored (Figure 1.8.6-1).  

 

As the tip is brought in contact with the surface, attractive or repulsive forces 

(electrostatic, hydrophobic/philic interactions etc.) between the tip and the sample 

cause a deflection of the cantilever which in turn causes a deflection of the laser 

which is monitored on the photodiode array. Clearly, to image a sample the tip must 

first experience some interaction with the surface; therefore, depending on the 

material being examined, the tip is brought into contact with the surface at a height to 

give the desired amount of deflection. The tip is then dragged along the surface of 

the material and as it does so the deflection of the tip is kept constant, therefore any 

increases or decreases in topology will result in the cantilever moving up or down 

respectively, this is known as contact mode AFM. As a result the laser spot reflected 

off the top of the cantilever onto the photodiode array will change position allowing 
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the topology of the material to be visualised
21

. As well as contact mode, which keeps 

the tip static, the tip can also be oscillated at its resonant frequency just above (1-

10nm) the sample so as not to come into direct contact with it, this is known as 

tapping mode. Van der Waal’s forces from the surface of the sample interact with the 

tip thus decreasing the resonance frequency. The distance between the tip and the 

sample is then adjusted to return to the original resonance frequency and the change 

in height of the tip is monitored as mentioned in contact mode
22

. 

 

 

Figure 1.8.6-1 Schematic representation of an atomic force microscope. 

 

Typical AFM images can be seen in Figure 1.8.6-2 A and B: a glass disk (A) was 

coated with a layer of poly(glycerol monomethacrylate) (B) grown via a surface-

initiated mechanism. A first major advantage of AFM over other common imaging 

techniques is the ability to perform analyses in dry or, as in this case, in aqueous 

conditions. Secondly, the images can be used to measure quantitatively the size of 

surface features: for example Figure 1.8.6-2 C shows the height profile obtained 

following the surface relief along an imaginary line (black dashed line in A and B) 

on the glass alone (white line in C) or with a polymer coating (red line in C). From 

the full 3D image, the roughness of the surface can be calculated; in this case the 

polymer coated surface showed a roughness of 23.6 nm which, although itself is 

smooth, has increased from that of plain glass which was 2.6 nm (Figure 1.8.6-2 A).  
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Figure 1.8.6-2 A: AFM image of piranha treated glass, the dashed line is the area taken to provide the 

height profile in image C. B: AFM image of a PGMMA film grown on a glass disk, the dashed line is 

the area taken to provide the height profile in image C. C: Height profiles of piranha treated glass 

(white) and polymer film (red). D: Nanoindentation curves of the polymer film showing the 

indentation (blue) and retraction (white) curves. The difference in force between the indentation and 

retraction arises due to adhesion forces between the tip and the sample. The slope of the curves, either 

indentation or retraction can be fit with the Hertz model to derive the Young’s modulus of the sample. 

E: Adesion force map of a PGMMA film grown on a glass disk. F: Young’s modulus force map of a 

PGMMA film grown on a glass disk. 

 

A third interesting point of AFM is the possibility to extract also chemical 

information, for example measuring the adhesion force from the tip and the sample. 

When an increasing load is placed on the tip, this will be forced into the sample at a 

constant rate and it will be possible to measure the deflection of the cantilever/the 

displacement of the tip as a function of the load. The tip can then be retracted from 
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the sample at the same rate, to give a second force-displacement graph. Examples of 

the two curves are shown in Figure 1.8.6-2 D. As can be seen the retraction curve 

(white curve) does not overlap with the indentation curve (blue curve) and this is 

possibly the sign that there is an interaction between the tip and the sample; the 

adhesion force is the difference between the force recorded during indentation and 

retraction at the first contact point of the tip with the sample
23

. It is then possible to 

create maps of the adhesion force by repeating these measurements at regularly space 

locations; Figure 1.8.6-2 E shows the adhesion force map associated with the area of 

the PGMMA film showed in B, resulting in an average adhesion force of 19.5 ± 4.5 

pN that is considerably lower than then average adhesion force of 40.7 ± 1.1 pN for 

the glass disks. The tip used for this analysis was composed of silicon nitride (Si3N4) 

which has a hydrophilic surface covered by silanol groups. Since both the 

hydrophilic polymer PGMMA and glass offer a high density of OH groups, it would 

be reasonable to expect a similar adhesion, maybe even higher for the polymer due to 

the possibility of deeper penetration during the indentation experiments. However, 

since Si3N4 has an isoelectric point of 9, while that of glass is typically below 7, at 

pH 7 the tip and the substrate will be oppositely charged; therefore the increase in 

adhesion is probably to ascribe to electrostatic attraction
24

. 

 

Using AFM in nanoindentation, along with adhesion forces it is also possible to 

calculate the stiffness (Young’s modulus) of a substrate. As the tip approaches the 

surface the deflection of the laser is kept constant; however, as the tip touches and 

indents the surface, the laser is deflected giving rise to a typical indentation curve 

(see figure 1.8.6-2 D). From the shape of this deflection the stiffness of the substrate 

can be calculated. There are a number of models used to calculate the stiffness of a 

substrate; in AFM indentation the most common one is the Hertz model (Equation 

1.8.6-1)
25

. 

 

     
       ⁄        

Equation 1.8.6-1 The Hertz equation where F is the force applied, E is the Young’s modulus, ν is 

Poisson’s ratio, R is the radius of the tip and δ is the indentation depth. 
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The Hertz model, however, is not without drawbacks. Most importantly, it does not 

take into account the adhesion forces between the tip and the sample. This problem 

does not arise in indentation at a macroscopic scale as 1) adhesion between the 

indenter and sample is weak in comparison to the mechanical loads used they are 

basically insignificant; 2) with a macroscopic indenter the surface area of the tip is 

well defined, as it is visible to the naked eye and much easier to measure. A number 

of other more accurate models can be used for the fitting of indentation data, for 

example the Johnson-Kendall-Roberts (JKR) model and the Derjaguin-Muller-

Toporov (DMT) one, which employ the surface energy of a material to take into 

account interaction contributions respectively only in the area of tip-sample contact 

or also in neighbouring, non-contact areas
26, 27

. Nevertheless although the Hertz 

model does not provide a wholly accurate mechanical description, due to its 

simplicity it is still the most widely used to fit nanoindentation data.  
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Abstract 

We here present the rational development of a “non-aqueous” preparative method for 

inorganic nanoparticles. Non-aqueous routes are supposedly based on the absence of 

water; here we partially challenge this view, showing that the presence of water (or 

moisture) is probably necessary and is surely useful to achieve a precise control over 

the growth/aggregation phenomena leading to titanium dioxide nanoparticles. 

 

In this study, we show how a careful control over process variables allowed to 

eventually obtain water dispersible anatase nanoparticles with <10 nm size and a 

ligand-free suface. We have employed three titanium alkoxides with increasingly 

bulky aliphatic groups (Ti(OnPr)4, Ti(OnBu)4 and Ti(O
i
Pr)4), studying the generation 

of nanoparticles in benzyl alcohol as a function of the amount of water and HCl 

added.  Primary (3-4 nm) nanoparticles were rapidly generated at room temperature, 

and upon heating (80C) they aggregated in larger secondary nanoparticles. The size 

of the latter can be precisely controlled through the nature of surface groups (e.g. 

presence of titanols) and the duration of the thermal treatment; their fractal 

dimension appeared to be much affected by the acidity of the medium, possibly due 

to the increase in interpartical repulsion between the positively charged primary 

particles. 
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2.1 Introduction 

Titanium dioxide-based materials have found application in a variety of fields, such 

as photovoltaics
1
, gas sensing

2
, surface (window) self-cleaning

3
, sun protection

4
 and 

water purification
5
, where the use of TiO2 is based on the efficient photo-induced 

generation of oxidants/free radicals (Reactive Oxygen Species, ROS) at surface sites. 

Titania also shows favourable properties as a biomaterial: for example, titania-coated 

materials are known to be beneficial for osteointegration
6
, although this has a strong 

dependency on the surface morphology
7
, possibly because of a mechanism of protein 

adsorption similar to hydroxyapatite
8
. There are, however, also controversial issues 

in its issues in connection with a biological environment: although titania 

nanoparticles have a relatively low acute toxicity
9
, above all in comparison to other 

inorganic nanoparticles
10, 11

, they do show detrimental effects on cell viability due to 

increased oxidative stress and thus inflammatory reactions
12

, damage to nucleic 

acids
13

 and also to cell membranes
11

, the latter two points suggesting the toxicity to 

be based on both apoptotic and necrotic effects); interestingly, this behavior appears 

to be more noticeable on tumoral cells
14

. 

 

As suggested, since the 1990’s, the oxidative activity of titania nanoparticles and the 

resulting toxic effects could also be employed as a therapeutic tool
15

: taking 

advantage of the enhanced production of oxidants under UV (or visible) irradiation, 

the toxic effects of ROS could be targeted on cells/cell masses that are selectively 

irradiated, similarly to the photodynamic therapies based on low molecular weight 

sensitizers, e.g. porphyrins and phthalocyanins
16, 17

.  

 

In view of such an application, the synthetic approach to titania nanoparticles should 

allow to exert control over a number of variables:  

 

a) Crystalline phase: the combination of anatase and rutile has been shown to be 

more active than the isolated components
18

 and indeed commercially available 

photocatalysts such as Degussa P-25 have a anatase/rutile 3:1 composition 
19

. 

However, anatase is generally reported to be more active than rutile
20

, and the 

differences with mixed-phase photocatalysts can be easily offset by acting on 

other factors such as size and availability of surface sites
21

. Therefore for seek of 
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simplicity and ease of characterization, preparative methods yielding anatase are 

probably to favour. 

 

b) Surface chemistry: it is well known that surface modification with chromophoric 

groups, e.g. with carotenoids
22

 or dyes such as alizarin blue
23

, allows to extend 

the sensitivity of the photocatalytic activity towards the visible region of the 

spectrum (essentially the same as for the dye-sensitized solar cells), which 

would also allow deeper penetration of the radiation in biological tissues. 

Additionally, surface functionalization can allow to overcome agglomeration in 

water, due the isoelectric point of titania (any crystalline form) being too close to 

neutrality to allow sufficient electrostatic stabilization
24

. Last, the introduction of 

appropriate surface groups (for example poly(ethylene glycol) (PEG) chains or 

peptide/proteic groups) is a prerequisite to minimize protein adsorption and 

allow both a prolonged circulation in body fluids and biological targeting.  

Ideally, synthetic procedures should therefore easily allow for different forms of 

surface functionalization, and possibly to accomplish them in a water 

environment. 

 

c) Size: the photocatalytic activity of TiO2 is directly proportional to the number of 

free surface sites available, therefore nanoparticles show higher photocatalytic 

activity than bulk TiO2
25

, and smaller particles have a higher efficiency in ROS 

generation and phototoxicity than larger ones
26

. Additionally, the size of titania 

particles affects their biodistribution
9
 and smaller particles are likely to diffuse 

faster in interstitial fluids allowing a more homogeneous distribution in a tissue. 

Ideally, in order to allow also blood-born applications, these particles should 

show the minimal size necessary to avoid renal filtration, which is in the range 

of 5-10 nm. 

 

In order to extend the spectrum of nanoparticles employable for photodynamic 

therapy, in this study we have specifically tackled the minimization of the size of 

water-dispersible titania nanoparticles; only a limited number of reports exist for the 

preparation of very small (10-20 nm) naked titania nanoparticles
27, 28

, and in no case 
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they have been studied in colloidal dispersion, possibly because of significant 

agglomeration during their preparation. 

 

Classical preparative techniques have been based on aqueous sol-gel and 

hydrothermal methods
29

, but more recently non-aqueous sol-gel synthetic routes 

have become more popular
30

. Due to the relatively slow condensation rate between 

surface groups, such methods offer a better control over average size, crystallinity 

and surface composition
31

; for example, in aqueous sol-gel processes the particle size 

can controlled only through the use of relatively large quantities of surfactant
32

, 

which imposes strong limitations the surface composition, while crystallinity is 

induced via calcination
28

. A review by Niederberger and Bilecka provides an in-

depth overview on the advantages of non-aqueous sol-gel methods for the production 

of metal oxide nanoparticles
31,33

.  

 

In a previous paper, we have employed a non-aqueous process in benzyl alcohol, 

where TiCl4 and ethanol in situ produce Ti(Cl)4-n(OEt)n (where n is close to four), 

whose thermal condensation, at 80˚C, eventually produced anatase nanoparticles 

with an average particle diameter in the region of 30 nm
34

. The resulting 

nanoparticles were easily functionalized in a second step with catechols, possibly 

also bearing PEG chains
35

. In addition to the typical advantages of non-aqueous 

processes, this “benzyl alcohol method” allows the preparation of ligand-free 

nanoparticle dispersions in acidic water, due to the simultaneous and rapid 

occurrence of the hydrolysis of alkoxide surface groups and of the surface 

protonation, which allows for electrostatic stabilization. It is also worth mentioning 

that the use of the toxicologically benign benzyl alcohol as a solvent is an additional 

advantage in the perspective of a clinical use
36

. However, despite the significant 

advantages of the benzyl alcohol method (chiefly the control over size and surface 

chemistry), the mechanism of nanoparticle formation and growth is yet rather poorly 

understood; in particular, a generally unexplained lag time is often observed prior to 

the appearance of primary crystalline particles
37

.  

 

Here, we have worked on the hypothesis that traces of water may strongly influence 

both the nature of the mechanism and the presence of the lag time; we have therefore 
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modified the synthetic approach so as to enable a higher degree of control over the 

different phases of growth. In our synthesis the indeterminate starting material has 

been replaced by Ti(OR)4 where R is either a propyl (Ti(OPr)4), butyl (Ti(OBu)4) or 

isopropyl (Ti(O
i
Pr)4) group, and we independently varied amount of HCl (as both a 

condensation catalyst and a protonating agent) and of water. The titanium alkoxides 

were chosen to guarantee a clear initial stoichiometry to the titanium centres and to 

understand the effect of the nature of alkoxy groups on the rate of particle growth. 

Water was added to clarify the possibility of its direct role in primary particle 

nucleation and of that of hydroxylated species in secondary particle growth (Scheme 

2.1-1). 

 

 

Scheme 2.1-1 Primary TiO2 nanoparticles are instantly formed upon the addition of H2O to the 

titanium alkoxide precursor. Subsequent heating causes growth of these particles into larger colloidal 

objects, which may be produced via primary particle aggregation or through the condensation of 

monomeric titanium species. In both cases, the growth phase will imply the presence of condensation 

reactions, which may release alcohols or ethers as leaving groups. 
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2.2 Experimental Section 

2.2.1 Materials 

Titanium (IV) tetra n-propoxide (Ti(OC3H7)4, 98%), titanium (IV) tetra n-butoxide 

(Ti(OC4H9)4, purity ≥97.0%), titanium (IV) tetraisopropoxide (Ti[OCH(CH3)2]4, 

purity ≥97.0%), benzyl alcohol (anhydrous, purity 99.8%), 37% hydrochloric acid 

solution and 0.1 N hydrochloric acid solution were supplied by Sigma-Aldrich 

(Dorset, UK). Diethyl ether (anhydrous), toluene, dichloromethane and dimethyl 

formamide were supplied by Fisher Scientific U.K. Ltd. All materials were used as 

received from the supplier without any further purification. Water was pre-deionised 

(Elga) and further purified by a Milli-Q system (Millipore, U.K.) 

 

2.2.2 Preparation of nanoparticles 

In each reactor of a Radleys Carousel 12 plus Reaction Station (Radleys, UK) 9.12 

mmol of Ti(OR)4 (R = propyl, butyl or isopropyl) were added under argon to 20 mL 

of benzyl alcohol containing appropriate amounts of water and hydrochloric acid to 

provide Ti:H2O:Ti molar ratios of 1 : 4, 3.5, 3, 2.5 and 2 : 0.5 (constant HCl 

concentration) or 1 : 4 : 1.17, 1, 0.75 (constant water concentration); the highest HCl 

concentration was obtained directly adding 37% HCl to benzyl alcohol, while all 

other ratios were obtained by using appropriately diluted aqueous HCl. The pale 

yellow mixtures were vigorously stirred (magnetic agitation in 20 mL Carousel vials, 

750 rpm) for 5 mins and the presence of dispersed objects was assessed via DLS; in 

control experiments the size of the dispersed objects was monitored for up to 24 h.  

 

The reactions were then rapidly heated and reached the temperature of 80 °C at time 

= 4 mins, when samples were taken, and then again every 15 mins until either the 

nanoparticles reached the size of 8-10 nm or no growth could be observed. The 

reactions were cooled to room temperature, and in control experiments the size of the 

nanoparticles remained stable for at least 48 h. 

 

The nanoparticle dispersions were then precipitated in 150 mL of diethyl ether and 

centrifuged (3,500 rpm, 5 mins). The supernatant was decanted and the resulting 



2          “Non-aqueous” route to titanium dioxide nanoparticles. Can water really be 

omitted from the reaction mechanism?                      

 

 94 

white solid was washed twice with 50 mL of diethyl ether. The precipitate was then 

re-dispersed in a 20 mL of a 50 %wt. water/ethanol solution at pH = 2 (obtained with 

0.1 N HCl). The resulting solution was dialysed against purified water at pH = 2 

using a regenerated cellulose dialysis membrane with a MWCO of 10,000 g/mol. 

The final concentration of the nanoparticle suspension (typically 5 mg/mL) was 

calculated by precipitating the content of 1 mL of sample by raising pH using 1 N 

Na2CO3, followed by centrifugation (3500 rpm, 5 mins) and decantation. The sample 

was washed with water and centrifuged again. 10 mL of water were finally and the 

resulting suspension was freeze dried. 

 

2.2.3  Physico-chemical characterization 

Attenuated Total Reflection Infrared Spectroscopy (ATR-IR). IR spectra were 

recorded in ATR mode on a Tensor 27 Bruker spectrometer. 

 

Dynamic Light Scattering (DLS) and ζ potential analysis. The measurements were 

performed using a Zetasizer Nano ZS instrument (Malvern Instrument Ltd., U.K.) 

connected to a Malvern autotitrator MPT-2. Unless otherwise stated, quartz cuvettes 

with an optical path of 10 mm and disposable capillary flow cells were used 

respectively for DLS and zeta potential measurements. 

 

Thermogravimetric Analysis (TGA) 10 mg of freeze dried samples were analysed on 

a Mettler Toledo Starc System at a heating rate of 10°C per minute under air; an 

isotherm at 120°C was typically run until constant weight in order to ensure full 

water desorption. 

 

Transmission Electron Microscopy (TEM). TiO2 nanoparticles were analysed on a 

FEI Tecnai FEGTEM operated at 300 kV. For imaging, 10 μl of the purified 

nanoparticles in acidic media at a concentration of 1.7 x 10
-4

 mg/mL were pipetted 

onto a carbon coated 300 mesh grid. The solution was then freeze dried on the grid to 

avoid aggregation of the nanoparticles.  
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X-Ray Diffraction (XRD). XRD patterns were obtained in reflection mode with CuK

α radiation on an IPD PW1800 diffractometer (PANalytical) using freeze dried 

nanoparticles. The diffraction patterns were recorded only on tertiary nanoparticles 

(after precipitation, redispersion in water and freeze drying). Primary nanoparticles 

were excluded: due to their small size, they could not be precipitated from benzyl 

alcohol and the direct drying of their dispersion may modify the particle morphology 

due to capillary forces. Further, tertiary nanoparticles were preferred to secondary 

ones, in order to eliminate any effect due to the surface alkyl groups. 

 

The fraction of crystalline (anatase) phase was calculated according to a literature 

method: considering WA the anatase weight fraction, AA the area of the anatase 101 

peak and AR the area of the 110 peak for a known amount of rutile standard added to 

the sample, and using a correction factor (0.884) calculated by Gribb and Banfield 

using known mixtures of finely crystalline anatase and rutile
38

, the weight fraction of 

anatase can be calculated as . The Scherrer analysis was performed 

according to standard algorithms
39

. The calculation of the fractal dimension was 

performed as described by Rivallin et. al.
40

.  

 

2.3 Results and Discussion 

2.3.1 Role of water in the non-aqueous route.  

Despite being in principle a non-aqueous process, the “benzyl alcohol route” can be 

significantly influenced by the presence of water. We have initially noticed this 

phenomenon by using the reaction of ethanol and TiCl4 in benzyl alcohol to produce 

anatase nanoparticles
34,35

 (Figure 2.3.1-1; preparation described in Supplementary 

Information, section 1): in a humid environment (moist argon bubbled in the reaction 

environment) nanoparticles can be detected relatively quickly and rapidly grow in 

size, while decreasing the humidity they present a much slower growth (flow of dry 

argon, reactor open) or can also not condense at all (no evidence of nanoparticles 

after up 10 hours using dry argon and sealed reactors). This effect of water may go 

unnoticed because most commonly the synthesis of metal oxides via the benzyl 

alcohol route is performed under air and with non-anhydrous benzyl alcohol, 

WA =
0.884AA

0.884AA + AR
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therefore traces of water can easily be present. It should be noted that here we are 

working at a relatively low temperature which may not provide sufficient energy for 

condensation via ether elimination. The addition of catalytic amounts of H2O allows 

us to prepare nanoparticles without refluxing the solvent, which would have caused 

difficulties in sampling during the reaction. 

 

The accelerating effect of water could be ascribed to two possible phenomena: 

  

a) The direct involvement of water. In the benzyl alcohol route this may 

correspond to the hydrolysis of Ti-Cl bonds or of in situ formed titanium 

alkoxides, to eventually produce titanols, which have always been considered 

the most reactive groups in the production of Ti-O-Ti groups
41

. This would 

not contradict the occurrence of non-titanol based reaction, which have been 

demonstrated in the benzyl alcohol route (elimination of ethers or 

halides)
42,43

, but would suggest that they may be operating as secondary 

condensation mechanisms. 

 

b) A hydration-dependent catalytic activity of the HCl (more or less “naked” H
+
).  

 

 

Figure 2.3.1-1 Evolution of nanoparticle size in the reaction of TiCl4 and ethanol (1:10 molar ratio) in 

benzyl alcohol at 80˚C (see Supplementary Information for the preparative details). Under completely 

inert conditions no nanoparticles were formed, however whilst leaving the reaction open nanoparticles 

form after an initial lag time of around 3 hours. Whilst performing the reaction under a H2O saturated 

atmosphere nanoparticles were formed after a short lag time of 90 minutes, then growing in an 

uncontrollable fashion.  
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2.3.2 Primary particles (room temp. nucleation).  

In order to clarify the role of water, we have tried to separate the preparative 

variables modifying the classical benzyl alcohol route by 1) adding HCl to preformed 

titanium alkoxides instead of producing them in situ through the reaction of TiCl4 + 

alcohols, for a better control over pH; 2) using a series of alkoxides with variable 

hydrophobicity and resistance to hydrolysis (Ti(OnPr)4, Ti(O
i
Pr)4, Ti(OnBu)4; 

Ti(OEt)4 was excluded due to its too rapid reactivity) as the means to identify effects 

due to the aliphatic groups (if there are, there must be a variation of properties in the 

series); it is noteworthy that the bulkiness of the alkyl residues should also allow to 

reduce ligand exchange with benzyl alcohol. 

 

The size of the colloidal products of this early phase of condensation was used as a 

measure of the effects of the nature of the alkoxide, of acidity (expressed through the 

Cl/Ti molar ratio) and of the water content (expressed through the H2O/Ti molar 

ratio). We have first focused on the particles produced upon mixing of the reagents at 

room temperature, which were typically sized 2.5 – 5 nm and are hereafter referred 

to as primary nanoparticles.  

 

Negligible differences were recorded among the three alkoxides. For all of them and 

independently on the HCl content, the nanoparticle size increased with increasing 

water content, with the limit of macroscopic precipitation for H2O/Ti > 4 (Figure 

2.3.2-1, left and centre). Interestingly, this ratio is close to the theoretical complete 

conversion of alkoxide to titanols, therefore it is reasonable to assume that 

macroscopic aggregation occurs upon quantitative hydrolysis.  

 

The lack of differences attributable to the alkoxides and the predominant role of 

water suggest that a) primary nanoparticles are formed through titanol condensation, 

while direct titanol condensation would appear to have a negligible role under these 

conditions (room temperature and acidic environment), b) their surface should 

present an alkoxide-rich surface, acting as a barrier towards further aggregation. It is 

noteworthy that at H2O/Ti = 4 a significant amount of alkoxides must still present, 
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therefore the surface of primary nanoparticles is likely to present mixtures of 

alkoxides and titanols. 

 

Figure 2.3.2-1 Left and centre: Size of primary nanoparticles as a function of the water content at a 

constant HCl concentration (Cl/Ti mol. ratio = 0.75 in the left graph and = 0.5 in centre graph). In all 

experiments [Ti] = 456 mM. Right: Size of primary nanoparticles as a function of HCl concentration 

at a constant water content (H2O/Ti mol. ratio = 4).  Error bars are calculated on the basis of three 

separate preparative experiments. 

 

HCl concentration seemed to have an effect on primary particle size only for Cl/Ti ≤ 

0.5 (Figure 2.3.2-1, right), under which conditions the presence of macroscopic 

aggregates became appreciable; since the formation of chlorinated species would 

determine an opposite trend (higher reactivity and thus larger size with increasing Cl 

content), we are inclined to ascribe this effect to a lack of electrostatic stabilization 

due to insufficient surface protonation. 

 

2.3.3 Secondary particles (thermal growth).  

Primary nanoparticles were indefinitely stable at room temperature but, as for the 

classical non-aqueous route, grew in size upon heating. This growth is attributable to 

further condensation of surface alkoxide groups either between themselves 

(aggregation of primary particles) or with monomeric titanium alkoxides (growth via 

surface condensation on primary nanoparticles) to yield larger colloidal objects, 

which are hereafter termed secondary nanoparticles. It is noteworthy that the 

mechanism of growth via aggregation would allow to explain the typical 

conglomerate morphology of the products of the classical non-aqueous process, 

where primary particles can still be recognized
34

.  

 

In this thermal growth phase, the agglomeration kinetics showed a small accelerating 

effect of HCl concentration (Figure 2.3.3-1 A-C, shown for H2O/Ti = 4), which may 
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be ascribed to its role as a catalyst in the process, or to a different internal structure 

of the particles produced: under the hypothesis of aggregation of primary particles, 

increasing surface protonation would lead to a less compact aggregate due to 

repulsion between neighbouring groups (hence a lower fractal dimension of the 

particle). 

 

In terms of the titanium/water molar ratio, two different regimes are recognizable: A) 

primary particles prepared with H2O/Ti < 4; the aggregation rate appeared to slightly 

increase with increasing initial amount of water; on the other hand, although 

butoxide-covered nanoparticles appeared to grow slower, the effects of the aliphatic 

residues were not statistically relevant (Figure 2.3.3-1 A-C).  B) Primary particles 

prepared with H2O/Ti = 4; the growth kinetics were much more rapid and clearly 

alkoxide-sensitive (
i
Pro>>nBuO≥nPrO). The HCl concentration did not significantly 

influence the dependency on the water content; although the results were more noisy 

due to their border-line stability, a similar trend was observed also for particles 

prepared with Cl/Ti = 0.5 (see chapter 2.6 Supplementary Information, Figure 2.6.2-

SI-1). This accelerated growth under conditions where the presence of intact titanium 

tetraalkoxides is unlikely (H2O/Ti = 4), would support the hypothesis of growth via 

aggregation, which is further confirmed by the increase in the width of the size 

distribution during the thermal treatment (see chapter 2.6.3 and Figure 2.6.3-SI-1). 

 

The surface of primary nanoparticles may present a non-negligible amount of 

titanols; therefore, the growth by aggregation could be associated to the production 

of both ethers (condensation of two alkoxides) or alcohols (titanol + alkoxide 

condensation). A growth mechanism predominantly based on the formation of 

alcohols would explain the much slower growth under conditions that likely 

minimize the amount of titanols, i.e. for H2O/Ti < 4 and would also provide an easy 

explanation of the enhanced reactivity of isopropoxide-containing particles at H2O/Ti 

= 4. Isopropanol boiling point (82°C) is indeed very close to the reaction 

temperature, while the other alcohols are much less volatile (Tb = 98 and 118°C, 

resp. for nPrOH and nBuOH) and would explain the similarly slower kinetics of the 

corresponding particles. This explanation would not hold for ethers as leaving 

groups: Ti(OnPr)4-derived particles do not grow much faster than Ti(OnBu)4-derived 
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ones, although the corresponding ethers have very different boiling points (Tb = 90 

vs. 142°C). However, it is worth pointing out that the accelerated growth of 

Ti(O
i
Pr)4-derived particles may also derive from a lower surface protonation of the 

very hydrophobic isopropoxy groups. 

 

 

Figure 2.3.3-1 Evolution of size (T = 80ºC) as a function of time and of the amount of HCl (A to C) or 

of water (D to F) added to solutions of Ti(OnPr)4 (left), Ti(OnBu)4  (centre), and Ti(O
i
Pr)4 (right). 

Error bars are calculated on the basis of three separate preparative experiments. 

 

2.3.4 Tertiary particles (solvent-dependent agglomeration).  

Secondary nanoparticles (Ti:H2O:HCl 1:4:1.17 molar ratio, size peaked around 7.5 

nm) can be precipitated via addition of diethyl ether. They could be easily 

redispersed in benzyl alcohol without any change in their size distribution (Figure 

2.3.4-1, top), thus indicating that no significant aggregation occurred in the 

precipitate.  

 

Similarly to what previously seen for more agglomerated titania nanocrystals
34

, the 

particles could then be redispersed in water, under acid conditions (pH = 2) that 

allowed at the same time full hydrolysis of the residual alkoxides and electrostatic 

stabilization due to the provision of a positive Zeta potential through surface 
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protonation. In water, the nanoparticles showed an alkoxide-dependent aggregation 

(nPro>nBuO>
i
PrO), which indirectly confirms the presence of the original alkoxides 

on the nanoparticles after thermal growth (Figure 2.3.4-1, bottom). It is particularly 

noteworthy that the size of the particles prepared from Ti(O
i
Pr)4 was substantially 

unaltered in this process. 

 

Figure 2.3.4-1 Size distribution of nanoparticles prepared from Ti(OnPr)4 (left), Ti(OnBu)4 (centre) 

and Ti(O
i
Pr)4 (right) in benzyl alcohol at H2O/Ti = 4; the particles were heated at 80ºC for the time 

necessary to reach an identical final size (=degree of agglomeration) of 7.5 nm. The nanoparticles 

were precipitated in diethyl ether and redispersed in benzyl alcohol (top) or in water at pH = 2 

(bottom). The process of redispersion in water induced a variable degree of aggregation, which 

appears to correlate inversely to the hydrophobicity of the aliphatic residues; this effect was 

quantitatively reproducible (at least three separate experiments with negligible differences in Z-

average size and width of the distribution). Nanoparticle concentration: 10 mg/mL after redispersion. 

 

IR spectra (Figure 2.3.4-2, left) showed that organic species were present in the 

precipitate; they appeared also to include benzyl groups, which suggests a partial, 

although not quantitative exchange of the surface alkoxides. The organic species 

disappeared upon redispersion in water; in TGA the redispersion was accompanied 

by the substantial reduction of the high-temperature mass loss step, from ~20 to 

~6%wt. of the dry mass (Figure 2.3.4-2, right and Table 2.3.4-1). It is noteworthy 

that IR spectra showed the presence of OH groups both before and after redispersion; 

due to the characteristic OH at 1600 cm
-1

 and the considerable mass loss upon 
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120°C isotherm in TGA, it is possible to identify them as water, most likely adsorbed 

on the positively charged nanoparticles during isolation and analysis. 

 

Figure 2.3.4-2 Left. IR spectra of nanoparticles prepared from Ti(O
i
Pr)4 with a H2O/Ti = 4 molar ratio 

precipitated from diethyl ether (top) and after redispersion in acidic water and drying at 120 °C 

(bottom). The inset shows a magnified view of the 2400-3600 cm
-1

 region of spectrum a, after removal 

of the OH stretching band for spectrum (a). Water is easily recognizable in both spectra from the 

presence of a broad OH stretching peak 2500-3500 cm
-1

 and from the OH bending one at 1600 cm
-1

. 

The isopropyl groups can be recognized (black arrows) through the peaks at 2964 and 2875 cm
-1

  

(resp. asymmetric and symmetric CH3 stretching), by the sharp band at 1450 cm
-1

 and the broad one 

around 1390 cm
-1

 (resp. asymmetric CH3 bending and most likely coalescence of the two bands 

associated to geminal symmetric CH3 bending). Benzyl groups (grey arrows) can be recognized from 

the peaks 3028 and 3059 cm
-1 

(two forms of =C-H stretching), at 1495 cm
-1

 (aromatic ring breathing) 

and possibly at 2925 cm
-1 

(asymmetric CH2 stretching). Right. TGA runs of nanoparticles before and 

after redispersion. An isotherm was held at 120°C until constant weight to ensure the full desorption 

of water, which was present in all samples as already appeared in infrared analysis.  

 

Since aggregation cannot be ascribed to phenomena occurring in the precipitate, it is 

reasonable to assume that the different agglomeration in water is due to the different 

hydrolysis behaviour of the surface alkoxides. However, rather unexpectedly the 

extent of aggregation was inversely proportional to the hydrophobicity of the 

alkoxides, and thus also to their rate of hydrolysis. The explanation probably lies in 

the interplay between the kinetics of surface hydrolysis and of protonation by the 

strongly acidic environment: OH groups promote aggregation, while positive charges 

(easier introduced on an OH-containing surface) discourage it. The slow reactivity of 

isopropoxy groups likely allows break-down of the precipitate and dense protonation 

of the nanoparticle surface before significant hydrolysis has occurred; on the other 

hand, the introduction of titanol groups on diluted and highly charged particles would 

not have appreciable effect on their aggregation. 
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Table 2.3.4-1 Mass loss associated to evaporation of water and elimination of other volatile products 

for nanoparticles prepared with a Ti:H2O:HCl 1:4:1.17 molar ratio. 

Precursor  Ti(OnPr)4  Ti(OnBu)4  Ti(O
i
Pr)4 

Content (% wt.) precip. redisp.  precip. redisp.  precip. redisp. 

“free” H2O 
a
 13.4 10.7  17.4 13.8  14.6 14.6 

bound H2O, TiOR, TiOH 
b
 18.4 6.1  21.6 6.2  21.6 6.9 

a
 calculated from the relative mass loss after an isothermal treatment at 120°C 

b
 calculated from the relative mass loss at 500°C in relation to the “dry” weight of the nanoparticles, 

i.e. considering the weight at 125°C as 100%.  

 

With an appropriate choice of the alkoxides it was therefore possible to control and 

also eliminate the stage of solvent-induced agglomeration, therefore allowing the 

production ligand-free secondary nanoparticles (average size ≈ 7.5 nm) in a water 

environment. 

 

2.3.5 Internal structure of secondary nanoparticles.  

Nanoparticles were analyzed via TEM and XRD after their redispersion in water. 

TEM broadly confirmed the dimensional data obtained via DLS, with an average size 

of 7-8 nm for secondary nanoparticles (Figure 2.3.5-1, left); it further showed the 

nanoparticles to be highly crystalline with 3.5 Å-spaced lattice fringes, which have 

already been recorded in the products of classical non-aqueous process
44

 and 

correspond to the spacing between the 101 planes of anatase
45

. XRD showed all 

nanoparticles to be essentially composed of highly crystalline anatase (Figure 2.3.5-

1, right and Table 2.3.5-1), as it was also recorded for the classical non-aqueous 

process
46

; the average crystallite size was always in the range of 3-4 nm, a value in 

good agreement with previous results of the classical non-aqueous route
34

, and 

strikingly corresponding to the size of primary nanoparticles, despite the 

approximations intrinsic to the Scherrer equation (e.g. that of a spherical shape of the 

particles). 

 

It is also worth noting that while the amount of acid catalyst did not appreciably 

influence either parameter, confirming its non-critical role in the process, the nature 
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of the alkoxide appeared to have some effect on crystallinity, with a slight decrease 

in the order 
i
PrO>nPrO≥nBuO that may be a result of a different kinetics of primary 

particle formation.  

 

Figure 2.3.5-1 Left. TEM images of nanoparticles obtained from Ti(O
i
Pr)4 in benzyl alcohol after 

redispersion in water. Most nanoparticles appeared to be sized in the region of 6-9 nm. High 

resolution images (bottom) show that in single nanoparticles the spacing between crystalline planes 

was 3.2 Å, which corresponds to the spacing between the 101 crystal plane of anatase. Right. XRD 

patterns of nanoparticles freeze dried from an aqueous suspension prepared using the three different 

titanium tetraalkoxy precursors.  

 

In general, independently on the behaviour during thermal growth (secondary 

nanoparticles) and/or solvent-induced agglomeration (tertiary nanoparticles), all 

systems showed rather similar values of crystallinity and crystallite size, which are 

easy to ascribe to the primary nanoparticles. 

 

The identification of primary particles after thermal growth (and also water 

redispersion) confirms the hypothesis that this phase is based on their aggregation 

rather than on their surface growth due to monomer deposition. Correspondingly, it 

can be expected the fractal dimension of the secondary particles to be <3, due to the 

statistical nature of the aggregation process. Typically, in a 3D structure Df would 

approach the value of 3 in the limit of very dense packing, while a dendritic structure 

can push this parameter significantly below 2.   
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Table 2.3.5-1 Anatase content and crystallite size of nanoparticles as a function of the amount of HCl 

and of the nature of the titanium alkoxide. 

Ti:H2O:HCl 

molar ratio 

Crystallite size (nm) 
a
  Anatase content (% wt.) 

b
 

Ti(OnPr)4 Ti(OnBu)4 Ti(O
i
Pr)4  Ti(OnPr)4 Ti(OnBu)4 Ti(O

i
Pr)4 

1 : 4 : 1.17 3.9 3.7 4.1  83 80 98 

1 : 4 : 1 4.1 3.9 4.1  96 82 95 

1 : 4 : 0.75 4.0 3.9 4.0  91 84 97 

1 : 4 : 0.50 4.0 3.5 3.6  86 84 90 

a
 The crystallite size was calculated through the Scherrer analysis

47
 of the 101 peak; the data may not 

precisely estimate the actual crystallite size and methods other than Scherrer’s ones can be used in 

alternative
39

. 
b
 Calculated from the area of 101 peak

38
, as described in the experimental section with the 

presumption that the remaining mass is attributed to amorphous material. 

 

 

 

Static light scattering (SLS) is the method of choice for the determination of the 

fractal dimensions of colloids
48-50

: by plotting the scattered intensity I as a function 

of the scattering vector   
       

 
  in a log-log plot, it is generally possible to 

calculate the fractal dimension Df of aggregates as the slope of the graphs. The main 

underlying assumption is that the dependency of I on q is mostly due to the structure 

factor S(q), which scales with q as a power of Df, i.e.           ; this assumption, 

however, is valid only when the aggregated particles have an average radius of 

gyration (Rg) comparable or larger than the wavelength of the light used in the 

experiments (specifically, it should be         ). This condition is not 

fulfilled in the present case; for example, at the end of the growth phase the largest 

nanoparticles, i.e. Ti(O
i
Pr)4-derived nanoparticles produced with 1 : 4 : 1.17 

Ti:H2O:HCl molar ratio, showed       16 nm (see Chapter 2.6.4 Supplementary 

Information, Figure 2.6.4-SI-1), which is far too small in comparison to the 

wavelength of visible light. Correspondingly, log(I) vs. log(q) plots do not provide 

useful information about Df (see chapter 2.6.4 Supplementary Information, Figure 

2.6.4-SI-2). An alternative SLS approach would use the relationship between I(0) 

(intensity at q=0)  and the 
    

  
 ratio (RP being the radius of the primary particles), 
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whose slope in a log-log plot would again provide the fractal dimension
51,52

. 

However, this approach is rather cumbersome (a Zimm plot per time point) and is 

affected by significant errors in the estimation of      at early time points, due to 

the contribution of primary particles. A considerably simpler approach has been 

employed on similarly sized titania nanoparticles (5-40 nm) by the group of Kanaev 

who have used the relationship between log(I) and log(RH) to calculate Df as the 

slope of the corresponding log-log graphs (Figure 2.3.5-2, left)
40

. The theoretical 

foundation of this simplified method is essentially the same as for obscuration 

method proposed by Wu and Morbidelli (scattered intensity  (
    

  
)
  

), but the 

approximation of the particle dimension with the hydrodynamic radius is 

advantageous since it allows measurements to be performed in DLS mode (i.e. single 

angle, single concentration), although with a likely reduction in precision. We have 

accordingly fitted the scattering data recorded during the thermal growth phase, 

obtaining fractal dimensions always <3 (Figure 2.3.5-2, right). 

 

Figure 2.3.5-2 Left. Log-log plot of nanoparticle Z-average size vs. equivalent count rate at different 

times for (precursor: Ti(O
i
Pr)4 ; Ti:H2O 1:4); the dashed lines show the results of fittings. Please note 

that at Ti:HCl=0.5 Df became undefined. Right. Dependency of the fractal dimension of secondary 

nanoparticles on the acid content and on the nature of the titanium alkoxide. 

 

In our case, it could be expected the ζ-potential of primary particles to play a critical 

role in determining the fractal dimensions of secondary particles, since larger internal 

repulsive interactions in the aggregates would reduce their compactness (Scheme 

2.3.5-1). 
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Our results indeed showed a significant influence of HCl concentration and hence of 

surface protonation. First, at HCl:Ti = 0.5 the fractal dimension was undefined 

(diverged) for all titanium alkoxides: we have previously seen (Figure 2.3.5-2, right) 

nanoparticles to be close to flocculation at this HCl:Ti ratio, and the hypothesised 

lack of electrostatic repulsion fits with the formation of very compact 3D aggregates. 

Second, using larger amounts of HCl  (Figure 2.3.5-2, right and Table 2.3.5-2) the 

fractal dimension gradually decreased with increasing acid content, which is easily 

explained with a more dendritic growth with higher electrostatic repulsion. 

 

 

 

Scheme 2.3.5-1 The mode of aggregation of primary nanoparticles should be strongly dependent on 

the intensity of their mutual repulsion, with more open structures produced at high Zeta potential 

values. 
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Table 2.3.5-2 Df calculated for the growth of secondary nanoparticles as a function of the nature of 

the titanium alkoxide and the HCl/Ti molar ratio. 

Ti : H2O : HCl  
1 : 4 : 1.17 1 : 4 : 1 1 : 4 : 0.75 1 : 4 : 0.5 

Precursor  

Ti(OPr)4 2.1 2.4 2.4 - 

Ti(OBu)4 2.0 2.3 2.9 - 

Ti(O
i
Pr)4 2.1 2.6 2.4 - 

 

2.4 Conclusion 

 

In this study we have demonstrated a key principle: the non-aqueous route to 

titanium dioxide could in reality be based on the presence of traces of water; indeed 

the careful dosage of water (and HCl) allows not only to avoid the lag time typical of 

non-aqueous processes
34,37,42

, but also to operate a very precise control over 

dimensions and aggregation of the titania nanoparticles. In this way, we have been 

able to obtain stable water dispersions of ligand-free anatase nanoparticles sized less 

than 8 nm. 

 

Further, we have established that:  

 

a) The processes of thermal growth and redispersion in water are much 

influenced by the nature of the organic residues in the titanium alkoxide 

precursors; in particular, in a counter-intuitive fashion the more hydrophobic 

isopropoxy residues appear to minimize aggregation during redispersion, 

probably because of the slower kinetics of hydrolysis that allows complete 

breakdown of the precipitate before substantial amount of titanols are 

produced. 

 

b) The process of thermal growth is due to the aggregation of primary 

nanoparticles and appears to be dependent also on the amount of OH groups 

present on their surface, therefore suggesting the aggregation to be based on 

the elimination of alcohols rather than ethers. This process has a statistical 

nature, and the fractal dimension (the compactness) of the resulting 



2          “Non-aqueous” route to titanium dioxide nanoparticles. Can water really be 

omitted from the reaction mechanism?                      

 

 109 

nanoparticles appears to depend on the acid content, which suggests it to be 

dominated by the charge of surface sites. Due to the different surface area of 

particles featuring different fractal dimension, it is expected this to have also 

an influence on the photo-oxidation activity.  
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2.6 Supplementary Information 

2.6.1 Preparation of Nanoparticles from TiCl4 

TiCl4 (1 ml, 9.12 mmol) was added slowly to anhydrous ethanol (5ml) in a Schlenk 

tube producing a pale yellow solution. Benzyl alcohol (20 mL) was then added and 

the solution was heated to 80 ˚C under different atmospheric conditions with 

continuous stirring, the growth of the nanoparticles was monitored over time using 

DLS. The reaction was either left open to the surrounding atmosphere, kept under an 

inert argon atmosphere or under a H2O saturated argon atmosphere created by 

bubbling the argon through a vacuum trap containing deionised H2O at a flow rate of 

100 mL of gas per minute prior to entering the reaction vessel. The reaction was also 

performed using a Radleys Carousel 12 plus Reaction Station (Radleys, UK) for 

comparison with the synthesis of the nanoparticles using titanium tetraalkoxide 

precursors.  

 

2.6.2 Thermal growth phase at Ti/Cl = 0.5 

 

Figure 2.6.2-SI-1 Evolution of size (T = 80ºC) as a function of time and of the amount of water for 

particles prepared from Ti(nOPr)4 (left), Ti(O
i
Pr)4 (centre) and Ti(OBu)4 (right) at a Cl/Ti = 0.5 molar 

ratio. From the comparison with Figure 2.3.3-1. 
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2.6.3 Nanoparticle growth: surface condensation model 

In this model primary nanoparticles would grow in size via the condensation of 

monomeric titanium alkoxides onto their surface. The amount of titanium centres 

condensed in the time unit for a nanoparticle i.e. its rate of volume increase, would 

therefore be proportional to the number of available surface sites, i.e. to its surface 

area: 
dVi

dt
= Kri

2 , which can be rearranged as 
dri

dt
= K '. The integration leads to the 

following expression for the number average radius i

i

i rnR    and the radius 

variance 22 )( Rrn i

i

i  (ni is the number of particles of size ri): KtRR  0  

and 
2

0

2    , where R0 and 
2

0  are the average radius and variance at time 0, 

respectively.  

The experimental values of R and 
2

  can be calculated from DLS data (Figure 

1SI). The number distributions of particle sizes were extracted from the intensity 

distributions by using the transformation 
6

i

i
i

d

I
n   (where iI  are the percent 

scattered intensities of the intensity distribution curves and di the diameters) followed 

by normalization. This transformation is accepted for Rayleigh scatterers smaller 

than about 0/10 (or ~50 nm, as 0 is the light wavelength) as in this case
24

. While 

the rather large noise made it difficult to establish whether the particle size followed 

a linear time dependency, the variance clearly increased with time.  

 

Figure 2.6.3-SI-1 Number average diameter (left) and variance (right) of the distribution curves 

versus reaction time,. Particles synthesised from different precursors at a Ti : H2O : HCl molar ratios 

of 1:4:1.17. 
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The inability to apply the above model points to a mechanism of growth based on the 

aggregation of the primary particles. 

   

2.6.4 Static Light Scattering (SLS) measurements 

Nanoparticles were synthesised as previously described, using 0.456 M Ti(O
i
Pr)4 in 

benzyl alcohol, keeping the Ti/H2O molar ratio constant (1:4) and changing the 

Ti/HCl one (1:1.17, 1, 0.75 and 0.5). The particles were analysed at 0, 30 or 60 

minutes of incubation at 80C. The fractional dimension of each system was 

obtained by plotting the log(1/I) against the logq where I is the scattering intensity 

and q the scattering vector; the angle was changed by 5° increments in the interval 

30-90°. 

The system produced with 1 : 4 : 1.17 Ti:H2O:HCl molar ratio after 60 minutes at 

80C was also analysed in a Zimm plot, obtained by measuring the scattering 

intensity at variable angles (30-140° at 10° increments) for different concentrations 

of the nanoparticle dispersion (5.3, 4.0, 2.7 and 1.3 mg mL
-1

). Smaller particles were 

not analysed due to problems in estimating their exact concentration (difficult 

precipitation). 

 

Figure 2.6.4-SI-1 Zimm plot in benzyl alcohol dispersion for nanoparticles derived from Ti(O
i
Pr)4  at 

1 : 4 : 1.17 Ti:H2O:HCl molar ratio after 60 minutes at 80°C. 
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Figure 2.6.4-SI-2 Log-log plot of scattering intensity vs. scattering vector for from Ti(O
i
Pr)4-derived 

nanoparticles produced at 1 : 4 : 1.17 Ti:H2O:HCl molar ratio at different points of the thermal 

treatment at 80°C. All systems showed the same slope of 0.75, which indicates a relationship not 

based on the fractal dimension of the colloidal objects (which is by definition >1).
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Abstract 

Fully water-dispersable and ligand-free titania nanoparticles with a 10 nm average 

size were used as a platform to develop functional photo-oxidative nano-systems 

with a possible application in photodynamic therapy. The main aim of this study was 

the development of a robust approach for the decoration of these nanoparticles with 

poly(ethylene glycol) chains (PEGylation) and the characterization of their 

photocatalytic activity.  

 

The titania nanoparticles were decorated with ligands that featured catechol or 

phosph(on)ate groups as titania-binding heads; in addition to ligands containing PEG 

chains, other structures (primary amines or carboxylic acids) were also evaluated to 

provide colloidal systems stabilized via electrostatic interactions. While no 

significant differences were highlighted in the ligand densities achievable with the 

two different head groups, they provided a dramatically different photochemical 

behaviour; independently on their chemical structure, on their surface density and on 

the pH, catechol ligands were completely inactive in the oxidation of a model dye 

(methylene blue), whereas phosph(on)ates increased the efficiency in the generation 

of Reactive Oxygen Species (ROS) in comparison to uncoated particles, and showed 

a significant dependency on the chemistry and surface density of the ligands and on 

pH. 
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3.1 Introduction 

The (electro)optical properties of titanium dioxide make this material popular in a 

number of applications, e.g. photovoltaics
1
, water purification

2
 and sun screening

3
, 

that make use of its relatively low band gap. Anatase is the most photoactive of the 

three common crystalline forms of TiO2, and presents a band gap of 3.26 eV
4
, which 

corresponds to an activation wavelength of 385 nm. Upon absorbing of appropriate 

photons, electron-hole pairs are formed and, in the absence of recombination, 

eventually reach the surface of the crystal. In an aqueous environment the electrons 

and holes are free to react with H2O and dissolved O2 producing a number of reactive 

oxygen species (ROS) including ˙OH, O2
-
, ˙HO2, H2O2 and 

1
O2

4
. Since the ROS 

production is a surface phenomenon, it is not surprising that nano-structured TiO2 

(most often in the region of 7 – 40 nm) appears to provide the highest efficiency
5-7

. 

These photo-oxidation processes are at the basis of the commercial uses of titanium 

dioxide as a photo-oxidation catalyst, e.g. in self-cleaning windows
8
 or removal of 

dyes or other organic compounds
9
 from water. However, they also offer an 

interesting possibility of application for TiO2 in the biomedical field, where its well-

known biocompatibility can be flanked by its use for photodynamic therapy (PDT)
10

 

for the light-induced ROS generation and the corresponding reduction in viability of 

target (e.g. tumoral) cells
11

.  

 

In view of the in vivo administration of nano-sized TiO2, there are some key hurdles 

to overcome. Firstly, prevention of agglomeration: titania has an isoelectric point in 

the region of pH = 5-6, and its nanoparticles are most typically kept in acidic 

environment to confer them electrostatic stabilization; however, a different form of 

stabilization is needed in a physiological environment. Secondly, minimization of 

protein adsorption: the occurrence of this phenomenon in biological fluids typically 

determines the uptake of oxide particles by sentinel cells (resident macrophages) and 

their clearance from the bloodstream
12

. These two targets can in principle be 

achieved through the presence of a hydrophilic, protein-repellent surface layer, and 

poly(ethylene glycol) (PEG) is the most popular candidate for this application, which 

can decorate the surface of titania nanoparticles via the use of appropriate ligands, 

e.g. catechols
13

. Catechols and also phosphates/phosphonates are indeed among the 

most popular ligands used for the surface modification of TiO2
14-16

. Catechols shift 
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the λmax of the system from ~380 nm to 435 nm therefore shifting the energy required 

for TiO2 photoactivation towards the visible light region
17

, and are therefore 

commonly used in dye sensitized solar cells where they act as charge transfer 

bridges
18

. Phosphonates are also increasingly used as ligands especially in the field 

of biomaterials
16

; in particular recent reports have shown promising results into the 

enhancement of titania’s photoactivity upon surface modification with 

phosph(on)ates
19, 20

.  

 

In this study we have therefore aimed to draft a comparison between:  

 

A) the adsorption behaviour of catechol- and phosph(on)ate-based ligand structures 

(Scheme 3.1.1) on novel titania nanoparticles produced through a non-aqueous 

process and characterized by a very low size (also below 10 nm) and therefore by 

a high surface area. Specifically, we have used PEGylated ligands and control 

structures with ionisable groups capable to provide electrostatic stabilization; in 

this phase, we have aimed to optimize the ligand density on the nanoparticles that 

would maximize colloidal stability and minimize toxic effects on cells.  

B) the photo-oxidation activity of the resulting nanoparticles. In particular, we 

wished to highlight with combination of ligand structure (e.g. catechols vs. 

phosph(on)ates) and related chemical environment (highly an/cationic 

environment, or PEG layers) can allow to retain or maximize titania 

photocatalytic activity. 

 

 

Scheme 3.1-1 Structures of the ligands used in this study to decorate TiO2 nanoparticles. 
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3.2 Experimental section 

3.2.1 Materials and methods 

Titanium (IV) isopropoxide (Ti[OCH(CH3)2]4, purity ≥97.0%), poly(ethylene glycol) 

methyl ether (average  ~ 2000 g/mol), 4-nitrophenyl chloroformate (PNP, purity 

≥97.0%), dopamine hydrochloride (DA), triethylamine (TEA, purity ≥99.0%), 3,4-

dihydrohydroxycinnamic acid (CA) (purity 98%), O-phosphorylethanolamine (PEA, 

≥99.0%), 3-phosphonopropionic acid (94%), benzyl alcohol (anhydrous, purity 

99.8%), 37% hydrochloric acid solution, 0.1 N hydrochloric acid solution and 3-

(trimethylsilyl)-2,2',3,3'-tetradeuteropropionic acid were supplied by Sigma-Aldrich 

(Dorset, UK). Sephadex G-25 (medium) as bought from GE Lifecare Health 

Sciences (Buckinghamshire, UK). Diethyl ether (anhydrous), toluene, 

dichloromethane and N,N-dimethylformamide (DMF) were supplied by Fisher 

Scientific UK Ltd. All materials were used as received from the supplier without any 

further purification. Water was pre-deionised and further purified by a Milli-Q 

system (Millipore, UK). 

 

3.2.2 Physico-chemical characterization 

Dynamic Light Scattering (DLS) and ζ-potential analysis. DLS measurements were 

performed using a Zetasizer Nano ZS instrument (Malvern Instrument Ltd., U.K.). A 

Malvern autotitrator MPT-2 was connected to the Zetasizer for ζ-potential 

measurements over a range of pH values. Raw data were processed by Malvern DTS 

software. Quartz cuvettes with a path length of 10 mm were used for size analysis 

and disposable capillary flow cells were used for zeta potential analyses. The 

stability of the nanoparticles at physiological pH, as a function of surface ligand 

concentration, was monitored by DLS. Variable aliquots of ligands (concentration = 

2 molL
-1

 for the small molecular weight free ligands and 65 mmolL
-1 

for the 

PEGylated ligands) were added to 50 µl of a 2 mg/mL nanoparticle dispersion in 

deionized water adjusted to pH = 2 (0.1 M HCl). For PEGylated ligands the surface 

grafting density was varied between 0.1 – 65 µmol per mg of TiO2 and for free 

ligands the grafting density was varied between 0.1 – 2000 µmol per mg of TiO2. 

The solutions were then allowed to stabilise for 30 minutes and then neutralised with 

Mn
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a sodium carbonate bicarbonate buffer (10% v/v 0.1 M sodium carbonate and 90% 

0.1 M sodium bicarbonate, pH = 8). The ζ-potential was monitored as a function of 

pH employing the autotitrator, employing particles with a constant ligand grafting 

density of 5 µmol /mg of TiO2. 

 

Infrared spectroscopy (ATR-IR). IR spectra were recorded in ATR mode on a Tensor 

27 Bruker spectrometer (Bruker UK Limited, UK) equipped with a 3000 Series TM 

High Stability Temperature Controller with RS232 Control (Specac, UK). 

 

Fluorescence spectroscopy. Fluorescence spectra were recorded on a Biotek, 

Synergy 2 plate reader. For studies using fluorescamine the excitation and emission 

filters were set at 360 ± 40 and 460 ± 40 nm, respectively. 

 

1
H NMR spectroscopy. Spectra were recorded with a 300 MHz Bruker spectrometer 

(Bruker UK Limited, UK); XWIN-NMR software was used to process the data. 

NMR samples were prepared in either CDCl3 or D2O at a concentration of 1 wt.%. 

 

3.2.3 Preparative procedures 

Anatase nanoparticles. In a Radleys Carousel 12 plus Reaction Station (Radleys, 

UK) 2.59 g (9.12 mmol) of Ti(O
i
Pr)4 were added under argon to 20 mL of benzyl 

alcohol containing water and hydrochloric acid, respectively in 4:1 and 1.17:1 molar 

ratios to the titanium precursor; the acid concentration was calculated on the basis of 

the molar concentration of HCl in its 37 % wt. water solution. The reaction was 

heated at 80 °C and then stopped when the average diameter of the nanoparticles 

reached 10 nm. The nanoparticles were then precipitated in 150 mL of diethyl ether 

and centrifuged (3500 rpm, 5 mins). The supernatant was decanted and the resulting 

white solid was washed twice with 50 mL diethyl ether. The precipitate was then re-

dispersed in 20 mL of a 50:50 w/w water-ethanol solution at pH = 2 (obtained with 

0.1 N HCl). The resulting dispersion was dialysed against deionized water (pH = 2 

through HCl) using a dialysis membrane with a MWCO of 10,000 g/mol. The final 

concentration of the nanoparticle suspension (typically 5 mg/mL) was calculated by 

neutralising a 1 mL sample of the solution using 1 N Na2CO3, inducing precipitation, 
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followed by centrifugation (3,500 rpm, 5 mins), decantation and repeated washings 

with deionized water prior to freeze drying. 

 

4-nitrophenylcarbonate-terminated poly(ethylene glycol) (mPEG-pNP). 10 g (~ 

5 mmol) of poly(ethylene glycol) methyl ether were dissolved in 200 mL of toluene 

under argon atmosphere. The solution was refluxed for three hours through a Soxhlet 

extractor filled with activated molecular sieves (3 Å) to remove any traces of water 

present. The reaction was cooled to 0°C and TEA (3 molar equivalents per OH 

group) was added. Subsequently, 20 mL of a PNP (2 equivalents per OH group) 

solution in toluene were added drop wise to the polymer solution. The solution was 

left to react overnight and the following day the precipitate was filtered out and the 

solvent was evaporated until ~ 20 mL of a dense liquid was obtained. The polymer 

was then precipitated in 200 mL of cold diethyl ether and collected by centrifugation. 

The white precipitate was then redissolved in 50 mL of dichloromethane, condensed 

via rotary evaporation and re-precipitated with diethyl ether. The precipitate was 

finally washed with diethyl ether and stored under argon. Yield: 86 % wt. 

Conversion: 95.3 % mol (from 
1
H NMR: PEG methoxy group vs. aromatic protons). 

 

1
H NMR (CDCl3):  = 3.4 (s, 3H, O-CH3), 3.6 (m, O-CH2-CH2-O), 3.8 (t, 2H, –

CH2-CH2-OC(=O)O), 4.4 (t, 2H–CH2-CH2-OC(=O)O),  7.4 (d, 2H, aromatic –CH in 

ortho to phenol) and 8.3 (d, 2H, aromatic –CH in ortho to nitro group) ppm.  

 

ATR-IR (thin film): 3082 (ν CH, aromatic ring) 2977 (as CH3), 2945 (as CH2), 

2883 (s CH2),  1766 ( C=O), 1529 (as NO2), 1396 (s NO2), 1097 (as C-O-C) and 

842 (aromatic  out of plane CH)  cm
-1 

 

Dopamine-terminated poly(ethylene glycol) (mPEG-DA). DA (2 equivalents per 

nitrophenyl group) and TEA (5 equivalents per nitrophenyl group) were dissolved in 

50 mL of DMF under argon. A solution of 5.0 g mPEG-pNP (~ 2.3 mmol) in 50 mL 

of DMF was added and left to react for 3 hours; it was then concentrated down to a ~ 

20 mL volume via rotary evaporation and precipitated in 200 mL of cold diethyl 

ether. The white precipitate was then centrifuged, decanting off the supernatant, 

redissolved in a small amount of dichloromethane, precipitated again and finally 
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washed twice with diethyl ether. The precipitate was dissolved in 20 mL of degassed 

water and dialysed using a dialysis membrane with a MWCO of 1000 gmol
-1

 against 

water under constant argon bubbling. The final solution was then freeze dried and 

stored under argon. Yield: 84 % wt. Conversion: ~ 100 % mol (from 
1
H NMR: PEG 

methoxy group vs. aromatic protons). 

 

1
H NMR (D2O): mPEG-DA: δ = 2.7 (t, 2H, Ar-CH2-CH2-NH), 3.3 (t, Ar-CH2-CH2-

NH), 3.4 (s, 3H, O-CH3), 3.7 (m, O-CH2-CH2-O), 6.7 (d, 1H, aromatic –CH in 

position 6), 6.8 (s, 1H, aromatic –CH in position 2), 6.9 (d, 1H, aromatic –CH in 

position 5) ppm 

 

ATR-IR (thin film): 3079 (ν CH, aromatic ring), 2944 (as CH2), 2885 (s CH3), 

2858 (s CH2), 1714 ( C=O), 1097 (as C-O-C) and 841 (aromatic  out of plane 

CH) cm
-1 

 

Phosphate-terminated poly(ethylene glycol) (mPEG-PEA).  The procedure is 

analogous to the previous one, but by replacing dopamine with O-

phosphorylethanolamine (PEA) it was also necessary to introduce a phase transfer 

cation to enhance the solubility of the latter in organic solvents. A solution of PEA in 

10 mL deionized water (3.5 molL
-1

) was brought to pH = 7 using 

tetrabutylammonium hydroxide (TBA) and freeze dried, producing a solid soluble in 

DMF. PEA (2 equivalents per PNP group) and TEA (5 equivalents per PNP group) 

were dissolved in 50 mL of DMF under argon and the reaction was performed under 

the conditions previously described. After synthesis, in order to remove TBA, the 

polymer was first dialysed against a NaCl solution (0.2 molL
-1

) using a dialysis 

membrane with a MWCO of 1,000 gmol
-1

 for two days and subsequently against 

deionized water for a further three days. The product solution was then freeze dried 

and stored under argon. Yield: 79 % wt. Conversion: 93.5 % mol (from 
1
H NMR: 

PEG methoxy group vs. resonance at 3.3 ppm). 

 

1
H NMR (D2O): mPEG-PEA: δ = 3.3 (t, 2H, PO-CH2-CH2-NH), 4.1 (t, 2H, PO-

CH2-CH2-NH), 3.4 (s, 3H, O-CH3), 3.7 (m, O-CH2-CH2-O) ppm 
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ATR-IR (thin film): 3595-3182 (ν OH), 2947 (as CH2), 2885 (s CH3), 2864 (s 

CH2),  1712 ( C=O), 1342 ( P=O) 1095 (as C-O-C) and 960 ( P-O) cm
-1 

 

3.2.4 Surface functionalization of nanoparticles 

All water solutions/dispersions were prepared adjusting the pH of deionized water to 

pH = 2 with the help of concentrated HCl.  

 

Spectrophometric analysis of catechol adsorption. Variable amounts of a water 

solution at pH 2 of dopamine (2 M) or mPEG-DA (65 μM) were added to 50 µL of a 

0.5 mg/mL water dispersion of anatase nanoparticles in each well of a 96-well plate 

to provide a final concentration of 0.1 – 2000 µmol of dopamine or 0.1-65 µmol of 

mPEG-DA per mg of TiO2. The total volume of each well was brought up to 250 µl 

with water at pH = 2. Absorption spectra were recorded in the 300-700 nm spectral 

range using a Biotek, Synergy 2 plate reader; the scattering contribution to each 

spectrum was fitted with an exponential function and subtracted to provide the final 

absorbance readings. The nanoparticles were then purified via gel permeation 

chromatography (Sephadex G25 medium (GE life sciences)). 

 

1
H NMR analysis of phosphoryl ethanolamine and dopamine adsorption. 1 mL 

of a 10 mg/mL
 
solution containing either phosphorylethanol amine or dopamine was 

added to 1 mL of a 13 mg/mL nanoparticle dispersion (both at pH = 2), providing for 

a stock dispersion of nanoparticles coated with a similar surface grafting density for 

the two ligands (≈ 5 μmol of ligand per mg of TiO2). Variable amounts of the stock 

dispersion and of the 10 mg/mL ligand solution were mixed in NMR tubes for a 

constant final volume of 400 μL; the resulting systems presented therefore a variable 

amount of titania and a constant overall amount of ligand. After overnight 

equilibration, an insert containing 10 mg/mL 3-(trimethylsilyl)-2,2',3,3'-

tetradeuteropropionic acid in D2O as a standard was introduced in the tube and the 

1
H NMR spectra were acquired. The adsorption of the ligand on the nanoparticle 

surface was estimated by measuring the decrease in the ligand proton signals as a 

function of the nanoparticle concentration, in reference to the signal from the 

standard. 
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Fluorescent labelling of nanoparticles. This operation was performed immediately 

before the use of these particles in cell culture. The nanoparticles were first coated 

with mPEG-DA as described above (5 mol per mg of TiO2). Appropriate volumes 

of a 30 mM solution of dopamine (corresponding to 2.4 nmol per mg of TiO2) was 

added to the dispersion and was left to stir for 1 hour, after which fluorescamine was 

added (1.6 nmol per mg of TiO2) and stirring was continues for 3 hours. The 

dispersion was then dialysed (MWCO = 10,000 Da) and diluted to the desired 

concentrations in full Dulbecco’s modified eagle’s medium (DMEM).  

 

3.2.5 Photo-oxidative activity of nanoparticles 

In all experiments, an Omnicure® S1000 was used as a light source, equipped with a 

250-450 nm filter and an optical fibre with an internal diameter of 5 mm 

(Omnicure® liquid light guide); the output power at the end of the fibre was kept at 

10 mW/cm
2
 and constantly monitored. The end of the fibre was connected to a 10 cm 

glass condenser placed vertically on a 25 mL two-neck round bottomed flask and the 

entire assembly was covered with aluminium foil to avoid light dispersion. Through 

the second neck, the content of the flask was constantly sampled through a flow-

through cuvette, allowing the constant monitoring of the absorbance at 665 nm 

(Perkin-Elmer Lambda 25 UV/vis spectrometer). In a general procedure, 5 mL of 8 

µg/mL (0.025 mM) methylene blue aqueous solution containing nanoparticles at a 

concentration in a range 0.1 – 2.0 mg/mL were introduced into the flask. 

Measurements were performed at pH = 2 (directly after the adsorption of ligands on 

nanoparticles) or at pH = 7 (neutralising the adsorption environment via the addition 

of a bicarbonate buffer (10%v/v 0.1M sodium carbonate and 90% 0.1M sodium 

bicarbonate, pH = 8)). 

 

For all experiments, the concentration of methylene blue was calculated from its 

extinction coefficient (17,088 Lmol
-1

cm
-1

) and its time evolution was fitted with a 

pseudo first order model (                  ; see Supplementary Information, 

Figure 3.6.2-SI-1).  
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Please note that in most experiments, the nanoparticles were used at a concentration 

of 0.2 mg/mL: it was observed that kobs increased (more or less) linearly with the 

nanoparticle concentration only up to less than 1 mg/mL, and then plateaus due to the 

increased scattering by nanoparticles (Figure 3.6.2-SI-2).  

 

In selected experiments, the methylene blue photo-oxidation was performed in the 

presence of selective ROS quenchers, using nanoparticles containing 5 μmol of 

ligand per mg of TiO2. Methanol (MeOH – scavenging positive holes), dimethyl 

sulfoxide (DMSO - hydroxyl radicals), p-benzoquinone (BQ – superoxide anion) and 

sodium azide (NaN3 - singlet oxygen) were all used at a 0.025 M concentration (1000 

times higher than that of methylene blue). 

 

3.2.6 Biological investigations 

RAW 246.7 macrophages cultured on TCPS in standard conditions for cell culture 

(humidified atmosphere, 37°C, 5% CO2) were detached with a cell scraper after 

reaching 70% confluency. The resulting cell suspension was centrifuged (1,000 rpm 

for 5 min, room temperature), the supernatant was discarded and the pellet 

resuspended in ice-cold phosphate buffered saline (PBS). The cells were further 

centrifuged under the same conditions, the supernatant was discarded and the cell 

pellet resuspended in 5 mL of full medium. The cells were then counted using a 

counting chamber (bright-line haemotocytometer, Hausser scientific, PA, USA) and 

seeded in slide-flasks (9 cm
2
,  Nunc) or in 96 well plates at 30,000 cells per cm

2
 in 

full DMEM medium (10% fetal bovine serum (FBS), 1% L-glutamate, 1% Penstrep) 

for 24 h in standard conditions for cell culture. Cytotoxicity. The time/dose 

dependency of the viability of RAW 246.7 macrophages on the concentration of 

mPEG-DA coated nanoparticles (10, 50, 100 and 250 μg/mL; density of 5, 20 or 40 

μmol of PEG per mg of titania) was assessed at 2, 4 and 24 hours. After seeding the 

cells in a 96 well plate and leaving them to attach for 24 hours the medium was 

carefully removed, the cells were washed with ice-cold PBS and the medium was 

replaced with coated nanoparticles at the desired concentration, leaving the cells in 

contact with the nanoparticles for 2, 4 or 24 hours. After removing the medium, the 

cells were washed with ice-cold PBS and new medium was added containing 5% 

MTS reagent. After 2 hours of incubation the absorbance of each well was read at λ 
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= 562 nm. The MTS containing buffer was then removed, again the cells were 

washed and then lysis buffer (100 μL, 0.5 %) was added to each well. The cells were 

incubated for 15 minutes at room temperature and the protein content of each well 

was ascertained using a standard bicinchoninic acid assay (BCA) kit following the 

suppliers instructions. The viability of the cells was assessed by normalising the 

MTS readings with the protein content of each well.  

 

Nanoparticle uptake. A) The amount of uptaken mPEG-DA coated nanoparticles 

(5, 20 or 40 μmol of polymer per mg of titania) was assessed upon 24 h incubation of 

RAW macrophages using suspensions of fluorescently labelled nanoparticles 

(concentration of titania = 6, 12, 25 and 50 μg/mL). After careful removal of the 

medium, the cells were gently washed with ice-cold PBS and lysed with 0.5% Triton 

X-100 in PBS for 15 min at room temperature. The amount of internalized material 

was estimated on the basis of the fl-100 in PBS for 15 min at room temperature (eexc 

= 485 nm and λem =  528 nm), using the fluorescence of the nanoparticles in cell 

lysates as a calibration. The fluorescence was then normalised against the protein 

content of each well via the BCA assay to attain the amount of uptaken nanoparticles 

(expressed in mg of titania) per mg of protein. 

 

B) The intracellular localization of mPEG-DA coated nanoparticles was followed via 

confocal microscopy on cells cultured in slide-flasks. After culturing the cells with 

nanoparticles, as described in A, the medium was carefully removed from the slide 

flask and replaced with full medium containing mPEG-DA coated nanoparticles 

which were also labelled with fluorescamine as described previously. After 24 hours 

of incubation, the medium was carefully removed and the cells were washed with 

ice-cold PBS and fixed with 4% paraformaldehyde (PFA) in PBS for 30 min at room 

temperature. The cells were then incubated with DAPI (5 mg/mL) in PBS for 1 hour 

followed by washing and further incubation with LysoTracker Red (50 nM); when 

using all probes the cells and solutions were kept in the dark. The slides were then 

washed further and mounted with anti-fade mounting gel. Images were acquired on a 

Delta Vision RT (Applied Precision) restoration microscope. 
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3.3 Results and Discussion 

3.3.1 Nanoparticle surface functionalization 

The synthesis of the TiO2 nanoparticles has been previously optimised to provide 

narrowly dispersed, ligand-free nanoparticles with a Z-average size of 10 nm or less. 

We have here used two different methods of surface functionalization to decorate the 

particles with PEG residues and other chemical functionalities, specifically focusing 

on potentially anionic (carboxylates) and cationic (primary amines) groups, which 

could be used as control systems in order to identify or exclude possible roles of the 

PEG structure in the modulation of the ROS photogeneration. The two 

functionalization methods are based on the use of catechols and phosph(on)ates as 

titania-binding ligands. 

 

The catechol- and phosphate-terminated PEGylated ligands (mPEG-DA and mPEG-

bDA) were synthesized by activating PEG ( ≈ 2000 gmol) with p-

nitrophenylcarbonate and reacting it with the primary amine groups of, respectively, 

dopamine and O-phosphorylethanolamine; the primary amine- and carboxylate-

containing ligands (resp. DA and PEA, and CA and PPA) are commercially 

available. Please note that while PPA bears a phosphonate group, PEA and mPEG-

PEA contain phosphate groups; we have been working under the hypothesis of a 

negligible difference between the adsorption of phosphates and phosphonates
21, 22

. 

 

For what attains to catechols, their adsorption behaviour on uncoated (“naked”) 

anatase nanoparticles has been already studied in considerable detail, although on 

larger and more agglomerated objects (average size of 35 nm)
23

. Typically, catechol 

adsorption is associated with the development of an intense absorption in the 400-

500 nm region (Figure 3.3.1-1 A); the colour is associated to chelate complexes (both 

catechol hydroxyl groups interacting with the same titanium atom), which are formed 

together with bridged complexes (one catechol interacting with two metal atoms, 

colourless in the visible region).  

 

Mn
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Figure 3.3.1-1 A. Optical density as a function of ligand concentration for the four catechol-based 

systems. Nanoparticle concentration: 0.26 mg/mL, pH = 2. Please note that the contribution from 

nanoparticle scattering was removed from the optical density (an example of scattering-corrected 

spectra is provided in Supplementary Information, Figure 2SI). B. Molar percentage of free ligand as a 

function of the ligand to titania ratio for DA and PEA; the experiments used a fixed concentration of 

ligand (10 mg/mL) s in D2O (pH =2), measuring the integral of NMR resonances as a function of the 

concentration of nanoparticles (see D). C. Z-average size of nanoparticles in deionized water at pH = 

7 upon coating with different amounts of PEGylated ligands; the ligand density below which the size 

increases is a measure of the colloidal stability of the system. D. 
1
H NMR resonance of PEA (δ = 3.29 

ppm, CH2 next to the primary amine; δ = 2.88 ppm was used for DA) at a concentration of 10 mg/mL 

and in the presence of titania nanoparticles at three different concentrations.  

 

The use of smaller (10 nm) nanoparticles did not appear to qualitatively modify the 

adsorption of these ligands; for example, the same trends were recorded in the 

comparison of the adsorption of dopamine, mPEG-DA and PEG-bDA (a double 

catechol-terminated PEG used here only as for comparison purposes): at “full” 

coverage, the relative occupancy of surface sites decreased, while the fraction of 

chelating catechols and the adsorption constant increased in the series (see 

Supplementary Information, section 1, Table 3.6.1-SI-1 and Figure 3.6.1-SI-1). It is 

also noteworthy that the chemical functionality did not appear to have much 

influence in the adsorption, since dopamine (primary amine) and 2,3-

dihydrocinnamic acid (carboxylic acid) showed an identical adsorption behaviour. In 
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terms of achievable ligand density, phosph(on)ates  appear to behave rather similarly 

to catechols. Due to the absence of any significant spectra change, we have 

monitored their adsorption through the disappearance of peaks from the ligands’ 

NMR spectra (sharp decrease in T2); this has showed virtually indistinguishable 

isotherms for catechols and phosph(on)ates (Figure 3.3.1-1 B and 3.3.1-1 D), which 

hint at a similar occupancy of surface sites. This is further confirmed by the similar 

amounts of PEGylated ligands necessary to achieve colloidal stability at pH = 7: > 

0.2 mol/mg of TiO2 mPEG-DA and > 0.5 mol/mg of TiO2 for mPEG-PEA (Figure 

3.3.1-1 C). The slight difference is probably to ascribe to a slightly lower surface 

density of the phosphates due to reciprocal electrostatic repulsion (they are anionic). 

It is noteworthy that all ligands were adsorbed in quantitative fashion at least up to a 

dose of 50 mol/mg of TiO2: in dispersions purified through gel filtration, the 

comparison between overall solid content obtained from freeze drying, and titania 

concentration estimated from scattering experiments (the scattering intensity at 632 

nm is not affected by surface functionalization) provides ligand/titania ratios 

statistically indistinguishable from the theoretical ones. 

 

The size of the nanoparticles (Figure 3.3.1-2, Table 3.3.1-1) showed a negligible 

increase when low molecular weight ligands were used, with a typical Z-average size 

of 10-12 nm; a moderate increase was recorded with PEGylated monofunctional 

ligands (mPEG-DA and mPEG-PEA) with a typical Z-average size 20 nm, which 

would suggest the presence of a 4-5 nm-thick hydrated PEG corona.  

 

The substantial similarity between catechols and phosph(on)ates in terms of ligand 

surface density and stability was further confirmed by the virtually identical 

dependency of the ζ-potential of the correspondingly coated nanoparticles on pH 

(Figure 3.3.1-3, left): using either catechol or phosphate ligands PEGylated 

nanoparticles were substantially neutral and stable at any pH, while the presence of 

ionizable groups provided stability only when in a charged state. In particular, both 

primary amines (DA, PEA) provided an isoelectric point around pH = 5, above 

which aggregation occurred, hindering the preparation of stable nanoparticle 

dispersions at neutral pH. On the other hand, both ligands with carboxylic acid 

groups (CA, PPA) imparted an isoelectric point around pH = 2-2.5 that ensured good 
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dispersibility at neutral pH but aggregation under acidic conditions (Figure 3.3.1-3, 

right).  

 

Figure 3.3.1-2 Size distribution of titania nanoparticles before coating and after coating with various 

catechol (DA, mPEG-DA, CA) and phosph(on)ate ligands, which were used at a concentration of 5 

μmol of ligand per mg of TiO2. Nanoparticle concentration during DLS measurement: 0.2 mg/mL. 

 

It is also noteworthy that the chemical functionality did not appear to have much 

influence in the adsorption, since dopamine (primary amine) and 2,3-

dihydrocinnamic acid (carboxylic acid) showed an identical adsorption behaviour. 

 

The final target of this phase was the optimisation of the surface coverage in view of 

maximizing the number of free sites available for photocatalysis, while also 

providing a sufficient density of groups to provide colloidal stability and “stealth” 

character, i.e. low cytotoxicity and low uptake by phagocytic cells. A dose of 5 mol 

PEGylated ligand/mg of TiO2 fully achieves the first point (colloidal stability, Figure 

3.3.1-1 C), thus we have verified whether it would be sufficient to correctly address 

the second point too (“stealth” character), by studying dose- and time-dependent 

effects of nanoparticles coated with mPEG-DA at three ligand densities (5, 20 and 40 

mol ligand/mg of TiO2). We assume mPEG-PEA to show a not significantly 

different behaviour.  
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Table 3.3.1-1 Main physical characteristics of coated titania nanoparticles as a function of the 

structure of the coating ligand. 

Ligand 
 

ζ-potential  (mV)  
b
 Isoelectric  

point
 b
 

Size (nm) 

Acronym
 a
 Nature  pH = 2 pH = 7 

Catechols 

DA Cationic  + 46 ± 6   - 25 
c
  5.2 12 (pH = 2) 

CA Anionic   + 5 
d
 - 39 ± 6  2.6 12 (pH = 7) 

mPEG-DA PEGylated  + 2 ± 2 -4 ± 2 3.0 
e
  19 (pH = 7) 

PEG-bDA PEGylated  + 3 ± 2 -3 ± 2 2.8 
e
 45 (pH = 7) 

Phosph(on)ates 

PEA Cationic   + 48 ± 5   - 30 
c
  5.0 10 (pH = 2) 

PPA Anionic   + 5 
d
 -36 ± 4  2.2 12 (pH = 7) 

mPEG-PEA PEGylated  +2 ± 3 -13 ± 4 2.6 20 (pH = 7) 

a
 Summary of the acronyms: DA: dopamine. mPEG-DA: PEG2k monofunctionalized with dopamine. 

PEG-bDA: PEG2k funcionalized with dopamine at the two termini. CA: 3,4-dihydrohydroxycinnamic 

acid. PEA: O-phosphorylethanolamine. PPA: 3-phosphonopropionic acid.  

b
 All measurements were performed at a surface coating of 5 μmol of ligand per mg of TiO2. Please 

note that the ζ-potential  of uncoated (“naked”) nanoparticles  

c
 Heavily and irreversibly aggregated samples; the ζ-potential  values are not representative of the 

initial nanoparticle population. 

d
 The nanoparticles formed gels at acidic pH (also upon adsorption of the ligands) but can be 

individually redispersed by bringing pH to neutrality. 

e
 The ζ-potential of the nanoparticles coated mPEG-DA remained close to 0 mV for the full pH range 

analysed (pH 2-9), therefore the identification of a clear isoelectric point is difficult. 

 

In terms of average cell viability (mitochondrial activity normalized against the 

protein content), PEGylated nanoparticles showed very low toxicity: the IC50 values 

at 2, 4 and 24 h exposure decreased with increasing degree of PEGylation and in any 

case were always > 3 mg/mL (see inserts in Figure 3.3.1-4 A-C), that is 1 – 2 orders 

of magnitude greater than the uncoated nanoparticles (Figure 3.3.1-4 D). However, 

the effects of the PEGylated nanoparticles on cell viability appeared to be essentially 

related to their titania content: the viability profile of the three particles appeared 

very similar when plotted against the amount of titanium dioxide in the dispersion. 

Therefore, we have concluded PEGylation to be a largely irrelevant factor and any 
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effect on cell viability to essentially depend on the titania dosage. Last, it is 

noteworthy that the toxicity of these PEGylated nanoparticles is considerably higher 

than that previously recorded for larger titania particles decorated with the same 

ligand on another macrophage cell line (≈40 nm, mPEG-DA; IC50>25 mg/mL on 

J774.2 macrophages
23

); although cell-specific effects cannot be excluded, we are 

inclined to ascribe the higher toxicity of the smaller nanoparticles to their larger 

surface area that may provide also a larger number of sites that are capable of ROS 

production also in the dark
24

. 

 

Figure 3.3.1-3 Left: Plots of ζ-potential vs. pH for the variously coated nanoparticles; the behaviour 

of mPEG-DA (not shown for clarity) is almost identical to that of mPEG-PEA, but slightly more 

flat
23

. Ligand/titania ratio: 5μmol of ligand per mg of TiO2. Right: a decrease in pH from neutrality to 

pH = 2 leads to the agglomeration of nanoparticles coated with carboxylate-bearing ligands. This is 

avoided during ligand adsorption by rapidly increasing pH immediately after the nanoparticle 

decoration (the process of ligand adsorption is considerably more rapid than that of particle 

agglomeration). 
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Figure 3.3.1-4 Time and dose dependency studies of the effects of mPEG-DA decorated TiO2 

nanoparticles on the viability of RAW 246.7 macrophages, expressed as the mitochondrial reductase 

activity (MTS assay) normalized against the protein content (roughty proportional to the cell number; 

BCA assay). The panels present viability as a function of the concentration of titania in the samples, 

the inserts show the same data as a function of the overall nanoparticle concentration (= 

titania+PEGylated ligands). A. Ligand density of 5 μmol of mPEG-DA per mg of titania. B. Ligand 

density of 10 μmol of mPEG-DA per mg of titania. C. Ligand density of 40 μmol of mPEG-DA per 

mg of titania. D. Uncoated (“naked”) nanoparticles. 

 

In terms of cell uptake, all PEGylated nanoparticles showed measurable uptake by 

macrophages, and their eventual localization in late endosomes/lysosomes indicates 

some form of endocytic uptake (Figure 3.3.1-5 A). The amount of internalized 

nanoparticles scaled linearly with concentration (Figure 3.3.1-5 B), which means that 

the same relative amount of nanoparticles was uptaken at any given concentration 

(Figure 3.3.1-5 C): this is typically observed in non-receptor mediated 

(macro)pinocytic processes, where the particles are uptaken through the endocytosis 



3          Effect of ligand adsorption and PEGylation on the photoactivity of anatase 

nanoparticles 

 

 136 

of volumes of fluid phases and hence of the internalized amount is linearly 

proportional to the concentration of the particles in the medium. Although these 

experiments cannot be used as a conclusive identification of the endocytosis 

mechanism, the linear dependency on concentration and the rather small uptake (5-

8% wt.) at 24 hours can be used as a qualitative proof that, independently on the 

PEGylation degree, all the nanoparticles showed a reasonably “stealth” behaviour.  

 

 

Figure 3.3.1-5  A. Confocal microscopy pictures of RAW macrophages after 24 h exposure to mPEG-

DA coated nanoparticles (5 μmol ligand/mg of TiO2, concentration: 50 μg/mL). B. Uptake of mPEG-

DA coated nanoparticles in RAW macrophages after 24 h exposure. The amount of nanoparticles was 

evaluated on cell lysates by measuring the emission intensity of fluorescein residues; the latter were 

introduced by adding small amounts of dopamine to the nanoparticles after their functionalization 

with mPEG-DA and then reacting the dopamine primary amines with fluorescamine (note: no 

fluorescence without reaction with amines). C. The data of B are expressed as percentage in weight of 

the total amount of nanoparticles present in the medium. 
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3.3.2 Photoactivity of Nanoparticles 

The photo-oxidation activity of titania nanoparticles was assessed by studying the 

kinetics of methylene blue (MB) degradation, which is easily followed by monitoring 

the decrease in MB absorbance at 665 nm and typically shows a pseudo-first order 

kinetics
25

. 

 

Catechol ligands: we were unable to record any photocatalytic activity at any 

catechol surface density and for any ligand (DA and mPEG-DA at pH = 2, CA and 

mPEG-DA at pH = 7), using irradiation both using UV and also visible (400-500 

nm) irradiation. This result may be seen as surprising, considering that dopamine-

coated titanium oxide constructs have reportedly shown photocatalytic activity
26, 27

; 

on the contrary, several reports have previously shown the quenching effect of 

dopamine on the photooxidation
28

 and electrogenerated luminescence
29

 of titania 

nanostructures (but not e.g. on Degussa P-26, which is effectively composed of 

microparticles) as well as on the fluorescence
30

 and photoelectrochemical 

properties
31

 of quantum dots. Rajh et. al. have explained the catechol quenching 

effect as due to both the high stability of their surface-adsorbed species and their 

electron rich character that allows them to trap photogenerated holes, preventing 

them to create ROS or directly oxidize adsorbed species
32

. The free electrons created 

upon illumination would be trapped on local Ti centres eventually converting them to 

Ti(III) and therefore excluding recombination events.  

 

This behaviour, however, is not necessarily detrimental, since the complete 

abrogation of ROS generation even at low catechol surface density can be 

advantageous in controlling the biocompatibility of titania in vivo. 

 

Phosph(on)ate ligands. All particles coated with these ligands showed 

photooxidation activity. We have used nanoparticles uncoated or coated with 

relatively low ligand densities (1, 5 and 10 μmol of ligand per mg of titania), in order 

to avoid the complete saturation of titania surface sites; typically, photocatalyic 

activity plateaus at higher ligand densities (see Supplementary Information, Figure 

3.6.2-SI-3), which parallels the asymptotes observed in ligand adsorption (Figure 

3.3.1-1 B). At acidic pH (PEA- and mPEG-PEA-coated particles) we have observed 
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that the presence of phosph(on)ate ligands considerably increased the MB 

degradation rate and thus likely also the efficiency of ROS generation, in comparison 

to uncoated nanoparticles (Figure 3.3.2-1, left); further, it appears that this effect 

depended on the density of the ligands and was significantly higher for the 

PEGylated ones. 

 

At neutral pH (PPA and mPEG-PEA-coated particles) the MB degradation rate grew 

further, although similar trends were observed, i.e. increased rate with increasing 

ligand density and with PEGylation. We are inclined to attribute the dependency on 

ligand density to the chemical environment created by the surface functionalization, 

which may provide an increased stability to some ROS and also allow the pre-

concentration of the substrate, rather than to the presence of fundamentally different 

photocatalytic centres. 

 

Figure 3.3.2-1 Left. Photodegradation rate constants of methylene blue using photoactivated TiO2 

(0.2 mgmL
-1

) with variable degree ligand density; pH = 2 in the absence of ligands and for PEA and 

mPEG-PEA; pH = 7 for PPA and mPEG-PEA. Right. Relative photodegradation rate constants for 

uncoated and phosph(on)ate-coated titania nanoparticles in the presence of ROS quenchers 

(nanoparticle concentration: 0.2 mg/mL; ligand density: 5 μmol of ligand per mg of TiO2); the actual 

values of the constants are reported in Supplementary Information, Figure 5SI). MeOH: methanol; 

DMSO: dimethyl sulfoxide; NaN3: sodium azide; BQ: benzoquinone. 

 

In particular, we have considered two possible explanations of the differences 

between differently coated particles: 

 

a) The MB degradation rate may be influenced by the charge of the 

nanoparticles. The highest ROS concentration is to be found in close 
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proximity to the nanoparticle surfaces; however, due to the MB cationic 

charge, surfaces with highly positive  potential would repel it and therefore 

its degradation would be performed at a slower rate by more diluted ROS in 

the bulk of the solution. This could be an explanation for the more rapid 

degradation in the experiments conducted at pH = 7: both PPA and mPEG-

DA coated particles are negatively charged at this pH value. On the other 

hand, such an explanation would not explain the higher efficiency of 

PEGylated surfaces, nor why higher ligand densities would boost MB 

degradation for PEA (cationic) and for PEG (neutral).  

b) The presence of the ligands may influence the chemical composition of the 

cocktail of oxidants produced upon irradiation. For example, it is known that 

the presence of phosphate (PO4
3-

) groups enhances the production of OH 

radicals on macroscopic titania surfaces
20

. Using a constant density of 5 μmol 

of ligand per mg of TiO2, we have performed experiments in the presence of 

several quenchers of ROS (Figure 3.3.2-1, right), i.e. methanol (scavenging 

positive holes, h
+ 33

), dimethyl sulfoxide (OH radicals 
34

), sodium azide 

(singlet oxygen, 
1
O2, 

35
, but also OH radicals

36
 and benzoquinone 

(superoxide, O2
.-
)
37

. It appears that the photocatalytic activity of uncoated 

nanoparticles was mostly based on the production of superoxide, since 

benzoquinone was the only scavenger capable to abrogate almost complete 

MB degradation. Superoxide seems to play a similarly important role for the 

PEGylated nanoparticles, both at pH = 2 and 7, but the major effects observed 

with other inhibitors and in particular with sodium azide indicate that other 

ROS are also heavily involved; the significant role of additional oxidants 

ROS may be the reason for the higher degradation rate in the order mPEG-

PEA at pH = 7 > mPEG-PEA at pH = 2 > “naked” nanoparticles. PEA and 

PPA provided different pictures, with an apparent involvement of all the 

above ROS but a major role of positive holes for PEA at pH = 2 and of 

superoxide for PPA at pH = 7. This qualitative analysis does not allow to 

fully explain the dependency of the MB degradation rate on the ligand 

chemistry; however, it is clear that the latter influences the composition of the 

ROS cocktail and this is possibly a key parameter in the photocatalytic 

efficiency. 
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3.4 Conclusions 

This study has provided a few significant findings. Firstly, both catechol- and 

phosph(on)ate ligands can be used to functionalize the surface of very small titania 

nanoparticles without causing any significant agglomeration. Secondly, PEGylated 

titania nanoparticles are not only dispersible throughout a broad range of pH, but are 

also characterized by low cytotoxicity even in a very sensitive cellular model 

(macrophages). Thirdly, and most importantly, the ligand chemistry was shown to 

dramatically influence titania photocatalytic activity, causing complete abrogation in 

the case of catechols and increased efficiency in the case of phosph(on)ates. It is also 

noteworthy that the chemical environment provided by the phosph(on)ate ligands 

markedly affected the production of ROS; very promisingly in view of biological 

applications, the best results were provided by PEGylated nanoparticles at pH = 7.  

 

3.5 References  

1. Oregan, B.; Gratzel, M., A low-cost, high-efficiency solar-cell based on dye-

sensitized colloidal TiO2 films. Nature 1991, 353, (6346), 737-740. 

2. Mills, A.; Davies, R. H.; Worsley, D., Water-purification by semiconductor 

photocatalysis. Chem. Soc. Rev. 1993, 22, (6), 417-425. 

3. Nohynek, G. J.; Lademann, J.; Ribaud, C.; Roberts, M. S., Grey goo on the 

skin? Nanotechnology, cosmetic and sunscreen safety. Crit. Rev. Toxicol. 2007, 37, 

(3), 251-277. 

4. Carp, O.; Huisman, C. L.; Reller, A., Photoinduced reactivity of titanium 

dioxide. Prog. Solid State Ch. 2004, 32, (1-2), 33-177. 

5. Zhang, Z. B.; Wang, C. C.; Zakaria, R.; Ying, J. Y., Role of particle size in 

nanocrystalline TiO2-based photocatalysts. J. Phys. Chem. B 1998, 102, (52), 10871-

10878. 

6. Serpone, N.; Lawless, D.; Khairutdinov, R., Size effects on the photophysical 

properties of colloidal anatase TiO2 particles - size quantization or direct transitions 

in this indirect semiconductor. J. Phys. Chem. 1995, 99, (45), 16646-16654. 

7. Almquist, C. B.; Biswas, P., Role of synthesis method and particle size of 

nanostructured TiO(2) on its photoactivity. J. Catal. 2002, 212, (2), 145-156. 

8. Paz, Y.; Luo, Z.; Rabenberg, L.; Heller, A., Photooxidative self-cleaning 

transparent titanium-dioxide films on glass. J. Mater. Res. 1995, 10, (11), 2842-2848. 

9. Minabe, T.; Tryk, D. A.; Sawunyama, P.; Kikuchi, Y.; Hashimoto, K.; 

Fujishima, A., TiO2-mediated photodegradation of liquid and solid organic 

compounds. J. Photoch. Photobio. A 2000, 137, (1), 53-62. 



3          Effect of ligand adsorption and PEGylation on the photoactivity of anatase 

nanoparticles 

 

 141 

10. Yamaguchi, S.; Kobayashi, H.; Narita, T.; Kanehira, K.; Sonezaki, S.; 

Kubota, Y.; Terasaka, S.; Iwasaki, Y., Novel Photodynamic Therapy Using Water-

dispersed TiO2-Polyethylene Glycol Compound: Evaluation of Antitumor Effect on 

Glioma Cells and Spheroids In Vitro. Photochem. Photobiol. 2010, 86, (4), 964-971. 

11. Dougherty, T. J.; Gomer, C. J.; Henderson, B. W.; Jori, G.; Kessel, D.; 

Korbelik, M.; Moan, J.; Peng, Q., Photodynamic therapy. J. Natl. Cancer Inst. 1998, 

90, (12), 889-905. 

12. Deng, Z. J.; Mortimer, G.; Schiller, T.; Musumeci, A.; Martin, D.; Minchin, 

R. F., Differential plasma protein binding to metal oxide nanoparticles. 

Nanotechnology 2009, 20, (45). 

13. Niidome, T.; Yamagata, M.; Okamoto, Y.; Akiyama, Y.; Takahashi, H.; 

Kawano, T.; Katayama, Y.; Niidome, Y., PEG-modified gold nanorods with a stealth 

character for in vivo applications. J. Control. Release 2006, 114, (3), 343-347. 

14. Araujo, P. Z.; Morando, P. J.; Blesa, M. A., Interaction of catechol and gallic 

acid with titanium dioxide in aqueous suspensions. 1. Equilibrium studies. Langmuir 

2005, 21, (8), 3470-3474. 

15. Bae, E. Y.; Choi, W. Y.; Park, J. W.; Shin, H. S.; Kim, S. B.; Lee, J. S., 

Effects of surface anchoring groups (Carboxylate vs phosphonate) in ruthenium-

complex-sensitized TiO2 on visible light reactivity in aqueous suspensions. J. Phys. 

Chem. B 2004, 108, (37), 14093-14101. 

16. Zeller, A.; Musyanovych, A.; Kappl, M.; Ethirajan, A.; Dass, M.; Markova, 

D.; Klapper, M.; Landfester, K., Nanostructured Coatings by Adhesion of 

Phosphonated Polystyrene Particles onto Titanium Surface for Implant Material 

Applications. ACS Appl. Mater. Interfaces 2010, 2, (8), 2421-2428. 

17. Creutz, C.; Chou, M. H., Binding of catechols to mononuclear titanium(IV) 

and to 1-and 5-nm TiO2 nanoparticles. Inorg. Chem. 2008, 47, (9), 3509-3514. 

18. Kar, P.; Verma, S.; Sen, A.; Das, A.; Ganguly, B.; Ghosh, H. N., 

Sensitization of Nanocrystalline TiO2 Anchored with Pendant Catechol Functionality 

Using a New Tetracyanato Ruthenium(II) Polypyridyl Complex. Inorg. Chem. 2010, 

49, (9), 4167-4174. 

19. Jing, L. Q.; Cao, Y.; Cui, H. Q.; Durrant, J. R.; Tang, J. W.; Liu, D. N.; Fu, 

H. G., Acceleration effects of phosphate modification on the decay dynamics of 

photo-generated electrons of TiO2 and its photocatalytic activity. Chem. Commun. 

2012, 48, (87), 10775-10777. 

20. Zhao, D.; Chen, C. C.; Wang, Y. F.; Ji, H. W.; Ma, W. H.; Zang, L.; Zhao, J. 

C., Surface modification of TiO2 by phosphate: Effect on photocatalytic activity and 

mechanism implication. J. Phys. Chem. C 2008, 112, (15), 5993-6001. 

21. Randon, J.; Blanc, P.; Paterson, R., Modification of ceramic membrane 

surfaces using phosphoric-acid and alkyl phosphonic-acids and its effects on 

ultrafiltration of bsa protein. J. Membr. Sci. 1995, 98, (1-2), 119-129. 



3          Effect of ligand adsorption and PEGylation on the photoactivity of anatase 

nanoparticles 

 

 142 

22. Kanan, S. M.; Tripp, C. P., An infrared study of adsorbed 

organophosphonates on silica: A prefiltering strategy for the detection of nerve 

agents on metal oxide sensors. Langmuir 2001, 17, (7), 2213-2218. 

23. Kotsokechagia, T.; Zaki, N. M.; Syres, K.; de Leonardis, P.; Thomas, A.; 

Cellesi, F.; Tirelli, N., PEGylation of Nanosubstrates (Titania) with Multifunctional 

Reagents: At the Crossroads between Nanoparticles and Nanocomposites. Langmuir 

2012, 28, (31), 11490-11501. 

24. Gurr, J. R.; Wang, A. S. S.; Chen, C. H.; Jan, K. Y., Ultrafine titanium 

dioxide particles in the absence of photoactivation can induce oxidative damage to 

human bronchial epithelial cells. Toxicology 2005, 213, (1-2), 66-73. 

25. Zhang, T. Y.; Oyama, T.; Aoshima, A.; Hidaka, H.; Zhao, J. C.; Serpone, N., 

Photooxidative N-demethylation of methylene blue in aqueous TiO2 dispersions 

under UV irradiation. J. Photochem. Photobio. A 2001, 140, (2), 163-172. 

26. Dawson, G.; Liu, J. H.; Lu, L. H.; Chen, W., Dopamine-Modified Trititanate 

Nanotubes with UV- and Visible-Light Photocatalytic Activity: Coordinative Self-

Assembly into a Recyclable Absorber. ChemCatChem 2012, 4, (8), 1133-1138. 

27. Tachikawa, T.; Asanoi, Y.; Kawai, K.; Tojo, S.; Sugimoto, A.; Fujitsuka, M.; 

Majima, T., Photocatalytic cleavage of single TiO2/DNA nanoconjugates. Chem.-

Eur. J. 2008, 14, (5), 1492-1498. 

28. Geiseler, B.; Miljevic, M.; Mueller, P.; Fruk, L., Phototriggered Production of 

Reactive Oxygen Species by TIO2 Nanospheres and Rods. J. Nanomater. 2012. 

29. Chen, L. F.; Lu, L. L.; Mo, Y.; Xu, Z. M.; Xie, S. P.; Yuan, H. Y.; Xiao, D.; 

Choi, M. M. F., Electrogenerated chemiluminescence of anatase TiO2 nanotubes 

film. Talanta 2011, 85, (1), 56-62. 

30. Clarke, S. J.; Hollmann, C. A.; Zhang, Z. J.; Suffern, D.; Bradforth, S. E.; 

Dimitrijevic, N. M.; Minarik, W. G.; Nadeau, J. L., Photophysics of dopamine-

modified quantumdots and effects on biological systems. Nat. Mater. 2006, 5, (5), 

409-417. 

31. Hao, Q.; Wang, P.; Ma, X. Y.; Su, M. Q.; Lei, J. P.; Ju, H. X., Charge 

recombination suppression-based photoelectrochemical strategy for detection of 

dopamine. Electrochem. Commun. 2012, 21, 39-41. 

32. Rajh, T.; Chen, L. X.; Lukas, K.; Liu, T.; Thurnauer, M. C.; Tiede, D. M., 

Surface restructuring of nanoparticles: An efficient route for ligand-metal oxide 

crosstalk. J. Phys. Chem. B 2002, 106, (41), 10543-10552. 

33. Tan, T.; Beydoun, D.; Amal, R., Effects of organic hole scavengers on the 

photocatalytic reduction of selenium anions. J. Photochem. Photobio A 2003, 159, 

(3), 273-280. 

34. Wang, X. P.; Tang, Y. X.; Chen, Z.; Lim, T. T., Highly stable 

heterostructured Ag-AgBr/TiO2 composite: a bifunctional visible-light active 

photocatalyst for destruction of ibuprofen and bacteria. J. Mater. Chem. 2012, 22, 

(43), 23149-23158. 



3          Effect of ligand adsorption and PEGylation on the photoactivity of anatase 

nanoparticles 

 

 143 

35. Stylidi, M.; Kondarides, D. I.; Verykios, X. E., Visible light-induced 

photocatalytic degradation of Acid Orange 7 in aqueous TiO2 suspensions. Appl. 

Catal. B-Environ. 2004, 47, (3), 189-201. 

36. Frati, E.; Khatib, A. M.; Front, P.; Panasyuk, A.; Aprile, F.; Mitrovic, D. R., 

Degradation of hyaluronic acid by photosensitized riboflavin in vitro. Modulation of 

the effect by transition metals, radical quenchers, and metal chelators. Free Radical 

Bio. Med. 1997, 22, (7), 1139-1144. 

37. Manring, L. E.; Kramer, M. K.; Foote, C. S., Interception of O2- by 

benzoquinone in cyanoaromatic-sensitized photooxygenations. Tetrahedron Lett. 

1984, 25, (24), 2523-2526. 

 

 



3          Effect of ligand adsorption and PEGylation on the photoactivity of anatase 

nanoparticles 

 

 144 

3.6 Supplementary Information 

3.6.1 Adsorption of catechol ligands on titania nanoparticles 

Here we have employed the same analysis used in a recent publication
23

.  

In a first stage, we have ascribed the absorbance completely to chelated complexes of 

catechols, whose concentration is related to the total concentration of adsorbed 

catechols through a coefficient k (fraction of chelating catechols). As a result the 

absorbance can be linked to the initial concentration of catechols ([DA]0) and to the 

actual concentration of catechols in solution ([DA]free): 

                                                        

In the initial stages of the adsorption isotherms (Figure 1SI, left), it is possible to 

neglect the last term; therefore the expression becomes              , which 

allows to calculate the factor        from the slope of the curves and therefore also to 

compare the relative values of k for various systems. 

 

Figure 3.6.1-SI-1 Left. Typical adsorption curve used to monitor the surface decoration of 

nanoparticles with catechol ligands (in this case dopamine, pH = 2, 10 nm titania nanoparticles at a 

concentration of 0.05 mg/mL).  Right. Linearized form of the adsorption curves for all catechol 

ligands; the lines represent the best fits obtained using a Langmuir adsorption model; nanoparticle 

concentration: 0.26 mg/mL; pH = 2. 

 

Using high catechol concentration one saturates all available surface sites; their total 

concentration is expressed as [Ti]0, and the number of available sites for a given 
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catechol is f[Ti]0 . Therefore, the absorbance can be expressed as               . 

In the adsorption curves, at the crossing point between the initial slope and the 

absorbance asymptote A (corresponding to a catechol concentration [DA]cross) one 

will have                                . From the comparison of the 

[DA]cross values, it is therefore possible to estimate the relative values of the 

occupancy of the surface sites. 

Finally, using a Langmuir isotherm model where    is an adsorption constant, it is 

possible to linearize the absorbance values in the form (Figure 1SI, right) 

    
 

            
   

 

                   
 

and thus calculate the values of the adsorption constant. 

In Table 1SI we report the values of the key parameters recorded in this study on 10 

nm anatase nanoparticles and those previously recorded on larger (35 nm) and more 

aggregated nanoparticles, both prepared through a non-aqueous synthetic method. 

Please take into account that the concentration of 10 nm nanoparticles had to be 

lowered by about one order of magnitude in order to reach meaningful data of optical 

density: the smaller size correspondingly increases the number of surface sites. 

Significant differences can be noticed between the two kinds of nanoparticles, which 

are to be ascribed to the differences in size, in morphology and in concentration; for 

example, the adsorption constants appear significantly lower because they also 

include a term related to the amount of available surface sites on the titania particles. 

However, the key parameters show a qualitative agreement: most importantly, a 

decrease in the relative occupancy and an increase in the fraction of chelating 

catechols and in the overall adsorption constant in the order dopamine - mPEG-DA – 

PEG-bDA. 

 

 

 

 



3          Effect of ligand adsorption and PEGylation on the photoactivity of anatase 

nanoparticles 

 

 146 

 

 

Table 3.6.1-SI-1 Comparison of adsorption parameters of catechol ligands for 10 nm titania 

nanoparticles at a concentration of 0.26 mg/mL (this study) and 35 nm ones at a concentration of 30 

mg/mL (previous study
23

). 

 

[DA]cross 

(mM) 
          (L/mol)      ⁄       ⁄     (L/mol) 

10  
35 

nm 
10  

35 

nm 
10  

35 

nm 
10  

35 

nm 
10  

35 

nm 
10  35  nm 

DA 7.1 2.1 0.85 0.30 125 199 1 1 1 1 75 2280 

CA 5.7  0.84  125  1  1  84  

mPEG-

DA 
4.8 1.5 0.37 0.30 125 265 0.30 0.72 1 1.33 440 3120 

PEG-

bDA 
3.5 0.9 0.51 0.69 185 980 0.18 0.43 1.5 4.9 460 5074 
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3.6.2 Degradation of methylene blue 

 

Figure 3.6.2-SI-1 Left. Degradation profile of MB under illumination in the presence of varying 

concentrations of uncoated nanoparticles (10 nm, pH =2). Right.  Plot of lnC against time, the slope of 

which provides the degradation rate of MB.  

 

 

Figure 3.6.2-SI-2 Degradation rate of MB as a function of the concentration of uncoated TiO2 

nanoparticles. The plateau in kobs is due to the increased scattering of light by nanoparticles, hindering 

the penetration of light in the bulk of the MB solution. 
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Figure 3.6.2-SI-3 Photodegradation rate constants of methylene blue using photoactivated TiO2 

nanoparticles (0.2 mg/mL) with varying degrees of surface functionalisation with PEA. 

 

Figure 3.6.2-SI-4 Photodegradation rate constants of methylene blue recorded with uncoated and 

phosph(on)ate-coated titania nanoparticles in the presence of ROS quenchers (nanoparticle 

concentration: 0.2 mg/mL; ligand density: 5 μmol of ligand per mg of TiO2). 

 

 

 

 

 

 

0 20 40 60 80 100
0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

k
o

b
s
 (

m
m

o
lL

-1
m

in
-1
)

Phosphorylethanol amine (mol per mg of TiO
2
)



4           Titania-mediated UV-triggered release from multi-layered polymer walled 

microspheres 

 

 149 

4 Titania-mediated UV-triggered release from 

multilayered polymer walled microspheres 

  

Christopher J. Cadman
a
, Ghislaine Robert-Nicoud

b
, Qamar Hussain

c
, Francesco 

Cellesi
a
, Nicola Tirelli

b,c*
 

 

a
 School of Pharmacy and Pharmaceutical Sciences, University of Manchester, 

Oxford Road, Manchester, M13 9PT, United Kingdom 

 

b
 Institute of Inflammation and Repair, University of Manchester, Oxford Road, 

Manchester, M13 9PT, United Kingdom 

 

c
 School of Materials, University of Manchester, Oxford Road, Manchester, M13 

9PT, United Kingdom 

 

 to whom correspondence should be addressed: 

Prof. Nicola Tirelli, Institute of Inflammation and Repair, University of Manchester, 

Oxford Road, Manchester, M13 9PT, United Kingdom  

Tel: +44 161 275 18 02 

Email: Nicola.tirelli@manchester.ac.uk 

 

 

  



4           Titania-mediated UV-triggered release from multi-layered polymer walled 

microspheres 

 

 150 

Abstract 

Herein we present the development of UV sensitive polyelectrolyte multilayer 

capsules whose response is based on anatase photo-oxidation behaviour. Hollow core 

microspheres were prepared using the layer by layer (LbL) addition of poly(sodium 

4-styrene sulfonate) (PSS) and poly(allylamine) (PAH) around a CaCO3 core, which 

could be subsequently removed by complexation with ethylenediaminetetraacetic 

acid (EDTA) . After preparation the porous walls allowed the diffusion of substances 

with a molecular weight between 5-10 kDa into the cores, however after heat 

treatment (65°C) the pores shrunk entrapping any contained molecules. By 

substituting a layer of the multilayer wall with titanium dioxide (TiO2) nanoparticles, 

the microcapsules could be ruptured by the reactive oxygen species created by TiO2 

under UV illumination, thus releasing any entrapped substances.  

 

We have shown that indeed the microcapsules can be loaded in a facile manner 

however, due to the nature of the model polymer used, the loading efficiency was 

much too high to be diffusion based alone. With this in mind the percentage of 

polymer released under UV illumination remained relatively low compared to that 

encapsulated, being no more than 2%. Nevertheless, when taking into account the 

concentrations of the model polymer in the surrounding media after illumination, it 

was clear that the levels present were well within, or even above, the therapeutic 

threshold of many drugs. 
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4.1 Introduction 

In recent years there has been considerable attention directed at developing “smart” 

stimulus responsive drug delivery systems which, as the name suggests, are able to 

encapsulate bioactive agents and release them at targeted sites in vivo. The drive for 

developing drug carriers is twofold; 

 

1) Around 40-70% of new drug candidates are immediately rejected for further 

research due to their limited solubility under physiological conditions
1
. 

 

2) Often drugs which pass clinical trials and enter the market come with a 

number of side effects which can lead to a substantial amount of physical and 

mental distress e.g. as with chemotherapeutic drugs. In fact, most anti-cancer 

drugs cannot be administered at dosages high enough to eradicate all cancer 

cells due to their high general toxicity
2
. 

 

Considering these points, when developing drug carriers there are a number of 

requirements that must be adhered to. Most importantly the carrier must protect the 

payload from degradation in vivo and it must also prevent unwanted leakage of the 

drug out of the system. Of course the carrier itself must be stable and non-toxic in in 

vivo conditions and it must have the ability to encapsulate a wide range of molecules, 

be they hydrophilic or hydrophobic. Lastly, the carrier must be able to release the 

payload “on command” and the method of drug release must preserve the activity of 

the drug
3-5

. Typically the stimulus for release usually falls into one of three 

categories being changes in pH
6
 or temperature

7
 or the external application of a 

magnetic field
8
. However, one other mode of stimulus that is gaining popularity is 

the use of light
9-11

. Historically using light as a stimulus has not attracted much 

attention as there are inevitable problems with penetration depth of the light into 

bodily tissues. However, recent advancements in micron sized endoscopes
12

 and dual 

photon microscopy
13

 have improved the penetration capabilities of light into bodily 

tissues many times over. In this study we present, for the first time, polyelectrolyte 

multilayer (PEM) microparticles which can be triggered to release their payload 

using UV light. 
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PEM capsules have been regarded in recent years as potential candidates for drug 

delivery applications
14-16

. PEM capsules can be created by layer by layer (LbL) 

addition of polymer chains around a solid core. For use in vivo the size of the 

microcapsule matters as typically administered objects need to be smaller than ~ 200 

nm to avoid rapid filtration out of the bloodstream by the spleen
17

. The fabrication of 

nanoscale PEM capsules has been reported on a number of occasions
18-20

 however, 

the field is relatively young and typically, for the moment, most reports relate to the 

fabrication of microcapsules due to the relative ease of characterisation and analysis 

compared to their nano counterparts. 

 

The microcapsules used in this study are based on those previously reported by 

Carregal-Romero et. al. where alternating layers of poly(styrenesulfonate) (PSS) and 

poly(allylamine) (PAH), acting as the negative and positively charged moiety 

respectively, were added in an LbL fashion around a solid CaCO3 microsized core
21

. 

During preparation one of the PSS inner layers was substituted for titanium dioxide 

(TiO2) nanoparticles with a negative surface charge owing to the preadsorption of 

etidronic acid. After fabrication the CaCO3 core was easily dissolved out of the 

microsphere by complexing with ethylenediaminetetraacetic acid (EDTA), leaving 

hollow core polymer walled microspheres behind. The microspheres were then post 

loaded with blue dextran and their UV triggered release capabilities were assessed. 

 

 

4.2 Materials and Methods 

4.2.1 Materials 

Poly(sodium 4-styrenesulfonate) (PSS,   
̅̅ ̅̅̅ ≈ 70 kDa), poly(allylamine 

hydrochloride) (PAH,   
̅̅ ̅̅̅ ≈ 56 kDa), calcium chloride dehydrate (CaCl2), sodium 

carbonate (Na2CO3), ethylenediaminetetraacetic acid disodium salt dehydrate (EDTA 

disodium salt), dextran sulfate sodium salt (DEXS,   
̅̅ ̅̅̅ ≈ 10 kDa), Dextran from 

Leuconostoc spp. (  
̅̅ ̅̅̅ ≈ 8 kDa), etidronic acid (60% aqueous solution) and Reactive 

Blue 2 were purchased from Sigma-Aldrich (Gillingham, UK). 1M aqueous solutions 

of sodium hydroxide and hydrochloric acid were purchased from Fisher Scientific 

(Loughborough, UK). All chemicals were used as received without further 
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purification. Water was pre-deionised and further purified by a Milli-Q system 

(Millipore, U.K.) 

 

4.2.2 Physico-chemical characterization 

Infrared Spectroscopy. IR spectra were recorded in ATR mode on a Tensor 27 

Bruker spectrometer on solid samples. 

 

Dynamic Light Scattering (DLS) and ζ potential analysis. The measurements were 

performed using a Zetasizer Nano ZS instrument (Malvern Instrument Ltd., U.K.). 

Unless otherwise stated, quartz cuvettes with an optical path of 10 mm and 

disposable capillary flow cells were used respectively for DLS and zeta potential 

measurements. 

 

Gel permeation chromatography (GPC) was performed on a PL-GPC 120  in 

dimethylacetamide (containing 0.5% LiNO3) using a combination of two 10 m (30 

cm) different columns (PLgel 500Å and Mixed-B) at 50 °C and with a flow rate of 

1.0 mL min
-1

. The detection was performed with a differential refractometer using a 

series of narrowly distributed poly(ethylene glycol) standards for calibration. 

 

1
H NMR spectrometry. Proton spectra were recorded with a 300 MHz Bruker 

spectrometer (Bruker UK Limited, UK); NMR samples were prepared in D2O at a 

concentration of 1 wt.%. 

 

UV-Vis Spectrophotometry. Absorbance was routinely monitored in 96 well plates 

using a Biotek, Synergy 2 plate reader. 

 

4.2.3 Synthesis of titanium dioxide nanoparticles 

Ti(O
i
Pr)4 (9.12 mmol) was added to benzyl alcohol (20 mL) which contained water 

and hydrochloric acid in molar ratios to the titanium precursor of 4 and 1.17 

respectively. The reaction was heated (80 °C) using a Radleys Carousel 12 plus 

Reaction Station (Radleys, UK) under nitrogen. The reaction was stopped when the 
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average diameter of the nanoparticles reached 10 nm. The nanoparticles were then 

precipitated in diethyl ether (150 mL) and centrifuged (3,500 rpm, 5 mins). The 

supernatant was decanted and the resulting white solid was washed twice with 

diethyl ether (50 mL). The precipitate was then re-dispersed in a water-ethanol 

solution (20 mL, 50:50 w/w) at pH = 2 (pH buffered with 0.1 N HCl). The resulting 

dispersion was dialysed against purified water at pH = 2 using a dialysis membrane 

with a MWCO of 10,000 g/mol. The final concentration of the nanoparticle 

suspension (typically 5 mg/mL) was calculated by neutralising a 1 mL sample of the 

solution using 1 N Na2CO3, inducing precipitation, followed by centrifugation (3500 

rpm, 5 mins) and decantation. The sample was washed with water and centrifuged 

again. Water (10 mL) was added to the precipitate and the resulting suspension was 

freeze dried. The final nanoparticles were monodisperse and had an average size of 

10 nm by dynamic light scattering (DLS). To prepare UV light triggered 

microparticles, titanium dioxide (TiO2) nanoparticles were first coated with etidronic 

acid to give a grafting density of 10 μmol per mg of TiO2. The resulting 

nanoparticles possessed a negative surface charge having a ζ potential of – 42.3 mV.  

 

4.2.4 Preparation of hollow core microspheres 

CaCO3 microparticles were prepared by mixing equal volumes (615 μl) of aqueous 

CaCl2 (0.33 M) and Na2CO3 (0.33 M) along with 750 μl of aqueous dextran (  
̅̅ ̅̅̅ = 10 

kDa, 1 mgmL
-1

). The solution was vigorously mixed on a magnetic stirrer (1000 

rpm, 30 secs) and subsequently left standing at room temperature for 3 minutes. The 

resulting microparticles were then washed three times by centrifuging the suspension 

(2,500 rpm, 5 minutes) and replacing the supernatant with water (2 mL). A polymer 

shell was then grown around the microsphere cores using the layer by layer (LbL) 

technique. The microparticles were dispersed in 2 mL of a PSS solution (2 mg/mL, 

0.5 M NaCl, pH 6.5), sonicated for 2 minutes and then vigorously shaken for 10 

minutes. The microparticles were then washed three times with water and 

redispersed in 2 mL of a solution containing the polycationic polymer PAH (2 

mg/mL, 0.5 M NaCl, pH 6.5) and the second layer of polymer was left to adsorb as 

previously described. In total 8 layers of polymer were coated onto the surface of the 

microparticles with the final layer being positively charged PAH. After synthesis the 
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CaCO3 core was dissolved out of the microparticles by mixing them with EDTA (1 

mL, 0.2 M, pH 5.5) and shaking for 2 minutes. The microparticles were then washed 

four times as previously described and the resulting microspheres redispersed in 1 

mL of water. 

 

The above method describes how to prepare the template for the hollow core 

microspheres and these were used for all controls. The nanoparticles (2 mg/mL, 0.5 

M NaCL, pH 6.5) were then substituted for PSS in the 5
th

 layer of the microparticle 

shell and adsorbed as previously described. After preparation the microparticles were 

counted using a haemocytometer and the number of microparticles prepared per 

batch was found to be ≈ 3 x 10
9
. 

 

4.2.5 Synthesis of blue dextran  

Dextran (1 g, ~ 5.6 mmol of glucose units) was dissolved in an aqueous solution of 

sodium hydroxide (0.2 M, 10 mL) and stirred for 1 hour at room temperature. 

Reactive Blue 2 (400 mg, 0.48 mmol) was added and the solution was stirred at 60°C 

overnight. The solution was then neutralised using aqueous hydrochloric acid (1 M) 

and the product was purified through dialysis against deionised water using 

SpectraPor regenerated cellulose membranes, with a 8,000-10,000 g/mol molecular 

weight cut-off. A blue solid was obtained after freeze-drying (58-65% yield). 

Functionalization = 0.9 %wt. via UV spectroscopy 
 

   
 

  

 
 (where A is the 

absorbance of the dye conjugated polymer, εRB is the molar extinction coefficient of 

reactive blue, Mr is the molecular weight of reactive blue and C is the concentration 

of polymer in gL
-1

). GPC:   
̅̅ ̅̅̅ = 10 kDa and   

̅̅ ̅̅̅/  
̅̅ ̅̅  = 1.3 (the increase in   

̅̅ ̅̅̅ is due 

to the MWCO of the dialysis membrane used which was very close to the original 

dextran   
̅̅ ̅̅̅, therefore some low molecular weight polymer was lost through 

purification). 

 
1
H NMR (D2O): δ = 3.5-4 (multiple peaks from dextran), 4.95 (d, 2H, dextran 

anomeric protons), 6.4-8.2 (multiple peaks from reactive blue, too low intensities for 

reliable integration or multiplicity determination) ppm. 
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FT-IR (film on ATR crystal): 3660-3035 (ν OH), 2927 (broad signal, ν CH), 1749 (ν 

C=O), 1570 (ω, triazine ring stretching) 1421 (δ CH2), 1348 (ω CH2), 1269, 1149, 

1011 (νas C-O-C), 916 (νs C-O-C), 848, 763, 700 (aromatic γoop CH) cm
-1

. 

 

4.2.6 Loading of hollow spheres with dye-conjugated polymers 

To load the microcapsules, a highly concentrated microcapsule dispersion (≈ 7 x 10
8
 

microcapsules/mL) were dispersed in a solution of blue dextran (1 mg/mL) for 1 

hour. The microcapsule dispersion was then heated to 65 °C for 2 hours after which 

it was centrifuged (2500 rpm, 8 min) and washed with deionised water 3 times. The 

encapsulation efficiency (ee) was determined by calculating the remaining 

concentration of blue dextran in the supernatant, collected after loading and 

washings, by UV-Vis spectrophotometry against a calibration curve using the 

following equation: ee (%) = (massstarting material – massunloaded material)/ massstarting material x 

100. 

 

4.2.7 Photochemical experiments 

An Omnicure
®
 S1000 fitted with a 250-450 nm filter as the light source was used 

with the output power being 10 mW/cm
2
 at the end of an optical fibre (Omnicure

® 

liquid light guide). The optical fibre was inserted through a condenser placed on the 

top neck of a 25 mL two necked flask in order to tightly hold the fibre in position 

above the solution contained in the flask. 5 mL of a ≈2*10
6
 microparticles/mL 

solution, either containing titania nanoparticles or not, were placed into the two 

necked flask and illuminated for variable periods of time (5, 10 or 90 minutes) under 

magnetic stirring (1,000 rpm) with the entire apparatus being covered with 

aluminium foil. The solution was then further stirred in the dark for respectively 175, 

170 and 90 min (in order for each experiment to have a final duration of 180 min). 

The total dye released was then calculated by filtering the microcapsules out of the 

solution using a syringe filter (PVDF, 0.45 m), freeze-drying the remaining solution 

and obtaining a UV-Vis spectrum after redispersion of the product in 0.5 mL. The 

amount of dextran blue released was calculated by comparing to a calibration curve 

of the dye conjugated polymer.  
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4.3  Results and Discussion 

4.3.1 Microparticle synthesis 

The microparticles were preapared as previously described
21

. Briefly, CaCO3 cores 

(with a ζ-potential of + 4.6 mV at pH 6.5) were coated via a layer by layer (LbL) 

approach at pH 6.5 using PSS and PAH as the negatively and positively charged 

polyelectrolytes, respectively. In total 4 bilayers were added with subsequent 

dissolution of the cores with EDTA. For the preparation of UV light triggered 

microcapsules, the PSS in the 3
rd

 bilayer was substituted for negatively charged TiO2 

nanoparticles) Such TiO2 nanoparticles were obtained by coating the anatase 

particles with etidronic acid at a relatively low surface grafting density: 10 μmol 

etidronic acid per mg of TiO2, corresponding to a ζ-potential of -42.3 mV. In the 

degradation of methylene blue etidronic acid-coated nanoparticles showed a 

comparable photoactivity to uncoated TiO2 nanoparticles, respectively 3.24 mmolL
-

1
min

-1
 vs. 1.03 mmolL

-1
min

-1
 (Figure 4.6-SI-1, 0.2 mg/mL nanoparticles, 8x10

-3
 

mg/mL
 
methylene blue, λ = 250-450 nm, 10 mW/cm

2
). Therefore, it is assumed the 

etidronic acid coating did not significantly affect the photo-oxidative capacities of 

the nanoparticles. 

 

Both nanoparticle-loaded and unloaded microparticles had a spherical shape with a 

diameter of 3-4.5 μm (Figure 4.3.1-1 A). It is hypothesised that here the ROS 

produced by the TiO2 nanoparticles under UV illumination will irreversibly damage 

the polymer walls of the microparticles resulting in the release of any encapsulated 

species.  

 

After illumination, it was evident that the morphology of the microparticles had 

changed dramatically with many of them collapsing and others breaking apart 

completely (Figure 4.3.1-1 B). A large amount of particles clusters was also formed 

in the illuminated solution, suggesting that oppositely charged patches are exposed 

during illumination, causing the capsules to aggregate. By illuminating 

microparticles without TiO2 nanoparticles, no significant change in morphology was 

observed. 
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Figure 4.3.1-1 A) Microscopy images of hollow core microspheres after preparation prior to any 

further treatment. This image is indicative of the entire sample. B) Microscopy images of hollow core 

microspheres after illumination showing that the walls of the microspheres have ruptured causing the 

microspheres to break apart and/or aggregate. 

 

4.3.2 Loading and release of dye conjugated polymers 

One of the purposes of such hollow core microspheres is the encapsulation of active 

agents and their light-activated delivery in a cellular environment. After preparation 

the walls of the microspheres are porous with a mesh size of ~ 13 nm and it has been 

shown that subsequent heating to 65°C (above the glass transition temperature of the 

polymers) causes the polymer chains to rearrange and the capsules to shrink slightly. 

Upon rearrangement the mesh size of the pores in the polymer wall decreases to ~ 5 

nm thus trapping any contained macromolecules inside the microcapsules (Scheme 

4.3.2-1)
22

.  

 

Scheme 4.3.2-1 After preparation the PEM’s are porous allowing small model molecules to penetrate 

the walls and localise in the hollow core. Upon heating the microcapsules shrink causing a decrease in 

pore size trapping any internalised molecules. The microcapsules are then washed removing any free 

molecules. Reproduced from ref. 22. 
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Previous studies performed by Köhler et. al. have shown that polymers with a 

molecular weight ~ 5-10 kDa are able to penetrate the initial capsule walls but do not 

leak from the capsules after heat treatment
22

.  In this study we have conjugated 

Reactive Blue to dextran (  
̅̅ ̅̅̅ = 8 kDa) as a model polymer for studying the 

encapsulation and release characteristics of the microcapsules. After conjugation of 

dextran with Reactive Blue, and subsequent purification, the polymer showed a 

significant increase in absorbance at 590 nm (Figure 4.6-SI-2) with a molar 

extinction coefficient (ε) of 880 molL
-1

cm
-1 

(Figure 4.6-SI-3). Infrared spectroscopy 

clearly shows the appearance of bands at 1749 and 1570 cm
-1

 (Figure 4.3.2-1) after 

conjugation of the polymer with reactive blue, which can be attributed to C=O 

stretching and triazine ring stretching respectively. 

 

Figure 4.3.2-1 IR spectra of dextran (bottom) and reactive blue conjugated dextran (top). The 

charactersitic peaks of dextran 3660-3035 (ν OH), 2927 (νas CH2) and 1011 (νas C-O-C) cm
-1

 are 

present in both spectra. Upon conjugation with reactive blue two main new peaks appear which are 

highlighted by the dashed box. These new peaks can be found at 1749 and 1570 cm
-1 

and can be 

repsectively attributed to C=O stretching and triazine ring stretching frequencies  given by the reactive 

blue. 

 

Loading the microcapsules was achieved by dispersing them in a solution of the dye 

conjugated polymer for 30 minutes, allowing the diffusion of the polymer into the 

cores to reach equilibrium. Subsequently the microcapsule solution was heated for 2 
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hours and then the microcapsules were washed. After heating the microcapsules were 

centrifuged out of the solution and the UV-Vis spectrum of the supernatant was 

obtained. This allowed the calculation of the remaining polymer in solution (using its 

extinction coefficients) thus directly indicating the mass of polymer encapsulated. 

The encapsulation efficiency was calculated to be 83 % which is suspiciously high 

for a diffusion based process. Indeed, while dextran itself is neutral, Reactive Blue 

carries six negatively charged sulfonate groups, which enhance its solubility in water. 

It seems here that, even though there are a relatively low number of reactive blue 

molecules per polymer chain (< 1 mol%), the polymer may be adsorbing onto the 

positively charged layers of the microcapsule walls thus artificially increasing the 

amount of loaded polymer. On the other hand, the amount of releaseable polymer is 

probably considerably lower than that. 

 

The loaded microcapsules were then redispersed in deionised water (5 mL) and 

stirred for 3 hours in the dark. Subsequently the microcapsules were centrifuged out 

of the solution and the supernatant was collected. Due to the low ε and broad 

absorbance of the polymer even relatively high concentrations were difficult to 

separate from noise using UV-Vis spectrophotometry, therefore, to increase the 

signal to noise ratio the supernatant was freeze dried and any polymer was 

redissolved in 500 μL of deionised water and observed through UV-Vis 

spectrophotometry. After 3 hours of stirring the microcapsules in the dark it was seen 

that there was a very low release of the dye contributing to around 0.36% of that 

encapsulated. It is difficult to say whether the polymer was actually released or 

whether it rather desorbed from the microcapsule wall. When the microcapsule 

solution was illuminated under UV light for 5, 10 and 90 minutes the amount of free 

polymer in the solution increased over time, ending at a total of around 1.65% of that 

encapsulated (see Figure 4.3.2-2). The release over time of the microcapsules, in 

terms of percentage, is not very high; however, this is due to the extremely high ee 

observed when loading the microcapsules. Figure 4 also shows the amount of 

polymer released in terms of concentration and these results are much more 

promising. The therapeutic level of many common drugs is on a ng/mL to μg/mL 

level, and already at 10 minutes of illumination the level of microcapsule release is 
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already at 0.6 μg/mL and culminates in a concentration of 1.3 μg/mL after 90 

minutes
23-25

. 

 

From this it is evident that under UV illumination there is an improved release of the 

encapsulated polymer due to the destructive effect of the ROS produced. However, 

most of the polymer loaded in/on the microcapsules was not released upon 

illumination. Since microscopy has shown that the capsule walls integrity was lost 

under illumination conditions (Figure 4.3.1-1), the limited release efficiency is most 

likely indicating that the polymer was not originally encapsulated in the capsules but 

rather adsorbed on the capsules walls. Similar conclusions were achieved by other 

groups using microcapsules and Carregal-Romero et. al. stated “it is difficult to 

quantify the amount of released cargo and most of the recent publications in this field 

are focusing on observing a cell response mediated by the cargo instead”
21

. A 

different model payload which does not adsorb on the capsule walls would need to 

be used for further release studies. A more sensitive method also needs to be found in 

which the release can be monitored over time, with the best option being using a 

fluorescent marker as fluorescence is much more sensitive than UV-Vis 

spectroscopy. Using a fluorescent marker is not without problems as they are 

typically highly vulnerable to photo-bleaching, therefore the choice of marker is 

crucial for the continuation of this study. 

 

  

Figure 4.3.2-2 (left) Percentage release of dye conjugated polymer by microcapsules under varying 

conditions. (right) Absolute mass of polymer released by microcapsules under varying conditions. 

Note : np = microcapsules with TiO2 nanoparticles embedded in their walls, the control microcapsules 

have no TiO2 layer. 
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4.4 Conclusion 

In this study we have demonstrated the ability of creating UV triggered PEM 

microcapsules as drug delivery vehicles. After preparation the microcapsules could 

be loaded with model polymers which, after heat treatment, were trapped inside the 

capsules. By incorporating TiO2 nanoparticles into the walls of the microcapsules the 

entrapped polymer could be released under UV illumination; this is achieved due to 

the ROS produced by the TiO2 irreversibly damaging and rupturing the walls of the 

microcapsules.  

 

As a preliminary study the results show promise for the development of a new breed 

of smart delivery vehicles. However, the charge present on the model polymer 

resulted in an “overloading” in the microcapsules, most likely due to the polymer 

adsorbing onto the microsphere shell as well as loading into the hollow core. The 

resulting release studies were therefore somewhat skewed in terms of percentage 

release. However, the total mass of polymer released under illumination resulted in 

local concentrations higher, or on par with, therapeutic concentrations of many 

commonly used drugs. To further this study a more sensitive method of analysing the 

release is needed, either by using fluorescent models or high performance liquid 

chromatography (HPLC) to screen the solutions after illumination. 
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4.6 Supplementary Information 

 

 

Figure 4.6-SI-1 The photodegradation reaction of methylene blue by TiO2 nanoparticles follows 

pseudo first order kinetics. The rate is determined from the slope of the ln of the concentration vs. the 

time of reaction according to lnC = -kobst + lnCo  where C is the concentration of remaining methylene 

blue, t is time and Co is the initial concentration of methylene blue. 

 

 

Figure 4.6-SI-2 UV-Vis spectrum of reactive blue conjugated to dextran. 
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Figure 4.6-SI-3 Calibration curve of reactive blue conjugated dextran with ε = 880 molL
-1

cm
-1
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5 Conclusions and outlook 

During the last few decades a lot of research has been directed towards the use of 

titanium dioxide (TiO2) in a wide variety of applications, from dye-sensitized solar 

cells to water purification. Recently there has been a great deal of interest in using 

TiO2, specifically in a nanoparticulate form, for biomedical applications. As well as 

being photoactive, TiO2 is highly biocompatible, under dark conditions, therefore a 

lot of research is based on the use of TiO2 nanoparticles as transport agents for drugs 

or MRI contrast agents etc. However, there is growing interest in using the 

photoactive capability of TiO2 for in vivo applications. The interest lies with the fact 

that with the nanoparticles being relatively non-toxic they are free to distribute 

throughout the body without causing any adverse effects. However, upon 

illumination with near UV light they are able to produce reactive oxygen species 

(ROS). These ROS have the capability to diffuse away from the nanoparticles and 

induce apoptosis and death in neighbouring cells, this treatment is commonly known 

as photodynamic therapy (PDT) and it allows the possibility of targeting diseased 

areas of the body, such as tumours, whilst leaving healthy tissue unharmed. There are 

a number of advantages for using TiO2 for PDT rather than the currently used 

porphyrin derivatives: 

 

1) The synthetic methods for the production of TiO2 are highly reproducible 

allowing fine control over the resulting size and characteristics of the 

nanoparticles. As the photoactivity of TiO2 is directly linked to the number of 

surface sites there should therefore be a dramatic increase in photoactive 

capability in the nano regime. 

2) It is relatively easy to modify the surface of TiO2 allowing the possibility to 

label the nanoparticles with antibodies or markers in order to target specific 

cells in vivo. 

3) The production costs of nanoparticulate TiO2 are extremely low. In recent 

years TiO2 costs have risen by more than 70% and now costs over $3.70 per 

kilo
1
. However, despite this increase the price remains rather low and the 

benefits of using TiO2 for PDT compared to more labour intensive organic 

molecules are still high. 
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Chapter 2 presented the results into the controlled synthesis of TiO2 nanoparticles 

through a water mediated sol-gel synthetic method. In brief the synthesis involved 

the addition of either Ti(OnPr)4, Ti(OnBu)4 or Ti(O
i
Pr)4 into benzyl alcohol which 

contained molar equivalents of water. It was seen that primary nanoparticles, ~ 3nm 

in diameter, were formed instantly upon adding the metal alkoxide precursor to the 

reaction medium. Typically it is believed that in a sol-gel reaction nanoparticles are 

formed by the atom wise addition of metal precursors onto the surface of a growing 

nanoparticle. However, here we have shown that the nanoparticles grow through the 

agglomeration of the primary nanoparticles formed at the beginning of the synthesis.  

 

After synthesis the nanoparticles had the ability to be redispersed in an aqueous 

solution, at pH2, after precipitation out of benzyl alcohol by the addition of diethyl 

ether. The resulting size of the nanoparticles after redispersion depended on the 

nature of the parent alkoxide used for the reaction. Nanoparticles synthesized from 

Ti(O
i
Pr)4 showed no apparent increase in size upon redispersion in an aqueous 

solution. The decrease in aggregation upon redispersion, compared to the butoxide 

and propoxide derivatives which showed mild, but significant, amounts of 

agglomeration, can be attributed to isopropoxide being the most hydrophobic 

alkoxide of the three used. The agglomeration of the nanoparticles upon redispersion 

appeared to depend on the rate of hydrolysis of any alkoxides present on the surface 

of the nanoparticles. As the rate of hydrolysis of the isopropoxide was the slowest 

this resulted in a very low, practically indistinguishable, amount of post synthesis 

agglomeration to occur. 

 

After synthesis it was necessary to keep the nanoparticles in an aqueous solution at 

acidic pH, this protonated the surface of the nanoparticles and, through electrostatic 

repulsion, stabilized them against any further agglomeration. However, in order to 

use the nanoparticles in vivo it was necessary to coat them with suitable ligands in 

order to allow their dispersion at neutral pH without significant change in 

dimensions. Chapter 3 discusses the ability of grafting PEG, which was pre-

conjugated to either catechols (mPEG-DA) or phosphates (mPEG-PEA) as ligands, 

to the surface of the nanoparticles.  
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It was seen that the amount of polymer present on the surface of the nanoparticles 

was vital to their stability at neutral pH. For both species of PEG at least 1 μmol of 

ligand per mg of TiO2 was needed to stabilize the nanoparticles at neutral pH. 

Stability was afforded to the nanoparticles through steric interference between the 

PEG chains, which obstructed the surface of the nanoparticles from coming into 

contact with one another. A second advantage of using PEG to coat the nanoparticles 

was to provide them with a “stealth” character. The “stealth” character and 

biocompatibility of mPEG-DA coated nanoparticles was shown in this chapter and 

currently similar studies are being undertaken with mPEG-PEA coated nanoparticles. 

Along with observing their biocompatibility, studies are currently being conducted 

into the cytotoxic profile of the mPEG-PEA coated nanoparticles under UV 

illumination. 

 

The second part of this chapter assessed the photoactivity of coated nanoparticles in 

relation to their naked counterparts. In essence, as the photoactivity of the 

nanoparticles is related to the number of surface sites, the aim was to produce coated 

nanoparticles which were stable at neutral pH but that still had enough free surface 

sites to exhibit a high photoactive capability. The photoactivity of the nanoparticles 

was studied through the degradation of an oxidation responsive dye, methylene blue, 

in solution. It was seen that at pH 2 the naked nanoparticles were showed a 

reasonable photoactive behaviour, however, upon coating the nanoparticles with the 

minimum amount of mPEG-DA to provide stability, all photo-oxidative capability of 

the nanoparticles was lost. Indeed, regardless of the catechol species they all killed 

the photoactivity of the nanoparticles upon adsorption. Through comparing our 

results with those in the literature it was concluded coating the surface of TiO2 with 

aromatic moieties prevented the migration of photogenerated holes and electrons to 

the surface of the metal oxide to produce ROS. Instead the positive holes localized in 

the electron rich catechol centre whereas the free electron was trapped on a single 

Ti(IV) centre eventually converting it to Ti(III). 

 

However, when using phosph(on)ate ligands the photoactivity of the nanoparticles is 

preserved, or even enhanced, in some cases. The enhancement in photoactivity seems 

to be dependent on two factors: 
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1) The surface charge of the nanoparticles, where those with higher ζ potentials 

repel the cationic dye thus decreasing the likelihood of the dye coming into 

contact with the photogenerated ROS. 

2) Upon surface modification the cocktail of ROS produced is changed. Naked 

nanoparticles mainly produce superoxide upon irradiation as the addition of 

benzoquinone as a quencher drastically reduces the degradation rate. 

Superoxide seems to also play a substantial role in methylene blue 

degradation using PEA PEGylated nanoparticles, however with other 

quenchers such as sodium azide, which quenches singlet oxygen, seeming to 

decrease the degradation rate this points to a larger variety of ROS being 

produced upon surface modification. 

 

The majority of near future work will be continued from this chapter into furthering 

our understanding into the photoactivity of coated nanoparticles. As mentioned the 

first step is to conduct cytotoxicity experiments of mPEG-PEA coated nanoparticles 

on macrophages both under dark and illuminated conditions. The photoactivity of 

coated nanoparticles in solution with a negatively charged dye, such as indigo 

carmine, will also be undertaken to further explain the apparent increase in 

photoactivity of the nanoparticles when coated with phosph(on)ates.  

 

Finally, the original aim to coat nanoparticles with catechols was to shift the λmax of 

the system into the visible region thus increasing the penetration depth of light 

through tissue. Another way to accomplish this would be to dope the nanoparticles 

with inorganic or organic elements. There have been a number of studies reporting 

the activation of TiO2 with visible light when doped with carbon
2
, sulfur

3
, platinum

4
 

etc. However it is apparent from the literature that doping with nitrogen shifts the 

activation wavelength of TiO2 the most up to 550 nm
5
 therefore perhaps for this 

project synthesizing TiO2 nanoparticles doped with nitrogen would be an interesting 

strategy to adopt in order to improve the efficacy of the nanoparticles in vivo. 

 

Chapter 4 reports the findings into a preliminary study where TiO2 nanoparticles 

were incorporated into the walls of polyelectrolyte multilayer microcapsules. The 

microcapsules were created by the layer by layer (LbL) addition of alternating 

poly(styrene sulfonate) (PSS) and poly(allyl amine) layers around a CaCO3 core. 
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One of the PSS layers was substituted for etidronic acid coated TiO2 nanoparticles, 

an etidronic acid coating was chosen as it provided the nanoparticles with a highly 

negative ζ-potential whilst preserving their photoactivity. After preparation of the 

microcapsules, the CaCO3 core was dissolved out via complexation with 

ethylenediaminetetraacetic acid (EDTA).  

 

The resulting hollow core was then post loaded with dextran blue as a model in order 

to study the release of the polymer from the microcapsules under near UV 

illumination. It was theorised that under illumination the ROS created by the TiO2 

would rupture the walls of the microparticles causing the encapsulated polymer to be 

released. Microscopy images showed that after synthesis the microparticles where 

spherical with an average size of 3-4.5 μm. After illumination the morphology of the 

microparticles changed dramatically with many of them clearly collapsing or 

breaking apart. Also when compared to the control there was a substantial release of 

the polymer observed, however due to a large amount of polymer adsorbing on the 

polymer wall of the microspheres through electrostatic interactions, the percentage of 

the polymer “released” compared to that adsorbed/encapsulated was extremely low.  

 

Studies are currently on going into studying the release of encapsulated 

macromolecules by HPLC. However, instead of post loading the microparticles they 

are loaded by coprecipitating the model macromolecule (which in this case is bovine 

serum albumin) with the CaCO3 core prior to the LbL step. This way we make sure 

that no model compound is adsorbed onto the polymer wall and that any release 

observed comes from the hollow core alone. 
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