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i. Abstract 
This thesis shows the design of luminescent nanoparticles that can be used for theranostic 

applications in nanomedicine, focusing on drug delivery and detection. In this study, two 

nanoplatform designs are used.   

 

Silica NPs are functionalised with luminescent Ln complexes, whilst simultaneously 

encapsulating an anticancer drug, in order to monitor drug release. This anticancer drug acts 

as a light harvesting unit for sensitised Ln luminescence, enabling drug sensing through ‘on 

and off’ Ln signals. We show the promising use of these NPs as diagnostic tools for drug 

sensing.  

 

We also report the functionalisation of gold NPs with a dibenzoylmethane molecule attached 

via thiol bonds, with the ability to bind to Ln ions, and sensitise Ln luminescence.  
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1. General Introduction 
1.1. Drug Delivery Towards Cancer Therapy in Nanomedicine 

Cancer is defined as a group of diseases spreading through uncontrolled growth of abnormal 

cells, which can eventually result in death if untreated. It is well known that several lifestyle 

factors common in our generation such as smoking and alcohol consumption, aswell as an 

ageing population can increase risk1, 2. 

 

In 2018, cancer was the cause of 1 in every 6 deaths globally3. Fatalities caused by cancer are  

more than AIDS, tuberculosis and malaria combined, leading it to be the world’s second 

largest death cause3. In USA alone, it is expected that nearly 1.9 million new cases of cancer 

will be diagnosed in 2021, with almost 608 570 fatalities approximated, roughly 1670 deaths 

a day3. These values don’t account for the impact of COVID-19 on diagnosis of cancer. 

Worldwide, the diagnosis and treatment of cancer since 2020 was limited due to reduced 

access to hospitals and cancer centres during global lockdowns. The consequence of this 

global pandemic will have an unknown impact on future cancer statistics4. The International 

Agency for Research on Cancer suspects that by 2030, the amount of cases will rise to 21.7 

million and, 13 million will be due to the growing and ageing population2. 

 

Nanomedicine offers a platform to apply nanoscale systems for the diagnosis and therapy of 

cancer, and has received significant attention. Additionally, advances in nanomedicine have 

seen a large contribution to the development of multifunctional nanosystems, enabling 

simultaneous targeting, delivery, tracking, and sensing of agents or analytes to specific sites. 

Specifically, in cancer therapies, such as the most common of which is chemotherapy, present 

many limitations. These include the non-selectivity of chemotherapeutic agents, leading to 

severe side effects and multidrug resistance. Moreover, poor water solubility of drugs means 

direct administration in vivo is challenging, and also leads to requirement of high dosages for 

effective treatments. This combined with the non-selectivity and high toxicity can affect drug 

resistance, in vivo degradation and fast excretion5-7.  
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The emergence of nanoscale systems has had a major impact on the advances on drug 

delivery. This has led to targeted drug delivery, focusing on systems that have used 

nanocarriers. These include nanoparticles (NPs), liposomes, micellular systems and 

dendrimers5-7. Such nanoscale systems that have been categorised as ‘smart drug delivery 

systems’ (SDDS) consist of some key functionalities. For example,  nanocarriers are able to 

transport and release drugs at a specific site in controlled manner. They have ability to 

enhance drug effect at tumour sites through targeting, usually achieved by functionalising 

nanosystems with ligands which recognise specific cancer cell receptors. Additionally, 

controlled drug release can be achieved by utilising triggers that can stimulate release. These 

often include using light to induce changes in the system triggering release, and others such 

as pH or redox potentials. Furthermore, optical labels are often used, or other diagnostic 

markers, allowing visualisation of the systems in the body (tracking the localisation of drugs, 

using probes to monitor release etc)6-8.   

 

1 101 102 103 104 105 106 107

nm

R

R

pH

Redox
Changes

Temperature
Electromagnetic

Fields

Biomolecules

Light

Figure 1.1 

Schematic illustration of nanosystems used as nanocarriers for smart drug delivery systems, using stimuli 
responsive triggers to release drug. Image is redrawn from Kim et. al. and Lenggoro et. al.6,9. 
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Table 1.1 

Non ideal properties of drugs listed and how SDDS can improve their implications. 

 
Non Ideal 

Properties of Drugs 

The Therapeutic Implications Effect of Smart Drug Delivery Systems 

Poor water solubility  High hydrophobicity of most 

anticancer drugs cause poor 

water solubility issues 

SDDS can provide hydrophobic pockets to 

carry hydrophobic anticancer drugs, with 

hydrophilic exteriors to enhance water 

solubility  

Tissue damage from 

excretion 

Unplanned leakage or 

excretion of drugs can lead to 

tissue damage  

SDDS can offer controlled and regulated 

drug release aiding to reduce tissue damage 

from excretion 

Rapid drug 

breakdown in vivo 

This can lead to loss of 

activity of the drug 

SDDS provides an environment for the drug 

to prevent premature release and 

degradation 

Unfavourable 

pharmacokinetics 

Clearance of drugs occur too 

rapidly from the body and 

often require high 

concentrations in doses  

SDDS can help to reduce clearance and 

enable lower dosages  

Poor biodistribution Drugs affecting normal 

healthy cells as well as 

tumour cells can lead to 

severe side effects 

SDDS help to reduce the volume of 

distribution with enhanced targeting of 

tumour sites and hence help to reduce side 

effects 

Lack of selectivity 

for tumour cells 

Consequential side effects 

can often limit amount of 

drug that can be 

administered. Low 

concentrations can result in 

minimal therapeutic effects 

SDDS offers a platform to be able to load 

high concentrations of drugs in them and 

can be carried to the tumour site through 

the EPR effect. Functionalisation of SDDS 

can also aid in targeting specific sites.  
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Table 1 summarises the most common issues associated with free drug administration, and 

their implications which can be improved by SDDS8. The high hydrophobicity is a leading issue 

for most anticancer drugs, which in turn through poor water solubility, affects circulation of 

the drug around the body leading to other non-ideal properties as summarised. The enhanced 

permeability and retention (EPR) effect can improve these limitations using SDDS. The 

physiology of normal healthy tissue cells are highly different compared to tumour tissue cells, 

and can be exploited to deliver drugs to tumour sites. The vascular system of normal cells are 

uniformly structured and roughly 8 – 10 µm in diameter. Tumour blood vessels differ vastly, 

they are 20 – 100 µm in diameter, leaky, have abnormal capillaries and irregular flow. They 

have wide openings ranging from 200 nm – 1.2 µm, enabling small nanoscale materials to 

easily penetrate them leading to high accumulation of such nanosystems in tumour sites. 

Moreover, tumour cells cannot easily remove nanomaterials which also facilitate circulating 

nanomaterials to accumulate in tumours. This phenomenon is the EPR effect. Advances in 

nanomedicine have relied on the EPR effect to help enable accumulation of drugs at tumour 

sites in a targeted fashion11, 15. 

 

A review in 2018 summarised some of the examples on nanomedicines that were approved 

in the EU market. They ranged from nanoparticle formulations such as Abraxane (delivering 

paclitaxel) and Copaxone (Glatiramer acetate), to liposomes including examples like Caelyx 

(doxorubicin hydrochloride). Others included nanocomplexes, nanoemulsions, nanocrystals 

and polymer-protein conjugates16.  
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1.2. Nanoparticles in Nanomedicine 

Amongst all types of nanocarriers used in the designs of SDDS, NPs have been used 

extensively as the choice of nanocarriers, and continues to be a growing field in nanomedicine 

research. NPs have created a platform to enable major advances in diagnostics through 

imaging tools, and therapeutics with drug delivery17. After the pioneering work done by Brus 

and Ijima, who contributed to the development of research in nanoscience through 

developing nanoscience building blocks, NPs of all sizes and shapes have been created17, 18. 

 

NPs offer unique properties, some of which are shared by other nanocarriers such as 

dendrimers, but NPs can simultaneously encompass a wide range of properties. NPs create a 

platform that offers versatile possibilities for modifications and abilities to form 

multifunctional structures. Variations in surface modifications and ligands can create a host 

of applications in sensing, imaging, and targeted drug delivery. NPs can have enhanced 

stability due to large surface to volume ratios, vital for optimising drug loading17. The shape 

of NPs can also play a key part in their functions in nanomedicine. NPs of all sizes and shapes, 

such as nanorods, nanotubes, nanoplates, nanostars and so on have been created17, 19-21. As 

mentioned, NPs share the same advantages that SDDS provide. Increasing water solubility of 

drugs, protection of drug degradation and premature release, targeted delivery strategies, 

and decreasing toxicities of free drug5. 

 

A vital property that NPs offer are their optical properties, leading to NP imaging techniques 

widely used in diagnostics. The window for wavelengths of light that can be used to penetrate 

tissue is often an issue associated with organic dyes, due to narrow absorption profiles 

limiting excitation wavelengths. NPs present an opportunity to overcome the issues 

associated with this. Moreover, the use of light in NP systems offers a platform for 

applications in non-invasive therapy. NPs present a platform to use techniques such as 

luminescence, optical microscopy, surface enhanced Raman spectroscopy (SERS), and can be 

used in photodynamic therapy (PDT) and photothermal therapy (PTT)17. 

 

In drug delivery applications, NPs provide a strategy to perform targeted delivery of drugs to 

specific sites of interest and are achieved by two main methods. They are categorised as 

passive targeting and active targeting5, 11.  
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The differences between normal and tumour tissues are exploited in passive targeting by 

relying on the EPR effect to deliver drugs to the tumour site. By relying on the EPR effect, high 

drug concentrations are required in order to avoid rapid clearance, and enhance 

accumulation at the tumour site. There have been many systems that incorporate anticancer 

drugs such as camptothecin (CPT), that have been investigated for release and tumour 

targeting22-25.  

 

Active targeting requires conjugation of receptors or targeting ligands to the nanocarrier that 

can promote specific site targeting, taking the drug and delivering it locally. Choice of ligands 

should have high affinity for cell receptors, and ones that are overexpressed at tumour sites. 

With targeting ligands, accumulation of drug at tumour site is carried by the active targeting, 

and uptake in drug molecules by tumour cells can occur through endocytosis 37, 26-28.   

 

EPR Effect and 
Localised Delivery

Endocytosis of drug 
carried by receptor –

drug conjugate

PASSIVE ACTIVE

Drug chemically conjugated to
nanocarrier functionalised with a

receptor

Adsorption onto nanocarrierDrug reaches tumor site through 
leaky vasculature 

Drug reaches tumor site through 
direct intratumoral administration

Figure 2.21 

Schematic illustration of passive and active delivery strategies using NPs. Image is redrawn from Padhi et. al. and 
Parveen et. al.5, 11. 
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A diverse range of applications in therapeutics have emerged using NPs which include cancer 

therapy, antimicrobial activity, vaccines, gene delivery and targeted drug delivery (particularly 

to overcome side effects associated with chemotherapy)5, 29-31. Similarly, NPs offer a platform 

to be able to combine instrumentation to create diagnostic tools. Gold NPs (AuNPs) have been 

used widely as diagnostic labels for detection of diseases, with the ability to detect low 

concentrations of analytes5, 32, 33. NPs can also be modified with luminescent labels, for 

imaging techniques towards diagnosing diseases, and offer many advantages over organic 

dyes as labels. These include resistance to photobleaching, and ability to extend excitation 

windows using ligand functionalisation5, 34-36.  

 

 
 

 
 

NANOMEDICINESORGANIC INORGANIC

Dendrimer

Drug-polymer 
conjugate

Micelle

Protein-polymer 
conjugate

Liposome

Gold
nanoparticle

Iron-oxide 
nanoparticle

Carbon 
nanotube

Quantum Dot

Hollow/porous 
nanoparticle

Silica 
nanoparticle

Figure 1.22 

Schematic illustration of examples of nanomedicines used for therapeutics and diagnostics. Image redrawn from 
Cheng et. al.15.  
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1.3. Silica Nanoparticles 

A sub-category of inorganic NPs used in nanomedicine with growing attention, are silica NPs. 

They can be divided into two main classes of amorphous silica structures, mesoporous silica 

NPs (MSNs), and non-porous silica NPs (SiO2NP).  

 
1.3.1. Mesoporous Silica Nanoparticles  

 

 
 

 

 

MSNs are porous silica NPs and have been extensively researched in nanomedicine as host 

matrices for drug molecules in specific areas such as drug delivery and targeting42-51 and 

diagnostics38, 40, 41. Their attractive structural features that make them good hosts include 

their high surface area and pore volume enabling good opportunity for  high drug loading 

capacities. The porous structures have tuneable pore sizes in addition to an ordered porous 

network, allowing channels inside the NPs to be used as a reservoir. MSNs are well known to 

have good biocompatibility and colloidal stability, making them good nanocarriers for organic 

Drug loaded 
inside pores

Gatekeeper Targeting 
ligand

Antibodies
Organic 

modifications such 
as polymers

Linker attached 
to MSN surface Diagnostic label

Figure 1.3.11 

Schematic illustration of multifunctional MSNs as a platform for therapeutic applications in drug delivery, and 
as diagnostic tools. Image is redrawn from Bein et. al. and Lin et. al.38, 39. 
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molecules. Furthermore, their surfaces can be easily functionalised through alkosilane 

chemistry, presenting a platform to create multifunctional MSNs to perform drug delivery 

with enhanced therapeutic efficiency with combination of diagnostic tools by using markers5, 

40, 38, 43, 52-57.  

 

The synthesis of MSNs entails a two step sol-gel process that follows hydrolysis of Si-O bonds 

using a silica precursor, and condensation of the silica structure. For porous structures, 

surfactant templates are used to create an ordered network, and can be removed by 

calcination or extraction73. In the synthesis of MCM-41 MSNs, the surfactant templates form 

micelles with cationic head groups attracting negatively charged silicates from the silica 

precursor, producing layers to allow hydrolysis and condensation into an ordered meso- 

structure52, 55. It is argued that MSNs are formed either through monomer addition (particle 

growth occurs via addition of hydrolysed monomers after nucleation) or controlled 

aggregation (large NPs are formed through continuation of nucleation leading to primary NP 

aggregates).  

 

For delivery to cells, nanoparticle internalisation occurs mostly through endocytosis, but the 

process is dependent on several factors. These factors range from size, shape, mesostructure 

and surface functionalisation and their properties52. MSNs that possess a range of shapes, 

sizes and porosity can have different effects on cellular uptake. After direct administration in 

vivo, multifunctional MSNs with loaded drug can be delivered specifically to desired tumour 

sites through the EPR effect. Importantly, after entering the bloodstream, due to defensive 

immune responses in the body,  large NPs over approximately 100 – 120 nm can be cleared. 

Thus, it is essential that the physiochemical features of the NPs are taken into account for 

efficient biodistribution38, 52.  

 
MCM-41 MSNs 

There are various types of MSNs that have been synthesised and developed. The first family 

of ordered MSNs was reported in 1992 by Mobil Corporation Scientists (MCM) classed as the 

M41s family58, 59, including the most common used MSNs such as MCM-41 (2D hexagonal 

structure of pores) and SBA-15 (3D cubic structure of pores)38, 42, 57. M. Vallet-Regi et. al. 

reported for the first time in 2001, using MCM-41 MSNs as a reservoir for ibuprofen, and the 
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delivery of the drug. Passive drug delivery was performed, relying on diffusion of the drug out 

the pores59. Despite the attractive features of MSNs as nanocarriers, they are limited due to 

large NP sizes, and therefore there has been several efforts made to obtain smaller NPs39.  

Although MCM-41 materials obtain attractive and beneficial features, the fundamental issue 

with MCM-41 materials is their micrometre size making it challenging for the delivery to 

cells12. Varache et. al. reported the synthesis of MCM-41 MSNs in 2015, with optimised 

conditions yielding NPs with sizes between 60 – 150 nm, suitable for delivery applications. 

Base catalysed sol-gel synthesis was carried out, using NaOH. Through varying the NaOH 

concentration, they showed tunable pore structures could be achieved60.  

 

Characterisation of MSNs 

Typical characterisation of MSNs involve size characterisation which can be carried out with 

microscopy techniques such as transmission electron microscopy (TEM) and scanning 

electron microscopy (SEM), in addition to dynamic light scattering (DLS). X-ray diffraction is 

also used often, to characterise the porosity of MSNs54, 55, 61-63. Varache et. al. demonstrated 

changes in MSN sizes through these characterisation techniques, in addition to N2 sorption 

isotherms60.    

 

 
Figure 1.3.12 

TEM and HRTEM images of MSNs prepared with different concentrations of NaOH taken from M. Vareche et. al. 60 : 
a) 5 mM b) 10 mM c) 15 mM d) 20 mM e) 25 mM. 
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TEM images showed the increase in MSN sizes as NaOH concentration was increased, and 

high resolution TEM (HRTEM) was used to demonstrate the porosity seen by the honeycomb 

like structure. Using DLS, they were able to determine the occurrence of aggregation at low 

concentrations, affecting light scattering. However, at high concentrations diameter to Zaverage 

ratios increased due to asymmetrical particles. XRD illustrated the formation of ordered 

MCM-41 MSNs at concentrations of NaOH between 12.5 mM and 22.5 mM, with defined 

peaks indexed at (100), (110), (200), and (210), indicative of a hexagonal mesoporous 

structure. Loss of porous structures were also characterised using XRD, shown at high 

concentrations with only one peak observed60.  

 

Therapeutic Drug Delivery using MSNs  

Gatekeeping 

The combination of MSNs and multifunctionality prospects has merged together applications 

in therapeutic and diagnostic use, in addition to stimuli responsive delivery of cargo. Often, 

premature release of drug molecules adsorbed inside the MSN structure can occur, which has 

led to stimuli responsive gatekeeping on MSNs to control drug release when a trigger is 

applied6, 53.  

 

pH responsive drug delivery systems are perhaps most commonly favoured due to the 

exploitation of pH differences between tumour tissue (acidic pH) and extracellular 

environments. Several strategies can be employed to design pH responsive systems, one 

including the hydrolysis of bonds, inducing detachment of gatekeeping ligands on the surface 

of MSNs, opening pores and enabling delivery53. 
 

Recently, Pan et. al. designed MSNs loaded with doxorubicin (DOX), an anticancer drug 

commonly delivered using MSNs, and gated with DOX and an aminopropyl based ligand. Their 

results showed negligible DOX release at neutral pH, but release was increased to 86 % in 

acidic environments. They ascribed this release due to hydrolysis of imine bonds in the acidic 

environment, leading to detachment of ligand and release of DOX. Additionally, anti-tumour 

efficacy of NPs were studied and showed accumulation in tumours occurring through the EPR 
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effect. Moreover, free DOX delivery obtained less tumour size inhibition compared to MSNs 

with DOX, showing the targeted properties of the system53, 64.  

 

 

 
 

 

 

 

 
 
 
 
 
 
 
 
 
 
 

 
 
Hydrolysis of bonds has been a clear strategy for pH triggered drug release47-49, 53, 64-66 , in 

addition to electrostatic interactions such as protonation67-69, and pH triggered degradation 

of gatekeepers70-71. 

 

Another important trigger often used are redox responsive systems due to the importance of 

oxidation and reduction reactions occurring in biological systems. Different concentrations of 

reducing agents in intracellular environments can be used to trigger drug release from redox 

responsive capped MSNs. Furthermore, redox activity is known to be elevated in tumour 

tissue due to higher concentrations of reducing agents like glutathione (GSH)72-75. Usually, this 

can occur through cleavage of disulphide bonds, exploiting the over expression of GSH at 

tumour sites, and also cleavage of bonds through presence of reactive oxygen species (ROS)73, 

77.  

Figure 1.3.13 

Schematic illustration of MSNs loaded with DOX, capped with DOX and an amino-based ligand responsive to 
hydrolysis in acidic environments, leading to DOX release. Image taken from Sancenon et. al53. 
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Light responsive drug delivery systems have generated much attraction due to the non-

invasive capabilities of application of light to stimulate drug release. A major limitation of this 

attractive strategy however, is the ability to penetrate deep tissue and thus extending the 

excitation window beyond the UV range is required. Near infrared light (NIR) has provided a 

solution to this, and many examples of MSNs using light have included gold structures50, 78,  

up-converting NPs (UCNPs)79 and photosensitisers80 to do this.  

 

 
 

Figure 1.3.14 

Schematic illustration of drug release through redox responsive systems using MSNs. A: MSNs loaded with DOX 
and capped with ligands that are sensitive to disulphide cleavage in the presence of GSH72. B: MSNs loaded with 
captopril and capped with a a-cyclodextrin containing a H2O2 sensitive probe in presence of ROS76. Cleavage 
links in both examples lead to drug delivery. Image taken from Sancenon et. al53. 
 

A B 
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Many other triggers have also been used for drug delivery systems, including temperature 

responses, in addition to enzyme response systems53. This has created a vast host of different 

gatekeepers that have been used to cap MSNs, ranging from trigger responsive ligands, to 

inorganic moieties such as NPs17, 41, 84-85 and organic moieties including DNA82.  

 

MSNs in Diagnostics   

In order to understand the biological activity and efficacy of MSN SDDS in vitro and in vivo, 

diagnostic tools are essential to investigate the response of tumour cells to drug delivery, 

from stimuli responsive triggers or apoptosis of cells, in addition to being able to track 

accumulation and image it38. A vast range of diverse SDDS with diagnostic capabilities have 

been developed in order to learn more about drug uptake, its accumulation and effect on 

cancer cells. Fluorescent labels have been an attractive approach in the development of 

diagnostic SDDS, through attachment to the hydrophilic surface. There have been several 

types of fluorescent labels used ranging from QD56, to organic dyes38 and different types of 

Figure 1.3.15 

Schematic illustration of using light as a trigger to release DOX from folic acid (FA) functionalised MSNs at 808 
nm41. Image taken from Sancenon et. al53. 
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core-shell nanocomposites52. The use of markers enable the possibilities of using imaging 

techniques such as optical microscopy, magnetic resonance imaging (MRI), ultrasonic imaging 

and other techniques taking advantage of hybrid silica NPs17, 86. 

 

For instance, the diffusion processes for cargo moving inside mesopore channels have been 

studied, confirming the requirement for surface modifications to control adsorption and 

desorption processes. Brauchle et. al. investigated this through using single dye molecules 

and the anticancer drug DOX to image and study these processes87.  

 

Moreover, monitoring drug release has become desirable since the development of stimuli 

responsive SDDS, typically using optical markers either modified on the surface of MSNs, or 

encapsulated in the pores88.    

 

Lee et. al. designed MSNs with molecular valves in order to perform controlled drug delivery, 

in addition to monitoring the release. Their SDDS involved a Forster resonance energy transfer 

(FRET) donor (coumarin labelled cysteine MSNs), a fluorescent FRET acceptor being a b-CD 

acting as a cap blocking the pores, disulphide linkers as the redox responsive triggers for drug 

release, and a FRET donor-acceptor in order to monitor release in real time. Due to close 

proximity of the FRET acceptor to the FRET donor, through a disulphide link, FRET was 

achieved. After removal of the b-CD through redox responses to GSH environments, 

triggering release, FRET was turned off. Using the changes in this FRET signal, they were able 

to achieve real time drug release monitoring89.  

 

Zhang et. al. designed a lanthanide (Ln) based system using NIR Nd to emit in the NIR range, 

enabling deeper tissue penetration. By monitoring Nd luminescent signals in the NIR range, 

they were able to detect drug release. Their findings concluded drug release amounts and 

showed prolonged accumulation90.  

 

Luminescence lifetime imaging is also an attractive diagnostic tool, due to its abilities to 

reflect local changes, distinguishing signals above the autoflourescent background from 

biological media, and does not rely on spectral shift. Manet et. al. designed MSNs with carbon 

dots inside the porous structure, and carboamino groups on the surface. Luminescence 
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lifetimes up to 9 ns were detected upon excitation, and was easily discriminated against 

biological background fluorescence. Through this imaging technique, they were able to 

successfully monitor drug release.  

 

 

 
 

 
 

Figure 1.3.16 

Examples of drug release monitored using fluorescent MSNs. A: Redox responsive FRET MSNs89. B: Using an InGaAs 
charge coupled device (CCD) camera to monitor drug release in the NIR range90. C: Monitoring drug release through 
luminescence lifetime imaging91. Image taken from Zhu et. al.88.  
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1.3.2. Non-Porous Silica Nanoparticles 

The second class of amorphous silica structures used for biomedical applications, are non-

porous SiO2NPs. SiO2NPs can be used in SDDS as nanocarriers for drug molecules through 

encapsulation, or surface conjugation. SiO2NPs offer the advantage of controlling different 

sizes and shapes, and can be used as a host for creating hybrid NPs (functionalisation with 

other NPs such as QDs, iron oxide NPs and gold NPs)15, 93. They have also shown better 

biosafety compared to MSNs92.  

 

 

 

 

 

 

 

 

 
 
 
 
 

 

 

 

          

 

 

SiO2NPs were first synthesised by Stober et. al. in 196894 using water, alcoholic solvent, 

ammonia and tetraalkoxysilane, to form monodisperse SiO2NPs. Concentrations of 

components, different solvents and silica precursors have been investigated, and growth of 

silica has been determined. It is known that growth of SiO2NPs occurs through condensation 

of hydrolysed monomers, followed by particle formation through siloxane aggregation. This 

Size Control

Shape Control

Drug Encapsulation Drug Conjugation

Figure 1.3.21 

Schematic illustration of SiO2NPs as nanocarriers, and their physiochemical properties which can be controlled. 
Image is redrawn from Cheng et. al.15. 
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process is dependent on the ionic strength of solvents, and surface potentials of the silica 

particles. Consequentially, the concentrations of ammonia and water can affect the rate of 

hydrolysis and condensation, hence determining SiO2NP sizes15, 95. Surface properties are not 

discussed here, as similar strategies of MSNs apply to SiO2NPs.  

 
Silica Nanoparticles in Drug Delivery  

Similarly with other nanocarriers and MSNs, SiO2NPs have been used as SDDS for a wide 

variety of materials ranging from drug molecules to biomolecules (proteins, peptides, DNA 

etc) for therapeutic applications in cancer. They have similar advantageous properties to 

MSNs as nanocarriers, such as controlled drug delivery, preventing premature release, 

protection of cargo from degradation, and prolonging blood circulation15. As seen on figure 

1.3.21, there have been two strategies adopted to incorporate drugs into SiO2NPs, which are 

encapsulation or conjugation. Encapsulation usually involves synthesis of SiO2NPs with hollow 

centres for drug loading. This usually incorporates non covalent binding between drug 

molecules and the silica matrix, quite similar to adsorption in MSN pores15, 96-99. On the other 

hand, conjugation of drugs involves linking to the SiO2NP surface through covalent bonds15.  

 

Other than spheres, several groups have studied SDDS using silica nanorattles, hollow silica-

chitosan hybrid nanospheres, nanotubes and silica cross linked micelles15, 100-104.  

 
Silica Nanoparticles for Diagnostics  

Similarly to MSNs, SiO2NPs have been explored for carrying diagnostic probes, incorporating 

different markers for imaging techniques involving optical imaging and MRI. Dye doped 

SiO2NPs have been used as an effective tool to merge nanotechnology and imaging to find 

synergic solutions and investigate SDDS. Particularly luminescence, where fundamental 

photochemistry deals with elementary processes such as light absorption and emission, to 

investigate complex functions. There has been extensive research in dye doped SiO2NPs as 

luminescent probes for applications in nanomedicine ranging from sensing, to immunoassays, 

drug delivery and many more98. SiO2NPs are photophysically inert, and so any 

functionalisation of diagnostic probes present efficient ability to produce imaging without 

silica interference. SiO2NP designs can be tailored to amplify luminescence signals and 
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minimise quenching effects. Additionally, silica does not show toxicity and is a key advantage 

for use as a nanosystem in cancer diagnostics98. 

 

Silica NPs have been studied as tools for optical imaging, through the use of luminescent dyes, 

QDs and Ln complexes15, 98, 106-109. Furthermore, just as MSN structures, other imaging tools 

have also been extensively researched using SiO2NPs as nanosystems in diagnostics, including 

common techniques such as MRI and PDT15, 98, 110, 111.  

 
1.4. Gold Nanoparticles 

Gold NPs (AuNPs) have been widely employed in many applications within nanomedicine, 

such as delivery, sensing, and bioimaging, owing to several key advantages, including their 

unique optical properties.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Faraday first published work on AuNPs in 1857 reporting the red colour of the NPs attributed 

to the colloidal nature112, 113. The synthesis of AuNPs has been developed from a wide array 

of methods controlling factors such as size and shape112, 114, mostly collated by Turkevich115, 

Delivery

h! h!’

Sensing
AuNP

Drug or Imaging Agent

Figure 1.41 

Schematic illustration of applications of gold NPs in nanomedicine. Image redrawn from Rotello et. al.112. 
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in the modern field of AuNP synthesis since the famous example from Faraday. The reduction 

of Au salt, usually from HAuCl4, using trisodium citrate acts as a reducing agent and a 

stabilising agent. This process is important for surface functionalisation after the reduction of 

Au3+ to an inert Au0, via subsequent replacement of citrate ions114. This was shown to be 

highly reproducible and yielded size distributions between diameters of 10 nm to 100 nm. 

Moreover, by controlling the Au : citrate ratio, it was found that the size of the colloidal NPs 

could be controlled115. 

 

 AuNPs can be prepared with a range in diameters from 1 nm to 120 nm114 giving rise to size 

and shape related optical properties, in addition to ranging colours as size increases112. The 

surface plasmon resonance (SPR) of AuNPs is a distinguishable characteristic unique for each 

size of nanoparticle. It is defined as ‘‘an electromagnetic frequency that induces a resonant 

coherent oscillation of the free electrons called the surface plasmon resonance, at the surface 

of a spherical nanoparticle if it is much smaller than the light wavelength’’112. The SPR enables 

us to spectroscopically observe the absorption band between 500 nm and 550 nm, arising 

from the oscillation of electrons. Factors such as size, shape, and surface functionalisation can 

influence this phenomenon, useful for monitoring the event of ligand attachment to the 

surface. 

 

A large variety of molecules including surfactants, polymers, and dendrimers, can stabilise 

AuNPs via the use of thiolates exploiting the strong Au – S bond112. Replacement of citrate 

ions by thiolates is a facile method for surface functionalisation. The ease of this allows AuNPs 

to incorporate more than one type of imaging and targeting complexes and therefore can 

ideally be used as multimodal probes92. The multimodal functionality allows AuNPs to be 

detected by electron microscopy techniques and reflectance microscopy115-117. 

 

In addition, high concentrations of probes can be attached at a lower loading on the NPs due 

to their large surface to volume ratio. This also enables promotion of several binding site 

interactions facilitating the selective targeting of biological entities118.  
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Functionalising Gold Nanoparticles 

Approaches to coating gold NPs with metal complexes, and other inorganic entities, involve 

anchoring groups that can attach to the AuNP surface. There has been several different 

anchoring groups employed, but the most common of choice are soft thiols115, 119-121. The gold 

– sulphur bond is strong, and additionally groups with disulphides (two electron donating 

groups) provide stronger attachment, using groups such as lipoic acid derivatives and 

mercaptopyridines122, 123. The advantage of the strong Au-S bond enables favourable 

displacement of citrate ions, after AuNP synthesis forming stable NPs115. 

 

There have been many reports of different coatings on gold NPs, ranging from a wide array 

of entities. This has included p block material, such as fullerene clusters and silica coatings119, 

124-126 Organometallic complexes have been used as coatings too, due to excellent redox 

properties. Ferrocene complexes have been a common choice for this category, using thiols 

to attach to Au surfaces127. Transition metal complexes have also been used, especially for a 

strong interest in developing luminescent probes for biomedical applications. The 

Pikramenou group have reported many publications using transition metal complexes, such 

as iridium and ruthenium compounds with focuses on NPs localisation in cells and tracking 
128-130.    

 

However, to date, only a few examples of Ln coatings have been reported, compared to other 

entities119, 120. 

 
 
1.4.1. Gold Nanoparticles in Nanomedicine  

AuNPs have been introduced into a wide range of biological applications in nanomedicine. 

Research has extensively demonstrated their advances in nanomedicine, from imaging, to 

sensing, host-guest interaction, electron microscopy and spectroscopy. AuNPs have been 

shown to possess size dependent optical properties, as mentioned due to the SPR effect. 

Additionally, the absorption and scattering of gold is often used beneficially for imaging 

techniques, due to their excellent contrast properties. They have been used for in vivo 

imaging, two photon luminescence, SERS, in vivo cancer therapy, and drug delivery, 

illustrating their broad theranostic applications114-116, 128-130, 200, 201.  
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1.5. Lanthanide Luminescence and Historical Landmarks 

The discovery of Ln elements has played a major role in developing luminescent materials. Ln 

luminescence has been used in many fields across technology, lighting and bioimaging, mainly 

driven by f-f transitions later explained133. A large portion of applications include lamps, bulbs, 

display phosphors, and lasers. The NdYAG laser is well known for its use in laser pointers, 

medicine, weapons and many more. Luminescent immunoassays and bioimaging are also well 

established fields of applications, not to mention their use also on security inks and 

counterfeit tags133. 

 

A review published by Bunzli in 2015 summarised eight historical Ln landmarks that have 

shaped the growing research in Ln luminescence and their applications133.  

 

In 1891, Carl Auer von Welsbach saw Cerium emission and the first industrial application of 

Lns was reported, the Auer light. He created the Auer light, an incandescent gas mantle that 

was formed by the addition of CeO2 to ThO2 which resulted in bright white emission upon 

heating133. 

 

Another significant discovery was made at the beginning of the 20th century, by George 

Urbain. His study of Eu(III) luminescence from dilutions in matrices, lead to the discovery of 

the orange – red emitting Y2O3:Eu phosphor. This bright phosphor had a quantum yield close 

to 1, and has been used in cathode ray tubes and fluorescent lamps since the 1960s133-135.  

  

In 1937, J. H. Van Vleck solved the puzzle of Ln optical spectra, decoding the nature of sharp 

transitions for most of the trivalent Ln(III) ions. He established the forbidden nature of these 

transitions, theorising the electric dipole nature were associated with the most intense 

transitions, and that they were caused by ‘distortion of the electronic motion by crystalline 

fields’. Additionally, he also noted that vibronic lines in spectra were caused by interactions 

between electron motion and vibrations133, 136. 

 

In 1942, Weissman discovered what is now known today, as the antenna effect, a widely 

known method used to enhance Ln luminescence. He discovered that Ln luminescence can 



 23 

be induced by excitation of organic ligands involved in Ln complexes. This finding proved to 

play a major part on the design of highly luminescent Ln complexes and materials15, 133.   

 

The Judd-Ofelt theory was developed by two authors, B.R Judd and G.S Ofelt, who 

independently published models for parameterisation of intensities of optical spectra. 

Although several assumptions are used to derive the parameters, the accuracy of the theory 

is remarkably successful133, 137, 138.   

 

Upconversion of Ln luminescence, developed initially for quantum counters, were found to 

be useful in many other applications such as lasers, security inks and markers. Recently, there 

have been many examples of upconverting NPs, used in biological applications such as drug 

release and bioimaging. This phenomenon was brought about by F. Auzel in 1966, who 

suggested that energy transfer between neighbouring Ln(III) ions can occur, and can be more 

efficient than ligand excitation. It is well known that Yb can be used as a sensitiser for 

upconverted Er(III) luminescence due to its large absorption at 980 nm, and hence Yb(III) 

doped materials have been developed133, 139-143.  

 

Ln luminescent immunoassays nowadays are an essential in medical research, and this unique 

idea originated from E. Soini and I. Hemmilä in the 1980s. This involved using conjugation of 

a Ln chelate to a specific antibody, and developed time resolved luminescent assays. Their 

proposal of these Ln based immunoassays cleverly exploited the unique properties of Lns133, 

143. 

 

Lastly, the development of Er doped fibre amplifier, exploiting the rich electronic 

configuration of Er(III) enabled the design of multi level lasers133, 144.  
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1.5.1. The Use of Luminescence in Biological Systems 

The significance of non-invasive techniques for the diagnosis of diseases has become 

increasingly important. This has inspired the development of imaging techniques in cancer 

therapy, for diagnosis and examination of treatment efficiency145. Through this, luminescence 

imaging has emerged as a technique to meet the requirements of modern medicine. Light can 

carry energy that can interact with the biological surroundings, giving the opportunity to be 

able to penetrate tissue. There is a vast variety of optical probes that have been used as 

luminescent labels such as organic dyes, transition metal complexes and quantum dots146.   

 

Organic dyes have been extensively researched and are known to be highly emissive, but are 

however prone to photobleaching, and have short luminescent lifetimes. Transition metal 

complexes have also been used in biological imaging, advantageous of high excitation 

wavelengths beyond the UV region, but therefore have narrow Stokes shift limiting the 

luminescence detection. QDs are also highly emissive, with sharp emission bands and 

improved photostability than that of organic dyes, however their limitations include concerns 

over toxicity146, 147. 

 

Ln ions (Ln(III)) have emerged increasingly as attractive options as luminescent probes owing 

to their remarkable properties that prove to be advantageous over other optical probes. The 

unique chemistry of the f block is the core to their key properties that play a major role in Ln 

luminescence, attractive for not only bioimaging, but many other technological applications.  

 

 
1.5.2. Lanthanides and their Coordination Chemistry  

Their unique optical properties are explored here briefly to help us understand their 

chemistry and how they are used in their applications. 

 

Electronic Configuration and Bonding 

Lns are often found in rocks and minerals in the earth’s crust, isolated as oxides and fluorides 

due to the instability of Lns in elemental form148.  The high redox stability of Ln(III) mean they 

are usually found in their +3 oxidation state, as their 4f electrons are easily lost due to 
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shielding effects148. Therefore, the electronic configuration of the trivalent ions Ln(III),can be 

denoted as [Xe]4fn (n = 0-14). 

 

Table 1.5.21 

Electron configuration and ionic radii of Ln(III)149. 

Element Ln(III) Electronic Configuration Ln(III) ionic radii/ Å 
57La [Xe] 1.250 
58Ce [Xe]4f1 1.220 
59Pr [Xe]4f2 1.200 
60Nd [Xe]4f3 1.175 
61Pm [Xe]4f4 ------ 
62Sm [Xe]4f5 1.140 
63Eu [Xe]4f6 1.120 
64Gd [Xe]4f7 1.105 
65Tb [Xe]4f8 1.090 
66Dy [Xe]4f9 1.075 
67Ho [Xe]4f10 1.055 
68Er [Xe]4f11 1.040 
69Tm [Xe]4f12 1.025 
70Yb [Xe]4f13 1.010 
71Lu [Xe]4f14 0.995 

 

 

Across the Ln series, there is a general decreasing trend in ionic radii. Ln contraction causes 

this reduction in radius with increase in atomic number, arising from poor ability of f electrons 

to shield other valence electrons from the nucleus. The radial distribution function of Ln(III) 

ions (figure 1.5.21150) shows that 6s electrons penetrate the nucleus the deepest, with the 4f 

electrons lying closest to the nucleus. Due to shielding effects of the orbitals; 6s > 5d > 4f, the 

4f electrons are easily lost. Although the 4f, 5d, and 6s orbitals are similar in energy, there is 

no orbital overlap with ligands due to the proximity of the 4f orbital to the nucleus, and hence 

the bonding interaction between Ln(III) and ligands is ionic150.  
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Ln(III) ions are hard Lewis acids, and therefore prefer hard donor ligands containing O-, F-, and 

N- electron pairs155. With mainly metal to ligand electrostatic interactions, hard donor ligands 

and non-directional bonding, Ln(III) ions prefer high coordination numbers usually between 6 

to 12155. Steric hindrance can determine the structure where bulky ligands, such as bidentate 

ligands, can bind to the ion via the chelate effect being the driving force. The stability of 

complexes can increase by using structural preorganisation as a driving force151. This can be 

done by using macrocyclic caging ligands that can wrap around the Ln(III) ion, such as crown 

ethers155, caging ligands such as DOTA, and linear ligands such as DTPA152. DTPA and DOTA 

ligands are widely known to be used as MRI contrast agents such as Gadopentetate Magnevist 

and Gadoterate Dotarem, as chelators for Gd(III) due to their cage like structures around the 

metal ion152. 

 

 
 
 
 
 
 
 

Figure 1.5.21 

Radial distribution of the orbitals plotted as the probability of finding an electron at distance r from the nucleus 
of Ce150.  
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Figure 1.5.22 

Schemes of structures demonstrating the chelate effect and structural preorganisation using macrocycles 
(top)155, linear, and caging ligands (bottom)152.    
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Optical Properties 

The small radial extension of the 4f orbitals compared to the filled s and d shells, the shielding 

effect, is the very reason that leads to these unique optical properties of Ln(III) ions. The lack 

of interaction between 4f orbitals and ligand environment caused by the shielding from the 

coordination environment, leads to low Ln(III) absorption coefficients e = 1 – 10 mol-1 dm3 cm-

1 and therefore, characteristic sharp f-f absorption and emission spectra 153, 155, 163. 

Consequentially, fàf transition energies change little between compounds, giving rise to 

characteristic colours of Ln(III) ions145.  

 

 

 

 

 

 

 

 

 

 

 
 
Secondly, the sharp bands in absorption and emission spectra arise from well defined fàf 

transition energies. Albeit the observation of these sharp bands in absorption and emission 

spectra, these transitions are forbidden by the Laporte selection rule, defined as DL = ± 1 only. 

The Laporte selection rule states that an electric dipole transition cannot occur in levels with 

the same centre of symmetry and hence f-f transitions are forbidden. However, these Laporte 

forbidden transitions become partially allowed due to vibronic coupling, influenced by the 

symmetry around the metal ion. As the metal – ligand bond vibrates, electron distribution 

changes around the bond and thus lowering the symmetry leading to vibronic coupling. Some 

of these induced electric dipole transitions are known to be very sensitive to changes in the 

Ln(III) coordination sphere, which are called hypersensitive transitions145, 150, 162. 

Figure 1.5.23 

Luminescence spectra of Ln(III) b-diketones demonstrating characteristic Ln(III) colours. Image taken from 
Bunzli145. 
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The electronic levels can be characterised by three quantum numbers, S, L and J (equation 

1.5.21). As a result of the Ln high atomic numbers, and shielding effects, inter electron 

repulsion is caused as a consequence. This leads to splitting of the electronic levels147, 162. The 

spectroscopic energy levels can be described with a term symbol using Hund’s rules based on 

spin orbit coupling and the heavy metal effect145.  

 

Equation 1.5.21 

Form of Hund’s rule to calculate term symbols.  
 

!"#$𝐿% 

𝑆 = 𝑠𝑝𝑖𝑛, 𝐿 = 𝑜𝑟𝑏𝑖𝑡𝑎𝑙	𝑎𝑛𝑔𝑢𝑙𝑎𝑟	𝑚𝑜𝑚𝑒𝑛𝑡𝑢𝑚, 𝐽 = 𝑠𝑝𝑖𝑛	𝑜𝑟𝑏𝑖𝑡	𝑐𝑜𝑢𝑝𝑙𝑖𝑛𝑔	 

 

 

Hund’s rules includes three main requirements in order to determine the ground state of 

Ln(III) ions. The first rule requires that the spin multiplicity should be highest possible. The 

second rule states that if there are more than one terms with the same spin multiplicity, the 

term with the highest L (orbital angular momentum) is the ground state. Lastly, for electron 

shells more than half filled, the lowest J value is the ground state. However, for electron shells 

less than half filled, the highest J value is the ground state. These rules can therefore explain, 

for example, why the ground state of Eu(III) is 7F0.The detected luminescence of Ln(III) ions 

usually arise from the lowest excited state to the ground state of each Ln, but there are 

examples that have detected luminescence from higher excited states156, 157.  
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A review published by Binnemans in 2015, summarised well the interpretation of Eu(III) 

spectra. Figure 1.5.24 illustrates the splitting of energy levels, with the example of Eu(III), 

arising from three effects. The inter electron repulsion between the 4f electrons gives rise to 

the term symbols. Spin orbit coupling leads to splitting of these energy levels, caused by the 

interaction of the spin magnetic moment of the electron, and the magnetic field of the 

electron around the nucleus. Further splitting of these energy levels into sublevels can be 

caused by weak crystal field effect, where 4f electrons interact with the ligand field 

electrons156, 162. 

 

Sensitisation of Ln(III) Luminescence Using the Antenna Effect 

The observation of weak fàf transitions in absorption and emission spectra can be achieved 

by direct excitation of the Ln(III) ion. For some metal ions, such as Eu(III) this can be efficient 

enough to detect emission, with the limitation of weak absorption. For Eu(III), the transition 

at 394 nm arising from 5L6ß7F0 is often used for direct excitation, but has a low molar 

absorption coefficient e156. To overcome the challenges associated with weak absorption, and 

thus, weaker emission intensity, the antenna effect is used. The so called antenna effect, is 
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Figure 1.5.23 

Luminescence spectra of Ln(III) b-diketones demonstrating characteristic Ln(III) colours. Image taken from 
Bunzli145. 
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used to enhance Ln(III) luminescence with the use of sensitising units that include organic 

chromophores. Organic chromophores tend to have high e, especially ligands designed with 

p-conjugation, as they are able to absorb light efficiently. Their strong ability to absorb light, 

enables energy transfer from the excited chromophore to the Ln(III) ions, resulting in 

enhanced luminescence intensity145, 147, 164, 148-151, 155, 156. This was discovered first in 1942 by 

Weissman, who observed intense Eu(III) luminescence from Eu(III) complexes that included 

dibenzoylmethane, salicylaldehyde and benzoylacetone chromophores158.  

 
 

 
 

 
 

The Jablonski diagram demonstrates the process of energy transfer from organic 

chromophores to Ln(III) in the antenna effect. Absorption of a photon from the sensitiser 

ground state to the ground excited state occurs, after which intersystem crossing can transfer 

energy to the ground excited state of Ln(III). There are two processes in which luminescence 

can be divided into, phosphorescence and fluorescence. Phosphorescence is slow and spin 

forbidden, where radiative decay occurs from the ground triplet excited state of Ln(III). 

Fluorescence, radiative decay from a spin allowed transition to the ground state, is however 

described as fast. This sensitisation process enables the population of the Ln(III) excited state 

usually in the UV range, giving rise to Ln(III) emission in the visible or NIR range. The difference 
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Figure 1.5.25 

A Jablonski diagram illustrating the processes of excited states, by radiationless decay and radiative decay. S0 
ground state of sensitiser; S1 first excited state of sensitiser; Sn excited states of sensitiser; T first excited triplet 
state of Ln(III)145, 154. 
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in the excitation and emission wavelength, the Stokes shift, is typically large for Ln complexes 

unlike organic complexes, resulting in improved detection145, 147, 154, 162.  

 

The excited state can be characterised by the lifetime t, and quantum yield f162, 163.  

  

Equation 1.5.22 

Definition of luminescence lifetime t.	

𝜏 =
1

𝑘& + 𝑘'& + 𝑘(
	 

𝑘& = 𝑟𝑎𝑡𝑒	𝑜𝑓	𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑣𝑒	𝑑𝑒𝑐𝑎𝑦, 𝑘'& = 𝑟𝑎𝑡𝑒	𝑜𝑓	𝑛𝑜𝑛 − 𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑣𝑒	𝑑𝑒𝑐𝑎𝑦,	     

 𝑘( = 𝑟𝑎𝑡𝑒	𝑜𝑓	𝑝ℎ𝑜𝑡𝑜𝑐ℎ𝑒𝑚𝑖𝑐𝑎𝑙	𝑑𝑒𝑐𝑎𝑦	𝑓𝑟𝑜𝑚	𝑎𝑛𝑦	𝑓𝑢𝑟𝑡ℎ𝑒𝑟 

𝑝ℎ𝑜𝑡𝑜𝑐ℎ𝑒𝑚𝑖𝑐𝑎𝑙	𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛𝑠	𝑓𝑟𝑜𝑚	𝑒𝑥𝑐𝑖𝑡𝑒𝑑	𝑠𝑡𝑎𝑡𝑒𝑠 

 

Equation 1.5.23 

Definition of luminescence quantum yield f. 

 

𝜙 =
𝑝ℎ𝑜𝑡𝑜𝑛𝑠	𝑒𝑚𝑖𝑡𝑡𝑒𝑑
𝑝ℎ𝑜𝑡𝑜𝑛𝑠	𝑎𝑏𝑠𝑜𝑟𝑏𝑒𝑑 

 

Detection of energy transfer can be monitored by changes in these parameters. The 

luminescence intensities of ligand and Ln(III) can be monitored, in addition to the 

luminescence lifetimes. 

 

Energy Transfer Mechanisms 

There are two main mechanisms of energy transfer involved for the sensitisation process from 

a chromophore to a Ln(III) ion. The Dexter mechanism, also known as exchange mechanism 

requires good orbital overlap between ligand and metal as it involves a double electron 

transfer. It is usually short range, less than 10 Å and a non-radiative process, sometimes 

associated with quenching, and the reaction rate constant exponentially decays as distance 

increases163.  
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The second energy transfer mechanism is known as the Förster mechanism, or dipole-dipole 

mechanism. Here, the dipole moment of the excited donor state couples with the dipole 

moment of the Ln(III), the acceptor. This mechanism is specific for given ligand-metal 

complexes and usually lies at long distances, typically between 5 Å and 20 Å163.  

 

 

 

Figure 1.5.26 

Schematic illustration drawn demonstrating the electron transfer process in the Dexter mechanism; D = donor 
and A = acceptor.  
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Figure 1.5.27 

Schematic illustration drawn demonstrating the induced dipole coupling between the donor and acceptor in the 
Förster mechanism. 
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Ligand Design for Ln(III) Ions 

In order to achieve optimal sensitised Ln(III) luminescence, the design and choice of the ligand 

is crucial.  An ideal ligand aims to have good coordination ability to the metal ions, a high e in 

order to absorb light strongly, and an appropriate energy gap between the excited state of 

the chromophore and the excited state of Ln(III)150, 151, 159, 160. 

 

Introducing an organic chromophore with high e and ligand centred absorption in the UV 

range enables a large Stokes shift. This leads to reduction in background scattering, especially 

from biofluorescence in biological environments, and thus allows easy spectral 

discrimination. The introduction of a light harvesting chromophore, also overcomes the 

challenge of photobleaching associated with organic dyes. Energy transfer from organic 

chromophores to Ln(III) ions is usually fast, therefore reducing photobleaching160. 

 

The energy gap between the sensitiser and Ln(III) is important for efficient energy transfer, 

and so ligand design can be developed to fine tune the energy levels of the sensitiser. The 

closer the energy gap, the more efficient the energy transfer. Nevertheless, if the gap is too 

close, back energy transfer can occur from the excited Ln(III) to the sensitiser, decreasing 

Ln(III) luminescence, lifetime and quantum yield160.  On the other hand, if the energy gap is 

too large, the Ln(III) excited state cannot be populated. Therefore, other processes such as 

radiative decay from the sensitiser can occur, as well as any energy lost as heat154. The energy 

gap is therefore usually required to be between 2500 cm-1 and 3500 cm-1 higher than the 

Ln(III) excited state154. 
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The coordination of Ln(III) ions to the ligands can be increased with the introduction of hard 

donor ligands containing O-, F-, and N- electron pairs155 in order to form thermodynamically 

stable Ln(III) complexes147.  

 

 

Figure 1.5.28 

Energy level diagram for Ln(III) ions (doped as LaF3)154. 
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Lastly, the ligand design should shield the Ln(III) ions well from coordination to solvent 

molecules in order to inhibit radiation less decay affecting the luminescence.   

 

 

 

 

 

 

Non-radiative deactivation can occur from back energy transfer, thermal deactivation (both 

previously mentioned), but also through quenching. Vibrational coupling between Ln(III) ions 

and high energy vibrations from solvent interactions can significantly quench Ln(III) 

luminescence. The quenching of Ln(III) luminescence is demonstrated in figure 1.5.29, 

showing energy lost as heat from coupling to C-H vibrations. O-H vibrations also tend to 

quench Ln(III) luminescence, and so exclusion of coordination to water in solvents can be 

achieved by increasing coordination number. Replacement of these high energy vibrations 

can also reduce quenching, by introduction of deuteration such as C-D, O-D and fluorination 

C-F147, 148, 160. As previously mentioned, bulky cage like ligands such as DTPA and crown ethers 

are ideal candidates for overcoming coordination to solvent molecules152, 155. 
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Figure 1.5.29 

Quenching of 2F9/2 energy level of Yb(III) by C-H oscillator shown the vibrational energy levels of CH. Image 
redrawn from Ning et. al.160. 
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Near Infrared Emitting Ln(III)  

NIR emitting Ln(III) ions have received great interest due to some key features of their optical 

properties. Their ability to emit in the NIR range means deeper penetration depth into 

biological tissue and thus increasing signal to noise ratio. Consequentially, imaging resolution 

is increased due to less background interference. This has enabled the use of non-invasive 

imaging techniques which are ideal for diagnostics and detection of cancer. They also 

undoubtedly have long lifetimes and much larger Stokes shift than visibly emitting Ln(III) 

ions160.  

 

The challenges associated however with NIR Ln(III) in biological imaging arise from low 

instrumental sensitivity in the emitting range. Secondly, to be able to overcome quenching 

from vibrational coupling to solvent molecules is more sensitive with NIR emitting Ln(III) 

ions147, 160.  

 

Overcoming these challenges links back to developing good ligand design for NIR Ln(III), with 

importance of exclusion to high energy vibrations using Ln cages, increasing lifetimes and also 

stability. 

 

Obvious strategies have involved replacement of C-H vibrations with C-D resulting in 

increased emission due to deuteration. Hasegawa et. al. in 1996 observed the effect of 

deuteration on their Nd complex, resulting in enhanced emission. Gillin’s group later 

quantified luminescence quenching from Er(hfa)3(H2O)2 and the deuterated and 

hydrogenated Cs[Er(hfa)4]. The important conclusion to be drawn from their work highlighted 

that the closest C-H oscillators were the largest contributors to Er(III) quenching, and also that 

neighbouring C-H oscillators have to be replaced162, 165,-167. 

 

Halogenation can also be used as an alternative, in cases where full deuteration is difficult. 

Fluorination is often commonly seen in addition to chlorination162.  
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Coordination Structures for Highly Luminescent Lanthanide Complexes 

In order to design ligand structures with the aim of forming highly luminescent complexes, 

there are many requirements that must be met, depending on the Ln and its application. The 

coordination sphere of Ln(III) ions can be tailored to find an antenna most suitable, whilst 

simultaneously avoiding coupling to high energy oscillations.  

 

For efficient energy transfer between antennae and Ln(III) ions, positioning of excited states 

need to be considered. Tailoring ligands for this has been carried out by several research 

groups168-174.  

 

In addition to electronic considerations, the application of the Ln system is significant in the 

design of antennae. Antenna required for specific applications such as telecommunications, 

light emitting diodes and solar energy for example, need thermal stability. In display and 

optoelctronics, process polymers are often used. This is a common theme across lighting and 

display where polymer light emitting diodes are of interest. Resistance to photobleaching is 

important, as well as polymer architectures with interest in flexible displays169, 174-180.  

 

However, luminescent Ln complexes required as bioprobes used in bioimaging or 

immunoassays, need to be kinetically inert and thermodynamically stable133. Water solubility 

and saturated coordination spheres are important. For sensing applications, desirable ligands 

enable binding to analytes or Ln(III) ions, or even changes in redox potentials48.  

 
Gd contrast agents in MRI imaging has brought about an extensive amount of research in 

developing Gd complexes, which must compel some key requirements for this technique. 

Complexes must have high thermodynamic stability, as well be kinetically inert. High 

coordination numbers are important with a site left free for interaction with water molecules 

(crucial for MRI contrast enhancement). There have been two types of ligands that have been 

used for this, which are based on either twelve membered tetraazamacrocylic cyclen 

derivatives (cyclen = 1, 4, 7, 10-tetraazacyclododecane), and diethylenetriamine derivatives. 

These ligands can form good cage structures around the Ln(III) ion, driven by the chelate 

effect181.  
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There has also been a huge effort made to develop modifications based on polydentate 

ligands like DOTA, and diethylenetriamines such as DTPA with different functionalities. 

Without conjugated R group functionalities, these molecules serve as good ligands regarding 

exclusion to water and other quenching moieties, in addition to high coordination 

environment. However, they don’t necessarily present as an antenna without a light 

harvesting unit, and so these complexes have to either be excited directly at the Ln(III) ion or 

require to be conjugated to some other sensitising unit. 

 

Figure 1.5.210 

A scheme of contrast agents used clinically, demonstrating the cage like ligands used181. 
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Figure 1.5.211 

A scheme demonstrating different types of structural motifs used to design contrast agents. A: DTPA type ligand 
designs. B: DOTA type ligands181. 
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Other than caging structures, there is a large library of other antenna, with light harvesting 

units, that have been designed and developed over the years in order to produce highly 

luminescent complexes. These come in all forms spanning from solids, solutions to hybrid 

materials and surfaces.  

 

A vast majority of these complexes for visible emitting Ln luminescence, include Eu(III) due to 

specific optical properties133. For Eu(III), the large energy gap between the ground excited 

state 5D0, and the ground emissive state 7F6, is sufficient enough to minimise deactivation 

through vibrational coupling to high energy oscillations. Moreover, the lifetime from the 

ground excited state 5D0 is up to milliseconds, enabling time gated detection. Eu(III) emission 

can also be very monochromatic, depending on its coordination environment. For instance, 

it’s well known that Eu(III) complexes formed with b-diketones present spectra that are 

dominated by the 5D0 à 7F2. Colour of Eu(III) complexes can also be tuneable, tailoring designs 

that favour 5D0 à 7F1 transitions, a magnetic dipole transition, over other electric dipole 

transitions, shifting colours from red to orange. Ligand field has little effect on the 5D0 with 

no splitting of levels, leading to facile discrimination of 7JF transitions282.   

 

b-diketones are well known as sensitisers for highly luminescent complexes, but there are 

many other ligand designs that have also been used133.  

 

Bunzli and co workers designed tridendate benzimidazole-subsitituted pyridine-2-

carboxylates using 9 coordinate neutral homoleptic anhydrous Ln complexes. They achieved 

very efficient sensitisation with quantum yields as high as 71 % in solid state, and 52 % in 

solution (CH2Cl2)133, 182. 
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Figure 1.5.212 

Structure of benzimidazole-substituted pyridine-2-carboxlate. 
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p-conjugation is a common theme in ligand designs, with hard donor electron donors such as 

O and N. Simple ligands such as 2,2’-bipyrimidine (bpm) are used often and have been 

reported to sensitise Eu(III) and Tb(III) luminescence with quantum yields of 70 % and 80 % 

respectively [(Ln(NO3)3(bpm)2]180.  

 

 

 

 

 

Carboxylates are often used in ligand designs, offering electron donors using negatively 

charged O. Structures like DTPA and DOTA (figure 1.5.211) use these binding sites for caging 

in Ln(III) ions. High quantum yields, as high as 95 %, have been reported using 

polyaminocarboxylates133.  

 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
The carboxylate in figure 1.5.214 was complexed to Tb(III) and achieved 95 % quantum yield. 

The p-conjugation provides a good light harvesting centre, with good ability to sensitise, 

whilst the hard N donor atoms provide strong binding. This combined with the carboxylates 
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Figure 1.5.212 

Structure of bpm. 
 

Figure 1.5.214 

Structure of polyaminocarbozylate fitted with 4-carbomoyl-substituted pyridine133. 
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provides a highly coordinated environment with caging around the Ln(III) ions, showing 

potential for high stability.  

 

Macrocyclic derivatives have commonly been used as ligands due to their high coordination 

environments, minimising coordination to quenching molecules. Maury et. al. synthesised a 

series of Eu(III) and Tb(III) complexes based on triazacyclononane tris-pyridine carboxylates 

and methyl phosphinates183.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

They reported 55 %  quantum yield of Eu(ligand) and observed efficient energy transfer for 

their Eu(III) complexes. The advantage of using polydentate ligands can show additional 

sensing properties, by displacement of coordinated water molecules183.    

 

Other visible emitting Lns such as Sm(III) and Dy(III) are less luminescent due to their blue-

shifted emission, compared to Eu(III), towards yellow colours133.  
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Figure 1.5.215 

Structure of the functionalised phosphinate macrocyclic ligand used by Maury et. al.183.  
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Metal organic frameworks (MOFs) have been used increasingly with Lns to produce a diversity 

of different topologies and architectures, combining the applications of MOFs (ion exchange, 

drug delivery, storage) and Ln advantages. MOFs offer several attractions for binding to Ln(III). 

They can accommodate high and flexible coordination environments. They also offer hard 

donor atoms like O and N containing ligands, and carboxylates.  Liu et. al. formed novel 

dimeric Sm polymers, forming [Sm2(L)(DME)2]∞ reaching quantum yield of 17 % in solid 

state184.    

 

Petoud’s group has dived into Ln research, designing metallocrowns to coordinate to Ln(III) 

ions. These designs are ‘metal rich macrocycles’ that form [Metal-N-O] repeated units. The 

oxygens are directed towards the inner of the macrocyclic rings, driven by preorganisation 

for encapsulating Ln(III) ions. With substituted functionalities, metallocrowns offer not only 

coordination to hard donor O atoms, but also through carboxylic acids which provide 

additional stability. To build multimetallic complexes, metallocrowns offer an attractive route 

often used by Petoud’s group171, 185.  
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Figure 1.5.216 

Structure of ligand L, and DME.  
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In 2016, Petoud et. al. synthesised a family of Ga(III)/Ln(III) metallocrown complexes. They 

detected luminescence from these complexes by excitation of the chromophoric ligands, 

generating spectra in the NIR range (Sm, Dy, Ho, Er, Yb) and the visible range (Sm, Eu, Tb, Dy, 

Tm). They reported high quantum yields showing good energy transfer capabilities, but 

uniquely reported the highest NIR quantum yield of 5.8 % reported for Yb(III) complex at the 

time185.   

 

Other ligands used include helicates170, 186, cryptates187-190, polyaminocarboxylates (and 

phosphinates)191-195,  and many other macrocyclic derivatives196, 197. 

 

NIR Ln complexes usually have much lower quantum yields, due to their higher affinity for 

vibrational coupling to quenching molecules. However deuteration, as discussed previously, 

can have a major effect in ligand designs133. Wong et. al. synthesised water soluble porphyrin 

based Yb(III) complexes and reported yields as high as 6 % for deuterated complexes, 

compared to 2 % (non-deuterated)198.  

 

Triple stranded trinuclear helicates have been used by Piguet, Petoud and corworkers199, 

using transition metals as light harvesting units to transfer energy to Nd(III) in 

[CrNdCr(ligand)3]9+. 
 

Figure 1.5.218 

Molecular structure of metallocrown synthesised by Petoud et. al. coordinated to Dy(III)185. 
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Advantages of Lanthanides as Luminescent Probes 

Ln chemistry brings out some key characteristics that differentiate them as luminescent 

probes compared to others, such as organic dyes.   

 

Their sharp narrow absorption and emission bands provide ‘‘elemental’’ characteristic 

emission, arising from shielding effects160. The lack of participation in covalent bonding, and 

hence any changes in the ligand environment has no effect on rearrangement of electrons, 

causing these fixed and sharp bands. This allows Ln emission to be easily distinguished, a great 

advantage for detection160. 

 

The visible, and even better, NIR emitting Ln(III) have large Stokes shifts caused by ligand 

excitation usually in the UV range, and Ln centred emission. A large Stokes shift, which is not 

common in organic dyes, is advantageous because it enables facile discrimination of emission 

spectra. It also reduces background scattering, beneficial for detection in biological 

environments where autofluorescence from biological serum occurs in the UV range160. 

 

Moreover, lanthanides are resistant to photobleaching, due to fast energy transfer, and 

therefore an additional reason as ideal probes over organic dyes147, 160.  
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Figure 1.5.219 

Trinuclear strand used by Piguet et. al.199.  
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Their long lived lifetimes are a key attraction for application in biological imaging, arising from 

the slow relaxation of electrons from the excited Ln(III) caused by the forbidden Laporte 

transitions. This can lead to time gated measurements, and aids in reduction of background 

scattering as well as increased signal to noise ratios. It is important to note that for 

applications such as biological imaging, probes need to have water solubility, thermodynamic 

stability, long lifetimes and brightness, and the ability to excite over 405 nm. These 

requirements can be achieved by the correct ligand design147, 160. Notably, the use of NIR Lns 

are advantageous here due to their deep penetration into tissue previously discussed, which 

is attractive for non-invasive techniques.  

 

Systems with multimodal functionality are also attractive for biological applications, and Lns 

provide simultaneous detection and sensing. By tailoring ligand design, different chemical 

species can be sensed by Ln(III) complexes based on the changes in energy transfer between 

the ligand and Ln(III).  
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1.6. Thesis Aims and Objectives 

The aim of this thesis is to develop novel nanoscale platforms for theranostic applications in 

nanomedicine, focusing on drug delivery and detection, using luminescent Ln complexes as 

luminescent labels.  

 

Silica NPs are used as one design to encapsulate a hydrophobic anticancer drug, which 

simultaneously acts as a Ln sensitiser enabling Ln luminescence signal detection. This design 

demonstrates the detection of drug release through an ‘on and off’ switch system monitored 

through changes in Ln luminescence signal (figure 1.61). The use of luminescent  Ln complexes 

over typical organic probes is advantageous due to some key features. Their sharp emission 

spectra provide easy detection, in addition to large Stokes shifts enabling easy spectral 

discrimination. Long lived Ln lifetimes are also beneficial important for applications in 

biological imaging. Furthermore, use of NIR Lns provide deeper penetration into tissue as 

previously discussed, which is attractive for non-invasive techniques.  
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Figure 1.61 

Schematic illustration of silica nanoparticle design carrying an anticancer drug inside, and functionalised with a 
luminescent Ln complex. The drug is able to sensitise Ln luminescence, turning signal ‘on’. As drug is released 
from the nanoparticle design, Ln luminescence cannot be sensitised anymore, turning signal ‘off’.  
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Gold NPs are used as a second design to create a nanoplatform for sensing Ln binding, and 

sensitising luminescence. They provide a platform in which multimodal systems can be 

developed, but also allowing high loading of luminescent Ln complexes at low concentrations, 

enhancing detection and sensitivity. b-diketone complexes have been used extensively as Ln 

chelators for applications in developing luminescent Ln immunoassays. Due to their key 

features, Lns are an attractive route to sensing and detecting analytes in immunoassays.  

 

 

 
 

 

 
 
 

 
 
 
 
 
 
 
 
 
 

Figure 1.62 

Schematic illustration of development of gold NPs functionalised with surface active DBM molecule, able to bind 
Eu(III) ions and sensitise luminescence.  
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2. Luminescent Silica Nanoparticles for 

Drug Delivery and Detection 
2.1. Introduction 

2.1.1. Camptothecin – An Anticancer Drug 

CPT is a naturally occurring, highly hydrophobic alkaloid acting as an anticancer drug. Its 

anticancer properties and potency, came about after its discovery and isolation from a 

Chinese tree, Camptotheca acuminata Decne, in the 1966. The discovery of CPT, in search for 

steroids, occurred during screening of a large amount of plants, where each of the samples 

were tested for antibacterial, antitumour and antiviral activity1-3.  

 

 

 
 
CPT’s Target and How It Can Cause Apoptosis  

CPT, and its derivatives, are unique for various reasons, but the first and most important being 

that it only has one known target. Nuclear DNA topoisomerase 1 (TOP 1) is an enzyme that 

cleaves one strand of DNA and is the only known target for CPT. TOP 1 enzymes are needed 

in order to relax supercoiled DNA and is essential for DNA replication and transcription. TOP 

1 enzymes form a cleavage complex which occurs during a cleavage reaction in the process 

of relaxing supercoiled DNA. During this reaction TOP 1 enzymes are vulnerable to inhibitors 

such as CPT. Inhibitors can cause collisions between DNA replication forks and cleavage 

Figure 2.1.11 

Structure of CPT. 
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complexes, leading to formation of long lived TOP 1 – DNA complexes that can be trapped by 

CPT. These collisions can leads to breaking of the DNA strand, arresting DNA fork replications, 

and breaking down the TOP 1 – DNA bond, leading to apoptosis2, 4.  

 

Moreover, the cytotoxic activity of CPT can also be completely inactivated in presence of basic 

conditions2. CPT molecules can penetrate cells easily and are able to target the TOP 1 enzyme 

within minutes after exposure4. In addition, CPT was selected as an anticancer drug based on 

its selectivity, as opposed to its potency. CPT molecules have low affinities for TOP 1 enzymes 

and usually are high drug concentrations are required for trapping the enzyme, but it 

selectively only targets the TOP 1 enzyme2. 

 

 

 

Despite the unique features that make CPT and its derivatives an attractive anticancer drug, 

it has some limitations. In order for DNA damage TOP 1 cleavage complexes need to live long 

enough for this, but is limited by the fast diffusion of CPT from TOP 1 cleavage complexes. 

Therefore, in order to remain as cleavage complexes for long enough, CPT doses must be 

given for a prolonged period of time. Another limitation involves side effects produced by 

CPT, and limits dosages that can be given safely to patients. Thirdly, as mentioned, the active 

lactone can readily convert into the inactive carboxylate, and is actually known to bind 

strongly to serum albumin4.  

Figure 2.1.12 

Reaction scheme of the reversible hydrolysis of the lactone form to the open ringed carboxylate taken from 
Pommier5.  
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CPT Derivatives 

Despite encouraging toxicity results from early clinical trials, severe side effects such as 

myelosuppression, diarrhoea and hemorrhagic cystitis were observed. In addition, before the 

1970s, sufficient information on CPT’s mechanism of action was not known. Poor water 

solubility issues of the hydrophobic drug were also said to be a possible cause for the 

observed toxicity in trials. Water soluble salts of CPT were developed enabling direct 

administration, but however showed losses in antitumour activity due to the chemical 

modifications1, 8.  

 

To date, there are two CPT derivatives used clinically, topotecan hydrochloride (Hycamtin) 

and irinotecan hydrochloride (Camptostar). They are FDA approved, the former by 

GlaxoSmithKline, and latter by Pfizer. They are both water soluble CPT derivatives and can be 

infused intravenously. Hycamtin is used for treatment against metastatic ovarian cancer, and 

Camptostar for metastatic colorectal cancer2-4, 9. Onivyde, a nanosystem developed to deliver 

irinotecan using liposomes was FDA approved in 2015 for the treatment of pancreatic cancer, 

and has been tested for other malignancies3, 10. There have been major advances in the field 

of nanomedicine for developing SDDS revolutionising diagnostics and therapeutics in cancer 

treatments by delivering drugs controllably, in stable systems, in addition to multimodal 

functionalities. This has been seen across the field with other drugs, such as paclitaxel. 

Abraxane is a formulation of paclitaxel loaded albumin NPs, FDA approved, for treating 

metastatic breast cancer2.  
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Structures of CPT derivatives irinotecan and topotecan. 
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All limitations associated with CPT (free drug biodegradability, deficient biodistribution and 

unfavourable pharmacokinetics) can be overcome by nanomedicine6. Nanomedicine offers a 

platform where water solubility issues and biocompatibility can be improved, as well as 

prolonging the time periods for anticancer drugs in the body, and hence improving 

accumulation of drugs at tumour sites3.  

 
2.1.2. Targeted Delivery of CPT Using Nanocarriers 

Similarly, nanocarrier systems for delivery of CPT have been explored extensively which have 

included three main categories: carrier aided delivery systems, prodrug coupled delivery of 

CPT, and carrier free nanodrug delivery systems3.  

 

Carrier Aided Drug Delivery Systems 

Usually, loss of drug activity arises from fast metabolism of the drugs in the body and 

effectivity is reduced. Carried aided drug delivery systems can enhance the therapeutic effect 

of the drug through intravenous administration and hence accumulation in the body can be 

improved. Several nanocarriers with different sizes and structures have been developed, 

including liposomes, NPs (polymeric, inorganic, metal NPs, iron oxide NPs and carbon 

nanotubes)3, 11. Surface modification of these nanocarriers has also been shown to enhance 

biodistribution of the carriers.  
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Table 2.1.21 

Summary of some carrier aided drug delivery systems for CPT derivatives that have been trialled3.  
 

Product Name Nanocarrier 

System 

Drug Treatment 

IHL-205 (Yakult 

Honsha)12 

Liposome Irinotecan Solid tumours 

INX-0076 (Brakiva, 

Tekmira)13 

Liposome Topotecan Solid tumours 

CRLX-101 (Cerulean 

Pharma)14 

Cyclodextrin 

nanoparticle 

Camptothecin Solid tumours, renal cell 

Lipotecan (TLC388) 

(Taiwan Liposome)15 

Polymeric micelle TLC388 – CPT 

derivative 

Carcinoma, rectal 

cancer, non-small cell 

lung cancer, liver cancer, 

renal cancer 

NK-012 (Nippon 

Kayaku)16 

PEG polymeric 

micelle 

SN-38 – active 

metabolite of 

irinotecan 

Solid tumours, small cell 

lung cancer, breast 

cancer 

 
 

 

Polymer functionalised nanocarriers for delivering CPT based on natural polymers and 

synthetic polymers have been used17, 18. Lipid based nanocarriers utilising liposomes have also 

been extensively used3, 10, 12, 13. Their unique structure enables loading of drugs into 

hydrophobic pockets with hydrophilic environments.  Moreover, inorganic NPs have widely 

been used as they provide diagnostic tools with abilities to facilitate techniques such as 

imaging, and simultaneous delivery19-23. 

 

Prodrug Coupled Drug Delivery Systems 

Prodrugs are modified versions of drugs compounds that can be converted into their active 

forms after exposure to specific environments or triggers2, 3. Nanodrugs can be formed 

through p-p conjugation of hydrophobic drugs via hydrogen bonding, and there have been 
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studies using CPT to create nanofibers through this interaction2, 24. Some of other examples 

of prodrug coupled delivery of CPT and its derivatives have been summarised in table 2.1.22.   

 

 
Table 2.1.22 

Summary of some prodrug coupled drug delivery systems for CPT derivatives that have been trialled3.  

Product Name Nanocarrier System Drug Treatment 

CT-2106 (CTI 

Biopharma)25 

Nanoparticle and polyglutamic 

acid drug conjugate 

Camptothecin Colon cancer, 

ovarian cancer 

MAG_CPT 

(Pfizer)26 

Nanoparticle and (2-

hydroxypropyl)methacrylamide 

drug conjugate 

Camptothecin Solid tumours 

NKTR-102 

(Nektra)27 

Nanoparticle and PEG drug 

conjugate 

Irinotecan Breast cancer, 

ovarian cancer, 

colorectal cancer 

 

 

Carrier Free Drug Delivery Systems 

Despite the advantages nanocarriers bring for targeted drug delivery, they can be limited due 

to safety issues, as well as to the zero therapeutic activity of the actual carriers themselves. It 

has been reported that some systems can cause high toxicity and inflammation in the kidneys, 

which has led to developing other strategies without the use of carriers3, 28, 29. Nanodrugs with 

ability to form via self-assembly of drug molecules has been a key strategy for this30, 31. 
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2.1.3. CPT Delivery Using MSNs 

The incorporation of CPT into MSN designs has been studied by several groups previously, 

investigating many factors such CPT cytotoxicity from the SDDS systems, cellular uptake and 

any enhancement through application of targeting ligands, studying controlled release 

stimulated by triggers, and monitoring drug release. 

 

Tamanoi et. al. have studied the incorporation of CPT in MSN structures extensively. They 

have achieved drug delivery to a range of human cancer cell lines showing the promising uses 

of MSNs as nanocarriers32, 46-48. Their study was a significant report of demonstrating 

antitumour drug delivery using MSNs, in addition to showing significant tumour suppression 

in mice treated with CPT loaded MSNs. They later investigated targeting effects using CPT 

loaded MSNs functionalised with FA46. Through surface modification with FA they observed 

enhanced potency suppressing tumours.  

 

  

 
 
 
 
 
 
 

 
 

 

Modification of MSN surfaces with targeting ligands such as FA has become a widely used 

strategy particularly for improving cellular uptake, and thus increased CPT effect46, 48, 49. MSN 

models modified with hyaluronic acid (HA) have also been studied with CPT encapsulation 

inside the pores. HA selectively targets cancer cells which overexpress the CD44 protein, and 

thus, HA modified MSNs can lead to fast uptake through receptor mediated endocytosis46, 50.  

 

 

Figure 2.1.31 

Illustration of FA modified MSNs by Tamanoi et. al., image is taken from Tamanoi et. al46.  
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Great attention has focused on CPT delivery through overexpression of biomolecules in 

cancer cells, leading to dissociation of linkages and hence CPT release. Disulphide-based SDDS 

have particularly grown much attraction, owing to intracellular GSH triggered release. Some 

examples have demonstrated designs of MSNs with CPT covalently linked, compared to 

adsorption of free drug molecules in the pores for controlled release51, 52.  

 
Botella et. al. designed SDDS using MSNs in order to investigate when, where, and how CPT 

was released into cells. Synthesised derivatives of CPT were linked through a disulphide bond 

to rhodamine loaded MSNs. When in presence of intracellular GSH, drug release was 

triggered through cleavage of the disulphide link, and showed NP stability when in absence 

of GSH52. Miao et. al. reported the SDDS utilising MSNs and manganese oxide coated 

superparamagnetic iron oxide NPs (SPIONs) as caps on MSN pores regulating CPT release. 

Simultaneously, they also achieved to create a diagnostic effect arising from the SPIONs, 

achieving MRI imaging for diagnosis and tracking therapeutic effects53.  

 

 

 

MSN systems carrying CPT have also been studied for synergistic effects through combination 

chemotherapy. This principle involves the co-delivery of multiple anticancer drugs, with 

independent mechanisms of action, in order to achieve enhanced therapeutic effect. SDDS 

aimed for release of combined anticancer drugs involving CPT has commonly been studied 

with DOX. The therapeutic combination of CPT and DOX has grown much interest as they are 

Figure 2.1.32 

Schematic illustration of SDDS formed using MSNs and SPIONs with CPT encapsulation in pores, in order to perform 
controlled drug release when in presence of GSH. Image is taken from Gao et. al.51. 
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both TOP inhibitors (TOP1 and TOP2 respectively), therefore leading to enhanced 

chemotherapy54-59.  
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Figure 2.1.33 

Examples of SDDS utilising MSNs for codelivery of CPT and DOX. A: Schematic illustration of pH responsive MSNs 
with CPT loaded in pores, and DOX attached to the MSN surface acting as a cap sensitive to acidic environments 
triggering release54. B: Schematic illustration of MSNs modified with glycrrhetinic acid (GA), PEG and DOX, with 
CPT loaded pores. At acidic pH, PEG chains are cleaved, triggering DOX and CPT release55. C: Schematic illustration 
of rod shaped MSNs loaded with CPT and surviving shRNA expressing plasmid (iSur DNA), and surface tagged with 
As1411 DNA aptamers56. D: Schematic illustration of CPT loaded MSNs modified with DOX, and release stimulated 
by pH response57. 
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These examples commonly have shown triggered drug release through pH sensitive 

environments54, 55, 57. Interestingly, Alibolandi et. al. created SDDS with rod shaped MSNs for 

the codelivery of CPT and iSur (figure 2.1.33, C). CPT was loaded into PEGylated rod shaped 

MSNs with iSur, and the surface was tagged with a DNA aptamer for enhanced cellular uptake. 

Their choice of NP shape aimed to enhance uptake and drug loading due to high aspect ratios 

of rod shaped NPs. The larger surface area allows more interaction with cells hence enabling 

enhanced cellular uptake, in addition to the surface tagged with DNA aptamers. They 

observed a significant tumour growth suppression with their system in tumour bearing mice 

and improved survival rate57.  

 

It is clear that MSNs have been extensively used as nanocarriers for CPT, improving free CPT 

limitations arising from solubility issues and hydrophobicity32, 36, 46-61, 62, 63, 65. 

 

2.1.4. MSNs Functionalised with Lanthanide Complexes as Imaging Labels 

The use of luminescent labels, as mentioned previously, has presented the opportunity for 

SDDS to perform diagnostic techniques to assess tumour sizes and locations, but also 

assessments of therapeutic effects from drug delivery treatments. A diverse range of 

luminescent labels have been used commonly from organic dyes to transition metal 

complexes. The emergence of Ln ions as luminescent labels for SDDS have brought about 

many advantages over other labels. Their advantages as luminescent labels in biological 

systems, and their unique f block chemistry giving rise to these properties are explained in 

section 1.5.2.  

 

The ease of surface modification of silica NPs has allowed SDDS platforms to grow 

multifunctional NP systems, from application of therapeutic effects from drug delivery to 

enhanced efficacy from targeting ligands, and the ability to investigate properties of these 

systems through diagnostic markers. The development of multifunctional SDDS has attractive 

properties but remains a challenge in incorporating several diagnostic markers such as 

magnetic imaging and optical imaging labels. Previous efforts have involved organic dyes 

bringing luminescent properties to MSN systems, and iron oxide NPs bringing magnetic 

properties. Limitations however of these strategies include poor photostability of dyes, and 
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thus optimal release efficacy. Hwang et. al. reported the synthesis of Ln doped MSN 

frameworks, by encapsulating Eu/Gd oxide NPs in MSN porous structure. They were used as 

anticancer drug delivery chemotherapeutic agents by loading DOX in the structures, 

luminescent markers, MRI contrast agents, and NIR irradiation for single oxygen sensitisers 

for PDT therapy (and simultaneous DOX release)66.  

            

 

 

            

A 
B 

C 

Figure 2.1.41 

Multifunctional properties of the Ln doped MSN framework synthesised by Hwang et. al. A left: In vivo T1 weighted 
MRI images of tumour bearing mice injected with commercial Gd-DTPA compared to the SDDS synthesised. A right: 
The T1 contrast agents enhancement comparison. B top: Confocal fluorescence microscopy imaging of the Ln doped 
MSN framework in HeLa cells at 488 nm and 533 nm. B bottom: In vivo fluorescence imaging of PBS and the Ln 
doped MSN framework injected in tumour bearing mice, 1 h after injection. C: ROS levels of the NPs at different 
concentrations, incubated in HeLa cells for 4 h. Images taken from Hwang et. al.66. 
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They were able to demonstrate the magnetic properties of the Ln doped MSN framework 

using in vivo T1-weighted MRI images of melanoma tumour bearing mice. Luminescence 

properties of the NPs were also demonstrated using Ln luminescence spectroscopy, confocal 

fluorescence imaging and in vivo fluorescence imaging of the tumour bearing mice. Moreover, 

they performed in vitro combined chemo-photodynamic therapy of the drug loaded MSNs in 

HeLa cells66. 

 

 

   

   

   

   

   

   

   

   

   

   

       

 
 
Lin et. al. also reported the synthesis of a multifunctional SDDS using MSNs to perform CPT 

delivery. Dual mode imaging was used arising from incorporation of Eu(III), a luminescent Ln, 

and Gd(III), a Ln with magnetic properties. Furthermore, they incorporated stimuli triggered 

drug release through modification of the surface with HA, in addition to gatekeeping for 

controlled release67. 

 
 

 

Figure 2.1.42 

Schematic illustration of the multifunctional SDDS developed by Hwang et. al. Image taken from Hwang et. al.66. 
The schematic represents the ability to visualise visible fluorescence emission by lexc = 570 nm and lem = 620 nm 
from intratumoral injection of EuGdOx@MSF-DOX, and formation of 1O2 by NIR lexc = 980 nm leading to ROS and 
release of DOX without addition of photosensitisers.  
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HA was chosen for this system due to its selectivity for CD44 receptors which are 

overexpressed in cancer cells, hence aiding drug delivery through endocytosis from selective 

HA-CD44 binding. In addition, a TAT peptide was used as a nuclear target which also aided 

targeted delivery of CPT to the nucleus in cancer cells for release. The release was triggered 

by changes in pH (from physiological conditions to acidic environments in tumour cells), 

breaking down HA on the surface and leading to CPT release. Simultaneously, HA also acted 

Figure 2.1.43 

Schematic illustration of SDDS using MSNs loaded with CPT, Eu(III) and Gd(III), and surface modified with HA and 
a nuclear penetrating peptide (TAT peptide). Image is taken from Lin et. al.67. 
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as a gatekeeper due to its polymeric properties, enabling controlled release and prevention 

of premature release.  The dual imaging properties of the SDDS demonstrated biodistribution 

of CPT from drug release, and showed the attachment of the NPs to cell membranes owing 

to targeting HA and TAT molecules67.  

 

A similar system has previously been reported by Lin et. al. which also utilised Ln doped MSNs 

(EuGd-MSNs) for CPT delivery. In this case, the MSNs were modified with FA, and CPT through 

disulphide linkage68. 

 
 

 

 
It is evident that Ln doped MSNs have attracted much attention due to the luminescent 

properties enabling tracking of NP accumulation. Here, Eu(III) was chosen due to its long 

luminescent lifetimes, and Gd(III) for its recognition as T1 contrast agent for MRI. Disulphide 

linkage of CPT to the MSN surface was the chosen strategy here, in attempt to overcome the 

low solubility of free CPT. Through reduction cleavage of the link, Lin et. al. developed a 

system to deliver unmodified CPT molecules in a controlled manner, triggered by intracellular 

Figure 2.1.44 

Schematic illustration of EuGd-CPT and FA- modified MSNs. Image taken from Lin et. al.68. 
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reducing enzymes (GSH). Surface modification also involved FA attachment as a targeting 

ligand due to its selectivity for folate receptors which are overexpressed in cancer cells68. 

 

Other than luminescent labels, Ln functionalised MSN systems have also incorporated other 

f block metals capable of MRI imaging (as seen)66-68, 81, and radiotherapy69. Mathis et. al. 

developed a novel nanosystem incorporating Eu(III) complexes into amino functionalised 

MSNs, in addition to radioactive 177LuCl369.  

 

 
 
 

By incorporation of a tracer amount of 177Lu into Eu(III) sites, radioactivity was switched on 

leading to dual mode imaging and tumour radiotherapy. Imaging techniques (single photon 

emission tomography (SPECT) and computed tomography (CT) imaging) were used to 

investigate biodistribution of the NPs for studying uptake in mice in vivo. They used an HT-29 

tumour xenograft mouse model to evaluate antitumour efficacy of the radioactive labelled 

MSNs, to demonstrate the potential therapeutic applications of the functionalised MSNs69.  

 
There has been a lot of interest in developing Ln doped upconversion NPs (UCNPs), explored 

for applications in cancer theranostics due to some key factors. Some research in this field 

has seen the combination of UCNPs and silica NPs to created multifunctional NPs for imaging 

and drug delivery68. Common luminescent probes used such as organic dyes, QDs and metal 

complexes tend to require UV excitation sources which limit their applications in theranostics. 

UV excitation leads to low tissue penetration depth, low signal to noise ratios arising from 

background autofluorescence, long term irradiation causing DNA damage, and possible safety 

concerns of metal toxicities. A strategy to overcome these issues is using NIR light excitation, 

Figure 2.1.45 

Schematic illustration of Lu-Eu/MSN-NH2 hybrid NP system. Image taken from Mathis et. al.69. 
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enabling deeper tissue penetration, and thus reducing background autofluorescence and 

minimising photodamage to biological tissue70-72. UCNPs are able to convert low energy 

emission to high energy emission and is a process where two or more photons are combined 

to create a high energy photon, essentially an anti-Stokes shift. They usually have high 

excitation wavelengths, 980 nm or 808 nm in the NIR range, good for deep tissue penetration. 

Background autofluorescence is completely eliminated as NIR excitation is used. 

Furthermore, multimodality can be introduced by using UCNPS by doping different Ln ions. 

Lastly, resistance to photobleaching allows in vitro and in vivo theranostic monitoring70, 73-76. 

 

Coating the surface shell of UCNPs gives a hydrophilic platform for improving solubility, but 

also for modifications to the surface. Mesoporous silica shells and hollow mesoporous silica 

shells have been used as coatings on UCNPs, to develop theranostic SDDS. The porous 

structures, as described earlier, provide large surface area and an ability to carry drugs, as 

well as easy surface functionalisation3, 118. Hollow mesoporous silica shells (yolk-shell 

structures) have also attracted much interest due to the hollow structure, large pore volumes, 

and high surface to volume ratios70, 78. 

Figure 2.1.46 

Schematic illustration of formation of silica coated UCNPs carrying drugs (ZnPc). Image is taken from Vetrone et. 
al.79. An amphiphilic triblock copolymer (ethylene oxide)106(propylene oxide)70(ethyelene oxide)106 (PEO-PPO-
PEO) forms micelles in water confining the hydrolysis and condensation of silica precursor TMOS leading to a 
silica shell cross linked micelle. Polymeric micelle and silica nanocapsules are formed with UCNPs and ZnPC which 
acts as a drug (photosensitiser).  



 76 

Vetrone and co workers reported a one pot synthesis of Er(III) and Yb(III) doped UCNPs, and 

a photosensitiser zinc phthalocyanine (ZnPc) in silica shells. Their theranostic NPs 

demonstrated good colloidal stability and showed PDT effect against chemo resistant breast 

cancer cells (BT474 cells), in addition to negative contrast enhancement for MRI (T2 

weighted)79.  

 

Another example of a multimodal theranostic platform created for synergistic therapy, 

combining chemodynamic (CDT) and photodynamic (PDT) therapy, was reported by Yang et. 

al.80. Their design involved a porous silica shell coating UCNPs for upconversion luminescence 

(UCL), CT, and MRI (trimodal imaging) for synergistic CDT, PDT and gas therapy. Copper 

peroxide nanodots and PEG were loaded into the pores. These nanodots were decomposed 

in the acidic environment, after endocytosis into cancer cells, in turn causing the release of 

Cu ions and H2O2 formation subsequently leading to CDT achievement. PDT efficacy was 

enhanced through hypoxia relief and depletion of GSH, in addition to DNA damage through 

the release of ROS levels. Furthermore, the trimodality of the SDDS arising from the Ln ions 

enabled monitoring the treatment in real time80. 

 

Similarly to UCNPs, other NIR Ln examples have been studied on MSNs84, 85, as well as other 

Ln functionalised MSNs84-86.The combination of CPT and Lns has been reported with utilising 

MSNs as a nanocarrier68, 69. Wang and co-workers reported the synthesis of silica coated 

UCNPs, with GSH cleavable disulphide bonds attached to link CPT to the silica shell. Low 

intensity NIR light was used to trigger PDT avoiding photodamage to healthy cells, and also 

enabling enhanced synergistic effects through GSH triggered release of CPT73.  

 
Camptothecin and Lanthanides  

GSH responsive theranostics utilising UCNPs has many examples combining Lns and CPT. As 

previously discussed, disulphide cleavage by interaction with GSH has been employed often 

to release CPT from drug delivery systems70, 90, 91.  
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Other examples reported of combining CPT and Lns in nanosystems to produce applications 

in theranostics has also been observed90, 91. Wong et. al devised a Ln nanoplatform for CPT 

delivery, incorporating dual imaging capabilities90.  

 

 

  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

CPT was incorporated as a prodrug to overcome well known limitations of CPT such as poor 

solubility and inactive carboxylate conversion in physiological conditions. Cyclen derived 

macrocycles were used as choice of coordinating ligands for Gd(III) and Yb(III) due to high 

stability as chelators. CPT molecules were conjugated to Ln-cyclen complexes through 

disulphide linkage, and CPT encapsulation was formed through self-assembly of the micellular 

NPs. In presence of tumour cells rich in GSH concentrations, CPT release was triggered. Real 

time MRI and NIR imaging was used to monitor the CPT release. Increase in Yb(III) 

Figure 2.1.47 

Schematic illustration of Ln self-assembled nanocomposites using a Ln – cyclen complex, with attachment to CPT 
through disulphide linkage responsive to GSH rich environments. Dual imaging capabilities were developed 
through incorporation of magnetic Gd(III) for MRI imaging, and NIR luminescent Yb(III) for NIR imaging. Image 
taken from Wong et. al.90.  
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luminescence was observed after GSH activation, confirming CPT drug release which was 

monitored through NIR imaging. In addition, T1 contrast enhanced performance was achieved 

in solution and in vivo, showing the potential applications as a theranostic platform.  

 

2.1.5. CPT Delivery Using Non-Porous Silica Nanoparticles 

Great interest has focused on drug delivery using SiO2NPs, after the approval of ultrasmall 

SiO2NPs by the US FDA for clinical trials in 2011 for cancer imaging58, 94. SiO2NPs have been 

employed as drug carriers for not only CPT, but other anticancer drugs such as DOX.  

 

Wang and co-workers reported the development of two SiO2NP prodrug systems for 

synergistic drug release through stimuli response triggers58. It is known that the combination 

of CPT and DOX is favourable for cancer therapy due to their TOP enzyme targets54-59. GSH 

and acidic pH were chosen as stimuli triggers for drug release, commonly seen for other MSN 

systems as mentioned previously. Tumour environments feature low pH values due to high 

CO2 levels and high metabolic rates, and GSH rich regions are also found in tumour cells. Wang 

et. al. exploited these common features of tumour environments to release CPT and DOX. 

CPT and DOX were covalently encapsulated in the SiO2NPs, via the Stober method93 through 

co-condensation with the silica precursor. CPT molecules were encapsulated through a 

cleavable GSH responsive disulphide bond conjugated to silane groups. However, DOX beared 

a hydrazone pH responsive bond. This strategy was chosen in order to minimise undesired 

premature drug release upon response to GSH and acidic environments. Their prodrug NP 

system aimed to achieve improved features over MSNs such as easier synthesis, higher 

circulation in the blood and better biocompatibility58.   
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UV-Vis spectroscopy and luminescence was used to show the presence of both drugs in the 

silica matrix. Similar techniques such as TEM and DLS was used here to characterise NP sizes 

and morphology yielding sizes between 50 – 200 nm. In vitro drug release studies 

demonstrated effective proliferation inhibition of HeLa cells, and furthermore, the synergistic 

effect was studied against free drug studies showing improved efficacy.  

 
 
In contrast, Corma and co-workers designed surfaced modified SiO2NPs for CPT delivery with 

covalent conjugation, rather than encapsulation95. Despite the development of water soluble 

CPT derivatives, irinotecan and topotecan, these analogues show less activity than CPT.  

Figure 2.1.51 

Schematic illustration of modified prodrugs CPT and DOX for encapsulation in SiO2NPs via the Stober method. 
NPs were taken up into tumour cells via endocytosis, followed by GSH and pH triggered drug release of 
CPT/DOX from the prodrugs, to free drug release. Image is taken from Wang et. al.58. 
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Corma et. al. aimed to incorporate CPT, and improve limitations associated with the inactive 

carboxylate ring, through substitution on the OH group of the drug molecule. They 

summarised previous research that focused on attachment of CPT through substitution at the 

OH, but it was clear that efficient solubility was a problem.  Herein, they reported a SiO2NP 

drug delivery platform for CPT through linkage at the OH position. Solubility enhancement 

was aimed through surface functionalisation with trihydroxysilylpropyl carboxylate groups 

(THSC), ionised at physiological pH and hence improving colloidal stability through 

electrostatic repulsion95.  

 

 

 

 

 

 

 

 

 

In vitro studies were investigated to show cell internalisation, through endocytosis, and also 

cytotoxicity against HeLa (cervix cancer cell line) and HT-29 Fluc (colorectal cancer cell line). 

Biodistribution in vivo was studied in mice using in vivo and ex vivo luminescence imaging, 

and lastly therapeutic efficacy assays were studied to show tumour suppressing growth after 

treatment.  

 

Figure 2.1.52 

Schematic illustration of CPT conjugated SiO2NPs, functionalised with THSC groups and labelled with Cy5.5, a 
luminescent label enabling in vivo luminescence imaging. Image taken from Corma et. al 95. 
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2.1.6. Non-Porous Silica Nanoparticles Funtionalised with Lanthanide Complexes as 

Luminescent Labels 

Hybrid organic-inorganic Ln based nanosystems have attracted great interest, not only in 

nanomedicine, but also in optics and photonics97. Combination of Lns on silica nanosystems 

has also been extensively researched, just as seen in MSN systems, due to multimodal imaging 

potentials and synergistic diagnostic efficacy98. 

 

UCNPs, as mentioned earlier, have emerged as a unique class of luminescent probes, 

exhibiting advantageous properties in diagnostics, from converting NIR light into visible and 

UV, to penetrating tissue deep in bioimaging applications. Limitations of UCNPs have shown 

that fine control of particle size and distribution of Ln doping can be challenging. Lin et. al. 

constructed silica coated UCNPs (Gd2(WO4)3:Yb(III)/Ho(III)) by one pot co-precipitation 

creating NPs with uniform distribution and exhibiting enhanced yellow luminescence98. An 

amphiphilic polymer, polyethylenimine (PEI), was functionalised on the surface to improve 

hydrophilicity. Temperature sensing of the NPs were achieved by using the fluorescence 

intensity ratio (FIR) method, and were found to exhibit sensing properties through thermally 

coupling of 5F5(1)/ 5F5(2) levels of Ho(III). The T1 weighted MRI properties of Gd(III) also enabled 

enhanced effect in vitro and in vivo. Furthermore, a cisplatin and platinum drug  cis, cis, trans-

diamminedichlorodisuccinato-platinum(iv) (c,c,t-Pt(NH)3Cl2(OOCCH2CH2COOH)2) (DSP) was 

conjugated to the Gd2(WO4)3:Yb(III)/Ho(III)@SiO2NP, and were found to achieve stronger 

inhibition than cisplatin and plain Gd2(WO4)3:Yb(III)/Ho(III) )@SiO2NP on CT26 cancer cells. 

The NIR and MRI containing Ln SiO2NPs were shown to be a promising tool in cancer 

theranostics, showing enhanced therapeutic effects compared to cisplatin and DSP, and 

bimodal imaging98.  
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Dual visible-NIR luminescent SiO2NPs were developed for applications in cellular imaging by 

Mustafina et. al.99. Due to the unique Ln photophysical properties, Ln based luminescence 

was chosen as the route to developing diagnostic SiO2NPs with ability to provide better 

imaging quality from enhanced signal to noise ratio, than organic lumophores. Dual 

luminescence abilities with an NIR probe was important due to improved tissue penetration 

upon excitation. Additionally, by using combination of Lns, luminescent wavelengths are 

tuneable, and also enabled metal to metal energy transfer. Mustafina and co- workers 

presented the complexation of p=sulfonatothiacalix[4]arene (TCAS) Tb(III) and 

Yb(III)presented the complexation of p=sulfonatothiacalix[4]arene (TCAS) Tb(III) and Yb(III) 

A B B

C D E

Figure 2.1.61 

Diagnostic techniques used by Lin and co-workers. A: schematic illustration of temperature sensing, and bimodal 
imaging (upconversion luminescence (UCL) and MRI). B left: T1 weighted MRI pre injection. B right: T1 weighted 
MRI after injection. C: Cell viability assay after incubation of 48 h with Gd2(WO4)3@SiO2NP, Gd2(WO4)3@SiO2NP-
Pt-PEG, cisplatin, and DSP. D: Measuring the amount of endocytosis caused by the different drugs at different 
times. E: Changes in mice tumour sizes dependent on the different treatments given. Images are taken from Lin 
et. al. 98. 
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complexes, doped into the silica matrix, utilising ligand to metal, and metal to metal energy 

transfer for enhanced visible and NIR luminescence99, 100.   

 

 
 
 

Other than ligand to metal energy transfer, the close proximity of the Ln complexes to each 

other in the silica matrix enabled metal to metal energy transfer (Tb à Yb), and enhanced 

NIR Yb(III) luminescence was observed with ratios at 2 : 1 (Tb : Yb). NPs with 2 : 1 ratio of the 

Lns exhibited enhanced toxicity to lung cancer cells (A549) compared to control NPs, 

demonstrated by cytotoxicity assay. Luminescent confocal microscopy was also used tracking 

green luminescence for studying cellular uptake by human embryo cells (W1-38) after 24 h 

incubation. The green luminescent NPs were located in the cytoplasm of cells, and the 

confocal images confirmed cell internalisation under Tb centred luminescence. The NIR 

centred luminescence from Yb(III) was not explored, but presented an opportunity for scope 

in this field to monitor cell internalisation with deep penetration depths98.  

 

 

As seen, common Lns chosen as luminescent markers have seen many studies in the uses of 

Eu(III), Tb(III) and Yb(III) (NIR), creating highly luminescent complexes for applications in 

cancer diagnostics.    
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Figure 2.1.62 

Schematic illustration summarising the process of encapsulation of Tb(III) and Yb(III) TCAS complexes in SiO2NPs, 
functionalised with amino groups. Image is modified from Mustafina et. al.98. 
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2.2. Chapter Outline 

This chapter is concerned with the preparation of novel silica NPs encapsulating an anticancer 

drug, CPT, for drug delivery applications. The NPs are also coated with luminescent Ln 

complexes, based on a DTPA framework ligand, as a diagnostic tool through detection of Ln 

luminescence.  CPT has a high absorption coefficient, and absorbs light efficiently, enabling 

energy transfer to Ln ions resulting in sensitised luminescence.  

 

 

 

 

 

 
 

 

Encapsulated Drug

No Energy 
Transfer

Drug Released

Figure 2.21 

Schematic illustration of silica nanoparticle design carrying CPT, and functionalised with a luminescent DTPA-
Ln complex. An ‘on and off’ switch system of Ln luminescence signal is created through the detection of drug 
release.  The project aims include: achieving sensitised energy transfer from CPT to Ln(III) complex in the 
nanoparticle design, monitoring CPT release from the NPs, and investigating the effect of released CPT on 
A549 lung cancer cells.  
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Herein, the synthesis and characterisation of ligand L, and silica NPs are reported. The 

photophysical properties of complexation to Eu(III) ions, and sensitisation of Eu(III) 

luminescence from CPT in solution are investigated as proof of concept. The luminescence 

properties of the nanoparticle designs developed are investigated, using Eu(III) and NIR Lns 

Nd(III) and Yb(III). The functionalised NPs are then used to show CPT release, monitored using 

UV-Vis absorbance, in order to calculate % release, and indications of which CPT form is being 

released. Once the release was studied, the effect of CPT was studied using cytotoxic assays 

on lung cancer A549 cells, to examine the toxicity of the released drug.  
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2.3. Synthesis of Ligand, L 

 
The ligand L was chosen as the Ln chelator, with silane legs for attachment to silica NPs. L is a 

derivative of diethylenetriaminepentaacetic acid (DTPA) and provides a caged structure 

around Ln(III) ions, and is known to have a high binding constant113-116.  

 

 

 

 
 
 
 
 
 

 
 
 
 

 
 
The synthesis of L was achieved from a one step reaction, with starting material DTPA bis 

anhydride102. 

 

 
 

 
 
 

Figure 2.32 

Reaction scheme of L.  
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Structure of L 
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DTPA bis anhydride was dissolved and stirred in anhydrous pyridine prior to addition of 3-

aminopropyl triethoxysilane (APTES) (giving the silica legs). This reaction was carried out in 

anhydrous conditions overnight before collection of the product L102. Copious amounts of 

hexane was used to precipitate L in addition to stirring in an ice bath. A lot of time was 

required for this step as well as keeping solutions overnight in the fridge to help precipitate 

L. The ligand was then isolated via filtration and checked by 1H NMR and 13C NMR and mass 

spectrometry (see appendix figure 1) .  

 

 

 

 

11 of the 13 proton environments were detected (OH protons excluded). The amide bond 

formation arising from the signal in the aromatic region at 8.08 ppm of H8, NHCO, represented  

as a triplet, is indicative of successful synthesis of L. Triplets are detected in the aliphatic 

region at δH 2.94 ppm and 2.81 ppm corresponding to H3 and H4 respectively. The proton shifts 

for H2 and H6 superimpose into a singlet at 3.33 ppm integrating for 6H, arising from the 

Figure 2.33 

The 300 MHz 1H NMR spectrum of L recorded in d6-DMSO. The solvent peak at 2.54 ppm is formed by DMSO 
CH3. The solvent peak at 2.08 ppm arises from acetone traces, and the peak at 1.05 ppm arises from ethanol 
traces. 
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change in symmetry from DTPA bis anhydride to L, and the new positioning of H2 next to a 

carboxylic acid instead of an anhydride. H2+6 and H7 are also shifted from their δH DTPA bis 

anhydride, due to a greater electron withdrawing effect from the new amide bond, also 

indicative of successful formation. Additionally, the silane legs H12 and H13 are detected as a 

quartet at 3.73 ppm (6H), and a triplet at 1.14 ppm (9H) respectively. 

 

The 13C NMR spectrum of L was also recorded in d6-DMSO (see appendix figure 2) and 

revealed 10 of 11 carbon environments, perhaps due to superimposed peaks in the range 170 

– 180 ppm arising from C = O environments (only two were detected instead of 3). Only one 

environment has a negative signal corresponding to the CH3 group on the end of the silane 

legs. The combination of mass spectrometry, 1H NMR and 13C NMR confirm the successful 

synthesis of ligand L.  
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2.4. Synthesis and Characterisation of Porous Silica Nanoparticles 

Mesoporous silica NPs (MSNs) were synthesised following a modified Stober synthesis, 

forming ordered MCM-41 type MSNs103-105. The synthesis of MSNs are briefly discussed in 

section 1.3.1.  

 

 

 

 

A silica precursor, tetraethyl orthosilicate (TEOS) was used to form the silica network around 

the CTAB micelles directing the structure of MCM-41 MSNs, via hydrolysation and 

condensation around the micelles in basic conditions. The base controls the rate of 

condensation, and hence the nucleation and growth of the NPs. After CTAB removal, via 

either acid extraction or calcination, spherical MSNs are formed with a Si-OH network 

arranged in an hexagonal array, characteristic of MCM-41 NPs103.  

 

The enhanced permeation and retention (EPR) effect is dependent on nanoparticle charge 

and size. To deliver MSNs loaded with drug, it is important to synthesis nanoparticle sizes 
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Figure 2.41 

Schematic illustration of the formation of MCM-41 MSNs using a base catalysed Stober method. Image redrawn 
from Mehmood et. al.106. 
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with diameters < 200 nm to avoid clearance from the bloodstream and hence unnecessary 

accumulation in non-specific organs. Varache et. al. previously reported the effect of NaOH 

concentration on nanoparticle sizes, controlling the rate of condensation105. Based on this, 

we modified the Stober method by controlling the NaOH concentration, using 12.5 mM NaOH 

to yield sizes between 100 nm – 200 nm retaining a narrow size distribution. Furthermore, 

we also observed a size dependence of the NPs on the speed of TEOS addition during the 

synthesis. Over 10 minutes, the speed of TEOS was increased, and a decrease in nanoparticle 

size was observed.   

 

Table 2.41 

DLS sizes of NPs dependent on speed of TEOS additions over 10 minutes. 
 

 

 

 
 
 
 
 
 
 
 

 

 

 

Sample TEOS/ µL 

(over 10 mins) 

Size d/ nm Number 

Distribution 

PDI 

1 250 (x5) 140  ± 40 0.09 

2 625 (x2) 120  ± 40 0.11 

3 1250 (x1) 95  ± 30 0.14 

Figure 2.43 

SEM images of corresponding samples to Table 2.41. A: Sample 1, average diameter size 130 nm. B: Sample 2, 
average diameter size 120 nm, C: Sample 3, average diameter size 100 nm. SEM diameters averaged from 10 
NPs (5 for C).  
 

A B C 
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MSNs were characterised by Dynamic Light Scattering (DLS) and Scanning Electron 

Microscopy (SEM). The hydrodynamic diameter of MSNs (table 2.41) suggests sizes 

decreasing from 140 nm to 95 nm as the speed of TEOS addition was increased over 10 

minutes, all with good Polydispersity Index (PDI). The PDI here gives us an indication of a 

narrow size distribution with monodisperse NPs in solution, with a value < 0.2. The SEM 

images (figure 2.42) of the corresponding samples demonstrate the characteristic spherical 

morphology of MSNs, but more importantly confirm the nanoparticle sizes and the 

decreasing size trend105.  

 

 
2.5. Functionalising MSNs with CPT and Ligand L 

2.5.1. Drug Loaded Nanoparticles 

Traditionally, reports of drug delivery using MSNs load cargo after synthesis of the NPs107-110. 

This is usually carried out by typically stirring a mixture of the drug and NPs, and purified via 

centrifugation to collect the drug loaded NPs. Synthesised MSNs were loaded with anticancer 

drug CPT and their characterisation were carried out using DLS, SEM, Small Angle X-ray 

diffraction (SAXD), and solid state UV-Vis absorption spectroscopy.  

 

 

 

 

Figure 2.5.11 

Schematic illustration of synthesis route to collection of CPT loaded MSNs. 
 

Mesopores

MSN

+

CPT

N

N

O

O

OHO

CPT loaded MSNs



 92 

Table 2.5.11 

DLS sizes of MSNs and drug loaded MSNs. 
 

Sample Size d/ nm Intensity 

Distribution 

PDI 

MSNs 156 ± 29 0.148 

CPT loaded MSNs 116  ± 17 0.518 

 

 

Table 2.5.12 

Zeta potentials of MSNs and drug loaded MSNs.  

 
Sample Zeta Potential z/ mV 

MSNs -34 ± 6 

CPT loaded MSNs 9 ± 7 

 

 

 

 

 

 

Figure 2.5.12 

A: SEM image of MSNs, average diameter 60 nm. B:  SEM image of CPT loaded MSNs, average diameter 72 nm. 
SEM diameters averaged from 10 NPs. 

A B 
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DLS analysis provides the hydrodynamic diameter of the NPs in solution, hence the larger 

values (table 2.5.11) compared to actual size obtained by SEM (figure 2.5.12). The PDI of the 

MSNs show a good narrow size distribution, whose value increases after loading with CPT, 

due to the incorporation of the drug in the pores and adsorbed on the surface. The 

morphology and size is observed to be stable after SEM imaging of the CPT loaded MSNs. The 

zeta potentials of the respective NPs were measured, which is an  indication of surface charge. 

There was a large difference observed of 43 mV after drug loading, taking the zeta potential 

to a positive value of 9 mV. This drastic change suggests clearly the adsorption of CPT on the 

negative SiO2 surface of the MSNs, hence the change to a positive value, as expected. 

 

 

 

 

 

 

The structural properties of the NPs were investigated by SAXD, to confirm the arranged order 

of the silica network in MCM-41 type MSNs105. Figure 2.5.13 B represents the SAXD patterns 

of MSNs, and CPT loaded MSNs. The diffraction pattern of the MSNs was observed to exhibit 

one intense peak at a 2q value of 2.3 o, followed by two shoulders. This is a very characteristic 

Figure 2.5.13 

A: Solid state UV-Vis absorption of MSNs (black) and CPT loaded MSNs (green). B: SAXD patterns of MSNs 
(black) and CPT loaded MSNs (green). 
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pattern of MCM-41 NPs, with the peaks indexing for (100), (110) and (200) as expected, 

confirming the disordered structure and 2D hexagonal array of mesopores. After loading with 

CPT, we observed a decrease in intensity and a shift in 2q value, suggesting a change in pore 

diameter. This can be assumed to be attributed to the relationship between 2q and diameter, 

arising from Bragg’s law105, and therefore a change in porosity post CPT incorporation.  

 

Solid state UV-Vis absorption was used to investigate the presence of the drug in the NPs after 

loading. The plain MSNs control shows no absorbance as expected, compared to the CPT 

loaded MSNs with a lmax of 370 nm, in agreement with solution UV-Vis absorption of CPT, 

confirming the presence of the drug within the NPs (see appendix, figure 8). 

 

2.5.2. Europium Coated MSNs using Ligand L 

MSNs were stirred with L and purified via centrifugation to collect L.MSN. Eu(III) was titrated 

in to the nanoparticle solution to form Eu- L.MSN, monitored by luminescence.  

  

 

 

The luminescence study of L.MSN complexed to Eu(III) was performed to investigate if the 

binding event could be observed by monitoring the Eu(III) emission.  
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Figure 2.5.21 

Schematic illustration of design route to L.MSN complexed to Eu(III).  
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As Eu(III) was titrated into a solution of the ligand and MSNs, the Eu(III) emission was 

monitored as the metal ion was excited directly at lexc = 394 nm. An increase in emission 

intensity was observed and detected at three characteristic transitions of 5D0 à 7F1,2,4. The 

hypertensive transition at 615 nm (5D0 à 7F2) shows high intensity, and is comparable with 

the electric dipole transition 5D0 à 7F4 at and 690 nm. The increase in intensities of these 

transitions indicate the successful binding between the metal ion and L.MSN. This 

observation can be attributed to the exclusion of water molecules surrounding the metal ion, 

as the ligand binds to Eu(III), in addition to hypersensitive transitions of Eu(III)111, 112.  

 

The change in intensity of the transitions observed in the emission spectra also indicate 

successful binding between Eu(III) and L, credited to hypersensitive transitions. 

Hypersensitive transitions of Lns are induced by the decrease in symmetry around the metal 

ion as the coordination sphere is filled. Due to shielding effects, it’s known that the Ln 4f 

A B 

5D0 à 7F2 
5D0 à 7F4 

5D0 à 7F1 

Figure 2.5.22 

A: Emission spectrum of the binding between Eu(III) and L.MSN, lexc = 394 nm. Eu(III) (18 mM) was titrated into 
a solution of L.MSN (0.7 mg mL-1) to a final concentration of Eu(III) of 0.94 mM. B: A plot of relative integrated 
area between l = 601 nm – 628 nm against Eu(III) concentration. Emission spectra corrected for PMT and 
instrument response. 
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orbitals do not interact well with d orbitals of ligands, and therefore any ligand field 

stabilisations effects are considered to be negligible. The interaction between the Ln 4f and 

ligand d orbitals can become more prominent due to hypersensitive f-f transitions. When 

coordinated to water molecules Eu(III) is in a highly symmetrical environment, where only 

magnetic dipole transitions are allowed (DL = 0, DJ = 0, 1). After coordination to a ligand the 

symmetry is lowered, giving rise to changes in intensities as electric dipole transitions become 

allowed (DL and DJ = 0, 2, 4, 6)111, 112, 119-121.  

 

DTPA ligand frameworks are known to have high stability constants, usually K = 1015, 

important for the stability of the Ln complexes113-116. The polydentate ligand L can have a 

coordination number of 9 using hard oxygen and nitrogen donors, as the ligand saturates the 

ion’s coordination sphere, the exclusion of water minimises quenching from high energy OH 

vibrations114, 117, 118. The saturation around the metal ion, with a high coordination number, 

was the main attraction behind the ligand design, with the silane legs enabling attachment to 

silica NPs via the Si – O bond.  

 

2.5.3. Sensitisation of Eu(III) by CPT  

The first major step to the project was to determine the energy transfer process that could 

occur using the anticancer drug CPT, to sensitise Ln(III) luminescence.  

 
 

CPT is a highly conjugated molecule with a high absorption coefficient, e350 (MeOH) = 20000 

mol-1 dm3 cm-1 (see appendix figure 10) in agreement with literature values122, 123, 125. With 

EFFECT OF CPT 
RELEASED

RELEASE 
OF CPT

ENERGY 
TRANSFER



 97 

the role as a drug for targeted tumour sites, the high conjugation and e enables CPT to 

simultaneously act as a sensitiser for Ln(III) ions.  

 

 

 

 

 

 

 

 

 

 

 

CPT exhibits absorbance with an intense shoulder at lmax = 360 nm attributed to pàp* 

transition, and two other bands at lmax = 250 nm, and 220 nm106, 124, 125 . The emission of CPT 

in MeOH can be monitored at lmax = 430 nm with an excitation wavelength of 350 nm, giving 
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Figure 2.5.31 

Structure of CPT.  
 

Figure 2.5.32 

A: UV-Vis spectrum of CPT (30 µM, MeOH). B: Emission spectrum of CPT (30 µM, MeOH), lexc = 350 nm. Emission 
spectra corrected for PMT and instrument response.  
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a Stokes shift of 80 nm. With a high absorption coefficient, and emission between 400 nm – 

500 nm, we can exploit CPT as a sensitiser for Ln ions.  

 

To study the sensitisation, the emission of Eu(III) was monitored in a solution of the metal ion 

and CPT, in the presence of base.    

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 

 

 

 

In a solution of CPT in the presence of base, Eu(III) emission was detected by characteristic 

sharp lines at lem = 615 nm (5D0 à 7F2) and 695 nm (5D0 à 7F4), with the 5D0 à 7F2 transition 

being most intense. The absence of other Eu(III) transitions suggests the low symmetrical 

environment around the metal ion when coordinated to CPT111. The detected signal 

Figure 2.5.33 

Photophysical characterisation of Eu(III) emission sensitised by CPT in solution. CPT absorbance (30 µM, MeOH) 
(purple), Eu(III) excitation at lem = 615 nm (red), Eu(III) emission (0.03 mM) from sensitisation of CPT (30 µM, 
MeOH), lexc = 350 nm. Emission spectra corrected for PMT and instrument response. Excitation spectra corrected 
for lamp response.  
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suggested energy transfer from CPT due to the excitation wavelength of 350 nm used to 

obtain the Eu(III) emission. To confirm this, the excitation spectrum at lem = 615 nm of the 
5D0 à 7F2 transition was investigated. The spectrum (figure 2.5.33, red) shows good overlap 

with the CPT solution UV-Vis absorbance spectrum (figure 2.5.33, purple) indicating that at 

the excitation wavelength of 350 nm, the population of the Eu(III) excited state giving rise to 

emission is most intense at this wavelength. To further prove this observation, the energy 

transfer between CPT and Eu(III) was monitored spectroscopically.  

 

 

 

 
 
 

As the metal ion was titrated into a solution of the drug, a decrease in CPT emission was 

observed at lem = 430 nm, and simultaneously an increase in Eu(III) emission was monitored. 

Moreover, the comparable intensity ratio between the 5D0 à 7F2 and 5D0 à 7F4 transitions 

indicate the sensitivity to environmental changes as Eu(III) is titrated into a solution of CPT111. 

Figure 2.5.34 

Emission spectra of Eu(III) (5 mM) titrated into CPT (0.05 mM, MeOH) to a final concentration of Eu(III) 1.7 mM, 
and CPT 0.03 mM, lexc = 350 nm. A: monitoring CPT emission. B: monitoring Eu(III) emission. Emission spectra 
corrected for PMT and instrument response.  
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This luminescence study was important to show the energy transfer occurring between the 

drug and the metal ion, detected by the changes in emission signal as the process occurred. 

 
 
 
 
 

 

 

 

 

 

The Eu(III) emission signal detected was confirmed to be as a result of sensitisation from CPT, 

in the presence of base. Under basic conditions, CPT can undergo ring opening forming the 

carboxylate, whose properties are inactive as an anticancer drug122, 126-129. It is well known 

that the drug exists in its natural form as a lactone, and many studies have reported to show 

the inactivity of the carboxylate form. In this case in presence of base, we have created a 

binding site for the metal ion enabling the sensitisation process in solution, as a proof of study. 

However, this is not ideal for the diagnostic applications of the NP design created. In order to 

have good potential as a nanocarrier, simultaneously monitoring drug release via Ln 

luminescence, it is imperative that we are able to sensitise Ln emission using the closed ring 

CPT in NPs.  

 

Furthermore, it is essential to note that the sensitisation process from the drug to the Eu(III) 

centre in solution, in absence of base, was not successful. With no binding site on the 

sensitising unit, Eu(III) emission signal cannot be detected, and thus signified the requirement 

for a nanocarrier to hold the active drug in close proximity to enable energy transfer.  
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Figure 2.5.35 

Ring opening of CPT in the presence of base, forming the carboxylate and providing a binding site for 
coordination to Eu(III).  
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2.6. Synthesis and Characterisation of Non-Porous Silica Nanoparticles Doped with 

CPT 

Non-porous silica NPs were synthesised in order to create a one pot synthesis, essentially 

creating NPs with the drug templated in the structure, and thus providing a potential solution 

to keep CPT in its active form and simultaneously act as a sensitising unit.  

 

 

 

Non-porous silica NPs (SiO2NP) doped with CPT were synthesised based on the Stober 

method, using TEOS as the silica precursor, and ammonia as the base catalyst130-132. This 

method has been used previously for preparing dye doped silica NPs by Pikramenou et. al. by 

generally adding the dye at the beginning of the reaction132. The hydrolysis of TEOS and 

condensation into oligomers, followed by aggregation and growth of the primary particles to 

secondary particles occurs132, 137. The addition of the drug at the beginning of the reaction 

enables interaction with the primary particles, giving opportunity to inclusion within the 

aggregation and growth of the particles. This synthesis was used to create encapsulated CPT 

in silica NPs, forming CPTÌSiO2NP.  The NPs were characterised by DLS, SEM, and solid state 

UV-Vis absorption. 

Figure 2.61 

Schematic illustration of synthesis route to CPTÌLn-L.SiO2NP. 
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Table 2.61 

Hydrodynamic diameter of NPs by DLS.  
 

Sample Size d/ nm Intensity 

Distribution 

PDI 

CPT⊂SiO2NP 83 ± 26 0.095 

 

Table 2.62 

Zeta potentials of NPs by DLS.  
 

Sample Zeta Potential z/ mV 

SiO2NP -50 ± 9 

CPT⊂SiO2NP -51 ± 14 

Figure 2.62 

SEM image of CPTÌSiO2NP, average diameter 95 nm. SEM diameter averaged from 10 NPs. 
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The hydrodynamic diameter of CPTÌSiO2NP by DLS is 70 nm with a good PDI, showing a good 

narrow distribution of sizes in the nanoparticle solution (table 2.61). This observation was 

confirmed by SEM showing the NPs to be on average 95 nm in diameter, with good spherical 

shape and no aggregation (figure 2.62). The zeta potential was also measured against control 

SiO2NP with no drug, to investigate whether the drug was included in the NPs mostly, rather 

than adsorbed on the nanoparticle surface (table 2.62). The very negative zeta potential of -

51 mV suggests that CPT has been successfully encapsulated inside the NPs, dominating over 

any drug molecules that may be adsorbed on the surface. The large difference between the 

zeta potentials of CPT⊂SiO2NP and CPT loaded MSNs (table 2.5.12) suggests that this is the case. 

Any adsorbed CPT molecules on the surface would significantly change the potential to a 

more positive value (table 2.5.12). Solid state UV-Vis absorbance was used to detect the 

presence of CPT in the NPs (figure 2.63), confirming the success of the encapsulation. The 

presence of the absorption between lmax = 350 nm and 400 nm can be attributed to CPT, with 

good overlap of CPT loaded MSNs, confirming the observation.  

Figure 2.63 

Solid state UV-Vis absorption of CPT functionalised NPs; CPTÌSiO2NP (blue), CPT loaded MSNs (green), SiO2NP 
(red). 
 

CPTÌSiO2NP 

CPT loaded MSNs 
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2.7. Lanthanide Coated SiO2NPs 

The synthesis to forming CPTÌLn-L.SiO2NP (figure 2.61) (Ln(III) = Eu, Yb, Nd), was carried out, 

and purified via centrifugation before collecting the NPs. Their sizes were characterised by 

DLS and SEM, and additionally their surface charge by measuring the zeta potential.  

 

Table 2.71 

Hydrodynamic diameter of NPs by DLS.  
 

Sample Size d/ nm Intensity 

Distribution 

PDI 

CPT⊂SiO2NP 83 ± 26 0.095 

CPTÌEu-L.SiO2NP 80 ± 42 0.272 

CPTÌNd-L.SiO2NP 84 ± 39 0.243 

CPTÌYb-L.SiO2NP 94 ± 63 0.298 
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Table 2.72 

Zeta potentials of the NPs measured by DLS.  
 

Sample Zeta Potential z/ mV 

CPT⊂SiO2NP -51 ± 14 

CPTÌEu-L.SiO2NP -24 ± 10 

CPTÌNd-L.SiO2NP -18 ± 12 

CPTÌYb-L.SiO2NP -24 ± 5 

 

C 

Figure 2.71 

SEM images of CPTÌLn-L.SiO2NP. A: Ln(III) = Eu, average diameter 79 nm. B: Ln(III) = Nd, average diameter 89 nm. 
C: Ln(III) = Yb, average diameter 75 nm. SEM diameters averaged from 10 NPs. 
 

A B 
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The hydrodynamic diameters of the Ln coated SiO2NPs were measured using DLS (table 2.71). 

Upon coating of the CPTÌSiO2NP with the Ln complexes, no significant change was observed 

in the size distribution due to the small size of L compared to the NPs. They were measured 

with PDI values between 0.2 – 0.3, as expected after coating of the NPs. The sizes and 

morphology were confirmed by SEM imaging (figure 2.71). The zeta potentials of the 

corresponding NPs were also measured to obtain their surface charge, indication of a change 

to the surface after coating. An increase in zeta potential of 27 mV (CPTÌEu-L.SiO2NP and 

CPTÌYb-L.SiO2NP) and 33 mV (CPTÌNd- L.SiO2NP) was observed after coating CPT⊂SiO2NP. 

This was a good indication of successful coating onto the CPT⊂SiO2NPs,  observed by the large 

positive change in zeta potential.  
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2.7.1. Luminescence Studies of Lanthanide Coated SiO2NPs 

We have previously proved the successful energy transfer between CPT and Eu(III), in the 

presence of base in solution. The use of SiO2NPs to firstly carry the drug to its target site acting 

as a nanocarrier, and secondly to hold CPT in its active form (figure 2.5.35) in close proximity 

to the metal ion to allow sufficient energy transfer113, was implemented. If this is achievable, 

Ln(III) luminescence signal from sensitisation of CPT can be used to determine whether the 

drug has been released, or not. The synthesis to forming CPTÌLn-L.SiO2NP (figure 2.61) (Ln(III) 

= Eu, Yb, Nd), was carried out, and purified via centrifugation before collecting the NPs.  

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 

 

 

The Ln(III) luminescence signal was monitored from CPTÌLn-L.SiO2NP NPs using lexc = 350 

nm.  

 

 

 

Figure 2.7.11 

Schematic illustration of the energy transfer from CPT to Ln-L in the Ln coated SiO2NP system, hn < hn’. 
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Figure 2.7.12 

A: Solid state emission spectra of CPTÌLn-L.SiO2NP, monitoring Ln emission, Ln(III) = Eu (red), Yb (brown), Nd 
(maroon), lexc = 350 nm. B: Excitation spectra of CPTÌLn-L.SiO2NP, monitoring Ln excitation, Ln(III) = Yb (brown) 
and Nd (maroon) at their respective emission bands; lem = 975 nm (Yb) and 1060 nm (Nd). C: Excitation spectra 
of CPTÌEu-L.SiO2NP monitoring Eu excitation at lem = 615 nm. Emission spectra corrected for PMT and 
instrument response. Excitation spectra corrected for lamp response.  
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The solid state emission signal was detected for each Ln(III) NP system by sensitisation of CPT 

at lexc = 350 nm. The characteristic emission signal was collected for the Eu(III) NPs, observed 

by three sharp peaks at lem = 590 nm, 615 nm and 695 nm (5D0 à 7F1,2,4 respectively), with 

the hypersensitive 5D0 à 7F2  transition at lem = 615 nm being most intense. The high intensity 

of this transition indicates low symmetry around the Eu(III) ion and in addition, the transitions 

are not observed to be split (Stark levels), also indicating only one equivalent site for each 

Eu(III) ion111, 135. The difference in intensities of each transition reflects the hypersensitivity 

effect, previously discussed in section 2.5.2, suggesting the Ln complex has retained its 

stability post addition to CPTÌSiO2NP112. The intensity can be seen to tail down before we 

are able to detect Eu(III) signal, which can be attributed to the strong CPT emission tailing 

down. Due to the high e and therefore, strong emission signal of CPT, a difference of 185 nm 

between lmax = 615 nm (EuIII) and 430 nm (CPT), is only just sufficient enough in this case to 

detect the visible emitting Ln(III). With proof of concept of the drug’s ability to sensitise Eu(III) 

(section 2.5.3), and the latter Eu(III) solid state emission signal from CPTÌEu-L.SiO2NP (figure 

2.7.12, A) using lexc = 350 nm, was strong evidence of successful energy transfer in the 

nanoparticle system designed. This was an imperative result that showed great potential for 

the ‘on-off’ switch system, but more significantly to use near infra-red (NIR) Ln. NIR emitting 

Lns are an attractive choice due to their ability to penetrate tissue deeper, and the reduced 

interference from background luminescence of biomolecules. Additionally, with a large 

difference in lmax between CPT emission and NIR Ln(III) emission, the NIR Ln(III) signal can be 

optimised118, 136.  

 

The characteristic emission signal for Nd(III) from CPTÌNd-L.SiO2NP was collected at lem = 

890 nm (4F3/2 à 4I9/2), 1060 nm (4F3/2 à 4I11/2) and 1335 nm (4F3/2 à 4I13/2), with the 4F3/2 à 
4I11/2 transition being most intense. Yb(III) emission signal, albeit weaker, was also detected 

from CPTÌYb-L.SiO2NP at lem = 975 nm (2F5/2 à 2F7/2)118. An excitation wavelength of lexc = 

350 nm was also used here (in addition to CPTÌEu-L.SiO2NP) to monitor the respective 

emission signal from each Ln(III), providing strong evidence for good energy transfer from CPT 

to Ln(III) within the designed system. To further confirm this, the excitation spectra of 

CPTÌLn-L.SiO2NP (Ln(III) = Yb and Nd) were recorded at their respective most intense 

transitions: lem = 975 nm (Yb) and lem = 1060 nm (Nd). Good overlap between the spectra 
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was observed between 300 nm to 400 nm, in agreement with CPT UV-Vis absorbance (see 

appendix figure 19), confirming the observed Ln(III) emission was a result of energy transfer 

from CPT. Furthermore, the excitation spectra allows us to identify that the respective 

transitions  2F5/2 à 2F7/2 (Yb) and 4F3/2 à 4I11/2 (Nd) are most intensely populated when lexc = 

375 nm. The excitation spectra of CPTÌEu-L.SiO2NP at lem = 615 nm was also recorded but 

unlike figure 2.7.12 B, showed inefficient energy transfer perhaps arising from the smaller 

Stokes shift between CPT absorbance and Eu(III) emission at 620 nm.  

 

The CPT emission and excitation was also monitored from the CPTÌLn-L.SiO2NP (Ln(III) = Eu, 

Yb, Nd) NPs.  

 

   

 

 
 

 

Strong CPT emission was recorded for each nanoparticle system using the same excitation 

wavelength, lexc = 350 nm. Good overlap was observed between each NP system; lem = 420 

nm (Ln(III) = Eu and Yb), and lem = 410 nm (Ln(III) = Nd), which was also reflected in their 

Figure 2.7.13 

A: Solid state emission spectra of CPTÌLn-L.SiO2NP, monitoring CPT emission, Ln(III) = Eu (red), Yb (brown), Nd 
(maroon), lexc = 350 nm. B: Excitation spectra of CPTÌLn-L.SiO2NP, monitoring CPT excitation, Ln(III) = Eu (red), 
Yb (brown), Nd (maroon), at their respective emission bands; lem = 420 nm. Emission spectra corrected for PMT 
and instrument response. Excitation spectra corrected for lamp response. 
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respective excitation spectra, in good agreement with CPT UV-Vis absorbance (see appendix 

figure 19). 

 

 

 

 

The emission signal in solution was also detected for the Eu(III) and Nd(III) NP system by 

sensitisation of CPT at lexc = 350 nm (figure 2.7.14 A and B respectively). The characteristic 

emission signal was collected for the Eu(III) NPs observed by two sharp peaks at lem = 590 nm 

and 615 nm  (5D0 à 7F1,2 respectively). The high intensity of the hypersensitive transition, also 

observed in solid state, correlates with the low symmetry around the Eu(III) ion111. Monitoring 

the Nd(III) emission signal proved difficult despite using D2O and inert conditions, however 

the signal at lem = 890 nm (4F3/2 à 4I9/2), and 1335 nm (4F3/2 à 4I13/2) was observed, unusually 

without the detection of the 4F3/2 à 4I11/2 transition at lem  = 1060 nm. This could be a 

consequential effect of quenching mechanisms, especially sensitive for NIR Lns118. Monitoring 

A B 

Eu 
Nd 

CPT CPT 

Figure 2.7.14 

A: Solution emission spectra of CPTÌEu-L.SiO2NP in water (1 mg mL-1, H2O), monitoring CPT emission (red, solid), 
and Eu(III) emission (red, dotted), lexc = 350 nm. B: Solution emission spectra of CPTÌNd-L.SiO2NP in D2O (1 mg 
mL-1, D2O), monitoring CPT emission (maroon, solid), and Nd(III) emission (maroon, dotted), lexc = 350 nm. 
Emission spectra corrected for PMT and instrument response.  
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Yb(III) emission signal from CPTÌYb-L.SiO2NP in solution was not successful due to the inert 

conditions required for detection of the NIR signal in solution118. The solution emission 

observed however, for both CPTÌEu-L.SiO2NP and CPTÌNd-L.SiO2NP was an important 

result, in addition to the solid state emission and corresponding excitation spectra (figure 

2.7.12), as this was proof of the nanoparticle design holding CPT at a sufficient distance from 

Ln-L to sensitise Ln(III) emission (figure 2.7.11).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Control experiments of the respective nanoparticle systems without CPT (figure 2.7.15), were 

also recorded to aid the evidence of CPT sensitisation in order to observe Ln(III) emission.  

 

 

 

Figure 2.7.15 

Schematic illustration of control Ln-L.SiO2NP NPs (Ln(III) = Eu, Yb, Nd) in absence of CPT.  
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Control experiments were conducted from Ln-L.SiO2NP (in absence of CPT), CPTÌL.SiO2NP 

(in absence of Ln(III)), and Nd-L.SiO2NP mixed with CPT powder. Emission was monitored in 

in the CPT and Ln(III) emission ranges to confirm the necessity of CPT’s presence within the 

designed system to observe sufficient energy transfer.  

Eu  

Nd  

Yb  
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C D 
CPT emission from 

CPTÌL.SiO2NP  
CPT emission 

from CPT 
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No emission l = 600 
nm – 1500 nm 

No emission l = 800 
nm – 1500 nm 

Figure 2.7.16 

Solid state emission spectra of control experiments Ln-L.SiO2NP (Ln(III) = Eu, Yb, Nd), lexc = 350 nm. A: Emission 
spectra of Ln-L.SiO2NP in the visible range, Ln(III) = Eu (red), Yb (brown), Nd (maroon). B: Emission spectra of 
Ln-L.SiO2NP in the visible – NIR range, Ln(III) = Eu (red), Yb (brown), Nd (maroon). C: Emission spectra of 
CPTÌL.SiO2NP; CPT emission (blue), emission in the Ln(III) visible (grey) and NIR (black) range. D: Emission 
spectra of Nd-L.SiO2NP mixed with CPT powder, CPT emission (blue), emission in the Ln(III) NIR range (maroon).  
Emission spectra corrected for PMT and instrument response. 
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Firstly, the emission of Ln-L.SiO2NP in absence of CPT, was monitored in the visible and NIR 

range using lexc = 350 nm (figure 2.7.16, A and B). Scattering of SiO2NPs was observed in the 

same range as CPT emission, and this was confirmed by monitoring changes in lem as lexc was 

changed every 5 nm (see appendix figure 23). Zero CPT emission was observed between lmax 

= 400 nm – 600 nm as expected. These control experiments also show zero emission signal in 

the Ln(III) visible and NIR range (figure 2.7.16, B), in addition to zero CPT emission in absence 

of the drug (figure 2.7.16, A). This confirmed the necessity of the drug’s presence within the 

designed system, in order to observe the Laporte forbidden Ln(III) emission enhanced via 

sensitisation. Secondly, the emission of control CPTÌL.SiO2NP NPs were also monitored 

(figure 2.7.16, C), in absence of metal ions to show no interference from CPT emission beyond 

lmax = 600 nm. Lastly, figure 2.7.16 D shows the emission of Nd-L.SiO2NP mixed with CPT 

powder. CPT emission was observed as expected at lmax = 440 nm, but no Nd(III) emission 

signal was detected in the NIR range. This control experiment showed the necessity of CPT’s 

presence to be within the nanoparticle system designed and encapsulated in the SiO2NP to 

be within proximity to the metal ions, in order to observe Ln(III) emission due to efficient 

energy transfer.  

 

Combining the conclusions gathered from the control experiments (figure 2.7.16), in addition 

to the observed solid state emission of CPTÌLn-L.SiO2NP (Ln(III) = Eu, Nd and Yb) and the 

respective excitation spectra (figure 2.7.12), and more importantly the solution emission 

spectra of CPTÌLn-L.SiO2NP (Ln(III) = Eu and Nd) (figure 2.7.14), shows strong evidence 

confirming the energy transfer process successfully occurring in these nanoparticle systems, 

without the presence of base. 

 

2.8. Non-Porous Silica Nanoparticles Doped with CPT at Different Reaction Times 

Ln(III) emission was successfully detected from CPTÌLn-L.SiO2NP, from CPT sensitisation, 

synthesised by adding the drug in the beginning of the SiO2NP reaction as discussed in section 

2.6. The synthesis was based on the Stober method, following Lewis et. al., who covalently 

incorporated Iridium complexes throughout a silica core in 2013132. The Pikramenou group 

previously also prepared dye doped silica NPs with the complex [Ru(phen)3]2+ 137. 
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Interestingly, this dye doped method was reported to show emission dependent properties 

on the time of the addition of the dye by Yang et. al.133. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

They found the emission properties of the dye doped NPs were dependent on the time of dye 

addition. Based on the experimental results found, they proposed the growth of the dye 

doped NPs, redrawn in figure 2.81. Introducing their dye at the beginning of the reaction 

enabled rapid TEOS hydrolysis and condensation, in the presence of ammonia, and therefore 

created a greater opportunity for dye molecules to come into contact with each other by 

interacting with the hydrolysing TEOS. Introducing the dye further into the reaction after the 

primary particles have been consumed and the growth of secondary particles becomes 

prominent, favoured adsorption of the dye onto the surface. The silica monomers can then 

deposit on the adsorbed dye, however if the dye is introduced much further into the reaction 

time the dye cannot be protected by a silica protection later133.  

Figure 2.81 

Schematic illustration of silica species at different times along the Stober process corresponding to the different 
times of addition of dye. Image is redrawn from Yang et. al.133. 
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Using this proposed mechanism as a guide, different CPTÌSiO2NP NPs were synthesised with 

the drug added at 3 h, with the same solvent concentrations used as per section 1.6. This was 

proposed to investigate whether the emission properties of CPTÌLn-L.SiO2NP could be 

enhanced. Based on the hypothetical growth of dye doped silica NPs (figure 2.81), if CPT is 

added further into the reaction; 3 h, where the drug molecules are spaced out closer to the 

surface, in increasing proximity to Ln-L, the efficiency of the energy transfer process could be 

enhanced.  

 

2.8.1. First method of synthesis of Non-Porous Silica Nanoparticles Doped with CPT  

CPTÌSiO2NP NPs were synthesised as per section 2.6, with the dye added at 3 h, forming 

CPT3ÌSiO2NP_1. The NPs synthesised in section 2.6 (dye added at 0 h) were renamed 

CPT0ÌSiO2NP_1 (and respectively CPT0ÌLn-L.SiO2NP_1), and their properties were 

compared to CPT3ÌSiO2NP_1. 

 

The synthesis to form CPTÌLn-L.SiO2NP (figure 2.61) (Ln(III) = Eu, Yb, Nd), was carried out (as 

per section 2.7), and purified via centrifugation before collecting the NPs. Their sizes were 

characterised by DLS and SEM, and additionally their surface charge by measuring the zeta 

potential.  

 

Table 2.8.11 

Hydrodynamic diameter of NPs by DLS.  
 

Sample Size d/ nm Intensity 

Distribution 

PDI 

CPT3⊂SiO2NP_1 129 ± 49 0.129 

CPT3ÌEu-L.SiO2NP_1 88 ± 55 0.230 

CPT3ÌNd-L.SiO2NP_1 88 ± 21 0.372 

CPT3ÌYb-L.SiO2NP_1 69 ± 29 0.207 
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Table 2.8.12 

Zeta potentials of the NPs measured by DLS.  
 

Sample Zeta Potential z/ mV 

CPT3ÌSiO2NP_1 -42 ± 8 

CPT3ÌEu-L.SiO2NP_1 -28 ± 11 

CPT3ÌNd-L.SiO2NP_1 -25 ± 6 

CPT3ÌYb-L.SiO2NP_1 -21 ± 5 

 

A B 

C D 

Figure 2.8.11 

SEM images of CPT3ÌLn-L.SiO2NP_1. A: CPT3ÌSiO2NP_1, average diameter 70 nm. B: Ln(III) = Eu, average 
diameter 52 nm. C: Ln(III) = Nd, average diameter 55 nm. D: Ln(III) = Yb, average diameter 54 nm. SEM diameters 
averaged from 10 NPs. 
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The hydrodynamic diameters of CPT1ÌSiO2NP_3 and the respective Ln coated SiO2NPs were 

measured using DLS (table 2.8.11). Upon coating of the CPTÌSiO2NP with the Ln complexes, 

no significant change was observed in the size distribution due to the small size of L compared 

to the NPs. They were measured with PDI values between 0.2 – 0.3, as expected after coating 

of the NPs. The sizes and morphology were confirmed by SEM imaging (figure 2.8.11). The 

zeta potentials of the corresponding NPs were measured obtaining  their surface charge, an 

indication of a change to the surface after coating. A small increase in zeta potential of 9 mV 

from CPT0ÌSiO2NP_1 to CPT3ÌSiO2NP_1 was observed, suggesting some CPT interaction 

with the surface. This could be explained by the location of the encapsulated CPT in 

CPT3ÌSiO2NP_1 (figure 2.81) closer to the surface (favouring adsorption closer to surface as 

CPT was added later in the synthesis), but is also within error. However, the substantial 

negativity of the zeta potential still suggests sufficient encapsulation of CPT by comparison to 

CPT loaded MSNs (9 mV), a significant difference from CPT3⊂SiO2NP_1. A further larger 

increase in zeta potential was observed after coating with the Ln(III) complexes; 14 mV 

(CPT3ÌEu-L.SiO2NP_1), 17 mV (CPT3ÌNd-L.SiO2NP_1) and 21 mV (CPT3ÌYb-L.SiO2NP_1). 

The positive change in zeta potential showed the successful coating onto the CPT⊂SiO2NPs.  
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2.8.2. Emission Properties of CPT3ÌSiO2NP_1 and the Respective Ln(III) Coated Nanoparticles 

 

 

 

The solid state emission spectra of the NPs were compared (figure 2.8.21, A) using lexc = 360 

nm. The emission of CPT0ÌSiO2NP_1 lies at lem = 415 nm, a hypsochromic shift from the 

emission of CPT3ÌSiO2NP_1 at lem = 465 nm, and the emission of CPT powder lies at lem = 

480 nm. This observation is also mirrored in the solution emission spectra of the NPs. The 

emission of CPT0ÌSiO2NP_1 lies at lem = 435 nm, again a hypsochromic shift from the 

emission of CPT3ÌSiO2NP_1 at lem = 450 nm. The blue shift in emission observed from adding 

the dye before 3 h (at the beginning: 0 h) was also observed by Yang et. al.133. The slight blue 

shifted change in CPT emission, in comparison to CPT encapsulated in SiO2NPs has previously 

been reported too, by Wang et. al.133. Wang and co-workers, similarly designed a nanocarrier 

using SiO2NPs to co-deliver CPT and DOX, using GSH and pH responsive triggers. Both of the 

emission spectra for the prodrug NPs showed similar emission to the drug molecules alone, 

but similarly observed a blue shift in CPT emission138.  

A B 

Figure 2.8.21 

Emission spectra of CPT and CPTnÌSiO2NP_1 NPs, n = 0 h, 3 h, at lexc = 360 nm. A: Solid state emission spectra 
of CPT0ÌSiO2NP_1 (blue, dotted), CPT3ÌSiO2NP_1 (blue, dashed) and CPT powder (blue, solid). B: Solution 
emission spectra of CPT0ÌSiO2NP_1(blue, dotted) (1 mg mL-1, H2O), CPT0ÌSiO2NP_1 (blue, dashed) (1 mg mL-1, 
H2O) and CPT  (blue, solid) (0.025 mM, H2O), compared to solution CPT  absorbance (dark blue) (0.025 mM, H2O). 
Emission spectra corrected for PMT and instrument response. 
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It is known for CPT to be able to form dimers, and form stacking interactions when packed 

together108, 124, 139-141. D. Dvoranova et. al. in 2013 optimised the structures of CPT and its p-

dimer using UV-Vis spectroscopy and DFT calculations124. It was found their study implied that 

the existence of two strong shoulders in the UV-Vis spectra of CPT (figure 2.8.21, B) at 350 

nm, but more to the blue-shifted shoulder to be explained by p-p interactions holding the CPT 

molecules in a heat to tail orientation. Self-aggregation also prevents hydrolysis of CPT, 

preserving the drug in its active form. pH can also influence the chemical equilibrium of CPT 

between the lactone and carboxylate (figure 2.5.35), in turn influencing the interactions 

between CPT molecules in the NPs. Fonseca et. al. in 2020 proposed the association of CPT 

molecules with each other on the surface of graphene oxide (GO) and GO decorated with 

MSNs (GO-MSNs) through hydrogen bonding and p-p stacking interactions108.  

 

 

 

 

 

 

 

 

 

 

 

 

The structure of CPT emission band shows a shoulder at 450 nm, which is also mirrored in the 

control experiments of CPT mixed with MSNs and SiO2NP (shoulder at 450 nm and 480 nm 

respectively). These suggest signs of possible vibronic coupling, indicating some interaction 

between CPT molecules when packed as a solid.  

CPT 

CPT mixed with MSNs 

CPT mixed with SiO2NP 

Figure 2.8.22 

Solid state emission spectra of CPT (blue) compared to CPT mixed with MSNs (turquoise, dotted) and CPT mixed 
with SiO2NP (purple, dashed) at lexc = 360 nm. Emission spectra corrected for PMT and instrument response. 
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In light of this information, the blue shift in the emission of CPT0ÌSiO2NP_1 compared to 

CPT3ÌSiO2NP_1 could be explained by the packing of CPT molecules close together, rather 

than spread out when the drug is added later in the reaction (figure 2.81). The proposed 

mechanism by Wang et. al. shows the dye to pack closely together when added at 0 h138. The 

emission properties of CPTnÌSiO2NP_1 follow a similar trend to the dye doped NPs 

suggesting a similar mechanism for CPTnÌSiO2NP_1.  

 

CPT3ÌLn-L.SiO2NP_1 NPs were prepared similarly to CPT0ÌLn-L.SiO2NP_1 and their emission 

was monitored.  
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0 h 
3 h 
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3 h 

Figure 2.8.23 

Solid state emission spectra of CPTnÌLn-L.SiO2NP_1, n = 0 h, 3 h, monitoring Ln emission, Ln(III) = Eu (red), and 
Nd (maroon), lexc = 350 nm, and corresponding excitation spectra. A: Solid state emission spectra of CPT3ÌEu-
L.SiO2NP_1 (red, dotted) compared to CPT0ÌEu-L.SiO2NP_1 (red, solid). B: Excitation spectrum of CPT3ÌEu-
L.SiO2NP_1 at lem = 615 nm. C: Solid state emission spectra of CPT3ÌNd-L.SiO2NP_1 (maroon, dotted) compared 
to CPT0ÌNd-L.SiO2NP_1 (maroon, solid). Emission spectra corrected for PMT and instrument response. 
Excitation spectra corrected for lamp response.  
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The Ln(III) emission signal was monitored of CPT3ÌLn-L.SiO2NP_1 using lexc = 350 nm. The 

detection of Ln(III) signal was only successful for CPT3ÌEu-L.SiO2NP_1 (figure 2.83, A) and 

CPT3ÌNd-L.SiO2NP_1 (figure 2.8.23, C).  

 

The solid state emission signal was detected for the Eu(III) NPs, observed by one sharp peak 

at lem = 615 nm, the hypersensitive transition (5D0 à 7F2). The intensity of the other 

transitions, as observed for CPT0ÌEu-L.SiO2NP_1 were not detected, suggesting the likely 

reason being less efficient energy transfer, in contrast to changes in the Eu(III) coordination 

sphere (presence of transitions can depend on the coordination sphere)111. The emission 

signal of CPT3ÌEu-L.SiO2NP_1 (figure 2.8.23, A, dotted line) was compared to CPT0ÌEu-

L.SiO2NP_1 (figure 2.8.23, A, solid line) and elucidated the weaker signal of Eu(III) emission 

from the CPT3ÌEu-L.SiO2NP_1 NP. The excitation scan was also recorded for these NPs 

(figure 2.8.23, B), confirming the energy transfer process occurring from CPT to Eu(III), in 

agreement with CPT UV-Vis absorbance.  

 

The solid state emission signal was also detected for the Nd(III) NPs at lem = 1060 nm ((4F3/2 

à 4I11/2) and 1335 nm (4F3/2 à 4I13/2), with the 4F3/2 à 4I11/2 transition being most intense, as 

expected. The Nd(III) signal in this case was also weaker than CPT0ÌNd-L.SiO2NP_1 (figure 

2.8.23, C), outlined by the lower intensity and detection of only two transitions, missing 4F3/2 

à 4I9/2.  

 

The solid state emission signal for CPT was also monitored (figure 2.8.24).  
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Despite the hypothetical mechanism of silica growth with CPT (figure 2.81) mentioned 

previously, potentially enhancing the emission signal with the drug molecules lying closer to 

the surface, this was not the observed result. The emission signal was only detected for Eu(III) 

and Nd(III) NPs with 3 h doping, and their signal was much weaker than CPT0ÌEu-L.SiO2NP_1.  

 

2.8.3. Second method of synthesis of Non-Porous Silica Nanoparticles Doped with CPT  

CPTÌSiO2NP NPs were synthesised with concentrations following Pikramenou et. al. with the 

dye added at 3 h and 0 h, investigating the emission properties again searching for potential 

enhanced luminescence35. The concentration of TEOS in this synthesis is higher and 

concentration of base (NH4OH) lower compared to method 1, and is known that changes in 

base concentration affects NP size due to rates of condensation changing105. These NPs were 

named CPTnÌSiO2NP_2, n = 3 h and 0 h, (and respectively CPTnÌLn-L.SiO2NP_2). 

 

The synthesis to forming CPTnÌLn-L.SiO2NP_2 (see schematic illustration in figure 2.61) 

(Ln(III) = Eu, Yb, Nd), was carried out (as per section 2.7), and purified via centrifugation before 

collecting the NPs. Their sizes were characterised by DLS and SEM, and additionally their 

surface charge by measuring the zeta potential.  

 

Figure 2.8.24 

Solid state emission spectra of CPT3ÌLn-L.SiO2NP_1, monitoring CPT emission, Ln(III) = Eu (red), Nd (maroon) 
and Yb (brown), lexc = 350 nm. Emission spectra corrected for PMT and instrument response.  
 
 

Eu 
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Table 2.8.31 
Hydrodynamic diameter of NPs by DLS.  
 

Sample Size d/ nm Intensity 

Distribution 

PDI 

CPT0⊂SiO2NP_2 255 ± 52 0.013 

CPT0ÌEu-L.SiO2NP_2 116 ± 44 0.348 

CPT0ÌNd-L.SiO2NP_2 111 ± 48 0.289 

CPT0ÌYb-L.SiO2NP_2 108 ± 49 0.309 

CPT3⊂SiO2NP_2 240 ± 48 0.002 

CPT3ÌEu-L.SiO2NP_2 150 ± 32 0.05 

CPT3ÌNd-L.SiO2NP_2 181 ± 55 0.276 

CPT3ÌYb-L.SiO2NP_2 107 ± 57 0.344 

 

 

 

 

 

 

 

 

A B 

C D 

Figure 2.8.31 

SEM images of CPT0ÌLn-L.SiO2NP_2. A: CPT0ÌSiO2NP_2 average diameter 272 nm. B:  Ln(III) = Eu, average 
diameter 266 nm. C: Ln(III) = Nd, average diameter 265 nm. D: Ln(III) =  Yb, average diameter 283 nm. SEM 
diameters averaged with 10 NPs (5 for C). 
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Table 2.8.32 

Zeta potentials of the NPs measured by DLS.  
 

Sample Zeta Potential z/ mV 

CPT0⊂SiO2NP_2 -21 ± 7 

CPT0ÌEu-L.SiO2NP_2 -17 ± 5 

CPT0ÌNd-L.SiO2NP_2 -23 ± 20 

CPT0ÌYb-L.SiO2NP_2 -17 ± 10 

CPT3⊂SiO2NP_2 -17 ± 6 

CPT3ÌEu-L.SiO2NP_2 -17 ± 9 

CPT3ÌNd-L.SiO2NP_2 -13 ± 5 

CPT3ÌYb-L.SiO2NP_2 -21 ± 5 

A B 

C D 

Figure 2.8.32 

SEM images of CPT3ÌLn-L.SiO2NP_3. A: CPT3ÌSiO2NP_3 average diameter 267 nm. B: Ln(III) = Eu, average 
diameter 241 nm. C: Ln(III) = Nd, average diameter 242 nm. D: Ln(III) = Yb, average diameter 257 nm. SEM 
diameters averaged with 10 NPs. 
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The hydrodynamic diameters of CPTnÌSiO2NP_2 and the respective Ln coated SiO2NPs were 

measured using DLS (table 2.8.31). Both CPT0ÌSiO2NP_2 and CPT3ÌSiO2NP_2 were 

measured to be 255 nm and 240 nm respectively by DLS, with good PDI values showing a good 

narrow size distribution. In both cases, upon coating of the CPTÌSiO2NP with the Ln 

complexes, a decrease in size, although arguably could be within error due to the small size 

of L compared to the NPs. They were measured with PDI values between 0.2 – 0.3, as 

expected after coating of the NPs. The sizes and morphology were confirmed by SEM imaging 

(figure 2.8.31 and 2.8.32). The zeta potentials of the corresponding NPs were measured 

obtaining their surface charge. An increase in zeta potential of 30 mV from CPT0ÌSiO2NP_1 

to CPT0ÌSiO2NP_2 was observed, suggesting that the encapsulation of CPT interaction in 

CPT0ÌSiO2NP_2 could be further spread out than CPT0ÌSiO2NP_1 possibly due to the larger 

size of the CPT0ÌSiO2NP_2 NPs. A similar trend was observed with CPT3ÌSiO2NP_n (n = 

method 1 or method 2), where an increase of 25 mV was observed which could be explained 

by the location of the encapsulated CPT in CPT3ÌSiO2NP_1 (figure 2.81) closer to the surface. 

Again, the comparison made to CPT loaded MSNs suggests that, despite the change in zeta 

potential, there is still sufficient encapsulation of CPT in the NPs. A further larger increase in 

zeta potential was observed after coating with the Ln(III) complexes. The positive change in 

zeta potential showed the successful coating onto the CPT⊂SiO2NPs.  
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2.8.4. Emission Properties of CPTnÌSiO2NP_2 and the Respective Ln(III) Coated 

Nanoparticles 

 
 

The solid state emission spectra of the NPs were compared (figure 2.8.41, A) using lexc = 360 

nm. The emission of CPT0ÌSiO2NP_2 lies at lem = 415 nm, slightly redshifted from the 

emission of CPT3ÌSiO2NP_2 at lem = 410 nm, and the emission of CPT powder lies at lem = 

480 nm. Similar trend in blue shifted emission from CPT to the encapsulated NPs was also 

observed in this case133, with possible vibronic coupling suggested from the irregularity of the 

spectra (figure 2.8.41, A) correlating with CPT interactions in close proximity108, 124. The 

solution emission of CPT0ÌSiO2NP_2 lies at lem = 450 nm, and the emission of 

CPT3ÌSiO2NP_2 at lem = 450 nm.  

 

CPTnÌLn-L.SiO2NP_2 (n = 0 h and 3 h) NPs were prepared similarly to CPTnÌLn-L.SiO2NP_1 

and their emission was monitored. 

 

A B 0 h 

3 h 
CPT 

CPT 

0 h 

3 h CPT 
UV-vis 

Figure 2.8.41 

Emission spectra of CPT and CPTnÌSiO2NP_2 NPs, n = 0 h, 3 h, at lexc = 360 nm. A: Solid state emission spectra 
of CPT0ÌSiO2NP_2 (blue, dotted), CPT3ÌSiO2NP_2 (blue, dashed) and CPT powder (blue, solid). B: Solution 
emission spectra of CPT0ÌSiO2NP_2 (blue, dotted) (1 mg mL-1, H2O), CPT3ÌSiO2NP_2 (blue, dashed) (1 mg mL-

1, H2O) and CPT  (blue, solid) (0.025 mM, H2O), compared to solution CPT  (dark blue) (0.025 mM, H2O). Emission 
spectra corrected for PMT and instrument response. 
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Figure 2.8.42 

Solid state emission spectra of CPT0ÌLn-L.SiO2NP_n, n = method 1, method 2, monitoring Ln emission, Ln(III) = 
Nd (maroon) and Yb (brown), lexc = 350 nm, and corresponding excitation spectra. A: Solid state emission spectra 
of CPT0ÌNd-L.SiO2NP_2 (maroon, dotted) compared to CPT0ÌNd-L.SiO2NP_1 (maroon, solid). B: Excitation 
spectrum of CPT0ÌNd-L.SiO2NP_2 at lem = 1060 nm. C: Solid state emission spectra of CPT0ÌYb-L.SiO2NP_2 
(brown, dotted) compared to CPT0ÌYb-L.SiO2NP_1 (brown, solid). Emission spectra corrected for PMT and 
instrument response. Excitation spectra corrected for lamp response.  
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The Ln(III) emission signal was monitored of CPT0ÌLn-L.SiO2NP_2 using lexc = 350 nm. The 

detection of Ln(III) signal was only successful for CPT0ÌNd-L.SiO2NP_2 (figure 2.8.42, A) and 

of CPT0ÌYb-L.SiO2NP_2  (figure 2.8.42, C).  

 

The solid state emission signal was detected for the Nd(III) NPs at lem = 880 nm (4F3/2 à 4I9/2),  

and lem = 1060 nm (4F3/2 à 4I11/2), with the 4F3/2 à 4I11/2 transition being most intense, as 

expected. The Nd(III) signal was compared to  of CPT0ÌNd-L.SiO2NP_1 (figure 2.8.42, A), and 

was much weaker observed by the low intensity, and detection of only  two transitions, 

missing 4F3/2 à 4I9/2. The excitation of the Nd(III) signal at the most intense transition 4F3/2 à 
4I11/2, lem = 1060 nm was recorded confirming the energy transfer process from the drug.  

 

The solid state emission signal was also detected for the Yb(III) NPs, observed by one sharp 

peak at lem = 980 nm (2F5/2 à 2F7/2). The emission signal here was also noticeably weaker in 

comparison to of CPT0ÌYb-L.SiO2NP_1.  

 

 
 
 
 
 
 
 
 
 

 

 
 
 
 
Figure 2.8.43 

Solid state emission spectra of CPT0ÌLn-L.SiO2NP_2, monitoring CPT emission, Ln(III) = Nd (maroon) and Yb 
(brown), lexc = 350 nm. Emission spectra corrected for PMT and instrument response.  

Nd 
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The emission of Ln-L.SiO2NP_2, in absence of CPT, was monitored in the visible and NIR range 

using lexc = 350 nm (figure 2.8.44, A and B). Only scattering attributed to the SiO2NPs was 

observed in the visible range between lmax = 400 nm – 600 nm as expected (see appendix 

figure 23). More importantly, the control experiments also show zero emission signal in the 

Ln(III) visible and NIR range (figure 2.8.44, B), which is the same result as previously observed 

(section 2.7). This experiment was an additional control to illustrate the necessity of the 

drug’s presence within the designed system, in order to observe the emission attributed from 

the sensitisation of CPT.   

 

 

 

 

 

Figure 2.8.44 

Solid state emission spectra of control experiments of Ln-L.SiO2NP_2 (Ln(III) = Eu, Yb, Nd), lexc = 350 nm. A: 
Emission spectra of Ln-L.SiO2NP_2 in the visible range, Ln(III) = Eu (red), Yb (brown), Nd (maroon). B: Emission 
spectra of Ln-L.SiO2NP_2 in the visible – NIR range, Ln(III) = Eu (red), Yb (brown), Nd (maroon). Emission spectra 
corrected for PMT and instrument response. 
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Table 2.8.41  

Summary of emission properties from CPTnÌLn-L.SiO2NP_1, n = 0 h, 3 h. 

 

Sample 0 h 3 h 

CPTnÌEu-L.SiO2NP ü ü 

CPTnÌNd-L.SiO2NP ü ü 

CPTnÌYb-L.SiO2NP ü û 

 

Table 2.8.42 

Summary of emission properties from CPTnÌLn-L.SiO2NP_2, n = 0 h, 3 h. 

 

Sample 0 h 3 h 

CPTnÌEu-L.SiO2NP û ü 

CPTnÌNd-L.SiO2NP ü û 

CPTnÌYb-L.SiO2NP ü û 

 

 

 

With proof of concept, we showed the ability of CPT to sensitise Ln(III) luminescence in 

solution, in presence of base (section 2.5.3, figure 2.5.33). The collected characteristic Eu(III) 

emission signal suggested energy transfer from the drug, which was proved by the excitation 

spectrum, in addition to monitoring the decrease in CPT emission and simultaneously the 

increase in Eu(III) emission.  

 

After synthesis of CPTnÌSiO2NP_x (x = method 1, method 2) (n = 0 h, 3 h) and the respective 

Ln coated NPs, we were able to successfully detect Ln(III) luminescence using lexc = 350 nm 

from CPT0ÌLn-L.SiO2NP_1 (Ln(III) = Eu, Nd and Yb), CPT3ÌLn-L.SiO2NP_1 (Ln(III) = Eu and Nd) 

(section 2.7.1 and section 2.8.2 respectively), CPT0ÌLn-L.SiO2NP_2 (Ln(III) = Nd and Yb) and 

CPT3ÌLn-L.SiO2NP_2 (Ln(III) = Eu) (section 2.8.3) summarised in tables 2.8.41 and 2.8.42. This 

could be attributed to the smaller sizes of NPs from method 1 (0 h and 3 h) compared to the 

larger sizes obtained from method 2 (0 h and 3 h), and therefore having better sensitisation 

as the distance between CPT and Ln(III) is closer in the smaller NPs. Furthermore, the 
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comparison of luminescence studies from 0 h and 3 h (for both methods) shows more 

successful spectra from 0 h studies. This could be attributed to the fact that when forming 

CPTnÌLn-L.SiO2NP_x from CPTnÌSiO2NP_x, some CPT is release in solution as the Ln-L 

coated NPs are made. As this occurs CPT spreads out towards the surface (figure 2.8.45) and 

therefore CPT could be packed closer to the surface in CPT0ÌLn-L.SiO2NP_x, compared to 

having less CPT close to the surface in CPT3ÌLn-L.SiO2NP_x as sufficient amount of CPT has 

released to result in less efficient energy transfer from 3 h NPs.  

 

 

 

 

The energy transfer was shown by the detection of characteristic sharp emission lines in the 

spectra, corresponding excitation spectra, and control experiments of Ln-L.SiO2NP in absence 

of CPT. Furthermore, the detection of Ln luminescence from CPT0ÌLn-L.SiO2NP_1 (Ln(III) = 

Eu and Nd) in solution was important, showing the success of our design (encapsulating and 

holding CPT in the NPs, with the ability to sensitise luminescence). This experiment confirms 

the energy transfer process occurring from CPT adsorbed within the NPs and not from free 

CPT in solution.  
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Figure 2.8.45 

Schematic illustration of positioning of CPT in CPTnÌLn-L.SiO2NP demonstrating better sensitisation from 0 h 
NPs compared to 3 h NPs.  
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2.9. Release of CPT from CPTÌSiO2NPs and Respective Lanthanide Coated 

Nanoparticles 

 
 

 
 
 
 
 
 
 
 
 
 

 

 

After successfully showing the energy transfer process is occurring to obtain sensitised Ln 

luminescence, we moved on to monitoring drug release, and hence leading to the 

investigation of  drug release efficacy. Monitoring drug release from SDDS has been employed 

as an attractive strategy for diagnostic purposes, using functionalised multimodal systems 

carrying the ability to perform theranostic applications142. There have been several methods 

used to monitor drug release from SiO2NPs, ranging from high performance liquid 

chromatography (HPLC)143 to UV-Vis absorbance and luminescence spectroscopy108, 144-146. 

The unique photophysical properties of CPT , with high e and luminescence in the UV range 

consequentially led to the use of UV-Vis absorbance to detect CPT release108.  Furthermore, 

the UV-Vis absorbance and luminescence of CPT studies have shown differences in band 

shapes, dependent on pH values of the drug. This was an additional reason to use UV-Vis 

absorbance for detecting CPT release, and investigating the form of the drug upon release. It 

is known that CPT can easily hydrolyse from the active lactone form to the inactive 

carboxylate form. These structures have been studied by UV-Vis, and have shown differences 

in band shapes108, 126, 160.  
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2.9.1. Studying CPT Release from CPT0ÌSiO2NP_1 

Preliminary release studies from other NPs were studied (see appendix figure 39, 40, 42), 

however we chose to investigate just with CPT0ÌSiO2NP_1 due to the successful 

luminescence studies acquired by the Ln coated NPs. 
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Figure 2.9.11 

Release of CPT from CPT0ÌSiO2NP_1 (1 mg mL-1, H2O, stirring at 37 oC) up to 24 hrs studied by UV-Vis 
absorbance. A: UV-Vis absorbance of CPT released from CPT0ÌSiO2NP_1. B: A scatter graph showing the 
absorbance of CPT released against time. C: Emission of CPT released from CPT0ÌSiO2NP_1 (blue dotted) 
compared to CPT emission (0.1 mM, H2O), lexc = 350 nm.  Emission spectra corrected for PMT and instrument 
response. D: The mass of CPT released from CPT0ÌSiO2NP_1 calculated from UV-Vis absorbance. 
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In order to conduct the experiment 37 oC, a dispersion of CPT0ÌSiO2NP_1 was stirred to keep 

T constant. Aliquots of 1 mL from the solution were taken and centrifuged in order to remove 

any excess NPs, leaving behind just any drug that was released into solution. The UV-Vis 

absorbance of the aliquot was measured at time intervals up to 24 hrs, and returned back to 

the solution after measurement.  

 

An increase in UV-Vis absorbance was observed, as expected, as more CPT was released into 

the solution from CPT0ÌSiO2NP_1. From the UV-Vis absorbance study, the CPT absorbance 

was used to calculate the mass of CPT released (from the Beer-Lambert law). To calculate % 

release of CPT, the drug loading of CPT0ÌSiO2NP_1 was also required. This was calculated 

from the CPT absorbances of supernatants measured after synthesis of CPT0ÌSiO2NP_1 to 

account for any excess CPT in solution after synthesis and hence give an estimated mass of 

CPT loaded144-146. The table below summarises the methodology leading up to the calculation 

of the drug loading (see table 5.11 in chapter 5 for calculations of mass of CPT from the 

supernatant absorbance). 

 

Equation 2.9.11 

𝑐	𝑜𝑓	𝑪𝑷𝑻 =
𝑠𝑢𝑝𝑒𝑟𝑛𝑡𝑎𝑛𝑡	𝑎𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒	𝑡𝑎𝑘𝑒𝑛	𝑓𝑟𝑜𝑚	𝑔𝑟𝑎𝑝ℎ

𝜀)*+	-'	./012'3𝐿
 

 

Equation 2.9.12 

𝑚𝑜𝑙𝑒𝑠	𝑜𝑓	𝑪𝑷𝑻 = 𝑐𝑜𝑛𝑐	 × 	𝑣𝑜𝑙				𝑚𝑎𝑠𝑠	𝑜𝑓	𝑪𝑷𝑻 = 𝑚𝑜𝑙𝑒𝑠	 ×	𝑅𝑀𝑀)*+ 	 

 

Table 2.9.11 

Table of values calculated from UV-Vis absorbance of CPT0ÌSiO2NP_1 in order to determine drug loading.  
 

Sample Supernatant 

Absorbance  

Concentration 

of CPT/ mM 

 

Moles Mass/ 

mg 

Mass of CPT added 

to synthesis 

CPT0ÌSiO2NP_1/ 

mg 

Drug 

Loading/ 

% 

CPT0ÌSiO2NP_1 0.8 0.05 1.4 x 106 0.48 17 97 
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Using the Beer-Lambert Law (A = ecL), the concentration and thus mass of CPT released in the 

supernatant was obtained108, 144-147. Using the knowledge of how much drug was added to the 

synthesis of CPT0ÌSiO2NP_1, and excess CPT after synthesis of CPT0ÌSiO2NP_1, the drug 

loading was calculated.  

 

Equation 2.9.13 

𝑬𝒔𝒕𝒊𝒎𝒂𝒕𝒆𝒅	𝒎𝒂𝒔𝒔	𝒐𝒇	𝑪𝑷𝑻	𝒍𝒐𝒂𝒅𝒆𝒅

= 𝑚𝑎𝑠𝑠	𝑜𝑓	𝐶𝑃𝑇	𝑎𝑑𝑑𝑒𝑑	𝑡𝑜	𝑠𝑦𝑛𝑡ℎ𝑒𝑠𝑖𝑠 − 𝑚𝑎𝑠𝑠	𝑜𝑓	𝐶𝑃𝑇	𝑟𝑒𝑙𝑒𝑎𝑠𝑒 

 
Equation 2.9.14 

𝑬𝒇𝒇𝒊𝒄𝒊𝒆𝒏𝒚	𝒐𝒇	𝑫𝒓𝒖𝒈	𝑳𝒐𝒂𝒅𝒊𝒏𝒈 = 	
𝑒𝑠𝑡𝑖𝑚𝑎𝑡𝑒𝑑	𝑚𝑎𝑠𝑠	𝑜𝑓	𝐶𝑃𝑇	𝑙𝑜𝑎𝑑𝑒𝑑	
𝑚𝑎𝑠𝑠	𝑜𝑓	𝐶𝑃𝑇	𝑎𝑑𝑑𝑒𝑑	𝑡𝑜	𝑠𝑦𝑛𝑡ℎ𝑒𝑠𝑖𝑠 	× 	100 

 
0.09 mg was calculated to be the estimated mass of CPT loaded.  
 
Equation 2.9.15 

	𝑴𝒂𝒔𝒔	𝒐𝒇	𝑪𝑷𝑻	𝒍𝒐𝒂𝒅𝒆𝒅	𝒑𝒆𝒓	𝒎𝒂𝒔𝒔	𝒐𝒇	𝑺𝒊𝑶𝟐𝑵𝑷

=	
𝑚𝑎𝑠𝑠	𝑜𝑓	𝐶𝑃𝑇	𝑎𝑑𝑑𝑒𝑑	𝑡𝑜	𝑠𝑦𝑛𝑡ℎ𝑒𝑠𝑖𝑠 − 𝑚𝑎𝑠𝑠	𝑜𝑓	𝐶𝑃𝑇	𝑟𝑒𝑙𝑒𝑎𝑠𝑒𝑑

𝑡𝑜𝑡𝑎𝑙	𝑚𝑎𝑠𝑠	𝑜𝑓	CPT1ÌSiO2NP0	synthesis  

 

Using this, and the mass of CPT loaded per mass of SiO2NP, the % of CPT released was 

calculated.  

 

Equation 2.9.14 

𝑪𝑷𝑻	𝒓𝒆𝒍𝒆𝒂𝒔𝒆𝒅	𝒂𝒕	𝟐𝟒	𝒉 = 	
𝑚𝑎𝑠𝑠	𝑜𝑓	𝐶𝑃𝑇	𝑟𝑒𝑙𝑒𝑎𝑠𝑒𝑑	𝑎𝑡	24	ℎ
𝑒𝑠𝑡𝑖𝑚𝑎𝑡𝑒𝑑	𝑚𝑎𝑠𝑠	𝑜𝑓	𝐶𝑃𝑇	𝑙𝑜𝑎𝑑𝑒𝑑 × 100 

 

Table 2.9.12 

Table of values showing % release of CPT from CPT0ÌSiO2NP_1.  
 

Sample Mass of CPT loaded per 

mass of SiO2NP/ mg 

Mass of CPT 

released/ mg 

% Release 

CPT0ÌSiO2NP_1 0.09 0.08 89 
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89 % of CPT was released from CPT0ÌSiO2NP_1 over 24 h, whilst stirring at 37 oC. The 

emission of the released CPT was also measured. The full width at half maximum of the 

emission spectra were compared to CPT in H2O, and no broadening was observed. 

Interestingly, a red shift in maxima was observed over time, from lmax  435 nm to 450 nm. 

Looking back at section 2.8, Wang et. al. observed emission dependent properties on their 

silica NPs doped with a Ruthenium complex at different time points133. The proposed 

synthesis of the non-porous CPTÌSiO2NP was discussed (figure 2.81), and we observed a 

similar trend in emission properties (figure 2.8.21). The emission of CPT3ÌSiO2NP_1 was red 

shifted from CPT0ÌSiO2NP_1, where the drug particles would have been more spread out 

rather than packed in the centre. The red shift observed in the emission of the drug release 

potentially suggests the pattern observed by Wang et. al. may also apply to CPTÌSiO2NP. As 

the CPT is released from CPT0ÌSiO2NP_1, particles that may be packed in the centre slowly 

move towards the edge of the silica network and into solution.  

 

 

 

 

 

 

 

 

 

 
 

 

As drug particles move away from the centre of the nanoparticle, this resembles a similar 

position to the drug particles when CPT is doped at 3 h (CPT3ÌSiO2NP_1). The red shift in 

emission from release of the drug could be following the trend explained here.  

 

Adsorption 
of dye

TEOS 
hydrolysis and 
condensation

0 h
t/ h Dye

Release 
into 
solution 

Figure 2.9.12 

Schematic illustration of release of CPT from CPT0ÌSiO2NP_1 showing the movement of drug particles 
travelling towards edge of silica network and into solution.  
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To compare, the release of the drug was studied in static conditions in order to show the 

effect of physical force applied when stirring. 

 

 

  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
CPT0ÌSiO2NP_1 NPs were kept in a falcon tube in H2O stationary on a lab bench. Aliquots of 

1 mL from the solution were taken and centrifuged in order to remove any excess NPs, leaving 

A 

C 

B 

time 

Figure 2.9.13 

Release of CPT from CPT0ÌSiO2NP_1 (1 mg mL-1, H2O, RT) up to 24 hrs studied by UV-Vis absorbance. A: UV-Vis 
absorbance of CPT released from CPT0ÌSiO2NP_1. B: The mass of CPT released from CPT0ÌSiO2NP_1 calculated 
from UV-Vis absorbance. C: Emission of CPT released from CPT0ÌSiO2NP_1 (blue dotted) compared to CPT 
emission (0.1 mM, H2O), lexc = 350 nm.  Emission spectra corrected for PMT and instrument response.  
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behind just any drug that was released into solution. The UV-Vis absorbance of the aliquot 

was measured at time intervals up to 24 hrs, and returned back to the solution after 

measurement.  

 

An increase in UV-Vis absorbance was observed, as more CPT was released into the solution 

from CPT0ÌSiO2NP_1, however the absorbance values observed were much lower as 

expected. In static conditions, with no physical trigger to the NPs, the release of the drug was 

much slower. The absorbance was used to calculate the mass of CPT released. Using the 

previous calculations, the % of CPT released was calculated.  

 

Table 2.9.12 

Table of values showing % release of CPT from CPT0ÌSiO2NP_1 .  
 

Sample Mass of CPT loaded per 

mass of SiO2NP/ mg 

Mass of CPT 

released/ mg 

% Release 

CPT0ÌSiO2NP_1 0.09 0.04 44 

 
 
With static conditions at RT, only 44 % of drug particles were released from CPT0ÌSiO2NP_1 

demonstrating the slower release with the change of conditions. The slower release from 

static conditions also strongly supports the successful encapsulation of CPT in the NPs 

previously observed from luminescence studies.  

 

Emission spectra (figure 2.9.13 C) show a red shift in lmax from 0 h to 24 h. This follows the 

trend that was observed by the release of CPT0ÌSiO2NP_1 at 37 oC, stirring, supporting that 

the suggested mechanism is correct.  

 

Drug release studies from the experiments showed the change in UV-Vis band from the start, 

observed by two shoulders at the lmax maxima, growing into a broad band. The broad band 

corresponds to p-p* transitions in the carboxylate form, also reported by Alves et. al.108. 

These observations suggest a mixture of active and inactive forms of CPT, perhaps dominated 

by the lactone after long experiment times under reversible hydrolysis conditions108. 
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2.9.2. Studying CPT Release from CPT0ÌEu-L.SiO2NP_1  in Water 

After observing the ability to release the drug from the unfunctionalised CPT0ÌSiO2NP_1, 

with a physical trigger (stirring) at 37 oC, but also in static conditions, we studied the release 

of the drug from CPT0ÌEu-L.SiO2NP_1. If the release of the drug could be detected from the 

Ln coated NPs, the amount of release occurring outside of a cellular environment can give us 

an insight into the amounts of drug that could be released in cells, and their effect. To mimic 

conditions in cells, release was performed at  37 oC in H2O, stirring to keep temperature 

constant.  

 

 

 

 

 

 

 

 

 
 
 

 
 
 
 
 
 
 
 

 

 
 

 

Figure 2.9.21 

Release of CPT from CPT0ÌEu-L.SiO2NP_1 (1 mg mL-1, H2O, 37 oC) stirring  up to 48 hrs, studied by UV-Vis 
absorbance. A: UV-Vis absorbance of CPT released from CPT0ÌEu-L.SiO2NP_1. B: The mass of CPT released 
from CPT0ÌEu-L.SiO2NP_1calculated from UV-Vis absorbance. C: The % of CPT released per every mg of 
SiO2NP. 
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A dispersion of CPT0ÌEu-L.SiO2NP_1 was stirred at 37 oC in water. Aliquots of 1 mL from the 

solution were taken and centrifuged in order to remove any excess NPs, leaving behind just 

any drug that was released into solution. The UV-Vis absorbance of the aliquot was measured 

at time intervals up to 48 hrs, and returned back to the solution after measurement.  

 

An increase in UV-Vis absorbance was observed, as expected, albeit with values much lower 

than the unfunctionalised CPT0ÌSiO2NP_1, corresponding with the low values of mass 

released (figure 2.9.21 B). The lower and slower release of the drug from the Ln coated NPs 

can be attributed to the surface of the silica network being capped by the Eu(III) complex, 

slowing down the release of CPT into solution. Functionalisation of silica NPs (porous and non-

porous) has remained an attractive method to perform controlled drug release, in addition to 

preventing premature release through gatekeeping148-155 as well as passive drug release via 

diffusion through the silica network156-159. The UV-Vis absorbance results show that with the 

surface being functionalised, we can slow down the release enabling a controlled method of 

release for experiments in cells. 

 

Similarly, the absorbance was used to calculate the mass of CPT released. Drug loading of 

CPT0ÌEu-L.SiO2NP_1 was measured using UV-Vis absorbance of the supernatant of 

CPT0ÌEu-L.SiO2NP_1 after synthesis. This was used to calculate the % release of CPT.  

 

Table 2.9.21 

Table of values showing % release of CPT from CPT0ÌEu-L.SiO2NP_1 after 48 hrs.  
 

Sample Mass of CPT loaded per 

mass of SiO2NP/ mg 

Mass of CPT 

released/ mg 

% Release 

CPT0ÌEu-L.SiO2NP_1 2.75 0.2 0.7 

 

 

Drug release studies mirrored the same observations, resulting in the observation of broad 

CPT band, indicating difficult investigation of distinguishable CPT forms.   
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To demonstrate the use of the NPs as a diagnostic application, the emission of the NPs were 

monitored after release to show the promising use of our design. This strongly illustrates our 

aim to detect drug release through monitoring changes in Ln(III) luminescence (see figure 

2.21 in chapter outline).  

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Table 2.9.22 

Summary of  the integrated area under the peak for each spectra. 
 

Emission signal Area under peak 

before release 

Area under 

peak after 

release 

% Decrease 

After 

Release  

CPT 3.8 x 107 3.7 x 107 3 

CPT0ÌEu-L.SiO2NP_1 5D0 à 7F1   2.9 x 107 9.5 x 105 97 

CPT0ÌEu-L.SiO2NP_1 5D0 à 7F2   4.5 x 106 2.6 x 106 42 

 

 

A B 

Figure 2.9.22 

Changes in emission compared before and after release of CPT from CPT0ÌEu-L.SiO2NP_1 at 24 h, solid state, 
lexc = 350 nm. A: Monitoring CPT emission from CPT0ÌEu-L.SiO2NP_1 before release (blue solid line) compared 
to emission of CPT0ÌEu-L.SiO2NP_1 after release (blue dotted line). B: Monitoring Eu(III) emission from 
CPT0ÌEu-L.SiO2NP_1 before release (red solid line) compared to emission of CPT0ÌEu-L.SiO2NP_1 after release 
(red dotted line). Emission spectra corrected for PMT and instrument response. 
 

before before 

after
 after
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The emission properties of CPT0ÌEu-L.SiO2NP_1 were characterised before and after 24 h 

release of the drug, monitoring both CPT and Eu(III) signal (figure 2.9.22). The area under the 

peak for each spectra was integrated using Kaleidagraph (table 2.9.22). 

 

A decrease in CPT emission was observed from CPT0ÌEu-L.SiO2NP_1 after release (figure 

2.9.22, A), as expected. This result was confirmed by the integrated area under the peak when 

monitoring CPT emission signal from lmax = 380 nm to 500 nm (table 2.9.22). A red shift in 

CPT emission signal was also detected after release, which is an additional result supporting 

the observations of redshift in emission from CPT0ÌSiO2NP_1.  

 

Eu(III) emission signal was detected after release of the drug from CPT0ÌEu-L.SiO2NP_1. In 

both cases, before and after release, transitions of Eu(III) emission were detected: 5D0 à 7F1,2. 

Eu(III) emission signal before release was detected at lmax  = 595 nm (5D0 à 7F1) and the most 

intense transition at lmax  = 620 nm (5D0 à 7F2). Emission signal after release was detected at 

lmax  = 590 nm (5D0 à 7F1) and also the most intense transition at lmax  = 615 nm (5D0 à 7F2). 

In both transitions, a decrease in integrated area under the peak was observed from lmax = 

583 nm to 604 nm (5D0 à 7F1), and lmax = 604 nm to 629 nm (5D0 à 7F2).  

 

The decrease in emission signal for both CPT and Eu(III) emission signal was an imperative  

result obtained during the project and strongly showed the design’s concept to be used as a 

diagnostic tool. Through monitoring changes in Eu(III) emission signal, CPT release can be 

detected due to less efficient energy transfer, enabling the use of light to monitor drug release 

from this system.  
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2.10. Effect of CPT from CPT0ÌSiO2NPs_1 and Respective Lanthanide Coated 

Nanoparticles on Lung Cancer Cells 

 
 
 
 

 

After successfully showing the energy transfer process is occurring to obtain sensitised Ln 

luminescence, we moved on to the next major step in our project. It was observed that 

through UV-Vis studies, the determination of CPT forms between carboxylate and lactone 

forms were difficult, and indicated possible mixtures.  Through investigation of the cytotoxic 

effect of CPT released from the functionalised NPs, the effect of the released drug could be 

studied in view of our application for our design.  

 

To study the cytotoxic effect of CPT we used the in vitro MTT (3-(4, 5-dimethylthiazolyl-2)-2, 

5-diphenyltetrazolium bromide) assay. MTT assays are a metabolic viability based assay that 

use salts such as MTT to screen the anti-proliferative properties of compounds being tested 

giving indications on cell viability and cytotoxicity. It is a colorimetric assay in which yellow 

coloured MTT is reduced to purple formazan crystals in the metabolically active cells. These 

cells contain NAD(P)H dependent oxidoreductase enzymes which reduce MTT to formazan. A 

solubilisation solution (DMSO) is used to dissolved the formazan crystals and the resulting 

purple colour absorbance is measured in a spectrometer between 500 – 600 nm. The colour 

of the solution correlates to the number of viable cells (the darker the colour, the more viable 

number of cells)161.  

EFFECT OF CPT 
RELEASED

RELEASE 
OF CPT

ENERGY 
TRANSFER
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Figure 2.101 illustrates the correlation between the colour of the purple solution and the 

number of viable cells. As the concentration of both CPT and CPT0ÌEu-L.SiO2NP drops, the 

purple colour is darker indicating there are a higher number of viable cells with low 

concentrations of these controls. The change is much smaller in control Eu-L.SiO2NP in 

absence of CPT.  

 

 

 

 

 

Figure 2.101 

Image of 96-well plate of A549 lung cancer cells incubated at 72 hr with CPT (7 concentrations from dilution of 
500 nM, DMSO), CPT0ÌEu-L.SiO2NP (7 concentrations from dilution of 2 mg mL-1), Eu-L.SiO2NP ((7 
concentrations from dilution of 2 mg mL-1) and positive control of 1 % triton. This image represents the change 
in intensity of purple colour of the controls after formation of formazan crystals using DMSO.  
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2.10.1. Effect of CPT on Lung Cancer Cells after 24 hrs Incubation 

A cell viability assay was performed on A549 cancer cells with CPT0ÌEu-L.SiO2NP_1 at 24 hrs 

incubation to initially test the effect of the drug.  

 

    

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.10.11 

A: In vitro cytotoxicity MTT assay showing percentage cell viability of A549 cells after 24h incubation with 
CPT0ÌEu-L.SiO2NP_1 (blue) (7 concentrations from dilution of 1 mg mL-1, cultured cell media) and Eu-
L.SiO2NP_1 (green) ((7 concentrations from dilution of 1 mg mL-1, cultured cell media), with a positive control of 
1% triton. P value represents the statistical significant difference of each concentration against 0 nM, p < 0.05 is 
significantly different. The P value was measured by an unpaired t test with equal SD B: IC50 curve of CPT0ÌEu-
L.SiO2NP_1  (blue circle) in cell media, incubation time of 24h in A549 cells; 0.71 mg mL-1, and Eu-L.SiO2NP_1 
(green square) in cell media, incubation time of 24h in A549 cells. 
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Cell viability was measured in one experiment, where each concentration consisted of 

triplicate wells. The error bars for each data point represent the mean with standard deviation 

(SD) of these measurements. The IC50 value of CPT (in DMSO) in A549 cells at 24 h incubation 

was not found with the concentrations used, but the IC50 of CPT0ÌEu-L.SiO2NP_1 was found 

to be 0.71 mg mL-1 at these conditions.  

 

Interestingly, no decreasing dependence on increasing concentration of Eu-L.SiO2NP_1 was 

observed, but in fact some increase in % cell viability at 24h incubation,  which has been 

observed before for SiO2NPs162.  More significantly, a decrease in cell viability with increasing 

concentrations of CPT0ÌEu-L.SiO2NP_1 suggested toxicity arising from CPT within these NPs. 

To obtain the IC50 of CPT, but also further investigate the toxicity of the NPs, the experiment 

was repeated at a longer incubation time of 72h to paint the full picture.  

 

2.10.2. Effect of CPT on Lung Cancer Cells after 72 hrs Incubation 

After observing some toxicity to A549 cancer cells from CPT0ÌEu-L.SiO2NP_1, a cell viability 

assay was performed 72 hrs incubation to support the observation of CPT toxicity.  
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Figure 2.10.21 

A: In vitro cytotoxicity MTT assay showing percentage cell viability of A549 cells after 72h incubation with CPT 
(7 concentrations from dilution of 500 nM, DMSO) with a positive control of 1% triton. The P value was 
measured by an unpaired t test with equal SD. B: IC50 curve of CPT in DMSO, incubation time of 72h in A549 
cells, 45 nM.  
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Cell viability was measured in four independent experiments, where each experiment 

consisted of at least triplicate wells at each concentration. The error bars for each data point 

represent the mean with standard deviation (SD) of these measurements. The IC50 value of 

CPT (in DMSO) in A549 cells was found to be 45 nM, at 72 h incubation period. All experiments 

resulted in a concentration dependent decrease in the cell viability, as expected. 
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Figure 2.10.22 

A: In vitro cytotoxicity MTT assay showing percentage cell viability of A549 cells after 72h incubation with 
CPT0ÌEu-L.SiO2NP_1 (blue) (7 concentrations from dilution of 2 mg mL-1, cultured cell media) and Eu-L.SiO2NP_1 
(green) ((7 concentrations from dilution of 2 mg mL-1, cultured cell media), with a positive control of 1% triton. B: 
IC50 curve of CPT0ÌEu-L.SiO2NP_1 (blue circle) in cell media, incubation time of 72h in A549 cells; 0.13 mg mL-1, 
and Eu-L.SiO2NP_1 (green square) in cell media,  incubation time of 72h in A549 cells; 0.52 mg mL-1.  
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Cell viability of the functionalised NPs were measured in one experiment, with triplicate wells 

at each concentration. The error bars for each data point represent the mean with standard 

deviation (SD) of these measurements. A general trend of decreasing cell viability on 

increasing concentration dependence was observed for all sets of NPs, as expected similarly 

to figure 2.10.11. More importantly, a significant difference between the CPT containing NPs 

and SiO2NP was obtained, suggesting the increase in cell death was arising from CPT toxicity 

to the cells (as seen previously with a 24 h incubation period).  

 

It is imperative to look at the difference between CPT0ÌEu-L.SiO2NP_1 and Eu-L.SiO2NP_1. 

At concentrations up to 0.125 mg mL-1 of NPs there is between 80-100 % cell viability of Eu-

L.SiO2NP_1 which is not significant enough to be attributed as toxic. However there is a 

significant drop in cell viability at these concentrations of CPT0ÌEu-L.SiO2NP_1 strongly 

suggesting toxicity to cells from CPT within these NPs. This result is mirrored in the IC50 values 

of the NPs: CPT0ÌEu-L.SiO2NP_1 (0.13 mg mL-1) is much lower than Eu-L.SiO2NP_1 (0.52 mg 

mL-1), giving a window of suggested concentrations of NPs for dosage.  

 

Table 2.10.21 

Summary of CPT concentration released from CPT0ÌEu-L.SiO2NP_1 at 1 mg mL-1 and 0.125 mg mL-1. 
 

 1 mg mL-1  0.125 mg mL-1 

Mass of CPT released/ mg 0.017 0.002 

Estimated theoretical concentration 

of CPT released/ nM 

4.8 x 104  6 x 103  

 

 

The estimated theoretical concentration of CPT released from CPT0ÌEu-L.SiO2NP_1 at 0.125 

mg mL-1 at 72 hrs was calculated based on results obtained from UV-Vis absorbance of release 

studies of CPT0ÌEu-L.SiO2NP_1 in water (figure 2.9.21). If the same % of CPT was released 

from CPT0ÌEu-L.SiO2NP_1 at 0.125 mg mL-1, 6 x 103 nM of CPT would be released into A549 

cells. This concentration is 130 times larger in magnitude to the IC50 value of CPT in A549 cells 

(45 nM).  
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To compare the concentration of CPT released against the IC50 value of CPT (45 nM) in a 

negative scenario, similar calculations were made in the hypothetical situation of only 1% CPT 

release occurring using values from figure 2.9.21.  

 

Table 2.10.22 

Summary of CPT concentration released from CPT0ÌEu-L.SiO2NP_1 at 1 mg mL-1 and 0.125 mg mL-1 if only 1 % 
of drug molecules were released. 
 

 1 mg mL-1  0.125 mg mL-1 

Mass of CPT released/ mg 1.7 x 10-4 2 x 105 

Estimated theoretical concentration 

of CPT released/ nM 

480  60 

 

 

If only 1 % of CPT was released at 72 hrs, compared to the results obtained from UV-Vis 

absorbance (figure 2.9.31), 60 nM of CPT would be released at 0.125 mg mL-1 of CPT0ÌEu-

L.SiO2NP_1. This is only just larger in magnitude than the IC50 value of CPT in A549 cells at 72 

hrs incubation. If such an extreme negative result was observed, more than 50 % cell viability 

would be observed, supporting the evident toxicity arising from CPT.  
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The cell viability of unfunctionalised CPT0ÌSiO2NP_1 was also measured at 72 hrs incubation. 

 
 
 
 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
In vitro cytotoxicity was conducted in one experiment consisting of triplicate concentrations. 

The error bars for each data point represent the mean with standard deviation (SD) of these 

measurements. 
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Figure 2.10.23 

A: In vitro cytotoxicity MTT assay showing percentage cell viability of A549 cells after 72h incubation with 
CPT0ÌSiO2NP_1 (blue) (6 concentrations from dilution of 4 mg mL-1, cultured cell media) and SiO2NP (green) 
((6 concentrations from dilution of 4 mg mL-1, cultured cell media), with a positive control of 1% triton. B: IC50 
curve of CPT0ÌSiO2NP_1 (blue circle) in cell media, incubation time of 72h in A549 cells; 0.03 mg mL-1, and 
SiO2NP (green square) in cell media,  incubation time of 72h in A549 cells; 1.89 mg mL-1.  
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As seen previously with the functionalised CPT0ÌEu-L.SiO2NP_1, the same trend was 

mirrored here in decreasing cell viability with increasing nanoparticle concentration. The 

difference in toxicity between CPT0ÌSiO2NP_1 and SiO2NP is much more magnified in this 

experiment, confirming the toxicity to cells can be attributed to CPT. The toxicity arising from 

CPT is also concentration dependent as explained earlier. In this case, we are to look at 

concentrations up to also 0.125 mg mL-1 where SiO2NP shows between 80 – 100 % cell 

viability, but there is a significant drop down to 14 % cell viability at 0.125 mg mL -1  

CPT0ÌSiO2NP_1.  

 

Table 2.10.23 

Summary of CPT concentration released from CPT0ÌSiO2NP_1 at 1 mg mL-1 and 0.125 mg mL-1 at 24 hrs.  
 

 1 mg mL-1  0.125 mg mL-1 

Mass of CPT released/ mg 0.04 4 x 103 

Estimated theoretical concentration 

of CPT released/ nM 

11 x 103  1.4 x 103  

 

 

Values were taken from release study of CPTÌSiO2NP  in water, in static conditions (figure 

2.9.13). The theoretical concentration of CPT released from CPTÌSiO2NP at 0.125 mg mL-1 at 

24 hrs was calculated. Just after 24 hrs, 1.4 x 103 nM of CPT would be released, 300 times 

larger in magnitude than the IC50 value of CPT.  As the release study of CPTÌSiO2NP  was only 

studied up to 24 hrs, we can only predict that this number would be much larger at 72 hrs 

due to the expected increased CPT release.  

 

To consider a negative scenario where only 1 % CPT release occurred, 14 nM of CPT would be 

released. This is lower than the IC50 value of CPT (45 nM). In order to have an effect resulting 

in more than 50 % cell viability, only 3.5 % of CPT would have to be released giving an 

estimated amount of 50 nM release (5 nM more than the IC50 value of CPT). This negative 

result enables us to predict that more than enough CPT would have an effect on cancer cells 

at  0.125 mg mL-1 of NPs.  
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2.10.3. Effect of Using a Physical Trigger on Toxicity of CPT to Lung Cancer Cells 

To further investigate the toxicity, shaking conditions were used to mimic the release studies 

of the NPs kept stirring at 37 oC. In order to use these conditions a shaking incubator was used 

to mimic the physical movement. 96-well plates were used and incubation time period was 

shortened to 6 hrs due to feasibility of retaining cell growth outside a CO2 chamber. The 96 

well-plates were kept shaking in an incubator at 37 oC outside a CO2 chamber. For the 

corresponding static experiment, a 96 well plate was kept inside the CO2 chamber at 37 oC.  
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Figure 2.10.31 

A: : In vitro cytotoxicity MTT assay showing percentage cell viability of A549 cells after 6h incubation with CPT 
(7 concentrations from dilution of 128 nM, DMSO) with a positive control of 1% triton. B: IC50 curve of CPT in 
DMSO, incubation time of 6h in A549 cells. C: In vitro cytotoxicity MTT assay showing percentage cell viability of 
A549 cells after 6h incubation, with 96-well plate shaking at 37 oC, with CPT (7 concentrations from dilution of 
128 nM, DMSO) with a positive control of 1% triton. D: IC50 curve of CPT in DMSO, incubation time of 6h shaking 
in A549 cells.  
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The cell viability of  CPT at 6h incubation was measured, conducted in two experiments (one 

static kept in the CO2 chamber at 37 oC, one shaking at 37 oC in an incubator) consisting of 

triplicate concentrations. The error bars for each data point represent the mean with 

standard deviation (SD) of these measurements. P value represents the statistical significant 

difference of each concentration against 0 nM, p < 0.05 is significantly different. The P value 

was measured by an unpaired t test with equal SD.  

 

A faster drop in cell viability was observed in the shaking experiment, as expected, due to the 

forced physical force applied. Although the IC50 values for CPT at 6h incubation with A549 

cells were not quite reached, this experiment showed us the difference in toxicity to the cells 

after applying a physical trigger such as shaking.  

 

As we previously saw, the difference in toxicity between unfunctionalised CPT0ÌSiO2NP_1 

and SiO2NP was much more magnified. Therefore, we first studied the toxicity of the 

unfunctionalised NPs comparing toxicities between conditions (static and stirring) at 6 h 

incubation. This approach was chosen in the hope that we would observe a clear difference 

at such a short incubation time period, which may be harder to detect with CPT0ÌEu-

L.SiO2NP_1.  
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Figure 2.10.32 

A: In vitro cytotoxicity MTT assay showing percentage cell viability of A549 cells after 6h incubation, ‘static’ with 
CPT0ÌSiO2NP_1 (blue) (3 concentrations from dilution of 4 mg mL-1, cultured cell media) and SiO2NP (green) (3 
concentrations from dilution of 4 mg mL-1, cultured cell media), with a positive control of 1% triton. B: IC50 curve 
of CPT0ÌSiO2NP_1 (blue circle) in cell media, and SiO2NP (green square) in cell media, incubation time of 6h in 
A549 cells. C: In vitro cytotoxicity MTT assay showing percentage cell viability of A549 cells after 6h incubation, 
‘shaking’ with CPT0ÌSiO2NP_1 (blue) (3 concentrations from dilution of 4 mg mL-1, cultured cell media) and 
SiO2NP (green) (3 concentrations from dilution of 4 mg mL-1, cultured cell media), with a positive control of 1% 
triton. D: IC50 curve of CPT0ÌSiO2NP_1 (blue circle) in cell media, and SiO2NP (green square) in cell media, 
incubation time of 6h, ‘shaking’ in A549 cells. 
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The cell viability of CPT0ÌSiO2NP_1 and SiO2NP at 6 h incubation was measured, conducted 

in two experiments (one static kept in the CO2 chamber at 37 oC and one shaking at 37oC in 

an incubator) consisting of triplicate concentrations. The error bars for each data point 

represent the mean with standard deviation (SD) of these measurements. P value represents 

the statistical significant difference of each concentration against 0 nM, p < 0.05 is 

significantly different. The P value was measured by an unpaired t test with equal SD.  

 

A clear difference can be seen between the static and shaking experiments; a faster decrease 

in % cell viability was observed with the shaking experiment in 6h compared to static. 

Additionally, we can also see the difference in toxicity between CPT0ÌSiO2NP_1 and SiO2NP, 

adding to the evident results from the 72h incubation of the NPs previously, although it is 

concentration dependent.  

 

Firstly, looking at the static experiment (figure 2.10.32, A and B), there was no significant drop 

in % cell viability of SiO2NP up to 4 mg in 6 h (> 90 %), and hence any toxicity to the cells (< 80 

%) can be attributed to the drug. At 6 h incubation, the lowest % cell viability that was reached 

was 69 %, although not as large, still a significant drop to strongly suggest the toxicity to the 

cells can safely be assumed to be arising from CPT.  

 

In the shaking experiment (figure 2.10.32, C and D), increased toxicity to the cells was 

observed with both CPT0ÌSiO2NP_1 and SiO2NP, assumed due to the physical trigger applied 

as expected. The concentration range in which we can expect 80 – 100 % cell viability with 

SiO2NP is up to 1.48 mg mL-1, at which CPT0ÌSiO2NP_1 shows 60 % cell viability. We can 

assume when up to this concentration (1.48 mg mL-1), the toxicity seen can be attributed 

solely to CPT within the NPs.  

 

Now, comparing the two experiments, we should look at the cell viability at 1.48 mg mL-1. 

CPT0ÌSiO2NP_1 shows 85 % cell viability in the static experiment, much less than when 

shaking at 60 %. This is also mirrored in the SiO2NPs (93 % in the static experiment compared 

to 80 % in the shaking experiment). A larger decrease was observed in % cell viability due to 

the physical trigger applied, as previously seen in release studies of static experiments 
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compared to stirring the NPs. This is important to note as we have attempted to show the 

results of the larger effect observed, given this should occur in the bloodstream once the NPs 

have been administered.  
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Figure 2.10.33 

A: In vitro cytotoxicity MTT assay showing percentage cell viability of A549 cells after 6h incubation, ‘static’ with 
CPT0ÌEu-L.SiO2NP_1 (blue) (8 concentrations from dilution of 4 mg mL-1, cultured cell media) and Eu-L.SiO2NP_1 
(green) (8 concentrations from dilution of 4 mg mL-1, cultured cell media), with a positive control of 1% triton. B: 
IC50 curve of CPT0ÌEu-L.SiO2NP_1 (blue circle) in cell media, and Eu-L.SiO2NP_1 (green square) in cell media, 
incubation time of 6h in A549 cells. C: In vitro cytotoxicity MTT assay showing percentage cell viability of A549 
cells after 6h incubation, ‘shaking’ with CPT0ÌEu-L.SiO2NP_1 (blue) (6 concentrations from dilution of 4 mg mL-1, 
cultured cell media) and Eu-L.SiO2NP_1  (green) (6 concentrations from dilution of 4 mg mL-1, cultured cell media), 
with a positive control of 1% triton. D: IC50 curve of CPT0ÌEu-L.SiO2NP_1 (blue circle) in cell media, and ÌEu-
L.SiO2NP_1 (green square) in cell media, incubation time of 6h, ‘shaking’ in A549 cells. 
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The cell viability of CPT0ÌEu-L.SiO2NP_1 and Eu-L.SiO2NP_1 at 6 h incubation was measured, 

conducted in two experiments (one static kept in the CO2 chamber at 37 oC, one shaking at 

37 oC in an incubator) consisting of at least duplicate concentrations. The error bars for each 

data point represent the mean with standard deviation (SD) of these measurements. P value 

represents the statistical significant difference of each concentration against 0 nM, p < 0.05 

is significantly different. The P value was measured by an unpaired t test with equal SD.  

 

The difference between the static experiment and shaking is not as evident in this case with 

the functionalised NPs. There definitely is a higher decrease in % cell viability of CPT0ÌEu-

L.SiO2NP_1  with the physical trigger applied in the shaking experiment, with 70 % cell viability 

compared to 74 % when static. Albeit a much smaller difference, the decrease in viability looks 

much steeper in the shaking experiment. There is also a notable difference between the Eu-

L.SiO2NP_1 NPs. The cell viability of Eu-L.SiO2NP_1 drops down to 78 % at 4 mg mL-1 when 

shaking, however the cell viability only drops to 84 % when static. A similar trend in a steeper 

decrease with increasing concentration of Eu-L.SiO2NP_1 is also observed between the two 

experiments.  

 

Specifically looking at the static experiment firstly (figure 2.10.33, A and B), we can see that 

after 1.29 mg mL-1, the cell viability of CPT0ÌEu-L.SiO2NP_1 drops just below 80 % whilst 

maintaining an insignificant decrease in cell viability with Eu-L.SiO2NP_1 (93 % at 1.29 mg mL-

1). This decreases slightly to 84 % at 4 mg mL-1 (still higher than the % cell viability of CPT0ÌEu-

L.SiO2NP_1 at 1.29 mg mL-1), as CPT0ÌEu-L.SiO2NP_1 drops to 74 % at the highest 

concentration of 4 mg mL-1. From this experiment, we would have to look administering in 

the ranges between 1.29 mg mL-1 and 4 mg mL-1 based on these results.  

 

Now, looking at the shaking experiment (figure 2.10.33, C and D), there is a much smaller 

difference between CPT0ÌEu-L.SiO2NP_1 and Eu-L.SiO2NP_1 up to approximately 2.5 mg mL-

1. The difference in % cell viability after this concentration seems to spread apart as we would 

expect from the drug containing NPs CPT0ÌEu-L.SiO2NP_1 compared to the Eu-L.SiO2NP_1, 

and reaches a lower percentage cell viability of 78 % (CPT0ÌEu-L.SiO2NP_1) at 4 mg mL-1.  
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Table 2.10.31 

Summary of estimated CPT concentration released from CPT0ÌEu-L.SiO2NP_1 at 4 mg mL-1 at 6 hrs.  
 

 1 mg mL-1  4 mg mL-1 

Mass of CPT released/ mg 0.011 0.044 

Estimated theoretical concentration 

of CPT released/ nM 

3.2 x 104  1.3 x 105 

 

 

Values were taken from release study of CPT0ÌEu-L.SiO2NP_1 in water (figure 2.9.11). The 

theoretical concentration of CPT released from CPT0ÌSiO2NP_1 at 4 mg mL-1 at 6 hrs was 

calculated. Although this is estimated on release studies in water, it is likely the concentration 

released from CPT0ÌEu-DTPA.SiO2NP_1 will be higher than the IC50 of CPT at 6 hrs (129 nM). 

This would ensure a significant decrease in cell viability would occur with a 4 mg mL-1  dosage.  

 

The effect of using a physical trigger has become more apparent. We observed from release 

studies that the effect of the physical motion (figure 2.9.11 and 2.9.13) results in higher 

release (up to 24 hrs by UV-Vis absorbance). This was reflected in the MTT assays of  

CPT0ÌEu-L.SiO2NP_1  and CPT0ÌSiO2NP_1. Table 2.10.32 summarises all the important 

conclusions gathered from the MTT assays of all controls. 
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Table 2.10.32 

Summary of important conclusions gathered from observed MTT assays. 
 

Incubation 

Time 

CPT0ÌEu-L.SiO2NP_1 vs Eu-L.SiO2NP_1 CPT0ÌSiO2NP_1 vs ÌSiO2NP 

72 hrs • Clear difference up to 0.125 mg mL-1 

showing toxicity arising only from 

CPT in this concentration range 

• 48 % cell viability with CPT0ÌEu-

L.SiO2NP_1 at 0.125 mg mL-1 

• Difference in cell viability is much 

more prominent between drug 

containing NPs and silica NPs 

• 14 % cell viability with 

CPT0ÌSiO2NP_1 at 0.125 mg mL-1 

• Shows faster apoptosis with 

unfunctionalised CPT0ÌSiO2NP_1 as 

release is not controlled 

6 hrs • Difference between controls in 

shaking experiment are not as 

obvious as in the static experiment  

• However a higher drop in cell 

viability is achieved in shaking 

experiment  

• Concentration dependent  

• Difference between controls in 

shaking experiment are clearer as in 

the static experiment  

• Higher drop in cell viability is achieved 

in shaking experiment 

• Concentration dependent 

 

 

 

The cell viability assays also confirm that the toxicity to A549 cells can be attributed solely to 

CPT from the NPs at concentrations that show no significant cell death from the control NPs 

compared to drug included NPs. The effect of CPT on A549 cells was important to study, to 

show successful toxicity and the release of CPT into the cells is in its active form. This was not 

deduced from release studies using UV-Vis absorbance and emission due to the similarity of 

CPT absorbance bands at pH  < 5108, 160. However, the key information taken from the 

cytotoxic assays demonstrates the effect of pH environments enabling reversible reactions 

from basic carboxylate CPT molecules to active lactones.  
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2.11. Concluding Remarks  
 
 
 
 

 
 
 

 

After synthesis and characterisation of ligand L and SiO2NPs, in addition to luminescence 

studies of ligand complexation, the sensitisation of Ln(III) luminescence by CPT absorption 

was studied. The sensitisation of Eu(III) luminescence from CPT in solution was successfully 

studied as proof of concept, demonstrating the drug’s ability to act as a simultaneous light 

harvesting unit, in addition to therapeutic applications (section 2.5.3.).  

 

After successful sensitisation observed, the design of the silica system was developed and 

studied by luminescence spectroscopy. Non-porous SiO2NPs were used as the nanocarrier, 

despite the advantages of MSNs, due to the ability to encapsulate CPT without chemical 

modification, in hope to perform drug release in the active lactone form. Eu(III), Nd(III) and 

Yb(III) luminescence was detected from CPT0ÌLn-L.SiO2NP_1  (section 2.7.1.) from successful 

Figure 2.111 

Schematic illustration of our novel design of CPTÌLn-L.SiO2NP  as a theranostic tool for drug 

delivery and drug release detection, demonstrating successful sensitised energy transfer for 

Ln luminescence detection, monitoring CPT release, and investigating the toxicity of CPT on 

A549 lung cancer cells.   

EFFECT OF CPT 
RELEASED

RELEASE 
OF CPT

ENERGY 
TRANSFER
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energy transfer from CPT within the NP design. This was confirmed by excitation spectra, 

solution emission spectra of CPT0ÌLn-L.SiO2NP_1  (Ln(III) = Eu and Nd), and control 

experiments. Despite weaker energy transfer, observed by the presence of strong CPT 

emission (figure 2.7.14), successful sensitisation to Ln(III) occurred, demonstrating the 

success of the NP design. 

 

The release of CPT from CPT0ÌSiO2NP_1 and CPT0ÌEu-L.SiO2NP_1 were studied in water. 

The capping of the NPs by the Eu(III) ligand demonstrated a clear reduction in CPT release. 

Although % release statistics were arguably low, it was later observed by MTT assay studies, 

that the release was sufficient enough to observe toxicity to A549 cells by CPT solely. The 

release studies also showed a decrease in Eu(III) luminescence signal after release, measured 

by the integrated area under the peak, demonstrating promising potential as a diagnostic tool 

for drug release detection.  

 

The effect of CPT released was studied using MTT assay on A549 lung cancer cells, to 

determine the effect of the NP system, in addition to acquiring more information on what 

form of the drug is released. UV-Vis release studies indicated a mixture of lactone and 

carboxylate forms of CPT were released over time. MTT assays demonstrated efficient CPT 

toxicity to A549 cells, dependent on concentration, which was attributed to CPT solely. The 

effect of a physical trigger was applied, mimicking release study experiments, and 

demonstrated an increase in cytotoxicity when applied.  

 

The preparation of novel luminescent Ln coated SiO2NPs demonstrated the ability to perform 

theranostic applications in nanomedicine. This design offers a promising platform for 

therapeutic drug delivery, in addition to detection of drug release through monitoring Ln 

luminescence changes.  
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3. Preparation of Gold Nanoparticles 

which Bind to Europium 
3.1. Introduction 

3.1.1. Lanthanide Coated Gold Nanoparticles 

The advantage of using Ln(III) lumophores as bioprobes for applications in modern medicine 

has been discussed. These, coupled with the advantages of using AuNPs as carriers for these 

probes, offer a platform for creating a diverse range of multimodal NPs that are also able to 

serve several purposes such as sensing, diagnosing, and therapy.  

 

There has generally been two approaches to incorporating Ln complexes on AuNPs. The 

complexes can be assembled prior to NPs synthesis and can then be attached to AuNPs. This 

can occur through reduction of the gold salt (i.e. in situ), or bound post synthesis of AuNPs by 

ligand exchange. The second approach involves assembling the Ln complexes on the AuNP 

surface by attaching monolayers of ligands and the titration of Ln(III) ions to form the 

complexed coatings1.  

 

The first report of Ln coated gold NPs was not until 2006, by the Pikramenou group. Eu(III) 

complexes were assembled on AuNPs displaying characteristic red luminescence2. The ligand 

design involved a DTPA core, with hard donor atoms such as N and O, providing good and 

stable coordination to Eu(III), in addition to two aromatic thiols providing sensitisation, and 

an anchor to the AuNP surface.  
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Using the advantage of AuNP SPR effects, they were able to characterise the coating of the 

NPs using UV-Vis absorption by observing the modifications to the gold surface. Techniques 

such as transmission electron microscopy (TEM) were employed, in order to examine 

nanoparticle sizes and morphology. Interestingly, they observed luminescence quenching of 

the Eu(III) coated NPs, which has been reported by deactivation through excited states of the 

AuNP surface. This can depend on the distance between the chromophore and the AuNP 

surface2, 3. 

 

This two-step approach to synthesise water soluble, luminescent AuNPs has become a design 

backbone for applications in nanomedicine field. In 2012, Pikramenou et. al. synthesised 

luminescent AuNPs and the pHLIP peptide with the aim of targeting the cytoplasm of cells 

with a pH controlled delivery. The design of the Eu(III) complex is similar to the previous 

example, a binding site for Eu(III) desiring the requirement for a high coordination number 

and saturation, and a sensitising unit using quinoline rings with an aliphatic spacer attached 

to Au surface using thiolates4. 

Figure 3.1.11 

Schematic illustration of the AuNP scaffold designed by Pikramenou et. al., using the displacement of citrate 
ions to form the Ln coated AuNPs. Image taken from Pikramenou et. al2. 
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In acidic environment, pH < 6.5, the pHLIP peptide inserts across the C-terminus membrane 

and internalises into human platelets rapidly. The peptide is able to form a transmembrane 

helix upon change of pH and therefore can insert across the cell membrane. With the 

advantage of multimodality from AuNPs, TEM and reflectance-mode confocal microscopy 

was used to locate the AuNP cores in the platelets and in addition, using luminescence 

microscopy to image Eu(III) emission from the metal centres. To confirm the presence of 

Eu(III) in the platelets, time resolved luminescence measurements and luminescence spectra 

from microscopy images showed characteristic sharp lines and long lifetimes. The 

Pikramenou group have shown the exciting potential of AuNP scaffolds in biological 

applications, by coating with more than one type of agent, creating a design approach for 

targeting a vast host of biological tissue. The scaffold also allows multimodal imaging as used 

here4.   

Figure 3.1.12 

Schematic illustration of luminescent AuNPs coated with a Eu(III) complex and pHLIP, and the hypothesised 
translocation into cells controlled by pH. Image taken from Pikramenou et. al.4.  
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With the best of knowledge, the first report of near-infrared (NIR) emitting Lns combined with 

AuNPs was published by Truman et. al. in 20125, 6. NIR emitting Lns are extremely attractive 

for bio-imaging applications due to deeper tissue penetration and reduced interference from 

background biofluorescence, and light scattering5. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 

 

Albeit a different route to attachment to AuNPs via a modified two phase Brust method5, 

Yb(III) complexed to a thiolated cyclen was used to coat the NPs. Uniquely, there are three 

sensitising units that could be used to switch on Yb(III) emission: tta ligand (4,4,4-trifluoro-1-

(thiophen-2-yl)butane-1,3-dione), nta ligand (4,4,4-trifluoro-1-(naphthalen-2-yl)butane-1,3-

dione) or XO (xylenol orange) (figure 3.1.13). They found the emission of Yb(III) to be highly 

pH dependent, pH > 4 switched on emission to a maximum of pH 4.6, then decreasing to a 

Figure 3.1.13 

A schematic illustration of NIR emitting pH responsive NPs (top). Photophysical characterisation of the Yb(III) 
complex resulting in Yb(III) emission from sensitised energy transfer of the XO ligand. Image taken from 
Pikramenou et. al.5. 
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constant intensity at pH 5.6-8.0. By cycling through the pH ranges, they were able to show 

the switchable ‘on-off’ system of Yb(III) emission.   

The potential of Ln bioprobes used for biomedical applications has been shown to be 

enhanced by conjugation to AuNPs. Such high concentrations, at which the Ln complex can 

be toxic, can be loaded onto AuNPs allowing to create effective nano-scaffolds with low 

concentrations. By introducing the presence of multimodal functionalities, different analytes 

can be detected in one assay, targeting of specific sites can occur, as well as simultaneous 

tracking of NPs8. To date, AuNPs are still largely studied due to their photophysical properties 

(SPR effect) and facile synthesis. A wide range of Ln complexes have been used to coat gold 

NPs for these reasons3, 4, 7-14.   

 

3.1.2. b-diketone Units as Sensitisers for Lanthanides 

Organic complexes using transition metals are often used in bio-imaging applications. 

Complexes such as [Ru(bpy)3]2+ derivatives have higher excitation wavelengths, closer to the 

visible region of the electromagnetic spectrum, and are favoured for imaging type 

applications4, 5, 15. A major hindrance of sensitised Ln luminescence is the higher energy 

required for excitation, with wavelengths in the UV region of the electromagnetic spectrum16. 

These wavelengths cannot penetrate deep into tissue, but can also be damaging to tissue. 

Despite this, and the fact that organic probes can obtain high quantum yields, their broad 

emission signal can interfere with background emission from bio-luminescence16. 

 

b-diketonate ligands and derivatives are widely used to form highly emissive Ln complexes. 

With appropriate functionalities in addition to p-conjugation running through the molecule, 

flexibility is enabled in the excitation window where longer wavelengths can be used. b-

diketonates provide a negatively charged binding site naturally forming neutral complexes 

with Ln(III) ions with a 3 : 1 ratio of b-diketonate : Ln(III). The p-conjugation running through 

the molecule enables strong absorption features over a range of wavelengths for the p-p* 

transition. This makes b -diketonate ligands good light harvesting units, and strong sensitisers 

for Ln(III) luminescence. Their sensitisation for strong Eu(III) luminescence is well known, 

owing to appropriate energy transfer arising from the energy gap between the excited triplet 

level of the ligand, and excited Eu(III) ion. However, with electron donation from six O atoms 
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(from three b-diketonates), Ln(III)- b-diketonate complexes are often coordinated to at least 

one water molecule, and thus isolated as hydrates. Consequently, this can lead to quenching 

of emission via coordination to high energy O-H oscillations. A common method to overcome 

this challenge, which has been increasingly adopted, is to add ancillary ligands in order to 

replace water molecules. These ancillary ligands can often bear additional chromophoric 

properties, enabling additional sensitisation, and tailoring of excitation wavelengths16-18, 38.  

 

 

 

 

 
 

 

 

The Marques group synthesised Ln compounds for potential applications as anticancer 

agents, synthesised a series of Ln complexes using three b-diketonates and a phenanthroline 

derivative (Ln = Sm, Eu, Tb)17.  

  

 

 

 

 

 

 

 

 

 

 

Figure 3.1.21 

Base structure of b-diketonates binding to Ln(III) ion. 

Figure 3.1.22 

Structure of the complexes synthesised by Marques et. al, Ln(DBM)3(phen)17.  
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Many N-heterocyclic chromophoric ligands such as phenanthroline, pyridine and bipyridine 

are usually seen complexed to Ln(III) ions alongside b-diketonates. The p-conjugation 

provides an additional chromophore centre, but have also been used as DNA intercalators 

due to planarity, as well as sensitisers in PDT. Through ligand excitation (DBM), they detected 

Sm(III) and Eu(III) emission, in addition to ligand emission. Interestingly, in PBS, no ligand 

centred emission was detected, and only sharp Ln(III) peaks corresponding to Sm(III) and 

Eu(III) transitions. This suggested either quenching of ligand in PBS, or complete efficient 

energy transfer17. 

 

An additional method to overcome quenching pathways which reduce Ln(III) complex 

luminescence, particularly involved for NIR Ln(III) ions, is fluorination. Fluorination of b-

diketonates is common, reducing the number of C-H oscillations and replaced with C-F. 

Fluorination brings about a challenge in that with electron attractive nature of flouritinated 

bonds, coordination to negatively charged Ln(III) ions is harder. Bunzli et. al. combined four 

benzoyltrifluoroacetone (BFTA) moieties to design a fluorinated b-diketonate podand, 

connected by methoxy groups to enable sufficient flexibility for coordination to Ln(III). With 

this large chelate effect, and octa-coordinated, they expected high binding constants19.  
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Figure 3.1.23 

Structure of the fluorinated b-diketonate podand designed by Bunzli et. al.19. 
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Due to heavy fluorination, the Ln(III) complexes (Ln = Sm, Gd, Yb and Er) were only soluble in 

DMF and DMSO which are highly polar solvents. Their luminescence studies showed efficient 

energy transfer for sensitisation of Sm(III), Yb(III) and Er(III) emission. They also used energy 

transfer from Yb(III) à Er(III) to further enhance Er(III) emission .  

 

Patra et. al. synthesised four ternary Ln(III) complexes (Ln = Eu and Tb), all involving 1,1,1-

trifluoro-3-(2-theonyl)acetone (TTA), and studied for interactions with DNA, and DNA 

photocleavage. Their design involved three b-diketonates (negatively charged), and one 

bidentate ligand (chalcone) conjugated with fluorine. The design aimed to have a saturated 

coordination environment, in order to minimised non-radiative transitions (quenching). With 

the high vibrational energy of C-F oscillations, higher than that of C-H,  CF3 groups can enhance 

luminescence by decreasing the non-radiative decay processes20-22.  

 

 

 

 

 

 

 

 

 

 

 

 

Their chalcone containing and TTA complexes showed strong luminescence from all 

complexes (Eu and Tb), showing good energy transfer from the TTA ancillary sensitising unit. 

The ligands containing pyrene or anthracene acted as good photosensitisers for DNA 

photocleavage by generation of ROS species.  

 
 

Figure 3.1.24 

Structure of Ln complexes designed by Patra et. al., R = anthracene or pyrene20. 
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b-diketones and Eu(III) Luminescence 

Luminescent Eu(III) materials are highly attractive arising from their well suited nature as 

visible red emitters in optoelectronics, and as luminescent labels in bioprobes. As a ligand for 

Ln(III) complexes, it has already been established its effectiveness in sensitisation and ability 

to form highly luminescent complexes, often seen with ancillary ligands to aid minimisation 

of quenching processes. This is especially prominent for Eu(III) ions due to the appropriate 

positioning of the electronic levels of 5D0  state and the triplet states of b-diketonates. Via 

internal conversion, transitions from higher excited Eu(III) states can occur (such as 5D1). The 

matching of energy levels is a key feature in the luminescence properties of Eu(III) b-

diketonate complexes16.  

 

It seems advances in the design of highly luminescent Eu(III) b-diketonate complexes has 

focused largely on extending the excitation window from UV to visible range in order for use 

in biological applications. Additionally, as mentioned, designs have involved expanding Eu(III) 

coordination sphere through adducts and ancillary ligands16, 38.  

 

Iftikhar and Hasan recently published luminescence studies of novel ternarny Eu(DBM)3(impy) 

(DBM = anionic 1,3-dibenzoylmethane) (impy = 2-(1H-imidazol-2-yl)pyridine) forming a 

coordination sphere of eight donor atoms.  

 

 

 

 

 

 

 

 

 

 

Figure 3.1.25 

Structure of Ln(DBM)3(impy), Ln = Eu and Gd38. 
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The impy ligand coordinates to Eu(III) via the imidazolyl and pyridyl N atoms, in addition to 

the six O atoms donated by the tris-b-diketonates, forming a coordination number of eight. 

However, the impy ligand brings about an asymmetric environment and can create distortion 

of the Eu(III) complex, which can result in enhanced luminescence. They found a distorted 

square antiprismatic geometry with the Eu(III) complex, encapsulating the Eu(III) ion inside 

with the high coordination sphere, and thus compelled with structural needs for efficient 

sensitisation38.  

 

Excitation spectra were recorded by monitoring the emission at 5D0 à 7F2, and demonstrated 

efficient ligand to metal transfer indicated by the absence of fàf transitions in the excitation 

spectra (sometimes seen with Eu(III)). This confirmed efficient sensitisation from the DBM 

ligand. With determination of the triplet states of DBM and impy, they found that the energy 

gap between Etriplet of DBM and 5D0 was sufficient enough for efficient energy transfer. 

However, they could not rule out any losses in luminescence due to energy transfer from DBM 

to impy, or the higher excited level 5D1 of Eu(III)38.  

 

One of the important features of Eu(III) luminescence spectra are the high amount of 

information obtained from the transitions observed, which are indications of geometries 

around Eu(III), which was used in this case38.  

 

 

 

 

Figure 3.1.26 

Emission spectra of Eu(DBM)3(impy) in solid state (a), chloroform (b) and as a hybrid film (c). Image taken from 
Iftikhar et. al.38. 
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In solution, it is clear the luminescence was dominated by the hypersensitive 5D0 à 7F2 

transition, and hence the red colour of Eu(DBM)3(impy). Luminescence from the higher 

excited state 5D1 à 7F1 was also observed in the hybrid film. However, the significance of the 

information gained from Eu(III) spectra can be explained by the splitting of the 5D0 à 7F2 

transition observed in solid state and the hybrid film, telling us a lot about the symmetry 

around Eu(III). Further splitting of these transitions arises from the Stark effect, and is 

influenced by ligand field effects23. Splitting of the magnetic dipole transition 5D0à 7F1 

(independent of ligand environment) clarifies the unsymmetrical environment and agrees 

with the distorted square antiprismatic geometry71. No splitting of the 5D0à 7F0 indicates only 

one site for Eu(III) in every phase, in agreement also with their crystal structure results38.  

 

Furthermore, the ratio of luminescence intensities of the transitions (mainly the electric 

dipole transitions, 5D0 à 7F0, 2, 4) depend heavily on the environment around Eu(III). Increases 

in intensity of these transitions are usually observed in complexes with low symmetry, when 

compared to 5D0 à 7F1, 3 (magnetic dipole transitions which are independent of the 

environment)39.  

 

In addition, the detection of the strong 5D0 à 7F2 transition, which was not expected due to 

its forbidden nature in distorted square antiprismatic geometries, indicated J mixing. Similarly 

is the case with the magnetic dipole transitions 5D0 à 7F1, 3 (solid and hybrid film) arising from 

J mixing38, 39.   

 

The interpretation of Eu(III) spectra can be very informative, as demonstrated by Iftikhar et. 

al., and is an important factor in why Eu(III) ions are a common choice for designing 

luminescent Ln(III) complexes.  

 

More recently, Tadokoro et. al. synthesised Ln(III) b-diketonate complexes (Ln = Eu and Tb) 

for incorporation into Nafion film used for energy saving materials. They were able to achieve 

reversible emission between red emitting Eu(III) and green emitting Tb(III) via pH adjustment. 

The ligand of choice used here was N-(2-pyridinyl)benzoylacetamide (HPBA), a b-diketone 

containing an amide and a pyridine ring24.  
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HPBA has been used before, due to the unique ability of the ligand to increase its triplet 

excitation energy. The amide and pyridine containing b-diketone is able to do this due to the 

presence of an amide group, facilitating energy transfer from ligand to metal. The pyridine 

ring also has importance, in that pH can be adjusted, enabling tuneable emission 

wavelengths. This arises from protonation and deprotonation of the b-diketone, causing 

changes in the S1 and T1 levels24-26.  

 

They were able to switch between red and green emission (Eu(III) and Tb(III) respectively) by 

controlling pH. Under basic conditions they detected Eu(III) emission, and under acidic 

conditions they detected Tb(III) emission.  
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Figure 3.1.27 

Structure of Ln2(PBA)6 by Tadokoro et. al.24.  
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Similarly, they were able to extract geometrical information from the Eu(III) spectrum by 

comparing the intensities of 5D0 à 7F2 and 5D0 à 7F1 transition. The large ratio of 5D0 à 7F2 : 
5D0 à 7F1 indicated low symmetry around the Eu(III) ion.  

 

Reddy et. al. reported the synthesis of a novel luminescent bioprobe for use in live cell 

imaging, with a high quantum yield of 25 % and a long luminescent lifetime of 398 ms. Their 

main goal in the design of the complex was to extend the excitation window, that is usually 

limited to the UV range, and selective localisation in regions of interest in the cell27. 

 

 
 
 
 
 
 

Figure 3.1.28 

Emission spectra demonstrating dependence on pH conditions. Image taken from Tadokoro et. al.26.  
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The Eu(III) complex consisted of three HpfphOCH3IN ligands, accompanied by one ancillary 

ligand (a phosphine oxide ligand). Low temperature phosphorescence studies giving triplet 

state energy levels of the ligand showed appropriate energy transfer from ligand to Eu(III) 5D0 

state. This was reflected in the absence of Eu(III) absorption bands, and the absence of ligand 

emission from the complex, indicating efficient sensitisation. The luminescence spectrum was 

dominated by the 5D0 à 7F2 transition, suggesting low site symmetry. Additionally, the 

presence of only one peak detected for 5D0 à 7F0 transition, indicated only one environment 

around the Eu(III) ion existed. The high quantum yield and long luminescence lifetimes were 

achieved by excitation at 405 nm, showing it’s promising use for cell imaging applications27. 

 

Another field of research that has relied on Ln probes is the detection of Cu2+ ions and 

sulphide ions. High levels of copper has been associated with liver damage, increased blood 

pressure and other neurodegenerative diseases. Hence, research has followed monitoring 

and sensing Cu2+ and sulphide ions32, 33. Using Lns, due to their unique properties such as long 

lived luminescence (and time gated measurements), has become more attractive. However, 

before the work published by Wu et. al., most complexes obtained low luminescence 

quantum yields. Wu et. al. reported the synthesis of a new Eu(III) b-diketone complex with a 

high quantum yield and long luminescent lifetime28. 
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Figure 3.1.29 

Structure of the b-diketone complex synthesised by Reddy et. al., HpfphOCH3IN27.  
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When coordinated to Cu2+ ions, emission of Eu(III) at the hypersensitive 5D0 à 7F2 transition 

was quenched. This was reversed by the addition of sulphide ions, removing Cu2+ ions as CuS, 

recovering the Eu(III) emission. This reversible effect enabled on – off sensing of the two 

species. The Eu(III) complex also showed a high luminescence quantum yield of 57 %, and a 

long lifetime of 810 ms28. 

 

In the Pikramenou group, research into derivatives of Eu(DBM)3 has included syntheses of 

bis(b-diketone) ligands in aid to improve emission qualities of the simple Eu(DBM)3 complex34, 

40. 

 

 

 

 

 

 

Figure 3.1.210 

Mechanism of sensing Cu2+ and sulphide ions using the Eu(III) b-diketone complex. Image taken from Wu et. 
al28. 

O O O O

Figure 3.1.211 

Structure of bis-DBM with the ability to bind to two metal ion centres in its anionic structure.  
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Pikramenou et. al. developed complexes using b-diketone ligands joined by 1,3-phenylene 

spacer to bind to Ln ions and observe sensitised emission. The aim to increase Ln(III) emission 

compared to the original Ln(DBM)3 was carried out through the design of having two binding 

sites for metal ions.  

 

Their measured luminescence quantum yield of the dinuclear Eu(III) bis(b-diketone) complex 

in DMF was 5 %, higher than that of the mononuclear Eu(III) complex Eu(DBM)3, attributed to 

the additional lumophore. Their luminescence properties showed appropriate positioning of 

the triplet ligand state, in order to efficiently sensitise Eu(III), Sm(III) and Nd(III) emission. 

Moreover, high energy O-H oscillations were excluded from the quadruple stranded 

complexes and displayed stronger luminescent properties40.  

 

Pikramenou et. al. have also used bis(b-diketones) to form luminescent racks of dinuclear 

Eu(III) complexes, desired for systems with high light output31.  

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 
 

Figure 3.1.212 

Scheme of heteroligand assembly, used by controlling Ln coordination with a multidentate ligand and a bis(b-
diketone). Image taken from Pikramenou et. al.31. 
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The spacer in the bis(b-diketone) involves a rigid phenylene, in order to act as a rack for 

enabling attachment of two Eu(III) ions, but also provides chromophoric properties31. 

 

The wide variety of Eu(III) b-diketone complexes that have been developed to form highly 

luminescent complexes for various applications is tremendous. Significantly, for use in 

bioimaging, it is evident that research has focused on extending the excitation window from 

UV to visible, and also designing ligands with appropriate energy transfer abilities. The p-

conjugation of these complexes, modifications of the b-diketone through fluorination, and 

addition of ancillary ligands with hard donor atoms such as N, has helped facilitate this16-31, 38, 

40.  

 

3.1.3. Coating Gold Nanoparticles with Ln(III) b-diketones and Potential Applications 

There have been few reports of Ln complexes with b-diketones used to coat gold NPs41, 42. 

Both examples in this case, have been designed for potential applications in sensing  and 

displacement assays.  

 

Ln complexes are especially useful for sensing and detection of analytes in immunoassays, a 

field very much developed using Lns due to their advantages. Luminescent Ln bioprobes 

began to become popular from the mid 1970s using b-diketonates and 

polyaminocarboxylates as chelates for Ln complexes (Eu, Sm, Tb and Dy) in time resolved 

luminescent assays34, 35.  

 

In an immunoassay, concentration dependent signal of an analyte is created by using labelled 

antibodies (with lumophores, radioisotopes, enzymes). The challenge presented by 

immunoassays include high background signal from analytes thus reducing sensitivity and 

ranges of detection. The advantage of using Ln complexes is their long lived luminescence 

lifetimes, enabling time gated measurements in order to reduce background interference, 

and hence increasing sensitivity and detection. It’s important that the assays are able to 

detect low concentrations of analytes, even when in the presence of other biological 

molecules such as proteins. It can be imagined that in a mixture of proteins, detection of a 

specific protein can be challenging, especially when samples can be highly complex33.    
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These assays can be generally divided into two categories, heterogenous and homogenous 

immunoassays. Heterogenous assays are associated with binding to analytes through 

molecules immobilised on a solid substrate, and have been commercialised under 

dissociation enhanced Ln fluorometric immunoassay (DELFIA)34, 36, 37.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Homogenous assays rely on the principles of Forster resonance energy transfer (FRET) to 

detect analytes in solution. The analyte of interest is coupled to two antibodies, one with a 

Ln and one with an organic acceptor. Dipole-dipole interactions at long range enable energy 

transfer from the Ln to the acceptor34, 36. 

 
 
 
 
 

Figure 3.1.31 

A schematic diagram demonstrating the principles of a heterogeneous immunoassay from Bunzli34. 
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With large Stokes shift of Ln complexes, excitation windows can be tailored to move away 

from acceptor absorption, hence making Ln systems suitable as FRET donors in 

immunoassays.  

 

b-diketone complexes have often been employed as Ln chelators for applications in 

luminescent immunoassays. With the advantage of stable and neutral tris-b-diketone 

complexes, a high coordination environment is provided, and appropriate sensitisation. There 

have also been examples of two b-diketones held by spacers, forming tetradentate ligands33.  

 

However, the advantages of this can be magnified by using functionalised gold NPs. With high 

loading of luminescent Ln probes at low concentrations and multimodal functionality, it 

provides a platform for enhancing detection and sensitivity in Ln immunoassays.  

 

 

 

 

 
 
 
 
 
 
 

Figure 3.1.32. 

Schematic diagram representing homogeneous immunoassays from Bunzli34. 
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3.2. Chapter Outline 

This chapter is concerned with the design of luminescent AuNPs coated with a surface active 

DBM molecule attached via thiol groups, developing a platform for sensing Eu(III) ions and 

sensitising Ln luminescence.   

 

 

 
 
 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.21 

Schematic illustration of development of gold NPs functionalised with surface active DBM molecule, DBMSS, able 
to bind Eu(III) ions and sensitise luminescence. This design aims to design luminescent NPs whilst retaining good 
stability and photophysical properties upon coating with DBMSS and Eu(III). 
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Herein, the surface functionalisation of gold NPs with DBMSS, and their photophysical 

properties are reported. The coated NPs show binding to Eu(III) ions, monitored by 

luminescence and UV-Vis absorbance, successfully sensitising Eu(III) emission with long lived 

lifetimes.   
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3.3. Photophysical Properties of DBMSS and Binding to Europium  

The DBMSS ligand synthesis was performed by J. Lilley according to reaction schemes 

described in his thesis43. The photophysical characterisation of DBMSS, and its binding to 

Eu(III) was investigated before preparation of functionalised NPs. The UV-Vis absorption of 

DBMSS and Eu(DBMSS)3 (figure 3.41) is shown here. 

   

 

 

 

The UV-Vis absorption spectrum of DBMSS in MeOH shows two intense bands at lmax = 350 

nm and 240 nm (e = 13000 mol-1 dm3 cm-1 and e = 12000 mol-1 dm3 cm-1 respectively, see 

appendix figure 43). The two bands can be attributed to p*àp transitions from the aryl 

groups. These values are in agreement with other DBM functionalised molecules previously 

reported in literature38, 44-46, 47.  

 

The UV-Vis absorption spectrum (figure 3.31, B) shows a bathochromic shift in lmax from 350 

nm to 355 nm after coordination to the ion, suggesting successful binding to the DBMSS 

ligand47.  

 

Figure 3.31 

A: UV-Vis spectrum of DBMSS (0.016 mM, MeOH). B: Change in DBMSS absorption (blue) (0.05 mM, 10 % MeOH) 
upon addition of Eu(III) (0.017 mM, 10 % MeOH) (purple) in H2O. Data is in good agreement with J. Lilley43. 
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The emission of DBMSS in MeOH shows one intense peak at lmax = 435 nm when excited at 

lexc = 350 nm48. The Eu(III) f-f emission signal was monitored by using lexc = 350 nm (figure 

3.32, B). The characteristic Eu(III) emission was in the visible region with detection of five 

transitions. The very weak, and strictly forbidden 5D0 à 7F0 transition at lmax = 580nm was 

observed. The detection can inform us about the geometry around Eu(III), indicating the 

metal ion occupies a site with Cnv, Cn or Cs symmetry. The 5D0 à 7F1 transition at lmax = 590 

nm was observed, but the most intense transition detected was at  lmax = 612 nm attributed 

to the hypersensitive transition 5D0 à 7F2 , which is characteristically strong in b-diketones39. 

The high intensity, compared to 5D0 à 7F1, is often associated with low symmetry of the metal 

ion. The 5D0 à 7F3 (lmax = 650 nm) and 5D0 à 7F4 (lmax = 702 nm) were both detected, with the 

latter being more intense. As more DBMSS can bind to the ion, the symmetry around Eu(III) 

changes, giving rise to change in intensities for transitions compared to EuCl3.6H2O49. Due to 

known weak absorption of f elements and their weak emissive nature arising from Laporte 

forbidden transitions, the excitation of DBMSS + Eu(III)  at 350 nm strongly suggests the Eu(III) 

emission signal can be attributed to sensitisation from DBMSS50. This is further demonstrated 

by the zero Eu(III) emission signal of EuCl3.6H2O when using lexc = 350 nm. The absence of the 

DBMSS ligand disables sensitisation and hence no emission signal.  

Figure 3.32 

A: Emission spectrum of DBMSS (0.016 mM, MeOH), lexc = 350 nm. B: Emission spectrum of DBMSS (0.05 mM, 
10 % MeOH) upon addition of EuCl3.6H2O (0.017 mM, 10 % MeOH) (blue) in H2O. Emission of EuCl3.6H2O (purple) 
(0.017 mM, MeOH), lexc = 350 nm. Emission spectra corrected for PMT and instrument response. Data is in good 
agreement with J. Lilley43.  
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3.4. Luminescent Gold Nanoparticles with DBMSS and Europium  

3.4.1. Preparation of Gold Nanoparticles 

 
To design luminescent NPs, following synthesis yielding gold NPs with diameter 13 nm 

(AuNP), a fluorinated surfactant Zonyl FSA was used to coat the surface prior to 

functionalisation (AuNP. Z). AuNP. Z was purified via centrifugation and then coated with 

DBMSS. DBMSS was treated with hydrazine for reduction of thiol bonds to attach to AuNP 

surface, followed by coordination to Eu(III).  

 

 

 

Monodisperse and water soluble AuNP were synthesised using the improved Turkevich 

method, with some modifications4, 51, 52 involving optimisation of reagent concentrations to 

achieve narrow size distributions of 13 nm AuNPs. Sizes of NPs were characterised by DLS 

(table 3.4.11) and TEM (figure 3.4.12), and surface charge measured by zeta potentials (table 

3.4.12).  

Figure 3.4.11 

Schematic design of preparation of luminescent AuNP via functionalisation with DBMSS followed by Eu(III) 
addition. 
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Table 3.4.11 

DLS characterisation for functionalised NPs. 

Sample Intensity 

Distribution/ nm 

Number 

Distribution/ nm 

PDI 

AuNP 21 ± 7 
 

13 ± 3 0.154 

AuNP. Z 31 ± 11 18 ± 4 0.218 

AuNP. Z + DBMSS 138 ± 52 78 ± 28 0.171 

AuNP. Z + DBMSS + Eu(III) 161 ± 66 88 ± 34 0.184 

 

 

 

DLS sizing analysis suggests the AuNP are ca. diameter of 13 nm by number distribution as 

expected, with a PDI value of 0.154 demonstrating good monodispersity in the nanoparticle 

solution. After coating with fluorinated surfactant Zonyl FSA (figure 3.4.11), an increase in size 

is observed due to the addition of the polymer onto the surface stabilising the NPs. A much 

larger increase in diameter is observed after functionalisation with the DBMSS ligand, from 

21 nm to 131 nm by intensity, and a further, albeit smaller increase, 27 nm after incorporation 

of Eu(III). The PDI values of each step are all within acceptable range, confirming a good 

narrow size distribution and no signs of aggregation, which was also confirmed by UV-Vis 

absorbance as seen. The small increase in diameter observed after incorporation of Eu(III) 

into DBMSS moieties on the AuNP surface is within the error of AuNP. Z + DBMSS. 
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TEM was used in order to investigate the actual size of AuNP from stock solution, in order to 

calculate AuNP concentrations. Moreover, this technique also enables us to further assess 

the monodispersity of the NPs, in addition to the shape and size. DLS analysis (table 3.4.12) 

gave us good indication of monodisperse NPs, obtained by the PDI values, but also the general 

increasing trend in size upon coating of the NPs. The AuNP diameter size was measured to be 

13 nm by TEM with good monodispersity and a narrow size distribution observed (figure 

3.4.12, A). Upon stabilisation with Zonyl FSA, an increase in size was observed, with an 

A B 

C D 

Figure 3.4.12 

TEM images of AuNP samples. A: AuNP (1.15 nM, H2O) average diameter 13 nm. B: AuNP. Z (0.7 nM, H2O) average 
diameter 16 nm.  C: AuNP. Z + DBMSS (0.85 nM, H2O) average diameter 18 nm. D: AuNP. Z + DBMSS + Eu(III) (0.8 
nM, H2O) average diameter 17 nm. Diameter averages were calculated using 10 NPs per image. 

AuNP AuNP. Z 

AuNP. Z. DBMSS AuNP. Z. DBMSS. Eu(III) 
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average diameter of 16 nm, in good agreement with DLS analysis, and showed good 

monodispersity with these NPs (figure 3.4.12, B). A further increase in diameter size was 

observed after coating with DBMSS again showing good monodispersity in the nanoparticle 

solution (figure 3.4.12, C). No further change in size was observed by TEM upon coordination 

to Eu(III), although detected by DLS, with good monodispersity (figure 3.4.12, D). Although 

the increasing trend in size is observed by TEM, the increments are much smaller than DLS 

analysis. However, this can be expected by DLS as the hydrodynamic diameter in solution is 

measured explaining the large dramatic increases observed. TEM has shown good spherical 

shape of AuNP, which has been retained upon coating, with good monodispersity. 

 
 
Table 3.4.12 

Zeta potentials of AuNP samples.  
 

Sample Zeta Potential z/ 

mV 

AuNP -40 ± 5 

AuNP. Z -35 ± 8 

AuNP. Z + DBMSS -67 ± 9 

AuNP. Z + DBMSS + Eu(III) -52 ± 10 

 

 

The zeta potentials of the AuNP samples were measured obtaining their surface charge, 

where changes in values upon functionalisation can indicate the success of surface 

modification dependent on the charge of the molecules. The zeta potential  of uncoated 

AuNP was -40 mV, as expected due to the negatively charged citrate ions stabilising the gold 

surface after synthesis. Small change (within error) is observed after stabilisation with Zonyl 

FSA obtaining a zeta potential of -35 mV. A large negative increase of 32 mV was observed 

after coating with the DBMSS ligand, which was expected due to the presence of hydrazine 

in order to reduce the thiols for attachment to gold. After incorporation of Eu(III) onto AuNP. 

Z + DBMSS, a zeta potential of -52 mV was measured. A positive increase of 15 mV was 

observed due to the presence of the positively charged trivalent ion. This was not as a 



 200 

dramatic change as expected, possibly attributed to the fact that not all DBMSS sites may be 

occupied after incorporation of the metal ion.  

 

3.4.2. Photophysical Properties of Functionalised Gold Nanoparticles 
 
The photophysical properties of AuNP and corresponding functionalised NPs were 

characterised by surface plasmon resonance (SPR) (figure 3.4.21) using UV-Vis absorbance.  

 

Prior to coating the surface of AuNP with DBMSS, the NPs were stabilised using fluorinated 

polymer Zonyl FSA. The use of surfactants and polymers can be beneficial for functionalised 

AuNP designs as they can prevent aggregation induced by positively charged complexes 

interacting with negatively charged citrate ions74. The necessity of their use on AuNPs has 

been previously reported in our group. The preparation of charged complexes Ru(bpy)2+, 

Ir(ppy)2(bpy)2+, and DTPA derivative ligands coated on AuNPs have benefited from the use of 

Zonyl and pHLIP  stabilising the NPs4, 50, 53-55.  

 

 

 
Figure 3.4.21 

A: Change in SPR of AuNP (solid line) (1.2 nM in H2O)as 𝜇L additions of 1 mM DBMSS in MeOH is titrated in to a 
final concentration of 1 𝜇M to prepare AuNP + DBMSS (dotted line) (0.85 nM in H2O). B: Change in SPR of AuNP 
(solid line) (1.2 nM in H2O) after stabilisation with Zonyl to prepare AuNP. Z (dotted line) (0.88 nM in H2O).  
 

Aggregation 
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AuNP 
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Direct loading of DBMSS onto AuNP to prepare AuNP + DBMSS, resulted in aggregation of 

the NPs (figure 3.4.21, A). Perturbation is observed in the UV-Vis spectrum of demonstrated 

from the growth in the AuNP SPR band between 600 nm – 700 nm, characteristic of 

aggregated and destabilised AuNPs56, 57. Upon addition of Zonyl FSA, a bathochromic shift in 

AuNP SPR was observed from lmax = 515 nm to 518 nm, indicative of an interaction between 

the surfactant and the AuNP surface (figure 3.5.21, B).  

 

The surfactant modified NPs, AuNP. Z, were isolated and purified via centrifugation, followed 

by titrating the DBMSS ligand onto the surface of AuNP. Z monitored by UV-Vis absorption 

(figure 3.4.22).  

 

 

 

 
 

Figure 3.4.22 

A: Change in SPR of AuNP. Z + DBMSS (0.88 nM AuNP. Z + 19.5 𝜇M DBMSS) as 𝜇L additions of 1 mM DBMSS in 
MeOH is titrated in to a final concentration of 19.5 𝜇M DBMSS. Figure 3.4.22, A insert shows the SPR shift from 
𝛌max from 518 nm to 525.5 nm. B: A plot of 𝛌max against DBMSS  concentration to show the binding on AuNP.   
 

 SPR 
A B 
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As the surface is functionalised with DBMSS, a bathochromic shift in the AuNP SPR is observed 

from lmax = 518 nm to a saturation point of lmax = 525.5 nm, an overall shift of 7.5 nm. This 

optimised data showed further shift in SPR lmax in contrast to J. Lilley, who observed a plateau 

at lmax = 524 nm (AuNP. Z (3.2 nM in H2O), DBMSS (11.32 mM, MeOH)). It should be noted 

that there is no perturbation observed here as seen in figure 3.4.21, due to the presence of 

Zonyl FSA, stabilising the NPs preloading with DBMSS. The increase in intensity of the band 

at lmax = 350 nm is attributed to the absorption of the aryl rings of the DBMSS ligand.  

 

 

3.4.3. Loading Europium onto Functionalised Gold Nanoparticles 
 

After successful coating of the AuNPs with the DBMSS ligand, taken to saturation, the next 

step in our design to create luminescent AuNPs was to load Eu(III) onto AuNP. Z + DBMSS. 

Eu(III) was titrated in to prepare AuNP. Z + DBMSS + Eu(III), and hence Eu(III) emission signal 

was monitored from sensitisation of the DBMSS ligand.  

 

 

 

 

 

The loading of Eu(III) onto AuNP. Z + DBMSS was monitored by UV-Vis (figure 3.4.32).  

Figure 3.4.31 

Schematic design of preparing AuNP. Z + DBMSS + Eu(III) (0.7 nM AuNP. Z + 19.5 𝜇M DBMSS + 3.3 𝜇M Eu(III)) 
showing more than one DBMSS moieties binding to Eu(III). 
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Figure 3.4.32  

A: Change in SPR of AuNP. Z + DBMSS (0.7 nM AuNP. Z + 19.5 𝜇M DBMSS) as 𝜇L additions of 0.2 mM Eu(III) in 
MeOH is titrated in to a final concentration of 3.3 𝜇M.  
B: Aggregation of AuNP. Z + DBMSS + Eu(III) (0.7 nM AuNP. Z + 19.5 𝜇M DBMSS + 4.8 Eu(III)) as total 
concentration of 4.8 𝜇M Eu(III) in MeOH is titrated. Figure 3.4.32, B insert shows the perturbation in the SPR 
band illustrating aggregation by UV Vis between 𝛌 = 600– 700 nm. 
C: Control experiment comparing SPR shifts between AuNP. Z + DBMSS (blue) (0.7 nM AuNP. Z + 19.5 𝜇M 
DBMSS), AuNP. Z + DBMSS + Eu(III) (pink (0.7 nM AuNP. Z + 19.5 𝜇M DBMSS + 3.3 Eu(III)),  AuNP. Z (green) 
(0.7 nM in H2O), and AuNP. Z + Eu(III) (black) (0.7 nM AuNP. Z + 3.3 𝜇M Eu(III)). 
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As Eu(III) is titrated in, a bathochromic shift in the AuNP SPR of 1 nm is observed from lmax = 

526 nm to 527 nm. Albeit the binding occurring between the ion and the aryl rings of DBMSS 

is away from the AuNP surface, the observed shift confirms the modification of the AuNP 

surface due to the interaction between the incubated Eu(III) and the AuNP surface. The 

experiment also allows us to identify the saturation point, whereby a maximum concentration 

of 3.3 𝜇M Eu(III) can be added before aggregation (figure 3.4.32, B). Furthermore, there is in 

fact also a redshift in DBMSS absorption of lmax = 358 nm to 361 nm after coordination to 

Eu(III). The observed redshift was mirrored in the lmax shift observed in DBMSS + Eu(III) (figure 

3.31, B).  

 

In addition to the titration of Eu(III) loaded onto AuNP. Z + DBMSS, control AuNP SPR shifts 

were compared to investigate if the incorporation of Eu(III) onto the functionalised NPs, 

confirmed successful binding to the DBMSS moieties. The UV-Vis of AuNP. Z + Eu(III) was 

monitored, in absence of DBMSS, showing no shift in AuNP SPR. This observation matches 

the AuNP. Z SPR at  lmax = 518 nm, demonstrating the necessity of DBMSS on AuNP for Eu(III) 

to be complexed, and hence this interaction detected by UV-Vis. The control experiment 

(figure 3.4.32, C),  along with the small shift in AuNP SPR (figure 3.4.32, A), and DBMSS (figure 

3.41, B), confirms our result of Eu(III) successfully binding to DBMSS moieties on AuNP. Z. + 

DBMSS.  

 

Table 3.4.31 

Summary of  AuNP SPR, and DBMSS UV-Vis absorbance shifts. 

Sample AuNP SPR lmax DBMSS lmax 

AuNP 515 ----- 

AuNP. Z 518 ----- 

AuNP. Z + DBMSS 526 358 

AuNP. Z + DBMSS + Eu(III) 527 361 
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Inductively coupled plasma mass spectrometry (ICP-MS) was conducted on AuNP. Z + DBMSS 

+ Eu(III). This technique can be used to detect the amount of metals in samples at low levels 

detection (parts per billion) and therefore can be used to quantify number of complexes per 

AuNP. The ratios between Eu atoms and Au atoms, and the calculated number of Au atoms 

per NP can reveal the number of Eu complexes per NP (see appendix table 47)58-60. ICP-MS 

revealed an average of 3200 ± 300  Eu(III) complexes per NP.  

 

At a total of 3.3 𝜇M of Eu(III) titrated onto AuNP. Z + DBMSS resulted in approximately 3200 

metal complexes per NP. For an approximation of DBMSS moieties, with the assumption of 3 

: 1 binding, we can approximate that (at least) 9600 DBMSS moieties were occupying the 

AuNP surface, at a final concentration of 19.5 µM DBMSS. This however is a rough estimate, 

and it is unclear how many DBMSS moieties are bound per Eu(III) ion at this stage.  
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3.4.4. Photophysical Properties of Europium Coated Gold Nanoparticles 
 

Following preparation of AuNP. Z + DBMSS + Eu(III), the luminescence properties of the 

functionalised NPs were investigated. Eu(III) emission signal was monitored via sensitisation 

of the DBMSS ligand at lexc = 350 nm (figure 3.4.41).  

 

 
 

After complexation of Eu(III) into AuNP. Z + DBMSS at a final concentration 3.3 𝜇M Eu(III), the 

characteristic Eu(III) emission signal was detected at between 575 nm and 725 nm from 

DBMSS sensitisation, and four characteristic transitions were observed. Noticeably, the 

detection of the 5D0 à 7F0 transition was absent, but it is often very weak. A similar trend in 

transition intensities to DBMSS + Eu(III) (figure 3.32) was observed. Detection of 5D0 à 7F1 

transition was at lmax = 594 nm, but the most intense was the hypersensitive transition 5D0 à 
7F2  at  lmax = 614 nm. The 5D0 à 7F3 and 5D0 à 7F4 transitions at lmax = 653 nm and lmax = 702 

Figure 3.4.41   

A: Monitoring Eu(III) emission of AuNP. Z + DBMSS + Eu(III) (0.7 nM AuNP. Z + 19.5 𝜇M DBMSS + 3.3 µM Eu(III), 
pH 9), 𝛌exc = 350 nm. Figure A insert shows emission of AuNP. Z + DBMSS + Eu(III) before pH adjustment (0.7 nM 
AuNP. Z + 19.5 𝜇M DBMSS + 3.3 µM Eu(III), pH 7), 𝛌exc = 350 nm. B: Excitation of AuNP. Z + DBMSS + Eu(III) (0.7 
nM AuNP. Z + 19.5 𝜇M DBMSS + 3.3 µM Eu(III), pH 9) at 𝛌em = 616 nm. Emission spectra corrected for PMT and 
instrument response. Excitation spectra corrected for lamp response. Data is in good agreement with J. Lilley43.  
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5D0 à 7F4 
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nm were also detected39, 61, 62. The effect of pH was shown by the change in intensities and 

detection of other hypersensitive transitions (3.4.41 figure A insert) after increasing pH to 9, 

reflecting a change in the coordination sphere of Eu(III), by interaction with the solvent, 

resulting in enhanced emission intensity and detection of hypersensitive transitions39, 63.  

 

The excitation of AuNP. Z + DBMSS + Eu(III) at lem = 614 nm was monitored in order to 

demonstrate the sensitisation giving rise to Eu(III) emission from DBMSS. The excitation 

spectrum allows us to identify that emitting level, J = 2, at  lem = 614 nm can be populated 

most intensely when lexc = 350 nm, in agreement with DBMSS UV-Vis absorption (see 

appendix figure 48), confirming energy transfer from DBMSS to Eu(III).  

 

 

The decrease in DBMSS emission (figure 3.4.42, A) shows energy transfer has increased from 

the sensitiser to Eu(III) resulting in improved Eu(III) detection. The change in DBMSS emission 

after pH adjustment of AuNP. Z + DBMSS + Eu(III) (figure 3.4.42, B) also interestingly shows 

the detection from the higher excited state, 5D1 à 7F1 at lmax = 537 nm, absent in AuNP. Z + 

DBMSS + Eu(III) before pH adjustment64. This result also strongly supports the evidence of 

AuNP. Z + Eu(III) 

Figure 3.4.42 

A: Monitoring DBMSS emission of AuNP. Z + DBMSS + Eu(III) (blue, dotted) (0.7 nM AuNP. Z + 19.5 𝜇M DBMSS 
+ 3.3 µM Eu(III), pH 9) compared to AuNP. Z + DBMSS + Eu(III) before pH adjustment (blue) (0.7 nM AuNP. Z + 
19.5 𝜇M DBMSS + 3.3 µM Eu(III), pH 7), 𝛌exc = 350 nm. B: Monitoring emission of control experiments AuNP. Z 
+ DBMSS (blue) (0.7 nM AuNP. Z + 19.5 𝜇M DBMSS) and AuNP. Z + Eu(III) (red, dotted) (0.7 nM AuNP. Z + 3.3 
𝜇M Eu(III)), 𝛌exc = 350 nm. Emission spectra corrected for PMT and instrument response.  
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the effect of pH due to optimisation of the coordination sphere around Eu(III), and the energy 

transfer from DBMSS to Eu(III).  

 

Control experiment of AuNP. Z + Eu(III) (figure 3.4.42, B) was measured in order to show the 

necessity of DBMSS presence on the NPs in order to detect Eu(III) emission, using the antenna 

effect. Without a sensitiser, Ln(III) emission is weak due to forbidden Laporte transitions. No 

emission was detected where Eu(III) emits, strongly supporting the addition of DBMSS was 

required for Ln(III) detection. AuNP. Z + DBMSS shows emission at  lmax = 440 nm, attributed 

to DBMSS.  

 

Eu(III) emission was successfully detected by adjusting pH, and sensitisation from DBMSS was 

confirmed through excitation spectra and control experiments. However, AuNP. Z + DBMSS 

was not purified before complexation to Eu(III) and therefore there is possibility that some 

DBMSS moieties may be unbound. Hence, due to possible complexation of Eu(III) to unbound 

DBMSS, the emission detected in figure 3.3.41 cannot solely be attributed to bound DBMSS 

moieties on the AuNP surface. Consequentially, the approximated value of Eu(III) complexes 

per NP may in truth be somewhat lower after purification.  

 

3.4.5. Photophysical Properties of Purified Europium Coated Gold Nanoparticles 
 
Incorporation of Eu(III) into purified AuNP. Z. DBMSS (0.7 nM AuNP. Z + 19.5 𝜇M DBMSS 

purified) was investigated, in order to determine the photophysical properties with only 

bound DBMSS. Purification of AuNP. Z + DBMSS was performed using a Sephadex G10 column 

to remove unbound DBMSS, collecting AuNP. Z. DBMSS.  

 

The addition of less DBMSS was also investigated. In section 3.4.2, it was shown by a titration 

of DBMSS onto AuNP. Z that after 10 µM of DBMSS added to AuNP. Z (figure 3.4.22) a plateau 

was reached. This suggested full coating of the AuNP surface had been reached beyond this 

point, and any DBMSS molecules added up to 10 µM should be bound to the Au surface. 

Therefore, in addition to purified AuNP. Z. DBMSS, AuNP. Z + DBMSS (0.7 nM AuNP. Z + 10 

𝜇M DBMSS) was also investigated.  
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Figure 3.4.43 

A: Monitoring Eu(III) emission of AuNP. Z. DBMSS + Eu(III) (purified AuNP. Z + DBMSS (0.7 nM AuNP. Z + 19.5 
𝜇M DBMSS +3.3 µM Eu(III), pH 9) , 𝛌exc = 350 nm.  B: Excitation of AuNP. Z. DBMSS + Eu(III) (red) (purified AuNP. 
Z + DBMSS (0.7 nM AuNP. Z + 19.5 𝜇M DBMSS) +3.3 µM Eu(III), pH 9) and AuNP. Z + DBMSS + Eu(III) (red, 
dotted) (0.7 nM AuNP. Z + 10 𝜇M DBMSS + 3.3 µM Eu(III))at 𝛌em = 616 nm. Emission spectra corrected for PMT 
and instrument response. Excitation spectra corrected for lamp response.  

 

 
 



 210 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

AuNP. Z + DBMSS + Eu(III) 
(10 µM DBMSS) 

AuNP. Z + DBMSS + Eu(III) 
(19.5 µM DBMSS) 

AuNP. Z. DBMSS + Eu(III) 
(purified NPs) 

B 

A
``
` 

5D0 à 7F0 

Figure 3.4.44 

A: Monitoring Eu(III) emission of AuNP. Z + DBMSS + Eu(III) (brown) (0.7 nM AuNP. Z + 19.5 𝜇M DBMSS +3.3 µM 
Eu(III), pH 9), AuNP. Z + DBMSS + Eu(III) (maroon) (0.7 nM AuNP. Z + 10 𝜇M DBMSS +3.3 µM Eu(III), pH 9) and 
AuNP. Z. DBMSS + Eu(III) (red) (purified AuNP. Z + DBMSS (0.7 nM AuNP. Z + 19.5 𝜇M DBMSS +3.3 µM Eu(III), 
pH 9) 𝛌exc = 350 nm.  Figure A insert shows the 5D0 à 7F0 transition magnified between 𝛌max = 575 nm – 605 nm.  

B: Monitoring DBMSS emission of AuNP. Z + DBMSS + Eu(III) (blue, dashed) (0.7 nM AuNP. Z + 19.5 𝜇M DBMSS 
+3.3 µM Eu(III), pH 9),  AuNP. Z + DBMSS + Eu(III) (blue, dotted) ) (0.7 nM AuNP. Z + 10 𝜇M DBMSS +3.3 µM 
Eu(III), pH 9) and AuNP. Z. DBMSS + Eu(III) (blue) (purified AuNP. Z + DBMSS (0.7 nM AuNP. Z + 19.5 𝜇M DBMSS 
+3.3 µM Eu(III), pH 9), 𝛌exc = 350 nm. Emission spectra corrected for PMT and instrument response.  

 
 
 

AuNP. Z + DBMSS + Eu(III) 
(19.5 µM DBMSS) 

AuNP. Z + DBMSS + Eu(III) 
(10 µM DBMSS) 

AuNP. Z. DBMSS + Eu(III) 
(purified NPs) 
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Albeit weaker, Eu(III) emission was detected from AuNP. Z. DBMSS + Eu(III) (purified NPs), 

observed at four transitions. Emission was detected at lmax = 590 nm (5D0 à 7F1), the 

hypersensitive transition at lmax = 614 nm (5D0 à 7F2), lmax = 652 nm (5D0 à 7F3) and lmax = 

701 nm (5D0 à 7F4)39. AuNP. Z. DBMSS + Eu(III) (purified NPs) presented more background 

scattering after purification, attributed to organic emission from DBMSS.  

 

The emission of Eu(III) from AuNP. Z + DBMSS + Eu(III) (final concentration 10 𝜇M DBMSS) 

was much more intense, but reduced compared to AuNP. Z + DBMSS + Eu(III) (final 

concentration 19.5 𝜇M DBMSS) (figure 3.4.44). Interestingly, the weak 5D0 à 7F0 transition 

was only detected for AuNP. Z + DBMSS + Eu(III) (final concentration 19.5 𝜇M DBMSS) and 

AuNP. Z + DBMSS + Eu(III) (final concentration 10 𝜇M DBMSS) shown in figure 3.4.44 A insert. 

The absence of this transition in AuNP. Z. DBMSS + Eu(III)  (purified NPs) could suggest either 

a change in symmetry around the Eu(III) ion39, or the weak transition is not detectable due to 

the more prominent background scattering from DBMSS. Additionally, the 5D0 à 7F0 can be 

used to determine how many Eu(III) sites occur from splitting of the peaks but usually requires 

high sensitivity in the instrument39. However, what this does tell us, is that all emission 

detected from AuNP. Z. DBMSS + Eu(III) (purified NPs) can be attributed solely to energy 

transfer from only bound DBMSS on the AuNP surface, due to the purification process. 

Excitation spectra of the new AuNPs, AuNP. Z. DBMSS + Eu(III) (purified NPs) and AuNP. Z + 

DBMSS + Eu(III) (final concentration 10 𝜇M DBMSS) also confirm sensitisation from DBMSS.  

 

Monitoring DBMSS emission from the NPs (figure 3.5.44, B) also supports the effect of pH by 

the observation of the transition at lmax = 537 nm attributed to 5D1 à 7F1. 
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The lifetime DBMSS + Eu(III)  (1 : 1, 2 : 1, 3 : 1) (see section 3.1.2 for discussion on b-diketones 

forming 3 : 1 complexes with Ln(III)) was measured and compared to the lifetime of the NPs 

in order to determine the coordination of Eu(III) to DBMSS on the AuNP surface.   

 

 

 

 

 

 

 

 

 
 

 
Table 3.4.41 

Lifetime global analysis of DBMSS + Eu(III)  (1 : 1, 2 : 1, 3 : 1), fitted with a c2 between 1 and 1.1, measuring t at 
lem = 615 nm. A solution of DBMSS (0.05 mM, 10 % MeOH) titrated with EuCl3.6H2O (0.016 mM, 0.025 mM, 0.05 
mM, 10 % MeOH) in H2O. 
 

 1 : 1 2 : 1 3 : 1 

 fi/ % t1/ µs fi/ % t1/ µs fi/ % t1/ µs 

Component 1 32 160 19 150 32 170 

Component 2 68 330 81 360 68 370 

 

 

The lifetime of DBMSS + Eu(III) was recorded in water, and fitted using global analysis with a 

c2 between 1 and 1.1. The long component lifetime observed for 1 : 1 was 330 µs, which 

increased to 370 µs as the ratio of DBMSS : Eu(III) increased to 3 : 1. The lifetime of Eu(DBM)3 

in MeOH has previously been reported as 390 µs65. There are also reports of other DBM and 

Eu(III) complexes, often seen with another ancillary ligand such as Eu(DBM)3(phen) which has 

DBMSS + Eu(III) 3 : 1   

DBMSS + Eu(III) 2 : 1   
 

DBMSS + Eu(III) 1 : 1   
 

Figure 3.4.45 

Emission of DBMSS + Eu(III)  (1 : 1, 2 : 1, 3 : 1), 𝛌exc = 350 nm . A solution of DBMSS (0.05 mM, 10 % MeOH) 
titrated with EuCl3.6H2O (0.016 mM, 0.025 mM, 0.05 mM, 10 % MeOH) in H2O. Emission spectra corrected for 
PMT and instrument response. 
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been previously reported at 493 µs, and Eu(DBM)3.2H2O/PMMA complex bound to PMMA 

resin at 672 µs66, 67. The shorter lifetime measured of  DBMSS : Eu(III) 3 : 1  in H2O seems 

reasonable here. The longer lifetime of Eu(DBM)3(phen) can be attributed to the additional 

ligand phenanthroline, excluding more water molecules and simultaneously increasing the 

efficiency of sensitisation. The longer lifetime of Eu(DBM)3.2H2O/PMMA arises from the 

presence of ligands in PMMA.  

 

Table 3.4.42 

Lifetime global analysis of AuNP samples with DBMSS and Eu(III) fitted with a c2 between 0.9 and 1.2. 
 

 AuNP. Z + DBMSS + Eu(III) in 

excess of DBMSS (19.5 µM) 

AuNP. Z + DBMSS + Eu(III) 

at DBMSS saturation point 

(10 µM) 

AuNP. Z. DBMSS +  

Eu(III) 

purified NPs  

 fi/ % t1/ µs fi/ % t1/ µs fi/ % t1/ µs 

Component 1 12 97 43 120 31 88 

Component 2 88 240 57 280 69 280 

 

 

The lifetime of the AuNP samples were recorded in water, and fitted with IRF, using global 

analysis with a c2 between 0.9 and 1.2. The lifetime of AuNP. Z + DBMSS + Eu(III) (final 

concentration 10 𝜇M DBMSS) showed biexponential behavior with a long lifetime of 280 µs.  

The lifetime of purified AuNP. Z. DBMSS + Eu(III) also showed biexponential behavior with a 

long lifetime of 280 µs.Considering the ratio of DBMSS to Eu(III) on AuNP. Z + DBMSS + Eu(III) 

(final concentration 10 𝜇M DBMSS) is 3 : 1, as a final concentration of 3.3 µM was titrated 

onto AuNP. Z + DBMSS (final concentration of 10 µM DBMSS), the lifetime is lower than that 

of DBMSS + Eu(III) (all ratios, table 3.4.1). This suggests partial occupation of binding sites on 

the AuNP surface. Decrease in lifetimes can also arise from deactivation pathways. it’s well 

known that the deactivation of the Eu(III) excited state (and other Ln(III)) is sensitive to non-

radiative processes. This includes back energy transfer and thermal deactivation, but more 

relevant, deactivation via vibrational coupling between coordinated solvent molecules and 

Eu(III)68, 69.  Although the lower lifetimes suggesting only partial binding to DBMSS, the 

lifetimes are long lived and very characteristic of Ln(III) ions.  
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The quantum yields of the purified NPs were measured and compared to DBMSS + Eu(III) (3 

: 1). This was achieved using an integrated sphere attachment in the Edinburgh instrument 

(see experimental section 5.1). Spectral scans were ran in the excitation scatter region (of 

DBMSS) of the reference solvent (water) and of the sample (DBMSS + Eu(III) and purified 

NPs). Emission scans were also ran of these samples (reference solvent and samples) in the 

emission range (of Eu(III)). Using F980 software, the data was processed (see section 5.1 and 

equation 5.17) determining the quantum yields of each sample.  

 

Table 3.4.43 

Quantum yield compared between DBMSS + Eu(III) (3 : 1) and AuNP. Z. DBMSS + Eu(III) (purified NPs).  
 

Sample Quantum Yield F/ % 

DBMSS + Eu(III) (3 : 1) 1.92 

AuNP. Z. DBM + Eu(III) 

(purified NPs) 

0.32 

 

 

The luminescence quantum yields of the Eu(III) samples were measured at room temperature 

in water. The quantum yield of DBMSS + Eu(III) (3 : 1) was measured as 1.92 %. The quantum 

yield of hydrated Eu(DBM)3(H2O) has been previously reported as 1 %, in good agreement 

with the experimental result of 1.92 %70. This can also be compared to the quantum yield of 

Eu(DBMSS)3(phen) measured at 4.9 %, higher than that DBMSS + Eu(III) (3 : 1) due to the 

extra sensitising group phenanthroline71.  

 

The luminescence quantum yield of AuNP. Z. DBM + Eu(III) (purified NPs) dropped to 0.32 % 

as expected. This is in good agreement with reported values in literature. Rai et. al. reported 

their complex Eu(DBM)2.2H2O/PMMA as 0.42 %73. The decrease in quantum yields and 

lifetimes from solution DBMSS + Eu(III) to AuNP. Z. DBM + Eu(III) as discussed can be 

attributed to partial binding of DBMSS sites, or quenching from AuNP. It has been reported 

previously in the Pikramenou group the deactivation of lifetimes of metal complexes on Au 

surfaces due to energy or electron transfer from these complexes to the Au surfaces4. This 
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could be determined by preforming Eu(DBMSS)3 and then coating AuNP. Z and comparing 

lifetimes.  

 

This can further be supported through additional analysis of binding estimation. The 

concentration of DBMSS can be compared to the concentration of AuNP for purified AuNP. 

Z. DBMSS + Eu(III) and AuNP. Z + DBMSS + Eu(III) (10 mM final concentration DBMSS). The 

concentration of DBMSS can be calculated through Beer Lambert law (A = ecL).  

 

 

 

 

 

 

 

 

 

 

 

 

The concentration of DBMSS in AuNP. Z. DBMSS + Eu(III) (purified NPs) calculated from A = 

ecL (e = 13000 mol-1 dm3 L-1, see appendix figure 43) is 15500 nM. Comparing this to the 

concentration of AuNP already calculated to be 1.5 nM, this gives a ratio of 7700 : 1 DBMSS : 

AuNP. If 3 : 1 binding was true, this would mean there were 2600 Eu(III) complexes on the Au 

surface, and if partial binding was occurring then less than 2600 Eu(III) complexes were bound 

to the Au surface. These numbers are an approximation of course as the absorbance of 

DBMSS is hard to distinguish on the absorbance graph. ICP-MS revealed that 3200 Eu(III) 

complexes were present in AuNP. Z +DBMSS + Eu(III) (at saturation point 19.5 µM DBMSS) 

prior to purification. Thus, the estimation of 2600 complexes or less in purified AuNP. Z. 

DBMSS + Eu(III) makes logical sense perhaps due to partial binding, or quenching from AuN 

Figure 3.4.46 

UV-Vis absorbance AuNP. Z. DBMSS + Eu(III) (0.9 nM, blue) and AuNP. Z + DBMSS + Eu(III) (10 mM final 
concentration DBMSS) (1.7 nM, red) 

AuNP. Z + DBMSS + Eu(III) 
(10 µM DBMSS) 

AuNP. Z. DBMSS + Eu(III) 
(purified NPs) 



 216 

3.5. Concluding Remarks 

 
 

 

 

 

 

 

Preliminary studies of photophysical properties of DBMSS and DBMSS + Eu(III) were studied 

to obtain eDBMSS. Their luminescence properties revealed useful information of the Eu(III) 

coordination environment.    

 

Functionalised AuNPs were characterised by DLS, zeta potential, TEM and UV-Vis absorbance. 

These confirmed successful surface modifications. The changes in size by DLS analysis (table 

3.4.12), with shape and monodispersity are in good agreement with TEM (figure 3.4.12), and 

surface charge by zeta potentials (table 3.4.13), and strongly suggest successful surface 

modification whilst retaining good shape and a narrow size distribution.  

 

Luminescence, and UV-Vis absorbance studies revealed DBMSS retained photophysical 

properties upon coating. Initial photophysical characterisation after Eu(III) incubation, 

studied both by SPR changes (figures 3.4.22 and 3.4.32) and luminescence properties of 

AuNP. Z + DBMSS + Eu(III) (figure 3.4.41) (excess of DBMSS (19.5 µM)), confirm the successful 

Luminescent AuNPs

Retaining 
stability after 

coating

Retaining 
photophysical 

properties

Loading of 
several metal 

complexes

Figure 3.51 

Schematic illustration of the design creating luminescent AuNPs functionalised with DBMSS and Eu(III) with the 
aim to retain good stability and photophysical properties upon coating.  

hν’
O
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modifications with strong evidence from control experiments.  The luminescence properties 

were concluded after further investigation with  AuNP. Z. DBM + Eu(III) (purified NPs), 

resulting in long lifetimes suggesting partial occupation of binding sites and a luminescence 

quantum yield of 0.32 %.  

 

These studies demonstrate the successful design of luminescent AuNPs, retaining good 

stability and photophysical properties upon coating with DBMSS and Eu(III). The design 

showed the ability to coordinate many metal complexes (3200 Eu(III) complexes onto AuNP. 

Z + DBMSS + Eu(III) (final concentration of 19.5 µM DBMSS)), resulting in intense luminescent 

properties. After purification of NPs, the design demonstrated good ability in retaining these 

properties, resulting in long luminescent lifetime and quantum yield. Our approach to 

designing luminescent Eu(III) coated AuNPs, stabilised with a fluorinated surfactant, show 

promising potential as a scaffold for future designs incorporating other Ln(III) ions, with the 

ability to still enable binding to DBMSS and Ln(III).  
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4. Conclusions and Further Work 
4.1. Thesis Conclusions  

Our approach to developing luminescent NPs entailed the design of two nanosystems.  

 

The preparation and design of novel SiO2NPs coated with luminescent Ln-L, encapsulated 

with an anticancer drug CPT, demonstrated the promising potential as a platform for 

theranostic applications. The design showed successful therapeutic delivery of CPT to A549 

lung cancer cells, causing apoptosis arising from CPT, in addition to monitoring drug release 

through detection of Ln(III) luminescence changes. This design shows promising potential 

contribution to the field of NPs in nanomedicine, offering a platform for facile development 

of luminescent SiO2NPs. The conclusions demonstrate good proof of concept of 

encapsulation of a hydrophobic anticancer drug. Moreover, the p-p conjugated structure of 

CPT enabled efficient light absorption, and hence good sensitisation, and this attribute can 

be applied to other hydrophobic drugs with high e.  

 

The design of luminescent AuNPs stabilised with a fluorinated surfactant, Zonyl FSA, 

demonstrated excellent photophysical properties upon coating with the b-diketone ligand, 

DBMSS, and Eu(III). The preparation of the NPs illustrated efficient retention of stability, even 

after coating with the two species, in addition to the ability to bind several metal complexes. 

This design demonstrates promising potential in building Ln coated AuNPs for potential 

applications in Ln luminescent immunoassays. The ability to perform high loading of 

luminescent Ln probes at low concentrations, in addition to potential future multimodal 

functionalities, offers a platform for enhancing Ln luminescence detection and sensitivity in 

immunoassays.  
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4.2. Future Work  

 

 

 

 

 

 

 
 

 

 

 

Although successful Ln(III) luminescence via CPT sensitisation was observed in the CPT0ÌLn-

L.SiO2NP_1  system, the release and consequential effect of CPT was studied from CPT0ÌEu-

L.SiO2NP_1. Future work should look to extend these studies CPTÌLn-L.SiO2NP (Ln(III) = Nd 

and Yb). The importance of using NIR Lns is an advantageous tool for applications in 

bioimaging of these Ln systems, due to their deeper tissue penetration depth. This will enable 

higher sensitivity, higher signal to noise ratio and reduced background luminescence, which 

are advantageous for non-invasive techniques in bioimaging.  

 

In addition, this project could look to encapsulating other hydrophobic anticancer drugs, 

creating a platform to develop several theranostic SiO2NPs with different drugs and targets. 

It has been commonly seen (see section 2.1.3.) that co-delivery of CPT with other drugs (which 

target the same enzyme), such as DOX, can enhance synergistic effects of therapeutic drug 

delivery. Moreover, the already clinically used CPT derivatives, irinotecan and topotecan, can 

be encapsulated. With a CPT backbone in their structures, efficient sensitisation looks 

promising, and can therefore be used in the SiO2NPs system, detecting their release through 

Anticancer Drug

Luminescent Lanthanide 
Probe

Targeting Ligand

SiO2NP

Figure 4.21 

Schematic illustration of our novel SiO2NP design encapsulating an anticancer drug, functionalised with 
luminescent Ln complexes and potential targeting species for future work.  
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changes in Ln luminescence. This work can extend to study the imaging in cells, in order to 

pick up Ln signals from the CPTÌLn-L.SiO2NP NPs.  

 

 

 

 

 

 

 

 

Furthermore, as a design with the ability to develop multimodal functionality, this project can 

look into the attachment of specific targeting ligands. Research in theranostic silica NPs has 

seen the attachment of targeting moieties such as folic acid (see section 2.1.3.), in addition 

to possessing stimuli responsive behaviours, such as pH. These designs can lead to the 

development of CPTÌSiO2NP functionalised with Ln-L to detect drug release, and targeting 

ligands to allow controlled release acquired by stimuli responsive triggers.  

 

N

N

O

O

OHO

ON

O

N

N

N

O

O

OHO

HO

N

Figure 4.22 

Structures of CPT derivatives irinotecan and topotecan. 
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Studies of our luminescent AuNPs were performed through coordination to Eu(III) after 

coating the NPs with DBMSS. Future work can be extended to look into coating AuNPs with 

preformed Eu(DBMSS)3, hence having potentially enhanced luminescence properties by 

increasing the partial binding seen in the studies (not all Eu(III) sites were occupied) to a 3 : 1 

ratio.  

 

Furthermore, as mentioned previously, the use of NIR Lns is beneficial for applications in 

luminescent Ln immunoassays. NIR Lns provide higher signal to noise ratios and reduced 

background scatter, therefore enhanced detection and sensitivity. The incorporation of NIR 

Lns, such as Nd(III) and Yb(III), will be a useful option as a design for luminescent AuNPs.  

 

Preliminary studies have shown the stability of coated AuNPs were retained through the use 

of PEG, instead of Zonyl FSA. Future work can look into the full coating of AuNPs stabilised 

with PEG, for comparison of photophysical properties, in addition to the extent of loading of 

metal complexes.  

 

Figure 4.22 

Schematic illustration of different route to creating luminescent AuNPs via the attachment of preformed Ln-b-
diketones.  
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5. Experimental 
5.1. General Experimental  

General Use of Reagents 

All glassware was cleaned with deionised water and acetone, and dried overnight in a 180 oC 

oven prior to use. For NP synthesis, glassware was cleaned with aqua regia, and rinsed well 

with milli Q water, before drying in a 180 oC oven prior to use. All anhydrous solvents were 

dried over 3 Å molecular sieves under N2(g) for 6 h. All chemical materials and solvents were 

purchased from Sigma Aldrich UK or Fischer.  

 

NMR Spectroscopy 
1H NMR data was obtained on a Brüker AVIII300 NMR spectrometer at 300 MHz, as stated, 

and 13C NMR data was obtained on a a Brüker AVIII400 NMR spectrometer at 101 MHz. 

Deuterated solvents were used, and data was processed on MestReNova, with each spectra 

referenced to the appropriate residual solvent peak.  

 

MS data was obtained using micro mass liquid chromatography TOF using electrospray 

negative or positive, as stated.  

 

UV-Vis Absorbance Spectroscopy 

UV-Vis absorbance data was obtained on a Varian Cary 5000 spectrometer, with baseline 

correction for each experiment according to appropriate solvent used. 1 cm path length 

quartz cuvettes were used. Solid state UV-Vis spectra were acquired using the solid state 

attachment and zero baseline correction was used. UV-Vis spectra were plotted using 

Kaleidagraph software.  

 

Absorption coefficients e were calculated using Beer Lamberts law.  

 

Equation 5.11 

𝐴 = 𝜀𝑐𝐿	 

𝑤ℎ𝑒𝑟𝑒	𝐴 = 𝑎𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒, 𝑐 = 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛, 𝐿 = 𝑝𝑎𝑡ℎ	𝑙𝑒𝑛𝑔𝑡ℎ 
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Drug Release Calculations from UV-Vis Absorbance Spectroscopy  

Drug release was calculated through UV-Vis absorbance data, to obtain mass of CPT released 

from absorbance values of supernatant spectra. Drug release studies were plotted using 

Kaleidagraph and GraphPad Prism software. 

 

Equation 5.12 

𝑬𝒔𝒕𝒊𝒎𝒂𝒕𝒆𝒅	𝒎𝒂𝒔𝒔	𝒐𝒇	𝑪𝑷𝑻	𝒍𝒐𝒂𝒅𝒆𝒅 = 𝑚𝑎𝑠𝑠	𝑜𝑓	𝐶𝑃𝑇	𝑎𝑑𝑑𝑒𝑑	𝑡𝑜	𝑠𝑦𝑛𝑡ℎ𝑒𝑠𝑖𝑠 − 𝑒𝑥𝑐𝑒𝑠𝑠	𝐶𝑃𝑇	 
 

 
Equation 5.13 

	𝑬𝒇𝒇𝒊𝒄𝒊𝒆𝒏𝒚	𝒐𝒇	𝑫𝒓𝒖𝒈	𝑳𝒐𝒂𝒅𝒊𝒏𝒈 = 	
𝐸𝑠𝑡𝑖𝑚𝑎𝑡𝑒𝑑	𝑚𝑎𝑠𝑠	𝑜𝑓	𝐶𝑃𝑇	𝑙𝑜𝑎𝑑𝑒𝑑	
𝑚𝑎𝑠𝑠	𝑜𝑓	𝐶𝑃𝑇	𝑎𝑑𝑑𝑒𝑑	𝑡𝑜	𝑠𝑦𝑛𝑡ℎ𝑒𝑠𝑖𝑠 	× 	100 

 

Equation 5.14 

	𝑴𝒂𝒔𝒔	𝒐𝒇	𝑪𝑷𝑻	𝒍𝒐𝒂𝒅𝒆𝒅	𝒑𝒆𝒓	𝒎𝒂𝒔𝒔	𝒐𝒇	𝑺𝒊𝑶𝟐𝑵𝑷

=	
𝐸𝑠𝑡𝑖𝑚𝑎𝑡𝑒𝑑	𝑚𝑎𝑠𝑠	𝑜𝑓	𝐶𝑃𝑇	𝑙𝑜𝑎𝑑𝑒𝑑

𝑡𝑜𝑡𝑎𝑙	𝑚𝑎𝑠𝑠	𝑜𝑓	CPTÌSiO2NP	synthesis 

Table 5.11 

Calculation of mass released at 24 h (or any time point) through absorbance of supernatant taken from the 
release experiment.  
 

Sample Supernatant 

Absorbance 

Concentration of 

CPT/ mM  

Moles   Mass 

CPTÌSiO2NP Taken from 

graph 
𝑐 =

𝐴
𝜀)*+	-'	./012'3𝐿

 𝑚𝑜𝑙𝑒𝑠

= 𝑐𝑜𝑛𝑐	 × 	𝑣𝑜𝑙	 

𝑚𝑎𝑠𝑠

= 𝑚𝑜𝑙𝑒𝑠	 ×	𝑅𝑀𝑀)*+  

 
 
 

Equation 5.15 

%	𝑪𝑷𝑻	𝒓𝒆𝒍𝒆𝒂𝒔𝒆𝒅	𝒂𝒕	𝟐𝟒	𝒉 = 	
𝑚𝑎𝑠𝑠	𝑜𝑓	𝐶𝑃𝑇	𝑟𝑒𝑙𝑒𝑎𝑠𝑒𝑑	𝑎𝑡	24	ℎ
𝑒𝑠𝑡𝑖𝑚𝑎𝑡𝑒𝑑	𝑚𝑎𝑠𝑠	𝑜𝑓	𝐶𝑃𝑇	𝑙𝑜𝑎𝑑𝑒𝑑 × 100 
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AuNP Concentration Calculations from UV-Vis Absorbance Spectroscopy  

The l SPR of AuNPs were used to calculate the concentrations of functionalised AuNPs1. For 

example:  

 

 

 

 

 

 

 

 

 

Figure 5.11 

UV-Vis absorbance of stock AuNP after synthesis.  

 

 

Equation 5.15 

𝑐 =
𝐴456
𝜀456

	 

𝑤ℎ𝑒𝑟𝑒	𝑐 = 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛	𝑜𝑓	𝑨𝒖𝑵𝑷	𝑠𝑡𝑜𝑐𝑘	𝑎𝑛𝑑 

	𝜀456	ℎ𝑎𝑠	𝑣𝑎𝑙𝑢𝑒𝑠	𝑓𝑜𝑟	𝑒𝑎𝑐ℎ	𝐴𝑢𝑁𝑃	𝑠𝑖𝑧𝑒	𝑑𝑒𝑡𝑒𝑟𝑚𝑖𝑛𝑒𝑑	𝑏𝑦	𝑇𝐸𝑀$ 

	𝜀456 = 1.39	 × 107(𝑑 = 13	𝑛𝑚), 𝑐 = 1.51	𝑛𝑀	(𝐴𝑢𝑁𝑃	𝑠𝑡𝑜𝑐𝑘) 
Equation 5.16 

 

𝑐 =
𝐴8/932:	𝑨𝒖𝑵𝑷	93	?!"#	"*@

𝐴𝑨𝒖𝑵𝑷	.3/8A	93	?!"#	"*@	
	 

𝑤ℎ𝑒𝑟𝑒	𝑐 = 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛	𝑜𝑓	𝑐𝑜𝑎𝑡𝑒𝑑	𝑨𝒖𝑵𝑷 

 

Luminescence Spectroscopy 

Luminescence and excitation spectra were obtained on an Edinburgh Instruments FLSP920, 

Edinburgh Instruments or Photon Technology International (PTI) QM-1 luminescence 

spectrometer. The Edinburgh Instruments FLSP920 was fitted with a 450 W Xenon arc lamp. 

The detection source was an R928 visible, or NIR as stated, Hamamatsu photomultiplier tube. 

A = 0.3 at 
𝛌

max
 = 517 

A = 0.21 at 
𝛌

max
 = 450 
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Luminescence spectra were recorded using either F900 software or F980 software, and 1 cm 

path length quartz cuvettes were used. The PTI spectrometer was fitted with a 75 W PowerArc 

Xe lamp, and a Hamamatsu R928 digital photomultiplier tube as the detector (PMT). 

Luminescence spectra were recorded using Felix 32  software, and 1 cm path length quartz 

cuvettes were used. 

 

Luminescence Quantum Yield 

Luminescence quantum yield data was obtained using an integrating sphere attachment, 

using F980 software to process the data. 1 cm path length matched Quartz cuvettes were 

used. Equation below represents how the quantum yield data is obtained where 𝜂 represents 

the data collected as per equation 5.17 and processed by the software.  

 

Equation 5.17 

𝜂 =
𝐸. − 𝐸&
𝑆& − 𝑆.

	 

𝑤ℎ𝑒𝑟𝑒	𝐸 = 	𝑠𝑝𝑒𝑐𝑡𝑟𝑎𝑙	𝑠𝑐𝑎𝑛𝑠	𝑜𝑓	𝑡ℎ𝑒	𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛	𝑟𝑎𝑛𝑔𝑒	𝑟𝑒𝑐𝑜𝑟𝑑𝑒𝑑	𝑓𝑟𝑜𝑚	525 − 725	𝑛𝑚,		 

𝑆 = 	𝑠𝑝𝑒𝑐𝑡𝑟𝑎𝑙	𝑠𝑐𝑎𝑛𝑠	𝑖𝑛	𝑡ℎ𝑒	𝑒𝑥𝑐𝑖𝑡𝑎𝑖𝑜𝑛	𝑠𝑐𝑎𝑡𝑡𝑒𝑟	𝑟𝑒𝑔𝑖𝑜𝑛	𝑟𝑒𝑐𝑜𝑟𝑑𝑒𝑑	𝑓𝑟𝑜𝑚	330 − 370	𝑛𝑚	,	 

𝑟 = 𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒	𝑠𝑜𝑙𝑣𝑒𝑛𝑡	 

 

Luminescence lifetimes were obtained with the same detection sources as mentioned, and 

were recorded using a microsecond flashlamp. Lifetime data was recorded by the F900 

software, and analysed using Edinburgh Instruments FAST software.  

 

Nanoparticle Characterisation 

DLS and Zeta Potential 

DLS and Zeta potential data were acquired using Malvern Zetasizer nano ZSP. Samples were 

recorded using disposable 1 cm cuvettes for DLS size analysis, and a folded capillary cell for 

zeta potential measurements. Standard operating procedures (SOP) were used to run 

samples.  
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SEM 

SEM images were obtained using XL30 ESEM-FEG (Philips) under high vacuum at 20 kV 

electron beam and 20000 x magnification. Samples were placed as powders on a conductive 

plate and coated with gold.  

 

TEM 

TEM images were obtained using JOEL 1200 EX TEM microscope. Samples were prepared via 

drying onto a 200 mesh formvar-coated copper grid.  

 

Small angle X-ray diffraction  
Small angle X-ray diffraction (SA-XRD) was carried out using Panalytical Empyrean 

diffractometer (Malvern Instruments Ltd, UK). This used a Cu Kα and radiation (40 kV, 40 mA). 

The diffraction patterns were recorded over the range 0.5o – 6o (2q) with a 0.01 o step.   

 

ICP-MS 

ICP-MS measurements were acquired on a 7500cx ICPMS at the University of Warwick. This 

technique can quantify amounts of metal (ppb) in samples by comparing ratios between Ln 

atoms and Au atoms. The number of Au atoms per AuNP can be calculated2 as per equation 

5.18, in order to calculate number of Ln complexes per AuNP (equation 5.19) . 

 

Equation 5.182 

𝑁 =
𝜋
6
𝜌𝐷B

𝑀 𝑁C, 𝑁 = 30.89602	𝐷B	 

𝑤ℎ𝑒𝑟𝑒	𝑁 = 𝑛𝑢𝑚𝑏𝑒𝑟	𝑜𝑓	𝑎𝑡𝑜𝑚𝑠	𝑝𝑒𝑟	𝑨𝒖𝑵𝑷, 𝜌 = 𝑑𝑒𝑛𝑠𝑖𝑡𝑦	𝑜𝑓	𝑔𝑜𝑙𝑑, 

	𝐷 = 𝑐𝑜𝑟𝑒	𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟	𝑜𝑓	𝑨𝒖𝑵𝑷	𝑡𝑎𝑘𝑒𝑛	𝑓𝑟𝑜𝑚	𝑇𝐸𝑀,	 

𝑀 = 𝑎𝑡𝑜𝑚𝑖𝑐	𝑤𝑒𝑖𝑔ℎ𝑡	𝑜𝑓	𝑔𝑜𝑙𝑑,
𝑁C

= 𝐴𝑣𝑜𝑔𝑎𝑑𝑟𝑜	𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡	 

 

Equation 5.19 

𝑛𝑢𝑚𝑏𝑒𝑟	𝑜𝑓	𝐿𝑛	𝑐𝑜𝑚𝑝𝑙𝑒𝑥𝑒𝑠	𝑝𝑒𝑟	𝑨𝒖𝑵𝑷 =	
𝑁	(𝑁 = 𝑛𝑢𝑚𝑏𝑒𝑟	𝑜𝑓	𝑎𝑡𝑜𝑚𝑠	𝑝𝑒𝑟	𝑨𝒖𝑵𝑷)

𝐴𝑢	𝑎𝑡𝑜𝑚𝑠 ∶ 𝐸𝑢	𝑎𝑡𝑜𝑚𝑠	𝑟𝑎𝑡𝑖𝑜	  
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5.2. Chapter 2  

Ligand L – modified literature procedure from K. Taylor-Pashow et. al.5 

 
 

Diethylenetriaminepentaacetic acid dianhydride  (2 g) was dissolved in anhydrous pyridine 

(44 mL) under N2(g). To the stirred solution, 3-aminopropyl triethoxysilane APTES (2.9 mL) was 

added. The solution was left to stir under N2(g) for 24h at room temperature. The resulting 

mixture was reduced down to 30 mL upon rotary evaporation. The product was precipitated 

using hexane (160 mL), stirred in an ice bath under N2(g). The product was left to precipitate 

further overnight in a fridge. The product was isolated via Buchner filtration and washed with 

hexane (5 x 40 mL) and left to air dry5; (4.15 g, 96%); 1H NMR δH (300 MHz, d6-DMSO) 8.08 

(2H, s, NHCO), 3.73 (12H, q, J = 6.96, OCH2CH3), 3.33 (6H, s, NH2COOH), 3.22 (4H, s, NH2CON), 

3.04 (2H, m, J = 7.11, NCH2Et), 2.94 (4H, t, J = 6.16, NCH2CH2N), 2.81 (4H, t, J = 6.16, 

NCH2CH2N), 1.45 (4H, m, J = 7.11, NCH2CH2CH2), 1.14 (18H, t, J = 6.96, CH3), 0.52 (4H, t, J = 7.5, 

NCH2CH2CH2). 13C{1H} δC (100 MHz, d6-DMSO) 18.7, 19.0, 23.2, 41.6, 51.0, 51.4, 52.6, 55.8, 

56.5, 58.2, 170.5, 173.1. MS (ES-TOF)- m/z: 798.4008 [M – H]-. 

 

Ln-L 

Ligand L  (0.18 mmol, 100 mg) was dissolved in tetrabutylammonium hydroxide (5 mL, 40% 

aqueous) and stirred for 30 min at room temperature. The Ln solution (3 equiv, 1 mL) in water 

was dropped into the solution and left to stir for a further 30 min at room temperature. The 

solution was kept in the freezer overnight to further aid precipitation and collected by suction 

filtration12. Owing to the paramagnetic nature of Ln (Ln(III) = Eu, Nd, Yb), individual 

assignments of proton environments for the given experimental conditions were not possible. 

The NMR spectra were recorded but due to the prescence of paramagnetic Ln the peaks were 

broad and could not be assigned. 1H NMR δH (300 MHz, d6-DMSO) 3.38, 1.55, 1.31, 0.93 (Eu-

L). 3.85, 1.54, 1.29, 0.91 (Nd-L). 3.15, 1.53, 1.3, 0.92 (Yb-L). 
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MCM-41 MSNs 

 
 
 
 

 

 

 

 

 

 

MSNs were synthesised according to the modified Stober method6. Aqueous NaOH solution 

(12.5 mM) was added to a premixed solution of ethyl trimethyl ammonium bromide (CTAB) 

(0.25 g) dissolved in water (120 mL), and heated to 80 oC. Tetraethoxyorthosilicate (TEOS) 

(1.25 mL) was dropped into the solution and the reaction was stirred for 2h. The product was 

centrifuged at 7830 rpm for 20 min, the supernatant was removed and the NPs were washed 

with water (x 3). To remove the CTAB surfactant, the collected NPs were redispersed in MeOH 

(50 mL) and concentrated HCl (6 mL), and left to stir at 70 oC for 24 h. The NPs were 

centrifuged at 7830 rpm for 20 min, washed with water (x 3), and dried under vacuum. 

Diameter 156 ± 29 nm (DLS intensity distribution), PDI = 0.148, z -34 ± 6 mV.  
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CPT Loaded MSNs 

 

 

 

 
 

 

 

 

 

 

 

The CPT loading into MSNs was based on the ratio of TEOS : CPT (1 : 0.005) of 

CPT0⊂SiO2NP_1. In this context, CPT (10 mg) and MSNs (220 mg) were stirred together in 

MeOH (10 mL) at room temperature for 24 h. The NPs were centrifuged at 7830 rpm for 20 

min, washed with water (x 3), and dried under vacuum. Diameter 116 ± 17 nm (DLS intensity 

distribution), PDI = 0.148, z +9 ± 7 mV.  
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L.MSN 

 
 
 

 

MCM-41 MSNs (0.1 g) were mixed with L (0.6 g, 0.8 mmol), and the mixture was refluxed in 

anhydrous toluene (10 mL) at 100 oC overnight. The solution was left to cool before 

nanoparticle collection via centrifugation. The NPs were centrifuged at 7830 rpm for 20 mins 

and washed with EtOH (x 3), and dried under vacuum8. Complexation was confirmed by 

luminescence spectroscopy.  
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CPT0⊂SiO2NP_1 

 
 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
CPT encapsulated silica NPs were prepared according to the Stober method9. Ammonium 

hydroxide (1.5 mL, 40 mmol) was added to a premixed solution of CPT (16 mg mL-1, 0.04 

mmol, EtOH), EtOH (25 mL), and TEOS (2 mL in 5 mL EtOH, 9 mmol). The solution was stirred 

for 2 hrs at RT, then sonicated for 15 mins, and stirred for a further 1 h at RT. The NPs were 

collected by centrifugation at 7830 rpm for 20 mins and washed with water (x 3), and dried 

under vacuum.  Diameter 83 ± 26 nm (DLS intensity distribution), PDI = 0.095, z -51 ± 14 mV.   

 

CPT3⊂SiO2NP_1 

CPT encapsulated silica NPs were prepared according to the Stober method9. Ammonium 

hydroxide (1.5 mL, 40 mmol) was added to EtOH (25 mL), and TEOS (2 mL in 5 mL EtOH, 9 

mmol). The solution was stirred at RT, and a solution of CPT (16 mg mL-1, 0.04 mmol, EtOH) 

was added after 3 hrs. The solution was left to stir overnight. The NPs were collected by 

centrifugation at 7830 rpm for 20 mins and washed with water (x 3), and dried under vacuum.  

Diameter 129 ± 49 nm (DLS intensity distribution), PDI = 0.129, z -42 ± 8 mV.   
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CPT5⊂SiO2NP_1 

CPT encapsulated silica NPs were prepared according to the Stober method9. Ammonium 

hydroxide (1.5 mL, 40 mmol) was added to EtOH (25 mL), and TEOS (2 mL in 5 mL EtOH, 9 

mmol). The solution was stirred at RT, and a solution of CPT (16 mg mL-1, 0.04 mmol, EtOH) 

was added after 5 hrs. The solution was left to stir overnight. The NPs were collected by 

centrifugation at 7830 rpm for 20 mins and washed with water (x 3), and dried under vacuum.  

Diameter 77 ± 18 nm (DLS intensity distribution), PDI = 0.028, z -21 ± 9 mV.   

 

CPT0⊂SiO2NP_2 

 
 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
CPT encapsulated silica NPs were prepared according to the Stober method10.  

Tetraethoxyorthosilicate (TEOS) (2.4 mL, 17 mmol) was added to  a premixed solution of EtOH 

(26.55 mL), ammonium hydroxide (1.88 mL, 48 mmol) and water (1.57 mL) stirring at 25 oC, 

150 rpm. A solution of CPT (16 mg mL-1, 0.04 mmol, EtOH) was added at 0 hrs and left to stir 

overnight at 25 oC. The NPs were centrifuged at 7830 rpm for 20 min, washed with water (x 

3), and dried under vacuum). Diameter 255 ± 52 nm (DLS intensity distribution), PDI = 0.013, 

z -21 ± 7 mV.   
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CPT3⊂SiO2NP_2 

CPT encapsulated silica NPs were prepared according to the Stober method9. Ammonium 

hydroxide (1.5 mL, 40 mmol) was added to EtOH (25 mL), and TEOS (2 mL in 5 mL EtOH, 9 

mmol). The solution was stirred at RT, and a solution of CPT (16 mg mL-1, 0.04 mmol, EtOH) 

was added after 3 hrs. The solution was left to stir overnight. The NPs were collected by 

centrifugation at 7830 rpm for 20 min and washed with water (x 3), and dried under vacuum.  

Diameter 240 ± 48 nm (DLS intensity distribution), PDI = 0.002, z -17 ± 6 mV.  

 

 

CPTnÌLn-L.SiO2NP_x 

 

 
 
 
Ln-L (Ln(III) = Eu, Nd and Yb) was added in excess to CPTn⊂SiO2NP_x (n = 0 h, 3 h, x = method 

1 or method 2) at a weight ratio 10 : 1, and stirred at room temperature overnight in MeOH. 

The NPs were collected by centrifugation at 7830 rpm for 20 min, washed with water (x 3), 

and dried under vacuum.   
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Sample Size d/ nm Intensity 

Distribution 

PDI Zeta Potential z/ 

mV 

CPT0ÌEu-L.SiO2NP_1 80 ± 42 0.272 -24 ± 10 

CPT0ÌNd-L.SiO2NP_1 84 ± 39 0.243 -18 ± 12 

CPT0ÌYb-L.SiO2NP_1 94 ± 63 0.298 -24 ± 5 

CPT3ÌEu-L.SiO2NP_1 88 ± 55 0.230 -28 ± 11 

CPT3ÌNd-L.SiO2NP_1 88 ± 21 0.372 -25 ± 6 

CPT3ÌYb-L.SiO2NP_1 69 ± 29 0.207 -21 ± 5 

CPT0ÌEu-L.SiO2NP_2 116 ± 44 0.348 -17 ± 5 

CPT0ÌNd-L.SiO2NP_2 111 ± 48 0.289 -23 ± 20 

CPT0ÌYb-L.SiO2NP_2 108 ± 49 0.309 -17 ± 10 

CPT3ÌEu-L.SiO2NP_2 150 ± 32 0.05 -17 ± 9 

CPT3ÌNd-L.SiO2NP_2 181 ± 55 0.276 -13 ± 5 

CPT3ÌYb-L.SiO2NP_2 107 ± 57 0.344 -21 ± 5 

 
 
 

Sample Preparation for SEM 

SEM imaging was carried out on the following NPs. Samples were placed as powders on a 

carbon stub and coated with gold.  

Sample Size d/ nm 

MSNs 60 

CPT loaded MSNs 72 

CPT0ÌSiO2NP_2 95 

CPT0ÌEu-L.SiO2NP_1 79 

CPT0ÌNd-L.SiO2NP_1 89 

CPT0ÌYb-L.SiO2NP_1 75 
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CPT3ÌSiO2NP_1 79 

CPT3ÌEu-L.SiO2NP_1 52 

CPT3ÌNd-L.SiO2NP_1 55 

CPT3ÌYb-L.SiO2NP_1 54 

CPT5ÌSiO2NP_1 90 

CPT0ÌSiO2NP_2 272 

CPT0ÌEu-L.SiO2NP_2 266 

CPT0ÌNd-L.SiO2NP_2 265 

CPT0ÌYb-L.SiO2NP_2 283 

CPT3ÌSiO2NP_2 267 

CPT3ÌEu-L.SiO2NP_2 241 

CPT3ÌNd-L.SiO2NP_2 242 

CPT3ÌYb-L.SiO2NP_2 257 

Eu-L.SiO2NP_1 78 

Nd-L.SiO2NP_1 80 

Yb-L.SiO2NP_1 72 

Eu-L.SiO2NP_2 442 

Nd-L.SiO2NP_2 355 

Yb-L.SiO2NP_2 430 

 

 

 

Drug Loading Studies 

UV-Vis absorbance of first supernatant from centrifuge wash after synthesis of 

CPTn⊂SiO2NP_x and CPTnÌLn-L.SiO2N_x were measured.  Mass of CPT released was 

calculated using UV-Vis absorbance and CPT esolvent (see equation 5.11 and 5.12).  
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Sample CPT Released/ 

mg 

CPT Added to 

Reaction/ mg 

Drug Loading/ % 

CPT0ÌSiO2NP_1 4.8 16.8 71 

CPT3ÌSiO2NP_1 4.9 16.8 71 

CPT0ÌSiO2NP_2 15.3 16.7 8 

CPT3ÌSiO2NP_2 11.8 16.8 30 

CPT0ÌEu-L.SiO2NP_1 0.2 12 98 

 

 

CPT Release from CPT0⊂SiO2NP_1 Monitored by UV-Vis Absorbance 

A dispersed solution of CPT0ÌSiO2NP_1  (1 mg mL-1, H2O or cultured cell media as stated) was 

stirred at 37 oC. Aliquots of 1 mL were taken, and centrifuged at 7830 rpm for 2 mins. UV-Vis 

absorbance of supernatants were measured up to experiment time as stated, and returned 

back to the solution.  

 

For static release, CPT0ÌSiO2NP_1  (1 mg mL-1, H2O or cultured cell media as stated) were 

kept in a stationary falcon tube at RT, or in a water bath at 37 oC as stated. Aliquots of 1 mL 

were taken, and centrifuged at 7830 rpm for 2 mins. UV-Vis absorbance of supernatants were 

measured up to experiment time as stated, and returned back to the solution.  

 

 

MTT Assay – IC50 Determination of CPT on A549 Cells – Assisted with Dr Nik Hodges 

To determine the cell viability, the MTT assay was used. Cells culture was previously carried 

out, maintained at 37 oC in a humidified chamber (5% CO2, 95% air) in 75 cm2 cell culture 

flasks containing of media (15 mL). Cells were seeded at 6500 cells per well in a 96-well plate 

in of growth medium (100 µL) (DMEM + PSG + 10% FBS), and left incubated overnight to allow 

attachment. The next day, media was removed and replaced with of fresh media (100 µL) 

containing the test compounds at different concentrations, and triplicates per sample taken 

into consideration. Test compounds were CPT dissolved in DMSO (0 – 500 nM) prepared from 
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1 mM stock solution and 0.1% v/v triton x-100 positive control. Cultures were incubated for 

24 h and 72 h at 37 oC in a humidified chamber (5% CO2, 95% air). Following incubation, media 

was removed and cells were washed with PBS (200 µL) before adding fresh media (200 µL) 

containing (4,5-Dimethyl-2-thiozolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) (0.5 mg 

mL-1), and incubated for a further 2.5 hrs at 37 oC. The media was removed carefully, and 

replaced with DMSO (100 µL) to dissolve the blue formazan product. The 96-well plate was 

rocked gently at room temperature in the dark to aid dissolution. Absorbance was measured 

at 570 nm using a Bio-Tek FL600 plate reader against a DMSO blank. Experiments were 

performed in triplicates and the relative cell viability was expressed a percentage relative to 

the untreated negative control cells. Data was plotted using GraphPad Prism software.  

 

MTT Assay – Toxicity of CPT0ÌEu-L.SiO2NP_1 and CPT0ÌSiO2NP_1 on A549 Cells – Assisted 

with Dr Nik Hodges 

To determine the cell viability, the MTT assay was used. Cells culture was previously carried 

out, maintained at 37 oC in a humidified chamber (5% CO2, 95% air) in 75 cm2 cell culture 

flasks containing of media (15 mL). Cells were seeded at 6500 cells per well in a 96-well plate 

in of growth medium (100 µL) (DMEM + PSG + 10% FBS), and left incubated overnight to allow 

attachment. The next day, media was removed and replaced with of fresh media (100 µL) 

containing the test compounds at different concentrations, and triplicates per sample taken 

into consideration. Test compounds were CPT0ÌEu-L.SiO2NP_1 and Eu-L.SiO2NP_1 (0 – 2 mg 

mL-1) and CPT1ÌSiO2NP_0 and SiO2NP (0 – 4 mg mL-1), and 0.1% v/v triton x-100 positive 

control. Cultures were incubated for (24 h as stated) 72 h at 37 oC in a humidified chamber 

(5% CO2, 95% air). Following incubation, media was removed and cells were washed with PBS 

(200 µL) before adding fresh media (200 µL) containing (4,5-Dimethyl-2-thiozolyl)-2,5-

diphenyl-2H-tetrazolium bromide (MTT) (0.5 mg mL-1), and incubated for a further 2.5 hrs at 

37 oC. The media was removed carefully, and replaced with DMSO (100 µL) to dissolve the 

blue formazan product. The 96-well plate was rocked gently at room temperature in the dark 

to aid dissolution. Absorbance was measured at 570 nm using a Bio-Tek FL600 plate reader 

against a DMSO blank. Experiments were performed in triplicates and the relative cell viability 

was expressed a percentage relative to the untreated negative control cells. Data was plotted 

using GraphPad Prism software. 
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MTT Assay – IC50 Determination of CPT on A549 Cells at 6 hrs Incubation – Garret Rochford 

To determine the cell viability, the MTT assay was used. Cells culture was previously carried 

out, maintained at 37 oC in a humidified chamber (5% CO2, 95% air) in 75 cm2 cell culture 

flasks containing of media (15 mL). Cells were seeded at 6500 cells per well in a 96-well plate 

in of growth medium (100 µL) (DMEM + PSG + 10% FBS), and left incubated overnight to allow 

attachment. The next day, media was removed and replaced with of fresh media (100 µL) 

containing the test compounds at different concentrations, and triplicates per sample taken 

into consideration. Test compounds were CPT dissolved in DMSO (0 – 128 nM) prepared from 

1 mM stock solution and 0.1% v/v triton x-100 positive control. Cultures were incubated for 

6 h at 37 oC in a humidified chamber (5% CO2, 95% air) for static experiment, and 6 h rocking 

in an incubator outside of a humidified chamber, for shaking experiment. Following 

incubation, media was removed and cells were washed with PBS (200 µL) before adding fresh 

media (200 µL) containing (4,5-Dimethyl-2-thiozolyl)-2,5-diphenyl-2H-tetrazolium bromide 

(MTT) (0.5 mg mL-1), and incubated for a further 2.5 hrs at 37 oC. The media was removed 

carefully, and replaced with DMSO (100 µL) to dissolve the blue formazan product. The 96-

well plate was rocked gently at room temperature in the dark to aid dissolution. Absorbance 

was measured at 570 nm using a Bio-Tek FL600 plate reader against a DMSO blank. 

Experiments were performed in triplicates and the relative cell viability was expressed a 

percentage relative to the untreated negative control cells. Data was plotted using GraphPad 

Prism software. 

 

MTT Assay – Toxicity of CPT0ÌEu-L.SiO2NP_1 and CPT0ÌSiO2NP_1 on A549 Cells Mimicking 

Release Study Conditions – Garret Rochford 

To determine the cell viability, the MTT assay was used. Cells culture was previously carried 

out, maintained at 37 oC in a humidified chamber (5% CO2, 95% air) in 75 cm2 cell culture 

flasks containing of media (15 mL). Cells were seeded at 6500 cells per well in a 96-well plate 

in of growth medium (100 µL) (DMEM + PSG + 10% FBS), and left incubated overnight to allow 

attachment. The next day, media was removed and replaced with of fresh media (100 µL) 

containing the test compounds at different concentrations, and triplicates (and duplicates as 

stated) per sample taken into consideration. Test compounds were CPT0ÌEu-L.SiO2NP_1 and 

Eu-L.SiO2NP_1 (0 – 4 mg mL-1) and  CPT0ÌSiO2NP_1 and SiO2NP (0 – 4 mg mL-1), and 0.1% v/v 

triton x-100 positive control.  Cultures were incubated for 6 h at 37 oC in a humidified chamber 
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(5% CO2, 95% air) for static experiment, and 6 h rocking in an incubator outside of a humidified 

chamber, for shaking experiment. Following incubation, media was removed and cells were 

washed with PBS (200 µL) before adding fresh media (200 µL) containing (4,5-Dimethyl-2-

thiozolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) (0.5 mg mL-1), and incubated for a 

further 2.5 hrs at 37 oC. The media was removed carefully, and replaced with DMSO (100 µL) 

to dissolve the blue formazan product. The 96-well plate was rocked gently at room 

temperature in the dark to aid dissolution. Absorbance was measured at 570 nm using a Bio-

Tek FL600 plate reader against a DMSO blank. Experiments were performed in triplicates and 

the relative cell viability was expressed a percentage relative to the untreated negative 

control cells. Data was plotted using GraphPad Prism software. 
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5.3. Chapter 3 

DBMSS 

DBMSS was synthesised by J. Lilley12.  

List of NMR data confirming synthesis of DBMSS performed by J Lilley, published in his 

thesis12: 

i. 1H NMR spectrum of DBMSS in d6-DMSO 

ii. 13C NMR spectrum of DBMSS in d6-DMSO 

iii. MS (ES-TOF)+ of DBMSS 

iv. HSQC of aromatic region of DBMSS in d6-DMSO 

v. HSQC of aliphatic region of DBMSS in d6-DMSO 

vi. HMBC of DBMSS in d6-DMSO 

vii. HMBC of aromatic region of DBMSS in d6-DMSO 

viii. HMBC of aliphatic region of DBMSS in d6-DMSO 

 

 
 
AuNP 

Preliminary experiments were carried out using AuNP synthesised by Irene Theofilou, used 

for demonstration of AuNP stability using Zonyl, and DBMSS titration onto AuNP. 

Experiments for further coating processes and photophysical characterisation were 
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synthesised. The protocol for synthesising 13nm AuNPs was based on a previously published 

method by Turkevich et. al.3,4. All the glassware was washed with aqua regia (HCl:HNO3, 3:1) 

and dried in the oven. A solution of trisodium citrate dihydrate (60.5 mg, 0.21 mmol), citric 

acid (13.8 mg, 0.07 mmol) and ethylenediaminetetraacetic acid (EDTA) (1.1 mg, 0.004 mmol) 

in 100 mL ultrapure water was vigorously stirred and brought to reflux. After 15 minutes, a 

solution of preheated to 80 oC gold (III) chloride trihydrate (HAuCl4.3H2O) (7.9 mg, 0.02 mmol) 

in 25 mL ultrapure water was rapidly added. After a further 15 minutes of reflux, the heat was 

turned off and the solution was left to cool to room temperature forming 1.51 nM AuNP. lmax 

(H2O): 517 nm (SPR). Diameter 13 ± 3 nm (DLS number distribution), PDI = 0.154, z -40 ± 8 

mV.  

 
AuNP. Z  

2.5 % Zonyl FSA solution in ultrapure water (10 µL) was added to 1.5 nM AuNP (1 mL) and 

stirred for 10 minutes at room temperature. This was centrifuged at 10, 000 g for 30 minutes, 

the supernatant was removed and the pellet was resuspended in ultrapure water (1 mL) to 

form AuNP. Z, lmax (H2O): 518 nm (SPR). Diameter 18 ± 4 nm (DLS number distribution), PDI 

= 0.218, z -35 ± 8 mV.  

 

AuNP. Z + DBMSS (final concentration 19.5 µM DBMSS) 

DBMSS treated with hydrazine (MeOH) (20 µL, 1 mM) was titrated into 0.7 nM (1 mL) solution 

of AuNP. Z and stirred for 10 minutes. lmax (H2O): 526 nm (SPR). Diameter 78 ± 28 nm (DLS 

number distribution), PDI = 0.171, z -67 ± 9 mV.  

 

AuNP. Z + DBMSS (final concentration 10 µM DBMSS) 

Deprotonated DBMSS (MeOH) (10 µL, 1 mM) was titrated into 0.7 nM (1 mL) solution of 

AuNP. Z and stirred for 10 minutes. lmax (H2O): 525 nm (SPR).  

 

AuNP. Z + DBMSS + Eu(III) (final concentration 19.5 µM DBMSS + 3.3 µM Eu(III)) 

Eu(III) (MeOH) (20 mL, 0.2 mM) was titrated into 0.85 nM (1 mL) solution of AuNP. Z + DBMSS, 

pH adjusted to 9, and stirred for 10 minutes. lmax (H2O): 527 nm (SPR). Diameter 88 ± 34 nm 

(DLS number distribution), PDI = 0.184, z -52 ± 10 mV.  
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AuNP. Z + DBMSS + Eu(III) (final concentration 10 µM DBMSS + 3.3 µM Eu(III)) 

Eu(III) (MeOH) (20 mL, 0.2 mM) was titrated into 0.85 nM (1 mL) solution of AuNP. Z + DBMSS, 

pH adjusted to 9, and stirred for 10 minutes. lmax (H2O): 525 nm (SPR).  

 

AuNP. Z. DBMSS  

AuNP. Z + DBMSS (0.7 nM AuNP. Z + 19.5 𝜇M DBMSS + 3.3 mM Eu(III) was purified using 

column chromatography with Sephadex G10. The collected NPs were named AuNP. Z. DBMSS 

(0.9 nM, 1 mL, H2O).  

 

AuNP. Z. DBMSS + Eu(III) 

Eu(III) (MeOH) (20 mL, 0.2 mM) was titrated into 0.9 nM (1 mL) solution of AuNP. Z. DBMSS, 

pH adjusted to 9, and stirred for 10 minutes. lmax (H2O): 525 nm (SPR). 

 

ICPMS of AuNP. Z + DBMSS + Eu(III) (final concentration 19.5 µM DBMSS + 3.3 µM Eu(III)) 

 – Sample digestion carried out by J. Bradley 

ICPMS data of AuNP. Z + DBMSS + Eu(III) was collected in triplicates to give an average 

number of Eu(III) complexes per NP. See equations 5.18 and 5.19 in section 5.1.  

 

Table 5.31  
 
Table summarising data collected from ICPMS of AuNP. Z + DBMSS + Eu(III) (final concentration 19.5 mM 
DBMSS + 3.3 mM Eu(III)) 
 

Measurement 

Runs 

Au 

Atoms/ 

ppb 

Eu 

Atoms/ 

ppb 

Au : Eu 

Atoms 

=
𝐴𝑢	𝑎𝑡𝑜𝑚𝑠
𝐸𝑢	𝑡𝑜𝑚𝑠  

Au Atoms per 

NP 

See equation 

5.18 

Eu(III) Complexes 

per NP 

=
𝐴𝑢	𝑎𝑡𝑜𝑚𝑠	𝑝𝑒𝑟	𝑁𝑃
𝐴𝑢: 𝐸𝑢	𝑟𝑎𝑡𝑖𝑜  

1 505 26 20 N = 30.9 x d3 

(67880) 

3445 

2 605 26 24 67880 2865 

3 511 24 21 67880 3170 
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Sample Preparation for TEM 

TEM imaging was carried out on AuNPs and coated NPs with DBMSS and Eu(III). For all 

samples, 20 µL was added to a 200 mesh formvar coated copper grid, and left to dry 

overnight: AuNP (1.5 nM), AuNP. Z (0.7 nM), AuNP. Z + DBMSS (19.5 µM DBMSS) (0.85 nM), 

AuNP. Z + DBMSS + Eu(III) (19.5 µM DBMSS) (0.8 nM).  

 

AuNP. PEG-SH – AuNP were provided by I. Theofilou  

10 µL PEG-SH (1 mM) was added to AuNP (1.1 nM, 1 mL, H2O) and stirred for 30 minutes at 

room temperature. This was centrifuged at 10, 000g for 30 minutes, the supernatant was 

removed and the pellet was resuspended in ultrapure water (1 mL) to form AuNP. PEG-SH. 

lmax (H2O): 518 nm (SPR). Diameter 16 ± 5 nm (DLS number distribution), PDI = 0.235.  

 

AuNP. PEG-SH + DBMSS ((final concentration 24 µM DBMSS) 

DBMSS treated with hydrazine (MeOH) (25 µL, 1 mM) was titrated into AuNP. PEG-SH (1.8 

nM, 1 mL, H2O) and stirred for 10 minutes. lmax (H2O): 524 nm (SPR). Diameter 107 ± 40 nm 

(DLS number distribution), PDI = 0.216.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 248 

5.4. Referenced Material 

1. W. Haiss, N. Thanh, J. Aveyard and D. Fernig, Anal. Chem., 2007, 79, 4215-4221 

2. J. Shang and Z Gao, Chem. Soc. Rev., 2014, 43, 7267-7278 

3. N. Rogers, H. Jeffery, S. Claire, D. Lewis, G. Zikeli, N. Hodges, S. Egginton, G. Nash and Z. 

Pikramenou, Nanomedicine., 2017, 22, 2725-2740 

4. F. Shculz, T. Homolka, N. Bastus, V. Puntes, H. Weller and T. Vossmeyer, Langmuir., 2014, 

35, 10779-10784 

5. K. Taylor-Pashow, J. D. Rocca and W. Lin, Nanomaterials., 2012, 2, 1-14 

6. M. Varache, I. Bezverkhyy, L. Saviot, F. Bouyer, F. Baras and F. Bouyer, J. Non-Cryst. Solids., 

2015, 408, 87-97 

7. A. Paula, R. Junior, D. Martinez, E. Paredes-Gamero, H. Nader, N. Duran, G. Justo and O. 

Alves, ACS Appl. Mater. Interfaces., 2013, 5, 8387-8393 

8. M. Laprise-Pelletier, M. Bouchoucha, J. Lagueux, P. Chevallier, R. Lecomte, Y. Gossuin, F. 

Kleitz and M. A. Fortin., J. Mater. Chem. B., 2015, 3, 748-758 

9. L. Rossi, L. Shi, F. Quina and Z. Rosenzweig, Langmuir., 2005, 21, 4277-4280 

10. D. Zhang, Z. Wu, J. Xu, J. Liang, J. Li and W. Yang, Langmuir., 2010, 26, 6657-6662 

11. J. Lilley Thesis, University of Birmingham, 2013 

12. L. Rossi, L. Shi, N. Rosenzweig and Z. Rosenzweig, Biosens. Bioelectron., 2006, 21, 1900-

1906 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 249 

v. Appendix 
List of Appendicies  

1. MS(ES-TOF)- of L. 

2. 1H and 13C NMR of L. 

3. 1H NMR of Eu-L.  

4. 1H NMR of Nd-L.  

5. 1H NMR of Yb-L. 

6. DLS analsysis and zeta potential of MSNs.  

7. DLS analsysis and zeta potential of CPT loaded MSNs.  

8. UV-Vis absorbance comparsion of CPT and CPT loaded MSNs. 

9. SAXRD of L.MSN and CPT loaded MSNs. 

10. CPT eMeOH.  

11. CPT eH2O 

12. CPT eEtOH.  

13. DLS analsysis and zeta potential of CPT0⊂SiO2NP_1. 

14. Zeta potential of SiO2NP. 

15. DLS analsysis and zeta potential of CPT0⊂Eu-L.SiO2NP_1. 

16. DLS analsysis and zeta potential of CPT0⊂Nd-L.SiO2NP_1. 

17. DLS analsysis and zeta potential of CPT0⊂Yb-L.SiO2NP_1. 

18. Comparison of CPT0⊂Ln-L.SiO2NP_1 excitation spectra to CPT UV-Vis absorbance. 

19. DLS analsysis, zeta potential, and SEM of Eu-L.SiO2NP_1. 

20. DLS analsysis, zeta potential, and SEM of Nd-L.SiO2NP_1. 

21. DLS analsysis, zeta potential, and SEM of Yb-L.SiO2NP_1. 

22. Emission scatter of plain SiO2NP. 

23. DLS analsysis and zeta potential of CPT3⊂SiO2NP_3. 

24. DLS analsysis and zeta potential of CPT3⊂Eu-L.SiO2NP_1. 

25. DLS analsysis and zeta potential of CPT3⊂Nd-L.SiO2NP_1. 

26. DLS analsysis and zeta potential of CPT3⊂Yb-L.SiO2NP_1. 

27. DLS analsysis and zeta potential of CPT0⊂SiO2NP_2. 

28. DLS analsysis and zeta potential of CPT0⊂Eu-L.SiO2NP_2. 
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29. DLS analsysis and zeta potential of CPT0⊂Nd-L.SiO2NP_2. 
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Figure 1 

Mass spectrum of L. Accurate mass spectrum taken by Asier Rodriguez-Muguruza. 
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Figure 2 

A: The 300 MHz 1H NMR spectrum of L recorded in d6-DMSO. The solvent peak at 2.54 ppm is formed by DMSO 
CH3. The solvent peak at 2.08 ppm arises from acetone traces, and the peak at 1.05 ppm arises from ethanol 
traces. B: The 13C NMR spectrum of L recorded in d6-DMSO. 

A 

B 
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Figure 3 

The 300 MHz 1H NMR spectrum of Eu-L recorded in d6-DMSO. The solvent peak at 2.54 ppm is formed by DMSO 
CH3. The solvent peak at 3.3 ppm arises from residual water. 
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Figure  

1H of Nd-DTPA. 

Figure 4 

The 300 MHz 1H NMR spectrum of Nd-L recorded in d6-DMSO. The solvent peak at 2.54 ppm is formed by DMSO 
CH3. The solvent peak at 3.3 ppm arises from residual water. 
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Figure 5 

The 300 MHz 1H NMR spectrum of Eu-L recorded in d6-DMSO. The solvent peak at 2.54 ppm is formed by DMSO 
CH3. The solvent peak at 3.3 ppm arises from residual water. 
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Figure 6 

DLS analysis of MSNs (H2O). A: Size distribution by intensity graph, 156 nm, PDI = 0.148. C: Zeta potential 
measurement z, -34 mV. 

C 
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Figure 7 

DLS analysis of CPT loaded MSNs (H2O). A: Size distribution by intensity graph, 116 nm, PDI = 0.518. C: Zeta 
potential measurement z, +9 mV. 
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Figure 8 

UV-Vis absorbance comparison of CPT (30 µM, MeOH) and CPT loaded MSNs (solid state). 

CPT loaded 
MSNs 

CPT  
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Figure 9 

SAXD patterns of L.MSN (blue) and CPT loaded MSNs (red). 
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A B 

lmax = 350 nm 

Figure 10 

UV-Vis absorbance of CPT in MeOH to calculate the absorption coefficient e using Beer Lambert’s law. A: UV-Vis 
spectrum of CPT (0.03 mM, 0.04 mM, 0.045 mM, 0.06 mM, 0.076 mM and 0.09 mM, MeOH). B: Plot of absorption 
against concentration at lmax = 350 nm, resulting in e = 20000 mol-1 dm3 cm-1.  
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Figure 11 

UV-Vis absorbance of CPT in H2O to calculate the absorption coefficient e using Beer Lambert’s law. A: UV-Vis 
spectrum of CPT (0.09 mM, 0.1 mM, 0.15 mM, 0.2 mM, 0.26 mM and 0.3 mM, H2O). B: Plot of absorption against 
concentration at lmax = 350 nm, resulting in e = 3000 mol-1 dm3 cm-1.  

lmax = 350 nm 
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Figure 12 

UV-Vis absorbance of CPT in EtOH to calculate the absorption coefficient e using Beer Lambert’s law. A: UV-Vis 
spectrum of CPT (0.03 mM, 0.04 mM, 0.045 mM, 0.06 mM, 0.076 mM and 0.09 mM, EtOH). B: Plot of absorption 
against concentration at lmax = 350 nm, resulting in e = 16000 mol-1 dm3 cm-1.  

lmax = 350 nm 
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Figure 13 
 
DLS analysis of CPT0⊂SiO2NP_1 (H2O). A: Size distribution by intensity graph, 83 nm, PDI = 0.095. B: Zeta 
potential measurement z, -51 mV. 
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Figure 14 

Zeta potential measurement z of SiO2NP (H2O), -50 mV.  
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Figure 15 

DLS analysis of CPT0ÌEu-L.SiO2NP_1 (H2O). A: Size distribution by intensity graph, 80 nm, PDI = 0.272.  B: Zeta 
potential measurement z, -24 mV. 
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Figure 16 

DLS analysis of CPT0ÌNd-L.SiO2NP_1 (H2O). A: Size distribution by intensity graph, 84 nm, PDI = 0.243.  B: Zeta 
potential measurement z, -18 mV. 
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Figure 17 

DLS analysis of CPT0ÌYb-L.SiO2NP_1 (H2O). A: Size distribution by intensity graph, 94 nm, PDI = 0.298.  B: Zeta 
potential measurement z, -24 mV. 
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Eu NPs 

Nd NPs 

Yb NPs 

CPT  

CPT powder 

CPT0ÌSiO2NP_1 

Figure 18 

Comparison of CPTÌLn-L.SiO2NP excitation spectra to CPT UV-Vis absorbance to show good agreement. A: 
Excitation spectra of CPT0ÌLn-L.SiO2NP_1, monitoring CPT excitation, Ln(III) = Eu (red), Yb (brown), Nd 
(maroon), at their respective emission bands; lem = 420 nm. B: UV-Vis absorbance comparison of CPT (30 µM, 
MeOH) (blue, dotted), CPT powder (solid state) (blue) and CPT0ÌSiO2NP_1 (solid state) (blue, dashed). 
Excitation spectra corrected for lamp response. 
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Figure 19 

DLS analysis of Eu-L.SiO2NP_1 (H2O). A: Size distribution by intensity graph, 196 nm, PDI = 0.383.  B: Zeta 
potential measurement z, -15 mV. C: SEM image, average d = 78 nm (average taken from 15 NPs) 

C 
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Figure 20 

DLS analysis of Nd-L.SiO2NP_1 (H2O). A: Size distribution by intensity graph, 189 nm, PDI = 0.356.  B: Zeta 
potential measurement z, -16 mV. C: SEM image, average d = 80 nm (average taken from 15 NPs). 
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Figure 21 

DLS analysis of Yb-L.SiO2NP_1 (H2O). A: Size distribution by intensity graph, 167 nm, PDI = 0.403.  B: Zeta 
potential measurement z, -33 mV. C: SEM image, average d = 72 nm (average taken from 15 NPs) 
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Figure 22 

Solid state emission spectra of control experiments to show scattering from SiO2NP. A: Emission spectra of 
SiO2NP at different lexc (lexc = 345 nm turquoise, lexc = 350 nm light blue, lexc = 355 nm medium blue and lexc = 
360 nm dark blue) demonstrating the change in emission wavelengths by the same increment as lexc changes, 
suggesting scatter.  B: Emission spectra of CPT0ÌSiO2NP_1 at different lexc (lexc = 345 nm turquoise, lexc = 350 
nm light blue, lexc = 355 nm medium blue and lexc = 360 nm dark blue) demonstrating no change in emission 
wavelength as lexc changes. Emission spectra corrected for PMT and instrument response. 
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Figure 23 

DLS analysis of CPT3⊂SiO2NP_1 (H2O). A: Size distribution by intensity graph, 129 nm, PDI = 0.129.  B: Zeta 
potential measurement z, -42 mV. 



 274 

 

 
 
 
 
 
 
 
 
 
 
 
 

A 

B 

Figure 24 

DLS analysis of CPT3ÌEu-L.SiO2NP_1 (H2O). A: Size distribution by intensity graph, 88 nm, PDI = 0.230.  B: Zeta 
potential measurement z, -28 mV. 
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Figure 25 

DLS analysis of CPT3ÌNd-L.SiO2NP_1 (H2O). A: Size distribution by intensity graph, 88 nm, PDI = 0.372.  B: Zeta 
potential measurement z, -25 mV. 
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Figure 26 

DLS analysis of CPT3ÌYb-L.SiO2NP_1 (H2O). A: Size distribution by intensity graph, 69 nm, PDI = 0.207.  B: Zeta 
potential measurement z, -21 mV. 
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Figure 27 

DLS analysis of CPT0ÌSiO2NP_2 (H2O). A: Size distribution by intensity graph, 255 nm, PDI = 0.013.  B: Zeta 
potential measurement z, -21 mV. 
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Figure 28 
 
DLS analysis of CPT0ÌEu-L.SiO2NP_2 (H2O). A: Size distribution by intensity graph, 116 nm, PDI = 0.348.  B: Zeta 
potential measurement z, -17 mV. 
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Figure 29 

DLS analysis of CPT0ÌNd-L.SiO2NP_2  (H2O). A: Size distribution by intensity graph, 111 nm, PDI = 0.289.  B: Zeta 
potential measurement z, -23 mV. 
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Figure 30 

DLS analysis of CPT0ÌYb-L.SiO2NP_2 (H2O). A: Size distribution by intensity graph, 108 nm, PDI = 0.309.  B: Zeta 
potential measurement z, -17 mV. 
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Figure 31 

DLS analysis of CPT3ÌSiO2NP_2 (H2O). A: Size distribution by intensity graph, 240 nm, PDI = 0.002.  B: Zeta 
potential measurement z, -17 mV. 
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Figure 32 

DLS analysis of CPT3ÌEu-L.SiO2NP_2 (H2O). A: Size distribution by intensity graph, 150 nm, PDI = 0.05.  B: Zeta 
potential measurement z, -17 mV. 
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Figure 33 
 
DLS analysis of CPT3ÌNd-L.SiO2NP_2 (H2O). A: Size distribution by intensity graph, 181 nm, PDI = 0.276.  B: Zeta 
potential measurement z, -13 mV. 
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Figure 34 

DLS analysis of CPT3ÌYb-L.SiO2NP_2 (H2O). A: Size distribution by intensity graph, 107 nm, PDI = 0.344.  B: Zeta 
potential measurement z, -21 mV. 
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Figure 35 

DLS analysis of Eu-L.SiO2NP_2 (H2O). A: Size distribution by intensity graph, 183 nm, PDI = 0.241.  B: Zeta 
potential measurement z, -13 mV. C: SEM image, average d = 442 nm (average taken from 10 NPs). 
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Figure 36 

DLS analysis of Nd-L.SiO2NP_2 (H2O). A: Size distribution by intensity graph, 108 nm, PDI = 0.346. B: Zeta 
potential measurement z, -13 mV. C: SEM image, average d = 355 nm (average taken from 10 NPs). 
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Figure 37 

DLS analysis of Yb-L.SiO2NP_2 (H2O). A: Size distribution by intensity graph, 155 nm, PDI = 0.283.  B: Zeta 
potential measurement z, -4 mV. SEM image, average d = 430 nm (average taken from 10 NPs). 
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Sample Mass of CPT loaded per 

mass of SiO2NP/ mg 

Mass of CPT 

released/ mg 

% Release 

CPT3ÌSiO2NP_1 0.07 2.28 3 

 

time 

Figure 38 
Release of CPT from CPT3ÌSiO2NP_1 (1 mg mL-1, H2O, 37 oC) up to 24 hrs studied by UV-Vis absorbance. A: UV-
Vis absorbance of CPT released from CPT3ÌSiO2NP_1. B: Emission of CPT released from CPT3ÌSiO2NP_1 
showing a redshift in lmax, lexc = 350 nm C: Solid state emission of dried CPT3ÌSiO2NP_1 NPs before (black) and 
after (pink) release showing a redshift in lmax, lexc = 360 nm.  Emission spectra corrected for PMT response. 
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Sample Mass of CPT loaded per 

mass of SiO2NP/ mg 

Mass of CPT 

released/ mg 

% Release 

CPT5ÌSiO2NP_1 0.2 0.96 21 

 

 

 

 

time 

A B 

time 

Figure 39 

Release of CPT from CPT5ÌSiO2NP_1 (1 mg mL-1, H2O, 37 oC) up to 24 hrs studied by UV-Vis absorbance. A: UV-
Vis absorbance of CPT released from CPT5ÌSiO2NP_1. B: Emission of CPT released from CPT5ÌSiO2NP_1 
showing a redshift in lmax, lexc = 350 nm. Emission spectra corrected for PMT response. 
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Figure 40 

DLS analysis of CPT5ÌSiO2NP_1 (H2O). A: Size distribution by intensity graph, 77 nm, PDI = 0.028.  B: Zeta 
potential measurement z, -21 mV. C: SEM image, average d = 90 nm (average taken from 10 NPs). 
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Sample Mass of CPT loaded 

per mass of SiO2NP/ 

mg 

Mass of CPT 

released/ mg 

% Release 

CPT loaded MSN 0.02 0.55 4 

 

 

 

time 

Figure 41 

Release of CPT from CPT loaded MSNs (1 mg mL-1, H2O, 37 oC) up to 24 hrs studied by UV-Vis absorbance. A: UV-
Vis absorbance of CPT released from CPT loaded MSNs. B: Emission of CPT released from CPT loaded MSNs 
showing a redshift in lmax, lexc = 350 nm C: Solid state emission of dried CPT loaded MSNs NPs before (blue) and 
after (pink) release showing a redshift in lmax, lexc = 360 nm.  Emission spectra corrected for PMT response. 
 

A B 

time 

C Before release 

After release 



 292 

 

 

 
 
 
  
 
 
 
 
 
 
 
 
 
 

 

A 

B C 

lmax = 350 nm lmax = 240 nm 

Figure 42 

UV-Vis absorbance of DBMSS in MeOH to calculate the absorption coefficient e using Beer Lambert’s law. A: UV-
Vis spectrum of DBMSS (0.0016 mM, 0.02 mM, 0.03 mM, 0.05 mM and 0.06 mM, MeOH). B: Plot of absorption 
against concentration at lmax = 350 nm, resulting in e = 13000 mol-1 dm3 cm-1. C: Plot of absorption against 
concentration at lmax = 350 nm, resulting in e = 12000 mol-1 dm3 cm-1. 
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Figure  

UV-Vis absorbance of DBMSS in MeOH to calculate the absorption coefficient e using Beer 

Lambert’s law. A: UV-Vis spectrum of DBMSS (0.016 mM, 0.02 mM, 0.03 mM, 0.05 mM and 

0.06 mM, MeOH). B: Plot of absorption against concentration at lmax = 350 nm, resulting in e 

= 13000 mol-1 dm3 cm-1. C:  Plot of absorption against concentration at lmax = 240 nm, resulting 

in e = 12000 mol-1 dm3 cm-1. 

Figure 43 

DLS analysis of AuNP (1.51 nM, H2O). A: Size distribution by number graph, 13 nm, PDI = 0.154.  B: Size 
distribution by intensity graph, 21 nm, PDI = 0.154.  C: Zeta potential measurement z, -40 mV. 
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Figure 44 

DLS analysis of AuNP. Z (0.7 nM, H2O). A: Size distribution by number graph, 18 nm, PDI = 0.218.  B: Size 
distribution by intensity graph, 31 nm, PDI = 0.218. C: Zeta potential measurement z, -35 mV. 
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Figure 45 

DLS analysis of AuNP. Z + DBMSS (final concentration 19.5 µM DBMSS) A: Size distribution by number graph, 78 
nm, PDI = 0.171.  B: Size distribution by intensity graph, 138 nm, PDI = 0.171. C: Zeta potential measurement z, 
-67 mV. 
 

C 
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Figure 47Figure  

 

Figure 46 
 
DLS analysis of AuNP. Z + DBMSS + Eu(III) (final concentration 19.5 µM DBMSS + 3.3 µM Eu(III)). A: Size 
distribution by number graph, 88 nm, PDI = 0.184.  B: Size distribution by intensity graph, 161 nm, PDI = 0.184. 
C: Zeta potential measurement z, -52 mV. 
 

C 
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Table 47 

Table of values summarising data from ICP-MS and route to calculating number of Eu(III) complexes per NP. 
 

Au Atoms/ ppb Eu Atoms/ ppb Au : Eu Atoms Au Atoms per 

NP 

Eu(III) 

Complexes per 

NP 

505 26 20 N = 30.9 x d3 

(67880) 

3445 

605 26 24 67880 2865 

511 24 21 67880 3170 
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Figure 48 

UV-Vis absorbance and excitation overlap of DBMSS + Eu(III) (blue, dashed) (DBMSS (0.05 mM, MeOH) 
coordinated to Eu(III) (0.017 mM, MeOH)) and AuNP. Z + DBMSS + Eu(III) (final concentration 19.5 µM DBMSS, 
pH 9). Excitation spectra corrected for lamp response.  
 

 

Eu(DBMSS)3 AuNP. Z + DBMSS + Eu(III) 
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DBMSS + Eu(III) 
1 : 3 

 

DBMSS + Eu(III) 
1 : 2 

 

DBMSS + Eu(III) 
1 : 1 

A B C 

Figure 49 

Lifetime of DBMSS + Eu(III)  (1 : 1 (A), 2 : 1 (B), 3 : 1(C)) (a solution of DBMSS (0.05 mM, 10 % MeOH) titrated with 
Eu(III) (0.016 mM, 0.025 mM, 0.05 mM, 10 % MeOH) in H2O) 𝛌exc = 350 nm and 𝛌em = 615 nm. % MeOH) in H2O. 
Emission spectra corrected for PMT and instrument response. 
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Figure 50 

A: Change in SPR of AuNP. PEG-SH + DBMSS (0.88 nM AuNP. Z + 25 𝜇M DBMSS) as 𝜇L additions of 1 mM DBMSS 
in MeOH is titrated in to a final concentration of 25 𝜇M DBMSS. Figure 3.4.22, A insert shows the SPR shift from 
𝛌max from 518 nm to 524 nm. B: A plot of 𝛌max against DBMSS  concentration to show the binding on AuNP.   
 

 SPR 
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Figure 51 

DLS analysis of AuNP (1.5 nM, H2O, provided by I. Theofilou). A: Size distribution by number graph, 12 ± 3 nm, 
PDI = 0.123.  B: Size distribution by intensity graph, 20 ± 6 nm, PDI = 0.123.   
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Figure 52 
 
DLS analysis of AuNP. PEG-SH (1.8 nM, H2O). A: Size distribution by number graph, 16 ± 5 nm, PDI = 0.235.  B: 
Size distribution by intensity graph, 45 ± 24 nm, PDI = 0.235.   
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Figure 53 
 
DLS analysis of AuNP. PEG-SH (2 nM, H2O). A: Size distribution by number graph, 107 ± 40 nm, PDI = 0.216.  B: 
Size distribution by intensity graph, 179 ± 68 nm, PDI = 0.216.   
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