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Abstract 
 

In the past decades, fluorescent organic dyes have been used extensively as 

molecular probes in bioimaging.  However, their irreversible transition to the dark-state, 

termed photobleaching, photoinduced cytotoxicity, and biodegradibility limit their 

application scope.  Photoluminescent nanomaterials provide a lucrative alternative to 

the fluorescent organic dyes due to their virtually unlimited photostability, inert core, 

controllable surface chemistry, biocompatibility, etc.  In this study, I report on the 

development of a new-generation molecular probe based on a photoluminescent 

nanomaterial, termed as “nanorubies”, which represents ruby nanocrystals of the 

composition alpha-alumina (α-Al2O3) doped with chromium (Cr
3+

).  In addition to the 

photoluminescent nanomaterial merits, nanoruby emission takes place in a remarkably 

narrow spectral band in the far-red spectral range (692 nm), and characterised by long 

photoluminescent lifetime (3.7 ms).  

The first reported advance of this study addresses development of a top-down, large-

scale production of photoluminescent nanomaterials.  Top-down methods take 

advantage of the existing variety of bulk and thin-film solid-state materials for 

improved prediction and control of the resultant nanomaterial properties.  The power of 

this approach is demonstrated by using high-energy ball milling (HEBM) of alumina 

(Al2O3) and nanoruby.  Nanoalumina and nanoruby particles with a mean size less 100 

nm in their most stable α-crystallographic phase were produced in gram quantities 

suitable for biological and biomedical applications.  Nanomaterial contamination from 

zirconia balls used in HEBM was reduced from 19% to 2% using a selective acid 

etching procedure.   

The biocompatibility of the milled nanomaterial was demonstrated by forming stable 

colloids in water and physiological buffers corroborated by the corresponding measured 

zeta potentials of +40 mV and -40 mV and characterised by in vitro cytotoxicity assays.  

The feasibility of anchoring a host of functional groups and biomolecules to milled 

nanoalumina and nanoruby surfaces was demonstrated by functionalisation of their 
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surface which resulted in decoration of the nanoparticle surface with amino, carboxyl 

and polyethylene glycol groups suitable for further conjugation with functional 

biomolecules.  

Photoluminescence probes in combination with fast and sensitive imaging systems 

are much in demand.  I describe a wide-field, time-gated photoluminescence 

microscopy system customised for ultrasensitive imaging of probes with long 

photoluminescence lifetime and exemplified by the use of nanorubies as a probe.  The 

detection sensitivity relied on the long photoluminescence lifetime of nanoruby, which 

allowed its discrimination from the autofluorescence background and laser backscatter 

by employing a time-gated imaging acquisition mode.  This mode enabled several-fold 

improvement of the photoluminescence imaging contrast of discrete ruby nanoparticles 

dispersed on a coverslip, and clearly visualised discrete nanorubies submerged in a layer 

of organic fluorescent dye, which would obscure the presence of most other 

photoluminescent nanoparticles. The ultrahigh-sensitivity imaging of photoluminescent 

molecular probes offers new opportunities, such as visualisation of intracellular 

molecular trafficking and detection of rare biomolecular events in an optically crowded 

background. 

  In partnership with my group members, I have demonstrated specific labelling of 

hemagglutinin-tagged μ-opioid receptors by using biohybrid nanoruby complexes in 

conjunction with anti-hemagglutinin antibody, which has demonstrated the power of 

this new-generation photoluminescence nanotechnology not only for molecular-specific 

visualisation, but also for targeted delivery and therapy applications. Further, the real-

time video-microscopy of nanoruby-based binding assay in serum has been 

demonstrated. This result shows the potential for pathogen detection in biological fluids, 

prospectively leading to early diagnosis applications. 
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1 
General Introduction and Outline 

Fluorescence microscopy potentiated by labelling biological structures of interest with 

photoluminescent (PL) nanoparticles (NPs) is an important tool in the life sciences. This 

imaging modality provides a direct, less invasive and very sensitive access to 

observation of cellular morphology and processes in cells and tissues [1, 2]. Single-

molecule imaging represents a more specialised modality of the fluorescence 

microscopy, where the detection sensitivity is pushed to its limits, allowing observation 

of single fluorescent molecules and hence single labelled biomolecules. This ultrahigh-

sensitivity modality was introduced by Moerner and Oritt [3], and Willian Moerner was 

awarded by a Nobel prize in 2014 for this pioneering work. Imaging and tracking single 

biomolecules allow the abrogation of the ensemble averaging, which was and is 

commonly used in biomedical research, but can mask rare (albeit important) biological 

events behind the scene of the mainstream processes. The following are three examples 

in the life sciences allow to appreciate the scale and importance of this imaging 

modality.  

Seisenberger et al. have demonstrated real-time single-molecule imaging of the 

infection pathway of an adeno-associated virus [4]. It was the single-molecule imaging, 

which allowed uncovering anomalous diffusion of the endosome and the virus in the 

cytoplasm and the nucleus in addition to the expected free diffusion. In addition, the 

real-time visualisation of the infection pathway of a single virus revealed a much faster 

infection than was generally observed.  
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The second example relates to the neuronal signaling reflected in the behaviour 

of AMPA receptors on the cell membranes (AMPA=α-amino-3-hydroxy-5-methyl-4-

isoxazolepropionic acid). The mobility and localisation of AMPA receptors at the 

neuronal junctions controls the level of electrical signals in neurons. This, in turn, is 

pivotal for long-term memory and learning [5]. Imaging of discrete AMPA membrane 

receptor trafficking in synaptically connected immunostained neurons during neuronal 

activity uncovers intricate mechanisms at the onset of receptor activations in the living 

brain. AMPA receptors alternate abruptly between periods of rapid diffusion on the 

cellular membrane and periods of restricted motion within a sub-micron area termed 

confinement. This confinement occurs mostly when the receptors are near synapses. 

Read out of the averaged diffusion of the AMPA receptors would provide a distorted 

and misleading picture of neuron functionality, whereas the single-nanoparticle tracking 

technique captures intricate functionality of the neurons versus various physiological 

and therapeutic factors, and is routinely used in the field of neuroscience [6].  

The third example relates to the uncovering of pathways in the cell of G-protein 

coupled receptors (GPCRs), which are the largest family of cell-surface proteins that 

mediate signalling related to physiological and sensory functions. Imaging and tracking 

the molecular pathways of discrete GPCR opioid receptors unveil the dynamics of drug-

receptor binding, internalisation, dissociation, and recycling, which play a pivotal role 

in regulation of motivation, anxiety, breathing, and metabolism.  

These single-molecule studies place high demands on labelling fluorophore, 

which are often constrained by undesirable photophysical properties. These include 

transient (photoblinking) and irreversible (photobleaching) photon-induced transitions 

to dark states. Fluorescent organic dye molecules, such as green fluorescent protein 

(GFP), and fluorescent organic dyes, such as fluorescein, are widely used as fluorescent 

probes [7, 8]. However, their emission can survive for about 10
6
 cycles of the 

excitations and emissions, followed by irreversible photobleaching [9]. In terms of the 

single-molecule tracking duration, the fluorescence persists only for ≈3 ms under the 

saturation excitation by assuming the fluorescence lifetime 3 ns, and can be extended to 

second-long observation time by optimising signal-to-noise ratio [10]. In the context of 

biomedical imaging, which favours the longer-wavelength excitation/emission (falling 

into the so-called biological tissue transparency window, ranging from 700 nm to 1300 
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nm), such fluorophores as Alexa Fluor 750, Cy5 and Cy7 dyes are typically prone to 

photobleaching. Fluorescence dye also suffer from potential cytotoxicity, poor 

resistance to aggressive chemical and biological environment, and limited ability to 

penetrate cells [11]. Although the design of improved quality organic fluorophores is in 

continuous progress, there is a strong demand for alternative solutions. 

Nanotechnology provides the solution by ushering into the single-molecular 

fluorescence imaging field with new types of molecular probes based on PL NPs. 

Nanodiamonds [12] and upconversion nanoparticles (UCNPs) [13] are able to counter 

the photobleaching problem by producing unfading emission. These nanomaterials 

exhibited reduced cytotoxicity [14]. NPs offer a lucrative opportunity to achieve high-

contrast detection by means of time-gated imaging, which has been reported using 

lanthanide-based NPs [15, 16]. NP surface modification displaying specific functional 

groups is now under active development towards targeted imaging and drug delivery 

[17]. At the same time, the existing NP-based molecular probes are not ideal. For 

example, owing to their nonlinear excitation pathway, UCNPs require high power 

densities to reach the optimal brightness [18] and are susceptible to environmental 

photoluminescence quenching. Some NPs are cytotoxic, and influence of carbon 

nanotubes, metal oxide (e.g., ZnO) and semiconductor Quantum Dots (QDs) to 

biological systems is still debated [19, 20]. Despite of the emerging promise PL NPs for 

single-molecule imaging and tracking, there is a need to populate the existing arsenal of 

PL NPs. 

Ruby nanocrystals known as “nanorubies” is one of the newly discovered PL 

nanomaterial [21]. Nanorubies have attractive properties, including virtually unlimited 

photostability, a narrow photoluminescence line at 692 nm, exceptionally long emission 

lifetime (≈3.7 ms), high quantum yield reaching 90% in bulk, and reported 

biocompatibility. This material is worthwhile to explore for biological applications due 

to its remarkable properties, combined with ease of obtaining synthetic ruby crystal at 

low cost. This project focuses on the high-scale production of nanoruby by using 

milling method. It will be also demonstrated how nanorubies can be employed in 

several bioimaging applications, where single-molecule tracking is the central 

application.  
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1.1 Thesis Outline 

This thesis comprises seven chapters. Chapter 1 introduces the background, main 

objectives and thesis outline. Chapter 2 reviews the fundamentals of the existing PL 

NPs, including quantum dots, nanodiamonds and upconversion NPs, their synthesis 

methods and applications in biological imaging. The limitations of these PL 

nanomaterials in the context of single-molecule imaging modality are also discussed. 

Finally, nanoruby properties, production methods, functionalisation approaches and 

applications will be overviewed.  

Chapter 3 reviews the existing NP production methods, with the main emphasis 

on milling methods. Discussion of the key parameters affecting the size, crystal quality 

and yield of as-produced NPs will represent an essential part of this chapter. The 

overview of the characterisation methods used in this project is also provided. 

Chapter 4 (Publication I) W. A. W. Razali, V. K. A. Sreenivasan, E. M. Goldys 

and A. V. Zvyagin. "Large-Scale Production and Characterization of Biocompatible 

Colloidal Nanoalumina" (Langmuir 30, no. 50 (2014): 15091-15101) reports the large-

scale production of nanoalumina using a high-energy ball-milling (HEBM) method. 

Abstract: The rapid uptake of nanomaterials in life sciences calls for the development of 

universal, high-yield techniques for their production and interfacing with biomolecules. 

Top-down methods take advantage of the existing variety of bulk and thin-film solid-

state materials for improved prediction and control of the resultant nanomaterial 

properties. We demonstrate the power of this approach using high-energy ball milling 

(HEBM) of alumina (Al2O3). 

Chapter 5 (Publication II) W. A. W. Razali, V. K. A. Sreenivasan, K. Zhang, E. 

M. Goldys and A. V. Zvyagin. “Mass Production of Nanorubies Photoluminescent 

Probe for Bioimaging” (Prepared for submission to RSC Advances journal) presents the 

mass-production of nanoruby by using a HEBM method. The as-produced nanorubies 

were investigated in terms of their size, structure, optical properties and cytotoxicity. 

The applications of as-produced, surface-modified and antibody-coupled nanorubies for 

cell labelling and μ-opioid receptor labelling were demonstrated.  

Chapter 6 (Publication III) W. A. W. Razali, V. K. A. Sreenivasan, C. Bradac, 

M. Connor, E. M. Goldys, and A. V. Zvyagin. “Wide-field time-gated 

photoluminescence microscopy for fast ultrahigh-sensitivity imaging of 
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photoluminescent probes” (Journal of Biophotonic 9, no. 8 (2016): 15091-15101) is 

devoted to the demonstration of the time-gated imaging modality potentiated by 

nanoruby towards single-molecule imaging. The long-photoluminescence lifetime 

characteristic of nanoruby has been exploited in achieving ultrahigh-sensitive imaging 

system. The live cell labelling and real time kinetic binding of nanoruby in biological 

fluid also been demonstrated.  

The final chapter, Chapter 7 provides a summary of this work and discusses the 

future scope on this work.  
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2 
Photoluminescent Nanoparticles for 

Bioimaging 

2.1 Introduction 

In this chapter, basic concepts and terminology of photoluminescence are introduced, 

followed by examples of the most widespread photoluminescent (PL) nanoparticles 

(NPs), quantum dots, which represent the state-of-the-art mature nanotechnology 

material. An overview of fluorescent nanodiamonds and upconversion nanoparticles 

will be presented to demonstrate the modern trends in the development of prospective 

PL nanomaterials. The advantages and limitations of these NPs in the context of 

biological imaging will be discussed. In the final section, I will introduce nanoruby, 

which is portrayed as an alternative PL nanomaterial to the existing PL NPs. 

Photoluminescence mechanism, production methods, optical properties, chemical 

stability, and biocompatibility of nanorubies will be reviewed.  

2.2 Fundamentals of Photoluminescence 

Luminescence is an emission of light from any substance, which occurs from 

electronically excited states [1]. Types of luminescence are categorised depending on 

the excitation pathway, and include physical (absorption of light), mechanical (friction), 

or chemical (chemical reactions), as listed in Table 2.1. Photoluminescence is one type 

of luminescence, where light emission is produced by the absorption of photons from an 

external source. In this process, a molecule absorbs photon at a wavelength in the 
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ultraviolet, visible or infrared spectral range, making a transition to the excited state, 

with concomitant emission of a photon, when the molecule undergoes transition to the 

ground state. Note that the photon emission is one of the possible pathways of the 

excited state transition to the ground state. In the great majority of cases, the process of 

photon absorption and emission incurs an energy penalty, so that the emitted photon is 

―red-wavelength-shifted‖ – the effect known as a Stokes shift. For example, ultraviolet 

(UV) light absorbed by a quinine molecule is red-wavelength-shifted to emitted light to 

blue light, causing the blue glow, as observed by Stokes [2] and Herschel [3]. The 

photoluminescence can be further categorised into fluorescence or phosphorescence, 

depending on the electronic configuration of the excited state and the emission pathway, 

as it will be discussed in the next subsection.  

 

Table 2.1: Types of luminescence. Reproduced from Ref. [4].  

Luminescence types Excitation method 

Photoluminescence 

Radioluminescence 

Cathodoluminescence 

Electroluminescence 

Thermoluminescence 

Chemiluminescence 

Bioluminescence 

Triboluminescence 

Sonoluminescence 

Absorption of light 

Ionizing radiation 

Cathode rays 

Electric field 

Heating 

Chemical process 

Biochemical process 

Frictional and electrostatic forces 

Ultrasounds 

 

2.2.1 Absorption and Emission 

The energy levels of a molecule are customarily represented by using a Jablonski 

energy diagram (shown in Figure 2.1), which is used to explain processes that occur 

between the absorption and emission of light by the molecule [5]. Figure 2.1 shows the 

energy levels typical for an organic fluorescent molecule, including ground state (S0), 

excited singlet states (S1 and S2), and excited triplet state. At room temperature, a 

molecule stays in the ground state. By absorbing light, the molecule makes a transition 

from the ground state to the excited state of either S1 or S2, as shown by upward arrows 
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in Figure 2.1. The molecule is then rapidly relaxed (characteristic time ≈10
-12

 s) to the 

lowest vibrational state of S1 non-radiatively, bearing an energy penalty. This process is 

known as internal conversion. The molecule returns to the ground state from the excited 

singlet state, emitting light with the energy equal to the energy difference between the 

two levels. This process is known as fluorescence, and generally occurs in aromatic 

molecules, such as rhodamine, fluorescein and acridine, termed fluorochromes or 

fluorophores [6]. The molecule in the S1 state can also make an alternative transition to 

the triplet state T1 (Figure 2.1, dotted downward arrow). The conversion from S1 to T1 is 

called intersystem crossing. Emission produced when the molecule returns to the 

ground state from T1 is known as phosphorescence which was first observed by a 

French physicist Edmond Becquerel, before Stokes observed fluorescence [7].  

 

Figure 2.1: A Jablonski energy diagram showing the ground state, excited singlet state, 

and excited triplet state of a material. The thicker lines represent electronic energy 

levels, while the thinner lines denote the vibrational energy states. The wavy lines 

denote non-radiative relaxation process. The dotted arrow shows intersystem crossing 

(ISC). Straight arrows show transitions between the states associated with absorption or 

emission of a photon. Adapted from Ref. [8]. 
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2.2.2 Photoluminescence Lifetime 

Generally, photoluminescent lifetime (τ) is defined as the mean time taken for a 

molecule to decay from the excited state to the ground state, either via fluorescence or 

phosphorescence, including nonradiative processes [9]. It can be specifically defined as 

the inverse of the sum of the rate constants that deplete the excited state. Thus, the 

relative contributions of the internal conversion, intersystem crossing and the radiative 

process will determine the lifetime value. The magnitude of the rate constants that 

deplete S1 are typically around 10
8
 s

-1
, implicating the photoluminescence lifetime of 

the order of <10 ns [6]. Most organic fluorophores are characterised by lifetimes, 

ranging from tens picoseconds to tens of nanoseconds. In the case of phosphorescence 

emission, the rate at which the triplet state is depleted, generally, slower (between 10
4
 s

-

1
 and 1 s

-1
), leading to lifetimes ranging from sub-milliseconds to seconds. Since the 

effect of autofluorescence will be alluded frequently in this thesis, its emission 

properties stem from organic fluorophore constituents present in biological systems 

referred to as endogenous fluorophores. Therefore, τ of the autofluorescence [10] ranges 

from hundreds of picoseconds [11] to several nanoseconds [9].  

2.2.3 Quantum Efficiency  

Quantum efficiency (𝜂) of the fluorophore is an important property of a fluorophore. 

The fluorescence power 𝑃  [W] emitted by a fluorophores is determined by its 

absorption cross-section 𝜎𝑎  and the quantum efficiency according to the following 

relation: 𝑃 = 𝜂𝜎𝑎𝐼𝑒𝑥 , where 𝐼𝑒𝑥  stands for the excitation intensity [W/cm
2
], often 

referred to as ―power density‖. Quantum efficiency can be defined as a ratio of the 

number of photons emitted to the number of molecules in the excited state [12]. This 

can be interpreted as a ratio of the number of emitted to the number of absorbed photons 

in a simple case of the perfectly efficient absorption process resulting in the molecule 

transition to the excited energy level. We note that in several particular cases, including 

energy upconversion transfer, this definition breaks down and requires more general 

definition, which is introduced in my colleagues‘ paper [13] and termed ―conversion 

efficiency‖.  
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2.3 Photoluminescent Nanoparticles  

PL NPs have been ushered into the life sciences heralded by new discoveries in single-

molecule imaging, whole-animal imaging, and diagnostic imaging. The emerging 

discipline of theranostics demonstrates an explosive growth, as evidenced by the journal 

impact-factor of Theranostics journal reaching 8 within two years. We will consider 

several types of PL NPs, which vary in their photophysical and chemical properties, and 

make us an almost complete suite of PL nanomaterials suitable for biomedical 

applications. These NPs include the well-established quantum dots, reasonably well-

explored fluorescent nanodiamonds, and upconversion NPs introduced almost two 

decades ago [14, 15]. Fluorescent carbon dots [16], metal nanoclusters [17, 18], 

plasmonic nanoparticles, upconversion nanoparticles [19] and nanorubies [20] are some 

of the newly developed PL probes. None of the PL NPs is ideal: some of them exhibit 

unwanted fluorescence intermittency (known as ―photoblinking‖), some are notoriously 

cytotoxic and chemical stability is often an issue in biomedical applications. These 

shortfalls drive the nanoscience research towards PL nanomaterials with improved 

properties. As an overview, Table 2.2 shows the comparisons of organic dye and other 

PL NPs including quantum dots (QDs), upconversion NPs (UCNP), fluorescent 

nanodiamonds (FNDs, implying nitrogen-vacancy centre ND), and nanorubies. 

 

Table 2.2: Comparison of fluorescent probe properties. 

 Typical 

Organic Dye 

QDs UCNPs FNDs Nanorubies 

Excitation UV/Visible UV/Visible Near IR Visible Visible 

Emission (nm) 405-805[21] 400-1400 

[22] 

300-900  

[23, 24] 

560-800  

[25, 26] 

692, 694 [20] 

Lifetime <10 ns 10 – 20 ns 100 – 10 ms 10 – 20 ns >3 ms 

Photostability × √ √ √ √ 

Non-blinking × × √ √ √ 

Non-toxicity × × √ √ √ 

High 

conversion 

efficiency 

√ √ × √ √ 

 

In the following section, photoluminescence mechanisms, optical and chemical 

properties, and bioimaging application of three types of PL NPs: QDs, FNDs, and 
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UCNPs will be discussed, followed by discussion of their limitations in the context of 

biomedical optical imaging.  

2.2.1 Quantum Dots  

QDs are semiconductor nanocrystals whose size ranges from 2 to 10 nm. The typical 

composition of QDs is cadmium selenide (CdSe), cadmium sulphide (CdS), indium 

phosphide (InP) and indium arsenide (InAs) [22]. The fluorescence emission of QDs is 

tunable by changing their size, which relates to the quantum confinement effect [27]. 

For example, the bandgap of CdS QDs is tunable from 4.5 to 2.5 eV [28]. The smaller 

the QD, the larger the bandgap, which means that the more energy is required to excite 

the electron from the valence band to the conduction band, followed by emission of the 

higher-energy (shorter wavelength) photon. The size reduction is manifested by the 

emission ―colour‖ shift from red to blue, as shown in Figure 2.2. Figure 2.3a shows the 

QDs fluorescence emission dependency on the composition and size. QDs have 

exceptionally broad excitation spectrum ranging from UV and exhibiting a local size-

tunable peak. QDs typically emit in a narrow fluorescence band, as shown in Figure 

2.3b. 

 

Figure 2.2: (a) Schematic diagram explain the origin of the size-dependent fluorescence 

of quantum dots. (b) The larger the QD, the narrower its bandgap: red large-size QD in 

comparison with blue small-size QD. Reproduced from Ref. [29]. 
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Figure 2.3: (a) Fluorescence emission characteristics of QDs with different 

compositions and sizes. (b) Absorption (top) and emission (bottom) spectra of four 

different sizes CdSe/ZnS QD samples. The blue vertical line indicates the 488-nm line 

of an argon-ion laser, which can be used to efficiently excite all four types of QDs 

simultaneously. Reproduced from Ref. [22]. 

Synthesis of Quantum Dots 

QDs are typically synthesised by employing wet chemistry protocols, including less 

common aqueous synthesis [30, 31] and widespread high-temperature organic solvent 

methods [32]. Murray et al. have pioneered a high-temperature (≈300°C) organic 

solvent method for the synthesis of high crystal quality CdX (X = S, Se, Te) quantum 

dots [33]. The organic solvent was needed to disperse nanocrystals, control the reaction 

speed and adjust the reaction temperature in a wide range [34]. The size of as-produced 

nanocrystals are controllable by the precursor concentration and reaction time [35]. The 

recognition of QDs came when the core/shell architecture of these nanoparticles was 

introduced. As a result, the quantum efficiency was improved by confining the 

excitation to the core and eliminating the surface defects, with the increase from several 

percent to 80%. The shell is typically designed by selecting the high bandgap materials 

such as CdS and ZnS, with the condition that the bandgap width exceeds that of the core 

material, in the case considered here CdSe. The as-produced shell is generally 

hydrophobic, requiring further functionalisation, which is discussed in the next 

subsection. 
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Functionalisation and Conjugation of Quantum Dots 

QD surface needs to be modified with biocompatible moieties or coated with a polymer 

layer to hydrophilise this nanomaterial and form an interface with biological 

environment. This provides anchoring points to enable conjugation with biological 

molecules, such as peptides [36, 37], antibodies [38, 39], aptamers [40, 41], and DNAs 

[42, 43]. A schematic diagram of the QD architecture, with the functionalisation and 

conjugation layers is shown in Figure 2.4. The functionalisation is carried out by a cap 

exchange, where TOPO surface molecules are replaced with hydrophilic functional 

groups, such as carboxyl and amine groups. Poly(ethylene glycol) (abbreviated as 

PEG), poly(acrylic acid) and polyanhydride polymers are used to modify QDs surface 

[44, 45]. PEG is now very common in biochemical procedures, allowing improvement 

of aqueous stability and reduction of aggregation and non-specific binding of QDs to 

cells and surfaces [46]. 

 

Figure 2.4: Schematic representation of a QDs structure, functionalisation and 

conjugation. Reproduced from Ref. [29]. 

Bioimaging Applications of Quantum Dots 

It has been long recognised that QDs were suitable for bioimaging applications due to 

the following properties: good photostability, large Stokes shift, spectrally broad 

absorption cross-section (see Figure 2.3b), and narrow photoluminescence spectra. The 

large absorption cross-section enables simultaneous excitation of several types of QDs 

by one excitation source. QDs have relatively long-photoluminescence lifetime (> 10 

ns) in comparison with endogenous organic molecules [47]. In addition, it has been 
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found that the QD two-photon cross-section is exceptionally high (>10 000 GM) in 

comparison with that of organic fluorophores (1–300 GM). The QD technology is now 

mature and various types of QDs with choices of surface coating and surfaces functional 

groups are available commercially, with the industry leaders of the QD production 

being Evident Technologies (www.evidenttech.com) and Invitrogen Corporation 

(www.invitrogen.com). 

QDs have been applied for imaging in live cells, biological tissues, live animals, 

biosensing and diagnostics [48]. Their applications as a molecular-specific probe in 

cancer imaging have been reported [49, 50]. Recently, Tang et al. [51] have developed 

ultrasmall water-soluble Ag2S QDs for cancer cell targeting. Ag2S QDs were 

conjugated with a cyclic peptide, arginine-glycine-asparticacid-(D)phenylalanine-lysine 

(cRGDfk) for targeting the αvβ3 integrin receptor, which enabled successfully targeting 

and imaging of tumour, as shown in Figure 2.5. QDs are utilised as multicolour 

fluorescent labels for both in vitro and in vivo imaging [8,9]. Applications of QDs for 

ultrahigh-sensitivity imaging and tracking of neurotransmitters are worthy to note [10–

12].  

 

Figure 2.5: In vivo fluorescence imaging of cRGDfK-Ag2S in 4T1luc tumor-bearing 

Balb/c mouse at different time points after the intravenous administration. Circles 

indicate bilateral subcutaneous tumor locations. Reproduced from Ref. [51]. 

2.2.2 Fluorescent Nanodiamonds 

Nano-sized diamond particles known as single-digit nanodiamonds (NDs) were 

discovered accidently in the USSR in 1963, but they were not publicised until late 1982 

[52]. The inner core of detonation NDs comprises carbon atoms in the sp
3
-hybrid state, 



16 

 

 

 

with the size ranging from 1 to 10 nm and the outer layer containing carbon atoms in the 

sp
2
-hybrid state [53]. This hybrid layer is situated between the core and the outer layers, 

containing carbon atoms in both sp
3
 and sp

2
 hybridisations (see Figure 2.6a). The NDs 

structure is distorted owing to defects formed during the synthesis and purification. 

These defects can be impurities or intrinsic point defects, such as lattice vacancies. As 

an example, a nitrogen vacancy (N-V) point defect is formed by a vacancy stabilising 

near the nitrogen substitutional defect [54], as shown in Figure 2.6b. This centre is a 

colour centre, which render NDs fluorescent [55]. The negatively charged nitrogen-

vacancy (NV
-
) is most common defect and characterised by fluorescence featuring a 

narrow zero-phonon line at 637 nm [25, 56]. The neutral N-V centre (NV
0
) is 

characterised by a zero-phonon line at 575 nm, as shown in Figure 2.6c. ND 

fluorescence is very photostable, with virtually unlimited emission upon continuous 

excitation, which is usually accomplished with a 532-nm laser [57]. In most cases NDs 

are non-cytotoxic, which has sparked a great deal of interest in the biological 

community [58, 59].  

 

Figure 2.6: (a) Schematic representation of the nanodiamond structure. (b) Schematic 

of the nitrogen-vacancy centre and diamond lattice depicting the vacancy (transparent), 

the nearest neighbour carbon atoms to the vacancy (green), the substitutional nitrogen 

atom (brown), and the next-to-nearest carbon neighbours to the vacancy (black). (c) 

Photoluminescence spectra normalized to their respective maximum value of single NV
-
 

[red (grey) curve] and NV
0
 [blue (dark grey) curve] colour centres in nanodiamonds. 

The zero-phonon line (★symbols) of NV
-
 (respectively, NV

0
) emission is located at 

637 nm (respectively, 575 nm). Reproduced from Refs. [60] (a), [25] (b) and [26] (c). 
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Synthesis of Fluorescent Nanodiamonds 

NDs are synthesised using high-pressure high-temperature (HPHT), detonation, 

chemical vapour deposition and high-energy ball milling [61, 62]. HPHT method 

usually yields diamond crystals of the size range from micrometres to millimetres, and 

these can be milled using a ball milling machine resulting in NDs with size as small as 

several nanometres [63]. The detonation method (Figure 2.7) is implemented by 

exploding trinitrotoluene (TNT) with hexogen (C3H6N6O6) in a closed metallic chamber 

in an inert atmosphere followed by disintegration of as-produced NDs [61]. The 

detonation method yields NDs as small as 5 nm. Fluorescence of detonation NDs is 

faint due to the profound surface effects on the colour-centres and largely distorted 

crystal lattice. In order to create colour-centre in synthetic nanodiamonds, which are 

usually non- or mildly-fluorescent, NDs are exposed to high-energy electron or light ion 

beams, and then annealed at temperature of >750°C, activating the thermal diffusion of 

vacancies. As a result of the annealing, a vacancy is stabilised in an adjacent crystal 

node of the substitutional nitrogen defect, forming an N-V centre. Substitutional 

nitrogen defects can be converted to N-V centres by means of mild intensity electron 

exposure, the unconverted nitrogen defects can donate electrons to N-Vs producing 

negatively-charged NV
- 
[64].  

 

 

Figure 2.7: Detonation synthesis of 

nanodiamonds. Explosives with a negative 

oxygen balance are detonated in a closed 

metallic chamber in an atmosphere of N2, CO2 

and liquid or solid H2O. Diamond-containing 

soot is collected from the bottom and the walls 

of the chamber at the completions of the 

process. Reproduced from Ref. [61]. 
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Functionalisation and Conjugation of Fluorescent Nanodiamonds 

As-produced NDs are poorly dispersible in water, since their surface is populated with a 

sp
2
 hybridised carbon, graphite, which is especially profound in detonation NDs. 

Further processing is needed, aiming to remove the graphitic layer displaying a sp
3
 

hybridised surface [65]. This makes NDs water-mixable and stable due to the 

electrostatic surface charge repulsion. The zeta potential being a measure of the surface 

charge has been reported to have a high value of -45 mV in water [66]. However, even a 

small concentration of salt (10 mM NaCl) can cause aggregation of NDs [67]. This is 

explained by charge screening due to high-mobility positive ions of the salt, neutralising 

the ND surface and diminishing the repulsion force leading to aggregation [67]. 

Forming steric hindrance on the surface represents one approach to counter this 

problem, and this is typically realised by macromolecule functionalisation, such as 

proteins and polymers, making them also suitable for biomolecule targeting [68]. This 

functionalisation is realised by means of the following approaches: (i) adsorption, (ii) 

polymer coating, and (iii) covalent or high-bond linking. The use of a high-affinity 

linker, such as a streptavidin:biotin molecular pair, represents an example of (iii) 

approach. It was realised for example by binding biotin molecules to the polycrystalline 

diamond layers using anchoring hydroxyl groups by a popular EDC/NHS reaction. The 

success of this reaction was confirmed by binding fluorescent streptavidin to the 

biotinilated surface of nanodiamonds and fluorescence microscopy observation [69]. 

Bioimaging Application of Fluorescent Nanodiamonds 

FND probes seemed attractive for biomedical applications owing to: (i) non-

cytotoxicity, (ii) physical and chemical stability, (iii) small-size ranging from several 

nm to 100 nm, and (iv) surface moieties amiable for biofunctionalisation. It is known 

that carboxyl groups represent about 7% of the other surface moieties, as a result of the 

acid surface etching, and this makes NDs suitable for biofunctionalisation via covalent 

binding. The core inertness, large effective surface and large surface charge make them 

suitable protein purification, whereas the high quantum efficiency and absorption cross-

section of N-V centres were attractive for fluorescent molecular probes.  

Fu et al. [70] have demonstrated incubation of 35-nm FNDs together with HeLa 

cells cultured in Dulbecco's Modified Eagle's Medium at 37°C on a chamber slide. Most 

of the FNDs were found to form aggregates in the cell, while some of them were 
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detectable in the cytoplasm. Single FNDs were still observable. Mohan et al. [71] 

reported the long-term in vivo imaging of FNDs in worms C. elegans, investigating the 

FNDs interactions with living organisms. FNDs conjugated with biomolecules were 

observed entering intestinal cells, and was likely to occur via endocytosis, as shown in 

Figure 2.8. This observation was carried out by using a hybrid of epi-luminescence and 

differential interference contrast microscope. FNDs appeared stable, nontoxic, causing 

no detectable stress to the worms. This application showed the feasibility of applying 

FNDs for imaging in translucent biological systems. 

 

Figure 2.8: Epi-luminescence/differential interference contrast-merged images of C. 

Elegans worm fed with bioconjugated FNDs. (A, B) Worms fed with dextran-coated 

FNDs (A) and BSA-coated FNDs (B) for 3 h. FNDs can be seen to be localised within 

the intestinal cells (blue solid arrows) and a few stay in the lumen (yellow dash arrow). 

(C, D) The worms fed with dextran-coated (C) and BSA-coated (D) FNDs for 3 h were 

recovered to E. coli bacterial lawns for 1 h. In both cases, the FNDs staying in the 

lumen were excreted out, whereas the ones localized in the cells retained in organism. 

Insets: 100× magnified images of the FNDs within the intestinal cells. Anterior is left 

and dorsal is up in all the figures. Scale bars, 50 μm. Reproduced from Ref. [71]. 

2.2.3 Upconversion Nanoparticles 

Upconversion nanoparticles (UCNPs) are relative new PL nanomaterials, which attract 

a great deal of interest of the scientific community with over six thousand papers 
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published over the last three years. They exhibit advantages crucial for biomedical 

imagine, especially, for single nanoparticle detection technique, including the 

exceptional upconversion properties and excellent photostability [72]. The mechanism 

of the UCNP photoexcitation is based on the absorption of two or more low-energy, 

infrared photons at wavelength 980 nm, which occurs as a result of the illumination 

with the low-intensity (1×10
3
 W/cm

2
) laser, relatively low in comparison with 𝐼𝑒𝑥 ≈

106 𝑊 𝑐𝑚2  used in multiphoton microscopy [73]. UCNPs are characterised by long-

photoluminescence lifetime ranging from 100 μs to several ms [74]. The mechanism of 

the UCNP photoexcitation involves several absorption and non-radiative energy-

transfer steps. UCNP represents an inorganic crystal matrix (fluoride of oxide) doped 

with two types of lanthanide ions, termed sensitiser and activator ions. Lanthanide ions 

feature the energy level structure of 4f and 5d shell electron that have more than one 

metastable levels and able for upconversion, except for essentially two-level Yb
3+

 ion, 

which functions as a sensitiser. Yb
3+

 absorbs an IR photon undergoing a 
2
F7/2 → 

2
F5/2 

transition (see Figure 2.9a). The absorbed energy is transferred to the nearest ion Er
3+

 

(or Tm
3+

) ion via a non-radiative process. Er
3+

 ion functions as an activator. The 

network of the excited Yb-ions is formed over the lifetime of metastable Yb upon the 

continuous excitation with 980-nm photons, and this energy is stored and spread over 

the entire nanocrystal. There is a probability of the energy transfer from an sensitiser to 

an activator Er
3+

 (or Tm
3+

) occurring non-radiatively at the rate of ≈1000 s
-1

 for the case 

of Cs3Lu2Br9 [75]. The activator, such as Er
3+

 in the 
4
I11/2 metastable state, can coalesce 

with the proximal metastable Yb
3+

 (
2
F5/2) via a collective process known as the energy 

transfer upconversion (Figure 2.9b). As a result, the Er
3+

 (
4
I11/2) ions make a transition 

to the next energy-level (
4
F7/2) at the expense of the Yb

3+
 (

2
F5/2) → Yb

3+
 (

2
F7/2). Then, 

the activator non-radiately relaxes to (
4
S3/2) (refer to Figure 2.9a,b) from where it 

radiates in a green and red spectral bands, where the non-radiative phonon-assisted 

transition Er
3+

 (
4
S3/2) → Er

3+
 (

4
F9/2) is also involved. 
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Figure 2.9: Two energy level diagrams: (a) detailed and (b) simplified of sensitiser 

Yb
3+

 ions with activator Er
3+

 or Tm
3+

 ions. Photoluminescence spectra of (c) 

NaYF4:Yb:Er; and (d) NaYF4:Yb:Tm nanomaterials, with their corresponding 

transmission electron microscopy images Reproduced from Ref. [76].  

The choice of the sensitiser in UCNPs remains fixed to ytterbium, whereas the 

activators are varied in types of lanthanide ions and doping concentration. Tm
3+

 

represents one of the most popular choices of the activator for animal imaging 

applications. It is excited at 980 nm and radiates at 800 nm and 474 nm, absorbing two 

or three sequential photons, respectively (Figure 2.9d). The conversion efficiency (𝜂𝑈𝑃 ) 

defined as power ratio of the emission/excitation [Watts/Watts] increases versus 𝐼𝑒𝑥  

until it reaches the saturation at 𝐼𝑒𝑥  ranging from 10 to 1000 W/cm
2
 [13, 77]. At the 

onset of the UCNP technology, 𝜂𝑈𝑃  was very small for the nanometre-sized 

nanoparticles, until a recent breakthrough in the synthesis procedures of UCNPs [78, 

79]. This synthesis has yielded much higher  𝜂𝑈𝑃 , which keeps growing and now 

reaching quite high values of 𝜂𝑈𝑃 ≈ 10%. My colleagues have recently demonstrated 

single UCNP visualisation by a naked eye by means of the grossly enhanced activator 

doping and 𝐼𝑒𝑥 ≈ 106 𝑊 𝑐𝑚2  [80]. 
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Synthesis of Upconversion Nanoparticles 

Several synthesis procedures for UCNPs have been developed, with the most successful 

reactions being thermal decomposition, co-precipitation and solvothermal reactions 

[81]. Thermal decomposition method involves two steps. In the first step, small-size 

cubic phase crystals are produced by mixing precursors and at 150°C these in oleic acid 

and octadecane. In the second step, the mixture was sealed and quickly heated to 320°C 

under argon condition to convert the sample to hexagonal phase characterised by the 

higher quantum efficiency. Nanocrystal powders in the granule size range of 10 – 300 

nm were synthesised [82]. 𝜂𝑈𝑃  of UCNPs is measured by using an integrating sphere. 

The results of measurements of 𝜂𝑈𝑃  carried out at the home laboratory are shown in 

Figure 2.10a, b. They demonstrate the remarkable progress achieved in the 

photophysical properties of UCNP over several years. 𝜂𝑈𝑃 = 0.03% for 10-nm α-phase 

UCNPs, which were produced at the inception of this technology; 𝜂𝑈𝑃 = 2% for 60-nm 

β-phase UCNPs [83]. 

 

Figure 2.10: Log-log plots of the conversion efficiency 𝜂𝑈𝑃  of (a) α- and (b) β- phase 

UCNPs of the respective mean diameters, 10 nm and 60 nm. Reproduced from Ref. 

[83]. 

Functionalisation of Upconversion Nanoparticles 

UCNPs produced by thermal decomposition are hydrophobic due to the oleic acid 

remaining on the surface. Surface-modification is required to render UCNPs 

hydrophilic. The displacement of oleic groups with the other functional groups such as 

citric [73] and mercaptopropionic [84] has been demonstrated, but this resulted in the 

NP limited colloidal stability near pH 7. Coating UCNPs with silica represents a proven 

universal approach to counter the poor hydrophobicity [85, 86]. Capping the UCNP 
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surface with amphiphilic polymer followed by this polymer functionalisation and 

covalent binding of biomolecules was promising and remains to be used in reported 

procedures [87].  

Bioimaging Applications of Upconversion Nanoparticles 

UCNPs are very attractive as PL molecular probes, because of the following reasons: (i) 

their characteristic excitation at 980 nm, ‗anti-Stokes‘ large-spectral-shift emission 

mode allows effective suppression of the background signal due to biological tissue 

autofluorescence, since the autofluorescence is considerably diminished in this spectral 

range, and spectral filtering is efficient. Imaging of UCNPs on the background of 

human skin tissue autofluorescence has been demonstrated, exhibiting high contrast, 

with signal background level only twice exceeding the noise level of EMCCD camera 

[76]. (ii) Excitation and emission of UCNP doped with Tm are at 978 and 800 nm, 

respectively, falling into the biological tissue transparency window (see Figure 2.11). 

The absorption and scattering of haemoglobin and water are low in this window, which 

allow centimetre-deep penetration of near-infrared excitation and emission light. (iii) 

The photoluminescence lifetime of UCNP 𝜏𝑈𝑃  is long, measured in terms of sub-

milliseconds, which enables complete suppression of the light scatter and 

autofluorescence by employing the time-gated detection mode, and will be described in 

Chapter 6 [88].  

 

Figure 2.11: (a) Effective attenuation of human skin (solid green line) predominantly 

determined by water (H2O, blue ―-∙∙-‖ line), haemoglobin (Hb, brown ―- -‖ line), oxy-

hemoglobin (HbO2, red solid ―-‖ line), in addition to the scattering effects. The 
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definition of the biological tissue transparency window varies with the most common 

wavelength boundaries 700 – 1300 nm (clear window among the gray-shaded area). 

Reproduced from [76]. 

UCNPs have been applied for optical imaging in tissues [83], skin [76], cells 

[89-91] and small-animals [89, 92, 93]. Grebenik et al. have demonstrated UCNP-

assisted targeting breast cancer lesions, which could be useful for the detection of early-

stage breast cancer. Antibodies raised against the human epidermal growth factor 

(HER2/neu) receptors overexpressed in the targeted type of cancer were coupled to the 

UCNPs by using a high-affinity protein pair barstar:barnase. This enabled binding to the 

HER2/neu receptors in human breast adenocarcinoma cells SK-BR-3 (See Figure 

2.12a,b). Photoluminescence imaging under 978-nm excitation showed the 

immobilisation of UCNP-Bs:Bn-antibody biohybrid nanostructures on the SK-BR-3 

cells with a 10-fold higher signal compared to the control CHO-K1 cells, as shown in 

Figure 2.12c,d. For imaging UCNPs in small animals, Nyk et al. [89] have reported the 

use of UCNP for in vitro and in vivo imaging. This study involved the injection of 

UCNPs into Balb-c mice. From the imaging, UCNPs signals in the liver and the spleen 

can be clearly visualised in the photoluminescence images of animals (Figure 2.13), 

which indicates a high uptake of UCNPs by these organs.  

 

Figure 2.12: (a) Cell labeling with UCNP-Bs:Bn- antibody biohybrid nanostructures. 

(a) Targeting vector, Bn-scFv4D5 gene construction. (b) The concept of the cell 

labelling with self-assembled UCNP biohybrid nanostructures UCNPBs:Bn-antibody. 
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(c) Epi-luminescence imaging of the HER2/neu overexpressing SK-BR-3 cells labeled 

with UCNPBs:Bn-antibody. Scale bar, 20 μm. (d) Three-dimensional surface plot of the 

photoluminescence signal acquired from the CHO-K1 and SK-BR-3 cells incubated 

with UCNPBs:Bn-antibody. Reproduced from Ref. [94]. 

 

Figure 2.13: Whole body images of a mouse injected with UCNPs; intact mouse (left), 

same mouse after dissection (right). The red colour indicates the emission from UCNPs, 

green and black colours show the background, as indicated by arrows. The inset 

presents the photoluminescence spectra corresponding to the spectrally unmixed 

components of the multispectral image. Reproduced from Ref. [89]. 

2.4 Limitation of the Existing Photoluminescent Nanoparticle 

Probes 

2.4.1 Limitations of Quantum Dots 

The key shortfalls of QDs in the context of biomedical imaging applications are 

photoblinking and cytotoxicity. The phenomenon of fluorescence intermittency, also 

known as photoblinking, is manifested by random switching between ―on‖ (emitting) 

and ―off‖ (quiescent) states of the single two-level quantum system under continuous 

excitation. Photoblinking remains of the unresolved mystery of modern physics. The 

mechanisms of photoblinking fall beyond the scope of this chapter and this thesis, and 

we resort to discuss this phenomenon only from a utilitarian point of view. It therefore 

suffices to state that photoblinking relates to the competition between the radiative and 
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non-radiative relaxation pathways [22]. Photoblinking is random, and in most cases 

cannot be easily described in terms of the meantime of the statistical probability. In one 

measurement run, the emitter blinks often, while in another measurement run, the 

emitter state is either ―on‖, or ―off‖ for the entire duration of the experiment. In relation 

to QDs, a naïve observer can state that QDs photobleach, which in fact indicates their 

trapping in the dark ―off‖, which is still reversible. Photoblinking is disruptive in the 

course of a fluorescence imaging session, and unwanted in, for example, single 

molecule tracking experiments. This problem is ameliorated by creating a thick shell on 

the QDs surface [95], attaching functional groups on the QDs surface [96, 97].  

The cytotoxicity of QDs presents another major issue, which will almost 

certainly preclude approval of this nanomaterial in clinical applications. The 

cytotoxicity of QDs is caused by the presence of cadmium (Cd) and Tellurium (Te) 

elements in the core composition of the most common commercially-available quantum 

dots. These toxic heavy metal ions could be released in the cell or biological tissue, 

exerting toxic stress to the living biological system. In cell experiments, the leaching out 

of the toxic atoms in the intracellular space induced the cell apoptosis [98, 99]. 

Recently, Bradburne et al. [100] conducted a comprehensive comparative study of in 

vitro cellular cytotoxicity of CdSe/ZnS core/shell materials. They found that the 

cytotoxicity was due to several factors including QD ligand structure, QD dose 

(concentration and time of incubation during delivery), and the method of the facilitated 

QD delivery. Several approaches have been developed to overcome this problem. These 

include (i) employing surface capping [101], and (ii) replacing the core from toxic 

element to non-toxic element [102]. The other studies pointed to the toxicity 

mechanisms related to the cell internalisation pathways. The toxicity was reduced by 

using surface functionalisation, which slowed down the cellular uptake [103]. 

2.4.2 Limitations of Fluorescent Nanodiamonds  

The main limitation of FNDs relates to the optical contrast achievable on the 

background of cell and tissue autofluorescence. Referring to our earlier discussion of 

the nitrogen-vacancy colour centre (N-V), FNDs are characterised by the broad 

excitation spectral band situated in visible spectral range (see Figure 2.6) and broad 

emission in the far-red extending to near-infrared. The most efficient excitation of 

FNDs takes place in the green spectral band, typically realised by 532-nm laser. This 
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excitation elicits significant autofluorescence response in the biological sample under 

study, which leads to the reduction of the optical contrast measured as a ratio 𝑆𝐹𝑁𝐷 𝐵𝑎𝑓  

, 𝑆𝐹𝑁𝐷  – fluorescence signal from the FND, 𝐵𝑎𝑓  – background signal due to the 

autofluorescence. 𝑆𝐹𝑁𝐷  depends on the number of N-V centres that exist in the particle, 

which in turn depend on the nanocrystal size. The numbers of N-V centres are roughly 

estimated to be 𝑁 ≈100 in the 140-nm ND crystal. This leads to the emission cross-

section per one fluorescent ND: 𝑁𝜂𝜎𝑎  , and is evaluated to be 100×0.7×(3×10
-17

) cm
2
 ≈ 

2×10
-15

 cm
2 
[104], which is favourably compared with the golden standard of QD (10

-15
 

cm
2
). In case of the smaller-size fluorescent ND, this value is diminished drastically, 

because of the much reduced implantable number of the colour-centres  𝑁 , and 

diminished 𝜂 < 0.2, as evaluated recently [105, 106]. This results in the rather dim 

appearance of fluorescent NDs in cells and tissues, which limits their application scope 

to imaging of >100-nm fluorescent NDs in cells or translucent organisms, such as C. 

elegance worms. It is important to point to the high cost of the fluorescent ND 

production, which requires high-energy electron or light-ion irradiation, implying the 

use of expensive specialised equipment. Also, it is challenging to produce NDs in large 

scale, despite several promising developments in this direction [107]. 

2.4.3 Limitations of Upconversion Nanoparticles 

The main consideration of the UCNP feasibility of optical biomedical imaging 

applications relates to its dependence of the conversion efficiency measured in terms of 

𝜂𝑈𝑃  on the excitation intensity 𝐼𝑒𝑥 . This dependence is constant in most quantum 

emitters under the unsaturated condition. In contrast 𝜂𝑈𝑃 ∝ 𝐼𝑒𝑥
𝑛  in UCNP, where n 

varies from 1 in the unsaturated regime, and drops to ≤ 1, when 𝐼𝑒𝑥  reaches the 

saturation value, which is measured in the range of 10 – 100 W/cm
2
. This reads that the 

optimal photoluminescence properties of UCNP are attained only when 𝐼𝑒𝑥  reaches and 

exceeds the saturation value, i.e. 𝐼𝑒𝑥 > 10 – 100 W/cm
2
. [108]. These values are readily 

achievable at the tight focal volume in e.g. confocal microscopy configuration, and 

achievable under loose focussing conditions. Indeed, the first spectacular 

demonstrations of UCNP imaging in cells were performed in the laser-scanning 

microscopy. Although wide-field imaging and microscopy is still possible and 

employed in a number of applications [13], one needs to be mindful about the laser 
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safety limitations. According to the US laser safety standards, the maximum permissible 

laser intensity at 980 nm is 730 W/cm
2
. Simple calculations show that it is not easy to 

achieve in wide-field microscopy, which makes this imaging modality suboptimal. At 

the same time, laser-scanning microscopy imposes another limitation related to the 

necessity to dwell on each pixel in access of ≈5𝜏𝑈𝑃  , which makes the image acquisition 

slow. This 𝐼𝑒𝑥  constrain imposes severe limitation of animal imaging, where focussing 

at depth in highly scattering biological tissue is impossible over the depth > 1 mm 

[109]. The latest studies demonstrated an approach to increase the UCNP action cross-

section by forming fluorescent dye antennas on the surface of UCNP, allowing 

harvesting infrared light efficiently and non-radiatively passing the energy to UCNP. 

𝜂𝑈𝑃  was demonstrated to be increased by 3300 times [110]. This approach, however, 

has to demonstrate its feasibility and its principle excitation mechanism has to be 

understood before it can be used in small animal imaging. 

Above discussion explain the limitations of QD, FND and UCNP which 

constrain their application. Large-scale production of the considered PL NPs remains 

challenging due to the NP production high cost and complexity. In the next section, we 

will introduce alternative PL NPs nanorubies, which present a lucrative alternative to 

the existing PL nanomaterials in several practical and photophysical aspects. 

2.5 Nanoruby 

Ruby crystal has been employed as a laser medium by T. H. Maiman, who invented the 

first laser in 1960 [111]. Reduction of the ruby dimensionality to the nanometre-size 

range confers several interesting and useful properties of the resultant nanoparticles, 

which are termed nanorubies. As it can be inferred from the ruby bulk properties, 

nanorubies possess excellent photostability, long-photoluminescence lifetime, and 

biocompatibility, which make them suitable for bioimaging applications [20]. Large-

scale inexpensive production of nanorubies appears possible and will be addressed in 

this thesis. As a result of this work, several useful chemical and colloidal properties of 

nanorubies are also identified, explored and demonstrated in imaging applications.  
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2.5.1 Composition and Structure 

Ruby is alpha-alumina (α-Al2O3) crystal doped with Cr
3+

 of the low molar 

concentration. The amount of Cr2O3 doping varies from 0.1 to 1 wt %. Cr
3+

 ions are 

excited in broad UV/blue and green spectral bands, which corresponds to the Cr
3+

 ion 

transition from the 
4
A2 ground state to 

4
F1 and 

4
F2 states, respectively. The ion makes a 

rapid transition to the 
2
E metastable state, which consists of two sublevels, 2Ā and Ē. 

The transition from these sublevels to the ground state is accompanied by emission of 

photoluminescence comprising two sharp zero-phonon emission lines at 694.3 and 

692.9 nm known as R1 and R2 lines. The energy diagram of the emission process is 

shown in Figure 2.14. The photoluminescence lifetime at room-temperature is in the 

order of 4 ms for a ruby crystal with the Cr
3+

 doping <1%, and the quantum efficiency 

being of the order of 0.9 [112]. 

 

Figure 2.14: A simplified energy level diagram of a ruby crystal. Reproduced from Ref. 

[113].  

The ruby crystal host is Al2O3 crystal in its alpha phase (corundum phase) 

formed by Al
3+

 and O
2−

 ions in a rhombohedral (trigonal) system as shown in Figure 

2.15 [114]. Aluminum atoms occupy two-thirds of the octahedral interstices in the 

hexagonal close packed array of oxygen atoms [115]. Each aluminum ion is surrounded 

by six oxygens in a distorted octahedron [116]. The Cr
3+

 site is displaced 0.03 

Angstroms from the Al
3+

 site [117]. The displacement is along the c-axis towards the 
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nearest cation (see Figure 2.15). The ruby crystal has excellent physical properties, such 

as high melting temperature, chemical stability, high refractive index and high hardness. 

Therefore, it can be used in many applications, such as high-temperature components, 

catalyst substrates, biomedical implants, abrasive materials, and bearings [115].  

 

Figure 2.15: (a) The structure of a ruby crystal. Open circle mark oxygen ions, whereas 

solid circles mark aluminum ions. (b) Coordinations of the Al atoms in the ruby crystal 

structure. Reproduced from Ref. [114]. 

2.5.2 Nanoruby Production Method 

A number of methods have been introduced for production nanorubies or its host 

nanomaterial (nanoalumina) [118-123], including chemical, ball-milling, and laser 

ablation methods. In this section, these methods will be explained in relation to their 

experimental procedures and results. 

Chemical Methods 

This production approach commonly makes use transformation of various alumina 

phases poorly controlled in the chemistry synthesis processes to the required alpha-

phase via temperature treatment. Alumina has more than 15 crystallographic phases 

with the most stable structure being alpha-phase alumina (α-Al2O3) [124]. Gamma-

phase alumina (γ-Al2O3) is formed at low temperatures, and is transform to the alpha-

phase in the sequence of gamma→delta→theta→alpha alumina with increasing 

temperatures. α-Al2O3 can be obtained at the temperature above 1200°C. Figure 2.16 
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shows the transformation of aluminium hydroxides and oxohydroxides, such as 

diaspore, gibbsite, boehmite and bayerite to α-phase through the temperature treatment. 

 

Figure 2.16: A schematic diagram of the temperature transformation of hydroxides or 

oxyhydroxides to α-Al2O3 via the formation of transitional alumina phase. Reproduced 

from Ref. [125]. 

Patra et al. [126] have introduced a sol-emulsion-gel method to produce 

Al2O3:Cr
3+

, which has a good control over the particle nucleation, growth and 

agglomeration. In their method, Al(NO3)39H2O was precipitated by adding ammonia 

solution. The sol obtained by using acetic acid was heated at 70–80°C, followed by an 

addition of chromium acetate. Cyclohexane and sorbitan monooleate was used as a 

solvent to obtain emulsified sol droplets. Sol droplets were converted to gel particles by 

adding organic amine. The obtained washed and dried products were calcinated at 

900°C and 1025°C to yield α-Al2O3. However, the resultant sample was found 

agglomerated, as shown in Figure 2.17, with particles size was estimated as 15–30 nm, 

as found from the XRD spectra. Zeng et al. [127] have reported the production of 

alumina nano-powder using a sol-gel method. Boehmite (γ-AlOOH) sol was prepared 

from AlCl36H2O raw material through a hydrolysis process. The reaction between AlCl3 

and ammonia solution was carefully controlled to get high quality boehmite sol. The 

prepared boehmite calcinated at 500°C to form γ-Al2O3 nano-powder, with the granule 

average diameter of 6 nm, followed by calcination at 1100°C to get α-Al2O3 nano-

powder, with the mean diameter of 30 nm. In 2011, Loan et al. [128] have demonstrated 

the use of a sol-gel method to produce Al2O3:Cr
3+

 powders without emulsion. The 

samples were prepared from aluminium nitrate Al(NO3)3·9H2O, chrome nitrate 

Cr(NO3)39H2O. The gel was obtained by an addition of citric acid. Then xerogel was 

formed by heating the gel at 120°C, followed by annealing at 650-1300°C for 5 hours. 
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Exclusively α-phase sample was obtained after a heat-treatment at 1300°C. The size of 

γ-Al2O3 phase sample after annealed at 900°C was measured as 6–7 nm, although the 

size of as-produced α-Al2O3 particles was not reported.  

 

Figure 2.17: TEM image of the 0.2 mol% Cr sample sintered at 1025°C. Reproduced 

from Ref. [126]. 

A low-temperature combustion method is simpler compared to the sol-gel 

method. Mi et al. [129] have employed this method to prepare Cr
3+

:Al2O3 nano-

powders. Precursor materials Al(NO3)39H2O, Cr(NO3)39H2O, and urea were thoroughly 

milled until a cream-like paste formed. Glucose was added as a dispersive agent to 

avoid agglomeration. Then the sample was fired at 600°C until turned into brown 

powders. Finally, the powder was fired by muffle furnace at 700°C, 800°C, 900°C, 

1000°C, 1100°C and 1200°C to get α-phase crystallites. This method produced well-

dispersed spherical particles, with the average size of 20 – 35 nm. The comparison 

between the sample with and without using glucose is shown in Figure 2.18. The 

glucose is proven to reduce the agglomeration. Kakooei et al. [130] have employed the 

same method to synthesise chromium-doped alumina using sucrose instead of glucose. 

They obtained particles, with the average crystalline size of 35 nm. Janez et al. [131] 

have reported the similar method without adding glucose/sucrose to produce chromium-

doped aluminate nano-powder. After a sintering process to transform the sample from γ-

Al2O3 to α-Al2O3, the particle size increased from 20–50 nm to 500 nm. It can be 

therefore inferred that the adding glucose/sucrose gives a significant effect on the 

agglomeration prevention. 
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Tok et al. [132] have employed a flame spray pyrolysis method to synthesise 

agglomerate-free nano-sized Al2O3 particles, with the size range of 5 – 30 nm. 

Anhydrous AlCl3 powders were injected into a flame gun using a heating chamber at 

300°C by means of nitrogen gas and it was directly sprayed into the collection chamber. 

Al2O3 NPs calcinated at 1100°C for 2 h using a heating rate of 10°C.min
−1

. The 

produced sample is shown in Figure 2.19. 

 

 

Figure 2.18: TEM images of the sample without (a) and with (b) using glucose. Insets 

are electron diffraction pattern of the sample. Reproduced from Ref. [129]. 

 

Figure 2.19: TEM image of as-sprayed alumina NPs. Reproduced from Ref. [132]. 

Laser Ablation 

Laser ablation is a method capable to produced nanoparticles, with outstanding purity 

compared to the other manufacturing routes [133]. There have been numerous works on 
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the fabrication of metal NPs using laser ablation, such as gold, silver and platinum [134-

136]. Laser ablation of crystalline materials require the higher laser intensity around 5 × 

10
20

 W/m
2
 due to the transparent properties of the crystals, which leads to the lower 

laser absorption by the crystal [137, 138]. Our group pioneered the nanoruby 

production by using femtosecond laser ablation [20]. In this work, the sample was held 

above a quartz cuvette, which was filled with ultra-pure deionised water. The ablated 

sample was collected straight away after the ablation in the water. The experimental 

setup is shown in Figure 2.20a. The ablation was performed in the air due to the higher 

efficiency in terms of the mass of NPs generated per hour. Using this method, highly 

stable nanorubies, with the mean size 17 nm were produced (Figure 2.20b).  

 

Figure 2.20: (a) Experimental setup used to perform the femtosecond laser ablation of a 

bulk ruby sample. The ablated material was collected in water (b) TEM image of 

nanorubies produced by the femtosecond laser ablation. Reproduced from Ref. [20]. 

Laser ablation of alumina crystals had been reported prior to the demonstration 

of the laser ablation production of nanorubies [139]. A bulk α-Al2O3 target was 

immersed in distilled water, and a 1064-nm nanosecond laser was employed to ablate 

the target. Ablated NPs were spherical in shape, and the average particle size was 

ranged from 12 to 18 nm depending on the laser power and water levels. Yatsui et al. 

[140] have demonstrate the production of ultrafine alumina powders with the mean 

diameter of 11.8 nm by using laser ablation technique. Nd :YAG laser (1064 nm, 7 ns) 

was used with filter-target distance of 6 cm. The ablation was carried out in oxygen 

flow at the rate 11min
-1

 with pressure 200 Torr. The laser fluence at the target was 16 

J/cm
2
. Piriyawong et al. [141] have demonstrated the production of alumina NPs using 
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laser ablation at the energies of 1, 3 and 5 J, where the target was immersed in deionised 

water. The particle mean size was increased with the increasing of the laser energy. 

Most of the as-produced NPs had spherical shape with the size less than 100 nm. Sajti et 

al. [133] have reported the ablation efficiency and influence of the laser parameters on 

the material removal rate by a nanosecond laser irradiation of α-Al2O3 , which was 

studied in gas and liquid phases. The material removal rate of the laser ablation in the 

air was 12 ng/pulse, using 4.6-mJ pulse energy at a 4-kHz repetition rate, whereas 88 

ng/pulse in the water flow. Khan et al. [142] have demonstrated continuous-wave laser 

ablation by using a 1070-nm fibre laser source with corundum (α-Al2O3) target 

submerged in deionised water. It was found that the average size of spherical Al2O3 NPs 

was in the range of 17 to 29 nm (Figure 2.21), and this size was increased with the 

increase of the laser power and laser exposure time. The ablated NPs were dominated 

by γ-Al2O3 with a small amount of α-Al2O3. It can be concluded that the laser ablation is 

able to produce alumina/ruby NPs of spherical shape and good purity. However, this 

method produces Al2O3 NPs in α- and γ-phase. The production is expensive, as it 

requires the use of high-cost powerful nanosecond or femtosecond laser source, and the 

yield is typically low. 

 

Figure 2.21: A TEM micrograph of alumina NPs generated by the continuous-wave 

laser ablation. Reproduced from [142]. 

Milling Method 

Milling method is classified as the top-down approach, which can be applied for large-

scale nanomaterial production [143-145]. From the best of our knowledge, no work has 

been reported on the usage of this method to produce nanorubies. However, milling 
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method has been widely used to mill coarse alumina, which has similar physical 

property to ruby crystals [146-152]. Karagedov et al. have demonstrated alpha alumina 

milling using planetary ball milling with steel bowls/milling balls [146]. ―Grinding 

catalyst‖ also been used, but no specific detail of this material has been given. After the 

milling process, the milled powder was boiled in 3 – 5% HCl to remove ―grinding 

catalyst‖ and to purify the sample from contaminations caused by the steel milling 

balls/bowl wear. Nanoalumina with the mean size ranging from 18 nm to 40 nm was 

obtained by using this technique (see Figure 2.22). Tonejc et al. [153] have employed 

tungsten carbide-lined ball mill filled with a 10-mm tungsten carbide balls to mill 

boehmite (aluminium oxide hydroxide) powder. It was reported that the milling process 

induced the transformation from boehmite to corundum (α-Al2O3) phase similar to 

temperature treatment. It was also mentioned that the milling process yielded the 

smaller α-Al2O3 grain size compared to that of the temperature treatment. We 

demonstrate the application of the milling approach to produce nanorubies, which will 

be reported in the next chapter.  

 

 

Figure 2.22: A TEM image of the sample milled for 20 min at 40×g, followed by a 

deaggregation process. Reproduced from Ref. [154]. 
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2.5.3 Nanoruby Properties 

Optical Property 

The optical properties of nanoruby depend on the crystal phase and Cr
3+ 

content. Mi et 

al. [129] have examined Al2O3:Cr
3+ 

nano-powders versus temperature and Cr
3+ 

doping. 

The highest photoluminescence intensity was obtained after the sample was treated at 

1200°C, as shown in Figure 2.23a. The optimum Cr
3+ 

doping for the sample was at the 

level of 1.0 wt%. The photoluminescence intensity was decreased, when the Cr
3+ 

ion 

concentration was increased to > 1.0 wt %, as shown in Figure 2.23b. This occurred due 

to Cr
3+ 

ions getting too close at the high Cr
3+ 

concentration, resulting in the 

concentration quenching [129]. The distance between Cr
3+

ions should be larger than the 

critical distance, Rc to avoid the concentration quenching. Rc can be calculated based on 

Dexter‘s theory: 

Rc=2[3V/4πxcZ]
1/3

 ,     (2.1) 

where V is the volume of the unit cell, Xc is a theoretical concentration of the doping 

ions, and Z is the number of host cation in the unit cell [155]. 

 

 

Figure 2.23: The effect of (a) temperature (A to G different annealing temperature in 

°C), and (b) Cr
3+

 concentration (A to E different Cr
3+

 concentration) on the 

photoluminescence properties. Reproduced from Ref. [124]. 
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Cheng et al. [124] have reported the effect of the annealing temperature to the 

Al2O3:Cr
3+ 

nanotubes. The sample annealed at the temperature less than 1000°C had 

broad and low photoluminescence intensity, as shown in Figure 2.24a. The sample 

annealed at 1200°C exhibited high photoluminescence intensity, with two clearly 

resolvable sharp peaks centred at 694.3 (R1) and 692.9 (R2). This result indicates that 

the characteristic R1, R2 doublet line transitions of ruby can only be observed at the high 

crystalline phase α-Al2O3 nanotubes calcinated at the temperatures higher than 1200°C. 

The same effect was also found in nanorubies produced by the laser ablation, as shown 

in Figure 2.24b. Two different photoluminescence profiles are observed, the first profile 

shows narrow ruby emission with R1 and R2, while the second profile shows broad 

spectrum spread from 685 nm to 900 nm [20]. 

 

Figure 2.24: (a) Photoluminescence spectra of ruby nanotubes at the different annealing 

temperatures. (inset) Zoomed spectrum of the sample annealed at 1200°C showing the 

R1 and R2 peak. (b) Two photoluminescence spectra of the nanorubies sample produce 

by the femtosecond laser ablation. Reproduced from Ref. [124] (a) and [20] (b). 

As we demonstrate in this work, long-photoluminescence lifetime 𝜏𝑟  of 

nanoruby can be used to increase its optical contrast on the background of biological 

systems, if it is implemented in combination with the time-gated imaging system, which 

will be discussed later in Chapter 6. Pflitsch et al. [156] have measured 𝜏𝑟  of bulk ruby 

crystal and found that the ruby crystal lifetime was 2.7 ms and 4 μs at the temperature of 

294 K and 833 K respectively. Chandler et al. [116] used two experimental setups to 

measure 𝜏𝑟≈3.7 ms. Liu et al. [155] have reported employing ruby microspheres to 
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measure 𝜏𝑟  and found it dependent on the Cr
3+ 

concentration: 𝜏𝑟 = 4.40, 3.88, 3.24, 

2.39, 2.11 ms, corresponding to 0.1, 0.3, 0.5, 0.7, and 0.9 mol% of the Cr
3+

 

concentration, respectively. Edmond et al. have measured 𝜏𝑟  of two types of nanorubies 

particles, α- and γ-phase, which appeared equal to 3.71 ms and 3.87 ms, respectively 

[20]. 

Measurements of the quantum efficiency of nanorubies produced by the laser 

ablation provided the lower boundary estimate of 25 % [20]. This measurement and 

analysis was based on the measurement 𝜏𝑟  or discrete nanoparticles, and their modified 

radiative rate benchmarked against that of bulk ruby crystal [157]. The nanoruby 

emission properties were not affected by environmental conditions, showing no 

quenching effects [158].  

Colloidal Stability 

Colloidal stability of NPs can be assessed by measuring the zeta potential. Zeta 

potential (δ) [mV] is a measure of the electrostatic potential at the electrical double layer 

surrounding a nanoparticle in solution [159]. A high magnitude of the zeta potential (|δ| 

> 30 mV) points to the colloid stability [160]. Edmonds et al. [20] have assessed the 

colloidal stability of laser-ablation-produced nanorubies by measuring δ ranging from 

30 mV to 40 mV, suggesting excellent colloidal stability. The stability of nanorubies in 

aqueous solutions can be explained by the amphoteric property of Al2O3. The surface 

charge produces ion complexation reaction, which depends on pH of the solvent. At pH 

lower than an isoelectric point, positive (AlOH2
+
) dominates, whereas at pH higher than 

the isoelectric point, negative (AlO
-
) dominate. These mechanisms contribute to the 

good hydrophilic property caused by the electrostatic double layer repulsion force, as 

explained by Derjaguin, Landau, Vervey, and Overbeek (DLVO) theory.  

Colloidal nanorubies were found stable in buffer solutions, as evidenced by the 

high zeta potential value in buffers, including PBS (12 mM, pH 7.4), borate (50 mM, 

pH 9.1) buffers, as shown in Figure 2.25. It was found that δ < 0 at pH 4.6 – 9 due to the 

chemisorption of buffer anions, such as PO
3-

 in PBS. Nanorubies possess high negative 

δ , making them stable in buffer solutions [20]. 
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Figure 2.25: Zeta-potential of nanorubies, as a function of pH in buffers (labelled), in 

comparison with that of Al2O3 in a saline solutions (0.1 M NaCl). Reproduced from 

Ref. [20]. 

Cytotoxicity 

Metal oxide based NPs such as TiO2, ZnO, ZrO2, and Al2O3 are generally expected to 

exhibit low toxicity stemming from their low toxicity property of the corresponding 

bulk material [161]. The most common cytotoxicity assaying method, metabolic activity 

test (MTT) was used to evaluate cytotoxicity of these NPs in human fetal lung 

fibroblasts. Al2O3 has demonstrated least cytotoxicity in comparison with ZnO, TiO2, 

and SiO2 NPs [145]. The toxicity is dose-dependent dropping down to 80% of the 

control value after 48-h exposure to 1.5-mg/mL Al2O3 colloidal particles mean-sized 

190 nm. The size of the tested particles was a concern, derating these published results. 

The size increase was, probably, due to the aggregation in the cell growth medium 

during the incubation. Our results demonstrated that Al2O3 NPs were non-cytotoxic 

(Figure 2.26). MTT tests of as-produced and amine-functionalised nanoalumina colloids 

were carried out in the concentration range up to 100 μg/mL, demonstrating the cell 

viability unchanged. This test indicated that nanoalumina particles produced in this 

work demonstrated propensity towards biocompatibility. An additional test of the 

cytotoxicity by means of a trypan blue-based assay corroborated the very low cell loss 

during the incubation of nanorubies [20].  
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Figure 2.26: A bar chart of the cell viability treated with nanoalumina (black) and 

amine-functionalised nanoalumina (grey) samples benchmarked against the untreated 

control cells (white). Reproduced from Ref. [145]. 

2.5.4 Nanoruby Functionalisation 

Nanoruby surface functionalisation is required to improve their colloidal stability and 

prepare this surface for bioconjugation by grafting anchoring moieties. To the best of 

my knowledge, no surface-functionalisation process of this nanomaterial has been 

reported. At the same time, surface-functionalisation of nanoalumina and metal oxide 

nanoparticles can be used as guidance for nanoruby functionalisation. A number of 

functional groups can be grafted on alumina surface, as it has been demonstrated for 

amine, carboxyl, sulfonate, phosphate, phenyl [162-166], methacrylate [167], 

polyethylene glycol (PEG) [168], and polyelectrolyte groups [169]. 

The surface-functionalisation is carried out by either physiosorption or covalent 

attachment of target moieties. Polyelectrolyte compounds, such as poly(acrylic 

acid)(PAA) and ammonium salt of polymethacrylic acid, are used to for the 

physiosorption approach on the alumina surface [169]. The physiosorbed compounds 

display carboxyl groups to aqueous environment, increasing the dispersibility of 

alumina [170]. Wiśniewska et al. [171] have investigated the effect of the PAA addition 

to alumina suspensions at pH 3, 6 and 9. The addition of PAA with the high molecular 

weight (100000 and 240000) stabilised the alumina suspension at all tested pH values. 

Shin et al. [169] studied the adsorption of polydiallydimethylammonium chloride 

(PDADMAC) on the alumina surface, reporting the high adsorption of PDADMAC at 
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alkaline pH. Alumina suspension with 1.0 wt% PDADMAC showed high stability in 

broad pH range. Yang et al. [172] examined the colloidal stability of alumina 

functionalised with 1,2-dihydroxy-3,5-benzenedisulfonic acid disodium salt (Tiron) at 

different pHs. The adsorption of Tiron shifted the isoelectric point (IEP) from 8.2 to 4.5, 

and increased the absolute zeta-potential value. The optimum pH value and the 

optimum dosage of Tiron were evaluated as 8.5 and 0.8 dB% respectively, enabling the 

most stable alumina suspension. Greenwood et al. [173] studied the adsorption of 

polyamide and PDADMAC onto alumina particles using electro-acoustics, and found 

the critical dependence of the adsorption on the ionic strength of the suspension [173]. 

The surface-functionalisation using the covalent attachment is achieved by using 

a silane coupling agent, which is known as a silanisation process. The silane coupling 

agent has hydrolysable group (OR) and organo-functional group (F) reactive groups 

coordinated to a silicon atom, as shown in Figure 2.27a. Figure 2.27b shows that the 

common silane-coupling agents have been used to functionalise metal oxide surface. 

Figure 2.28 displays the schematic diagram of the silanisation process. In this process, 

the Si–OR bonds are hydrolysed in water to form silanol Si–OH groups. These OH 

groups cross-link with OH groups on the oxide surface to form hydrogen bondings 

through a condensation process (see Figure 2.28). Covalent bonds are formed after the 

drying process, which also release water. This method has been applied to attach amine 

groups on the nanoalumina surface by using aminopropyltriethoxysilane [145, 163, 164] 

and aminopropyltrimethoxysilane [162], as the coupling agents. The other silane 

coupling agents, such as 3-(triethoxysilyl) propylsuccinicanhydride, 3-(trihydroxysilyl)-

1-propanesulfonic acid, phenyltriethoxysilane and 3-methacryloxypropyl 

trimethoxysilane (MPS), were used for attachment of carboxyl, sulfonate, phenyl, and 

methacrylate groups, respectively.  

Silane chemistry method can be used to graft PEG covalently, as demonstrated 

by Popat et al. [174]. In their work, PEG reacted with silicon tetrachloride, which 

resulted in PEG-OSiCl3. Then the silanisation process was performed to attach PEG to 

the oxide surface. Commercial silane PEG reagents are available commercially, and 

their applications are reported elsewhere [175]. Isocyanate [i.e. diphenylmethane-4,4'-

di-isocyanate (MDI)] reactive with –OH, –COOH moieties represents an alternative 

coupling agent, which is suitable for modification of the alumina surface. Li et al. [176] 



43 

 

 

 

have successfully grafted MDI on the nanoalumina and showed the improvement of the 

nanoalumina dispersion in ethanol.  

 

Figure 2.27: (a) A structure diagram of a silane molecule. (b) Chemical structures of the 

mostly used silane precursors for the surface functionalisation of ceramic materials. (c) 

Schematic diagram of the silanisation process. Reproduced from [177]. 

 

Figure 2.28: A schematic diagram of the silanisation process, which shows a four-steps 

reaction: hydrolysis, condensation, hydrogen bonding and bond formation. Reproduced 

from Ref. [178]. 

2.5.5 Bioimaging Applications of Nanoruby  

Nanoruby is photostable, reasonably efficient nano-emitter, characterised by the high 

absorption cross-section of Cr
3+ 

ion = 9×10
-20

cm
2
. Its action cross-section is evaluated 

as ≈10
-16

 cm
2
 for a 50-nm ruby nanoparticle of the doping molar ratio of 0.8%, which is 

comparable with many organic fluorescent dye molecules. It also has a high quantum 

yield conservatively estimated as ≥ 25% [20]. This makes it attractive for molecular-

specific labelling. Its exceptionally long photoluminescence lifetime of 3.7 ms, 
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however, that what makes it useful to fluorescent optical imaging on the background of 

autofluorescence, as detailed in the following chapters.  

The promising imaging performance has been demonstrated by my colleagues 

prior to this work [20]. The short-lifetime autofluorescent background was completely 

suppressed in case of the nanoruby submersion in a solution of conventional organic 

dye Rhodamine 6G characterised by 𝜏 ≈ 4 ns, and emission spectral band at 551 nm. 

Nanorubies were internalised non-specifically in CHO-KI cells via endocytosis. It was 

demonstrated that nanorubies were clearly visualised on the cellular environment by 

means of spectral filtration of the nanoruby photoluminescence signals, as shown in 

Figure 2.29a. The signal from cells autofluorescence was eliminated completely, when 

the time-gated detection mode was switched on (Figure 2.29b).  

 

Figure 2.29: Fluorescence confocal microscopy of nanorubies internalised in CHO-K1 

cells captured using (a) spectral filtration and (b) time-gating detection. The dashed 

lines mark the cell membranes. Reproduced from Ref. [20]. 

Nanorubies were coupled to antibodies by performing a simplified 

bioconjugation protocol based on the physiosorption, and deployed in a rabbit-anti 

rabbit IgG immunoassay, as shown in Figure 2.30. The strong nanoruby 

photoluminescence signal indicated the binding of nanorubies to anti-rabbit IgG and 

immobilisation on the glass surface coated with rabbit IgGs, as shown in Figure 2.30b. 

This demonstrates the utility of nanoruby-based molecular probe for bioimaging and 

biosensing.  
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Figure 2.30: An immunoassay of Alexa Fluor532 stained anti-rabbit IgG coupled to 

nanoruby particles immobilised on a glass plate coated with rabbit IgGs. (a) An artistic 

rendering of the experimental method. (b) Emission spectra of Alexa Fluor 532 anti-

rabbit IgG (inset), together with nanoruby photoluminescence on a glass slide (dashed 

line) and nano-ruby coupled with dye-stained antibody (solid line). Reproduced from 

Ref. [20]. 

2.5 Conclusion  

The selection of PL nanomaterials for bioimaging application is governed by a 

combination of their physical, chemical and optical properties. The core chemical 

inertness, simple surface functionalisation and minimum cytotoxicity are the important 

components to be considered. The optical properties are the main factor to determine the 

utility of these nanomaterials. As it was discussed in this chapter, the existing PL NPs 

have several limitations, such as photoblinking, cytotoxicity, and low chemical stability, 

which constrained their application scope. Nanoruby provides an interesting alternative 

to the existing PL NPs due to its unique properties including excellent photostability, 

narrow emission spectrum, long-photoluminescence lifetime, and biocompatibility. The 

easiness in obtaining synthetic ruby crystal at low cost motivates us to use a milling 

method. Large-scale, simple and low-cost nanoruby production can be realised using 

this method. Furthermore, as-produced nanorubies are readily dispersible in water. The 

next chapter will detail the state-of-the-art production methods, following by the 

relevant suite of characterisation methods and instrumentation relevant to this work. 
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3 
Ball-Milling Method and 

Characterisation of Nanocrystals 

In this chapter, production of nanocrystals from crystal materials is reviewed, focusing 

on a ball-milling approach, which is central to this thesis. Although the presented ball-

milling approach is applicable to a broad range of crystals and solid-state material, I 

predominantly overview the most relevant two types of crystals, alumina (Al2O3) and 

ruby (Al2O3:Cr), used in the ball-milling processes. The chapter consists of two main 

parts: The first part introduces the milling approach, including its fundamentals, 

practical considerations and presents several examples. The second part addresses the 

instrumental implementation of the ball-milling technology, paying particular attention 

to instruments employed in this doctoral research project. 

3.1 Nanoparticles Production Method 

Recently, the nanotechnology field has progressed rapidly heralded by the production of 

new nanomaterials, pushing the nanoparticle production methods towards facile, 

inexpensive and large-scale end. The existing production schemes can be broadly 

classified into bottom-up and top-down approaches illustrated in Figure 3.1. The 

bottom-up approach implies synthetic production of nanomaterials from atomic and 

molecular precursors. The bottom-up approaches include hydrothermal, sol gel, electro-

spraying, spray pyrolysis, reduction, chemical vapour deposition methods [1-5]. The 
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advantage of this approach is it produces small and uniform nanoparticles, shape and 

composition control, and immediate surface-chemistry reactions for surface 

functionalisation [6-9]. However, in most cases this approach involves in fine control of 

several reaction parameters, aggregation problem, high temperature treatment, high cost 

associated with chemicals of high purity, hazardous chemistry procedures, and low 

production yield [10, 11]. The top-down approaches rely on diminishing the existing 

bulk materials to nanoscale sizes. The examples of the top-down methods include 

milling, laser ablation and detonation [12-14]. These methods are usually 

straightforward and offer high-yield production [12, 15, 16]. At the same time, wide-

size distribution of the as-produced nanomaterial, and poor control over the 

nanomaterial shape and surface properties remain challenges of this approach.  

Since the focus of this thesis is on nanoruby and related nanoalumina, it is 

worthwhile to compare bottom-up and top-down approaches of these nanomaterials 

production. Most of the bottom-up approaches yielded nanoruby in its less stable 

crystallographic gamma-phase, which needs further annealing at high temperatures up 

to 1000°C to transform it to the stable alpha-phase to reinstate its advantageous 

photoluminescent properties [17, 18]. It is also challenging to realise large-scale 

production of nanoalumina [19]. Milling method is suitable for large-scale nanoparticle 

production. However, this method is subject to the contamination from the milling 

material and defect in the nanocrystalline structure [20, 21]. The contamination mainly 

due to the wear from milling media including balls and bowl [22]. The contamination 

can be reduced by choosing suitable milling parameters, which will be discussed in 

following section. 

Laser ablation of ruby crystal has been reported as the top-down production of 

nanorubies. It yielded high-purity nanorubies, although the operating cost was 

expensive, and low production yield [23]. The comparison between bottom-up and top-

down approach is presented in Table 3.1. The analysis of pro-s and con-s of each 

method led my colleagues and me to opt for ball-milling as the most suitable method. 

The versatility of this method was attractive, since it allowed exploration of the whole 

range of the existing active laser media crystals as potential PL nanomaterials. In the 

following subsection, I will introduce the ball-milling method.  
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Figure 3.1: Top-down and bottom-up approaches for producing nanomaterials. Adapted 

from Ref. [24]. 

 

 

Table 3.1: The comparison between bottom-up and top-down approach. 

APPROACH BOTTOM-UP TOP-DOWN 

METHOD Hydrothermal, sol-gel, etc. Laser Ablation Ball Milling 

High production yield × × √ 

Ease of production × √ √ 

Non hazardous × √ √ 

Low cost × × √ 

Temperature annealing × × √ 

Size control √ × √ 

Shape control √ √ × 

Purity √ √ × 
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3.1.1 Milling Method 

Particle size reduction can be achieved by a crushing and milling process. The crushing 

process refers to the reduction of large chunks of material to size of several centimetres 

in diameter or smaller, while milling refers to the reduction of material to sizes in sub-

micron or even in the nanometre range [25]. Milling has been used in industries to 

decrease the particle size, and increase the surface area of solid materials [26]. In the 

milling process, mechanical alloying (MA) and mechanical milling (MM) are two 

important terms, which refer to different processes and functions. MA is the process of 

mixing of two or more materials (metals or alloys) until a homogenous alloy is 

obtained. While, MM (also refers as mechanical grinding or communition) is a process 

where reduction of the particle size and/or other transformations are induced 

mechanically [27]. In general, MM requires shorter processing times compared to MA, 

because MM only involves milling of one material, hence it does not require long time 

to homogenise the materials [27]. In this project, only one material is milled at one time, 

thus milling only refers to MM. Ruby crystal milling is a challenging task, because the 

ruby crystal (also known as corundum) is the second hardest material after the diamond 

[28]. Therefore, several parameters need to be carefully adjusted in order to obtain NPs 

with desired size, surface properties and monodispersity, while keeping contamination 

as low as possible [29]. These parameters will be explained in the following section. 

 

3.1.2 High-Energy Ball Milling Method 

Milling devices have been developed for different purposes which can be described 

based on their shape and size. The details of these milling devices are reviewed in Refs 

[27, 30, 31]. Generally, milling devices can be grouped into low-energy and high-

energy ball milling devices (HEBM). The low-energy ball milling includes a tumble, jar 

and mill [29, 32], whereas HEBM includes attrition/stirred, shaker and planetary ball 

mills [27, 33]. The HEBM term is frequently used in mechanochemistry to describe the 

character of applied milling equipment [30]. In order to achieve quick and efficient 

particle size reduction, HEBM is preferable due to its higher impact on the milling 

material (also known as feed material), as compared to the low-energy ball milling. My 

colleagues and I employed HEBM method, which had several advantages, such as a 

simple set up, requiring small amount of the feed material, good cleanability and 
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moderate cost of the device [34]. The basic mechanism of HEBM process is that the 

feed material experiences high-energy impact at a small contact area through 

compressive shear forces, which are produced by head-on and shearing collision, 

respectively. The head-on and shearing collision between milling balls as well as 

between milling balls and inner wall of milling bowl are shown in Figure 3.2. The 

impact from these collisions, contributes to the formation of cracks, which leads to the 

breakage of particles, resulting in particle size reduction. 

 

Figure 3.2: The impact energy on feed material (small red circle) at a small contact area 

between milling balls (large grey balls) in a head-on (top) and shearing collision 

(bottom) at high speed. Adapted from Ref. [35]. 

 

A planetary ball mill consists of a main rotating disk known as a turn-table, 

which supports two or four bowls. The bowls are placed symmetrically for the mass 

balance during rotation of the turn-table. The milling bowls rotate with respect to the 

center of the turn table, and also rotate along their own axis in the different direction, as 

shown in Figure 3.3a [36]. The milling bowl and the rotating disk rotate in the opposite 

directions, so that the centrifugal forces alternately act in the same and opposite 

directions [30, 37, 38]. The milling balls inside the bowl experiences the centrifugal 

force that leads to large impact energies and effective milling performance. In this 

milling process, the force acting on balls is amplified and centrifugal force of 50 times 

gravitational force (m × g) can easily be obtained [29]. As a result, the milling balls 

move at high speeds along the wall of the milling bowl, and at a certain position, collide 



64 

 

 

 

with the opposite wall of the milling bowl, resulting in high-energy collisions impacting 

the milling material inside the bowl. This motion of the milling balls inside a bowl is 

depicted in Figure 3.3b. The sample is effectively comminuted through the beating, 

crushing and milling action.  

 

 

Figure 3.3: (a) The motion of the supporting disk and milling bowl in planetary ball 

milling (b) The motion of the milling balls inside the bowl. Reproduced from Ref. [29]. 

 

3.1.3 Milling Ball Motion and Energy Transfer Model 

The milling ball motion in the planetary ball milling has been investigated in detail and 

reported in literature [36, 39, 40]. The detailed motion of the milling ball in the 

planetary ball milling is shown in Figure 3.4a. It is shown that the milling bowl rotates 

around its center C as well as around the origin O, which is the center of the rotating 

disk in the opposite direction. ω and Ω are the angular velocities of the bowl and 

rotating disk, respectively. The distance between O and C is rd and the radius of the 

bowl is rc. The rotation of the bowl drives the milling ball to move along the inner wall 

of the bowl. The different speeds between the bowl’s inner wall and milling ball create 

strong friction, which then acts on the feed material. At a certain point, the centrifugal 

force from the rotating disk movement forces the milling ball to leave its position from 

the bowl’s inner wall (detachment). The forces involved in this process and the point, 

where the milling ball detaches from the bowl’s inner wall are shown in Figure 3.4b. Fv 
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and Fd are the centrifugal forces produced by the rotation of the bowl and rotating disk, 

respectively.  

 

Figure 3.4: (a) Schematic diagram of the milling ball and bowl motion in planetary ball 

milling. (b) The motion trajectory of a ball, showing the positions of the ball on the 

bowl’s inner wall. P0 is the initial point (t=0), P1 is the detachment point (t=t1) and P2 is 

the collision point (t=t1+t2). Reproduced from Ref. [39]. 

 

The position vectors x and y of the ball at any instant t during this period, can be 

expressed as: 

,)(coscos trtrx vd         (1) 

.)(sinsin trtry vd         (2) 

The velocity components in the x and y directions given by: 

,)(sin)(sin trtr

dt

dx
y

vd  


      (3) 

.)(cos)(cos trtr

dt

dy
y

vd  


      (4) 

Centrifugal force (Fc) acting on the ball originates from the rotation of the vial and disk 

(Fv and Fd) and points to the axis of the vial can be obtained, 

,cos dvc FFF          (5) 
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,2 dd mrF          (6) 

,2vv mrF           (7) 
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The take-off speed (v) of the milling ball at the positionP1: 

1

2222 cos)(2)(  dvvd rrrr      (12) 

 

Chattopadhyay et al. [41] and Yong et al. [39] studied the effect of the ω/Ω ratio 

to the milling balls motion. It was reported that the suitable ω/Ω ratio should be between 

0.7 to 3.7. If the ratio is outside this range, the milling ball adheres to the bowl’s wall 

without rolling or sliding on the inner wall [39]. In our experiment, the ω/Ω ratio of our 

milling instrument was 1, which is in the suitable parameter range.  

 In order to examine the impact energy generated during the milling process, 

simulations based on Discrete Element Method (DEM) have been carried out [33, 34, 

36, 42, 43], aiming to estimate the grinding rate of the milling process. The numerical 

results were in good agreement with the experimental result [36]. In this method, Mio et 

al. [36] applied the Voigt model to simulate the force action during the milling balls 

collision, as shown in Figure 3.5. In this model, two types of forces were considered: a 

compressive force, Fn and shear force, Ft. These forces can be calculated using the 

following equation: 
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where, K and η are spring coefficient and dumping coefficient, respectively, the 

subscripts n and t denote normal and tangential components. u and φ are relative 

displacement and relative angular displacement, respectively. μ is the coefficient of 

friction, and rB is the ball radius. The detailed parameters used in this simulation can be 

found in Ref. [36]. 

 

 

Figure 3.5: Voigt model. (a) Compressive force, (b) shear force. 

 

The impact energy can be calculated from the velocity, v between two colliding 

balls or a ball colliding against the inner wall of milling bowl. The v can be calculated 

from Eq. (12) by assuming that the velocity of the ball does not change following the 

detachment [41]. The equation for the impact energy can be derived from the kinetics 

energy equation as given by Eq. (15) [36]: 





n

j

ji mvE
1

2

2

1
,      (15) 

where m is mass of a milling ball, n denotes the number of collisions occurring within a 

second. The specific impact energy of milling balls, EW (J/(kg.s) can be expressed by 

Eq. (16) and W (in kilogram) is the amount of feed material in the bowl. 
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The specific impact energy, EW can be used to estimate the size of the milled sample and 

the grinding rate. The KP can be calculated by the following equation: 

  WP kEK         (17) 
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where k denotes as grindability of the sample, which depend on the material properties 

and/or the initial particle size [43]. This equation shows that the grinding rate can be 

increased by increasing the revolution speed. The particle size of the sample can be 

calculated using empirical equation [36]: 
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
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




 ,    (18) 

where, Dl denotes the median size at grinding limit and KP is the grinding rate.  

 

3.1.4 Milling Parameters 

There are several factors that affect the milling rate, as illustrated in Figure 3.6. 

However, in this study we only focus on seven main parameters, as given below: 

 

i. Material of milling ball  

ii. Size of milling ball  

iii. Milling speed 

iv. Milling duration 

v. Charge ratio 

vi. Milling aid 

 

 

Figure 3.6: An overview of the main factors to be considered in the milling process. 

Adapted from Ref. [30]. 

Materials of Milling Ball 

Milling ball selection is based on the properties of powder to be ground. To ensure 

effective milling, it is important to have milling ball denser than the feed material [30, 
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44]. Table 3.2 shows the list of the common milling ball, including their properties and 

specific usage. It is shown that tungsten carbide (WC) milling balls have the highest 

density, which make them an attractive milling media to achieve the high impact 

energies and fast size reduction [45]. However, several reasons prevented us from using 

these to mill alumina and ruby: 1. Our planetary ball mill (Pulverisette 7) is 

incompatible with WC ball mills in aqueous conditions for prolonged durations (≈20 

minutes), because of the high internal pressures. 2. Decrease of the milling time to ≈5 

min on and 8 min off cycles resulted in the blackening of the sample due to 

contamination. The demonstrated toxicity of the as-produced material to astrocytes and 

colon epithelial cells [46], especially cobalt-stabilised tungsten carbide NPs, is a 

concern, contributing to disadvantages of WC milling material.  

 

Table 3.2: Milling ball types with their properties and function. Reproduced from Ref. 

[45].  

 

Milling ball type Density 

g/cm³ 

Abrasion 

resistance 

Used for milling 

material 

Agate (SiO2) 2.65 good soft to medium-hard 

samples 

Corundum 

(Al2O3)     
 

3.8 fairly good medium-hard, fibrous 

samples 

Tungsten carbide 

(WC) 

14.3 very good hard, abrasive 

samples 

Zirconia (ZrO2) 5.9 very good fibrous, abrasive 

samples 

Stainless steel 

(Fe, Cr, Ni) 

7.8 fairly good medium-hard, brittle 

samples 

Tempered steel 

(Fe, Cr) 

7.9 good hard, brittle samples 

 

Figure 3.7 shows the hardness of different types of milling balls and minerals in 

different scales. The Mohs scale is the scratch hardness of minerals on the basis of 10-

step scale. It can be determined by scratching the particular material with the substance 

of known hardness [47]. While, Brinell (HB), Rockwell (HRA/HRB/HRC) and Vickers 

(HV) are the scale used for metallurgical industrial sector [48]. Based on Figure 3.7, 

yttria stabilised zirconia (YSZ) can be used, as an alternative to WC milling balls due to 

its comparable hardness. Moreover, zirconia milling balls show very good abrasion 

resistance, indicating low corrosion rate and minimal contamination (see Table 3.2). 
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Reid et al. [49] have reported that zirconia milling ball produced the lowest 

contamination compared to alumina, steel and WC milling ball suggesting its superior 

properties. The result is shown in Figure 3.8. In addition, based on zirconia milling balls 

wear experiment proved that YSZ ball was better than MgO-stabilised zirconia. It was 

found that yttria-stabilised zirconia ball mass only lost 0.14% , while MgO-stabilised 

zirconia lost 0.6% after 200-h milling time [50]. Due to these excellent properties, we 

opted for YSZ milling balls. Although the price of YSZ milling ball is expensive, it can 

be considered reasonable to be used due to the advanced milling performance and 

exceptionally long lifetime [50]. 

 

 

Figure 3.7: Hardness of milling balls and minerals in different scale. Reproduced from 

Ref. [48]. The arrow shows the hardness of yttria-stabilised zirconia cited from 

http://www.noboran.com/. 

 

http://www.noboran.com/
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Figure 3.8: XRD patterns from Al2O3 powders using selected milling media. (a) 

unmilled, (b) hardened Fe balls and bowl (● Fe contamination), (c) WC balls and vial 

(▲ WC contamination) (d) ZrO2 balls in an ZrO2 bowl (■ ZrO2 contamination), (e) 

Al2O3 balls and Al2O3 bowl, and (f) Al2O3 bowl and Al2O3 and ZrO2 balls. Reproduced 

from Ref. [49]. 

 

Size Selection of Milling Ball 

The milling ball size selection is closely related to the type and size of the feed material. 

An appropriate size of the milling ball is the size that can break the largest feed particles 

[51]. If the milling ball size is too small, the impact is too weak to break the particle. On 

the other hand, oversized milling balls reduce the contact frequency and worsen the 

grinding capacity [51]. Larger balls can deliver larger impact, which is suitable to be 

applied for breaking large and hard material. From the other reference, the milling ball 

size is recommended to be between 4 to 10 times the maximum size of agglomerated 

milling material [52]. This ratio is reported to produce the most effective crushing 

effect. While based on practical experience, Bond et al. [51] suggested that 1-inch 

milling balls break a 1-mm feed particles, 2-inch milling balls break 4-mm feed 

particles and 3-inch milling balls break 9-mm feed material particles. In order to 
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determine the optimal milling ball diameter, Magdalinovic et al. [53] have carried out 

theoretical and experimental study of the effect of milling ball size, and suggested the 

following universal formula: 

db=Kd
n
        (19) 

where db is the ball diameter, d is the diameter of the grain size of the feed material, K 

and n are the parameters, which depend on the mill characteristics, grinding conditions 

and feed material. This relationship shows that the milling ball and feed material sizes 

play an important role in the effective milling process. From their calculation, the K and 

n values for quartz milling was found to be 19.69 and 0.67. Considering the d value is 

0.8 mm, the db is 17 mm. The proper milling ball size for types of the feed material as 

suggested by ball milling company is explained in the Table 3.3. The variation of the 

findings is likely due to different milling methods and types of milling balls.  

 

Table 3.3: Feed material types with respect to the proper milling ball size. Reproduced 

from Ref. [45]. 

Types of feed material Proper ball size 

Hard samples with maximum input size of 5 

mm 

15 mm - 20 mm 

Medium input size of 0.5 – 1 mm 10 mm - 15 mm 

Fine material 0.1 – 0.5 mm 5 mm - 10 mm 

Very fine material < 0.1 mm 3 mm or smaller 

Homogenizing of dry or liquid samples 10 mm - 5 mm 

 

For NPs production, small-size milling balls are required, since the smaller 

milling balls generate more contact per mill revolution due to the smaller spaces created 

between the balls during the collision, thus they can produce smaller particle [45, 54]. 

The milling ball companies recommend the milling balls with the diameter between 0.1 

mm and 0.3 mm for nanoparticle production [55]. In addition, they claim that the final 

particle size that can be obtained is 1/1000
th

 of the milling balls size. According to this 

recommendation, particle size of 100 nm requires 0.1 mm milling ball. Stenger et al. 

[56] have investigated the influence of the milling ball diameter (varied from 1.3 mm 

size to 0.2 mm) to the resultant particle size. They concluded that 0.2-mm ball produced 

the smallest particle size below 10 nm (see Figure 3.9). In contrast, Boudou et al. [57] 

have reported the production of nanodiamonds, with the resultant size ≈10 nm using 10-
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mm tungsten carbide milling balls. In their work, diamond powder with 2-μm size was 

milled for 24 hours to achieve the nanoscale range. However, the large size of milling 

balls is likely to produce serious contaminations due to the corrosion of the ball milling 

surface, as a result of the high collision impact between milling balls. By considering 

these findings, the ball size of 0.2 mm seemed the most reasonable to produced ruby 

nanoparticles. 

 

 

Figure 3.9: Influence of zirconia milling ball diameter (dGM) on the milling result. Vt is 

milling speed and cm is mass concentration. Reproduced from Ref. [56].  

Milling Speed 

Generally, higher milling speed gives faster size reduction. Based on Mio et al. [42] 

experimental and simulation analysis of particle size at different speeds, the smaller 

particle size can be obtained faster with higher milling speed. Their result is shown in 

Figure 3.10. Ahamed et al. [58] have demonstrated the higher milling speed produced 

crystallites of the smaller sizes. In their study, 6063-alloy milled for 20 hours with 300 

rpm and 700 rpm milling speed. 32-nm and 55.46-nm crystallite sizes were achieved 

after 20 h at 700 rpm and 40 h at 300 rpm milling, respectively. Rochman et al. [59] 

have reported that the processes of amorphisation, super-saturated solid solution and 

particle refinement were faster with the increase of the milling speed. Also, at the high 

milling speed, the temperature can increase drastically, which may affect the sample 
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properties. However, the temperature can be controlled by introducing a pause time 

after a certain time range and using a fan installed in the milling machine. 8 min pause 

time following 5 min of the milling was chosen for the experimental conditions used in 

our experiment, ensuring the outside bowl’s temperature less than 70 ºC.  

 

 

Figure 3.10: Normalised median diameter of the sample ground by the planetary ball 

milling (Pulverisette-5) as a function of milling time at different speeds. r is the speed 

ratio between bowl and disk. The marked values are the experimental data while the 

solid lines are the simulation results. Reproduced from Ref. [42]. 

Milling Duration 

The longer milling duration can provide the finer particles, and could lead to structural 

changes in the sample [60, 61]. Heitjans et al. [62] have demonstrated milling LiNbO3, 

Li2O, α-Al2O3 and TiO2 micron-sized powders using a shaker mill (SPEX 8000), with 

alumina bowl/balls. The study showed that the average grain diameter of nanocrystallite 

ceramics was reduced with the longer milling duration. It was found that the sample size 

decreased in the first 5 hours of the milling. However, no further size reduction was 

observed after 5 hours, with the resultant average grain size of about 20 nm, as shown in 

Figure 3.11. This observation was explained as the saturation effect, and can be 

minimised under liquid nitrogen environment [63]. Similar trend was observed by 

Zahrani et al. [64], who showed that the size of the fluorapatite nanocrystalline 
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stabilised after 4 hours of milling. They also found that the crystallite size increased 

with decreasing the milling speed or by decreasing the powder-to-ball weight ratio. Li et 

al. [65] have produced the nanometre-sized grains of Cu using HEBM method and 

found that the grain sizes decreased, as the milling time increased, approaching a steady 

value of about 27.5 nm after 9 hours. On the other hand, Lee et al. [61] reported that the 

longer milling led to the phase evolution of Fe2O3 NPs during the milling process. 

Besides, the longer milling duration also lead to the increase of contamination, which 

was corroborated by Castro et al. [66]. In the reported case, aluminum particles of the 

purity 99.9%, with the size range of 50-100 μm were milled by using a SPEX 800 ball 

mill. In their work, stainless steel and WC milling ball/bowl were employed. From the 

X-ray fluorescence (XRF) analysis, the contamination was found to increase with the 

longer milling time. The result is shown in Figure 3.12. 

 

 

Figure 3.11: Average grain sizes versus milling time for some oxide ceramics: LiBO2 

(□), LiNbO3 (▼), Li2O (+), α-Al2O3 (○) and TiO2 rutile (×). Reproduced from Ref. [62]. 
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Figure 3.12: A plot of the contamination level in aluminum powder milled with 

stainless steel (top) and WC (bottom) milling balls/bowl, as a function of the milling 

time. Reproduced from Ref. [66]. 

Charge Ratio 

Charge ratio (CR) is defined as the ratio of the mass of balls to the powder, which also 

known as a ball-to-powder ratio (BPR). CR values have been reported in the literature 

[37, 60, 67, 68]. Normally, the CR ratio is chosen between 5:1 to 20:1. The CR value 

has a significant effect on the milling time to achieve small particle size within the 

shortest time frame. However, the CR value needs to be carefully selected, it represents 

a trade-off between the milling time and contamination level of a sample. Also, the 

filling needs to be considered. It is also suggested that, 50% of the space should be left 

empty in order to give enough space for balls to accelerate [69]. 

The effect of the CR on the milling sample has been reported in literature. Sneed 

et al. [37] have investigated the variation of the CR from 10:1 to 30:1 to prepare 

aluminum-nanodiamond composite. They found that 30:1 CR produced the smallest and 

most uniform particle sizes with good dispersion. Othman et al. [68] have demonstrated 

milling of hydroxyapatite material, using several types of milling balls (stainless steel, 

agate, alumina and zirconia), with CRs of 5:1, 10:1, 15:1 and 20:1. They found that only 
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agate and stainless steel milling balls led to the formation of single-phase 

hydroxyapatite nanocrystals. Stainless steel milling balls with the CR of 10:1 were 

found to produce the finer powder compared with the 20:1 CR [68]. In the report most 

relevant to the topic of this dissertation, Reid et al. [49] have demonstrated milling 

alumina powders, using the CR ratio of 10:1, whereas Forrester et al. [67] used 3:1 ratio 

for the same material to reduce the contamination. While Salah et al. [60] demonstrated 

the production of ZnO NPs using the CR 15:1 ratio and successfully obtained 

nanoparticles mean-sized 30 nm. 

From the information above, the reasonable CR value is estimated to be ≈ 10:1. 

This ratio can be increased in order to get a shorter milling time. However, 

contamination is also increases versus the high CR value. If the contamination level is 

high, one should reduce the CR value and at the same time increase the milling time. In 

the case of milling balls with the higher abrasion resistance, the CR value can be set 

higher. 

Milling Aid 

Wet milling is an important approach to obtain small-size NPs. This approach provides 

the faster size reduction and smaller-size particles compared to the dry milling, as 

illustrated in Figure 3.13. The material packing effect taking place in the dry milling 

precludes the production of the smaller size particles [52], and can be reduced by using 

dispersing agents, underpinning a rationale behind the wet milling. The major challenge 

of the size reduction in the submicron particle size range is an attraction force between 

small particles, which result in their agglomeration and mutual adherence. These small 

particles, especially in the nanometre range, have a strong tendency to agglomerate, 

owing to their relatively large specific surface area, which increases Van der Waals 

attraction between these particles.  
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Figure 3.13: Schematic diagram of the effect of wet milling on the particle size. 

Reproduced from Ref. [70]. 

 

The agglomeration reduces the milling efficiency by counteracting the milling 

forces. Figure 3.14 shows how the agglomeration affects the efficiency of the milling 

process [71]. Milling in liquid reduces this effect by creating the higher sheer force of 

the feed material and makes the transport of additives to the particle surfaces easier. 

Therefore, in case of the nanoparticle production, milling aid (also referred as 

processing control agent or lubricant) is important. Also, the milling aid helps the 

milling process by adsorbing on the surface of the particles to minimise cold welding 

between powder particles [72]. Cold welding effect results in bonding smaller 

nanoparticles to one another [73]. Peukert et al. [74] have modelled this process and 

demonstrated that oxide particles as small as 10 nm can be produced by using suitable 

milling aid.  

 

Figure 3.14: The effect of agglomeration on the efficiency of the milling process. 
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Distilled water was used as a milling aid for alumina [75] and iron [15, 76] 

powder milling. Lee et al. [61] have applied methyl alcohol to produce iron-oxide NPs. 

After 100-h milling, the sample crystallite size was found significantly reduced to 11.5 

nm. Sack et al. [77] used methanol and methyl isobutyl ketone, as a milling suspension 

in order to study the milling behaviour of alumina powder. Akdogan et al. used a wet 

milling method to produce anisotropic Nd2Fe14B NPs. Heptane (99.8%) mixed with 

oleic acid (OA) (90%) was applied as a milling aid and it strongly influenced the 

evolution of the particle shape [78].  

The suspension stability of the milling sample can affect the size and stability of 

as-produced NPs [56, 79]. Sakthivel et al. [79] have investigated the effect of pH 

suspension on the stability and particle size of silica NPs. NaOH was used to change the 

pH of the sample suspension. Their result showed that pH 12 gave the highest zeta-

potential of -51.2 mV, indicating a stable suspension was produced. This pH value also 

enabled the improved size reduction compared to pH 10 and 8 with the resultant size of 

29 nm. Stenger et al. have reported that the low suspension pH value produced smaller 

alumina particle and suggested that the suspension stability did not influence the milling 

behavior, but influenced the dispersed state of particles [56]. 

 

3.1.5 Milling Procedure and Related Apparatus 

The feed material needs to be prepared before commencing the milling process, except 

for micron-sized particles, such as commercially-available alumina micronised powder, 

which is suitable for straightforward milling. The main material of this project, 

synthetic ruby crystal sized 7 cm × 2 cm × 1 cm (Figure 3.15) had to be crushed prior to 

milling. This process can be carried out by using a hydraulic press (Enerpac, US), as 

shown in Figure 3.16, by crushing the ruby crystal repeatedly, until it breaks into small 

pieces. Then the crushed ruby crystals are sieved using a 63-μm metal sieve to collect 

only small size ruby crystal particles. The remaining particles, which do not pass sieve 

holes, undergo repeated crushing, until a desired amount of the powder is collected. 
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Figure 3.15: Synthetic ruby crystals of the three doping ratios of Cr
3+

. 

 

 

Figure 3.16: Hydraulic press. 

 

A Pulverisette-7 (Fritsch, Germany) high-energy planetary ball mill (Figure 

3.17) can be used to mill micrometre-sized alumina/ruby powder. 30 g of 0.2 mm YSZ 

milling balls (Glenmill, USA) are filled into a 20-mL zirconia bowl (Figure 3.18). 3 g of 

alumina/ruby powder is placed on the top of a YSZ milling ball layer, followed by an 

addition of 9-mL milliQ water, as the milling aid. The bowl is closed tightly with a lid. 

A rubber seal is also placed in between the bowl’s rim to ensure the bowl is sealed 

tightly. This rubber seal also has a semi-circle notch with a diameter of 2 mm (see 

dashed circle in Figure 3.18b), which functions to release the pressure during 
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overpressure condition. The maximum speed of 1100 rpm is typically chosen in order to 

get the fastest size reduction. The milling process is carried out by 3-min milling time, 

followed by 8-min pause time, in order to maintain the external bowl temperature below 

70°C. The milling process is done for 100 cycles, which is equivalent to 5-h milling 

time.  

 

 

Figure 3.17: Pulverisette-7 machine. 

 

Figure 3.18: (a) 0.2-mm Yttria-stabilised Zirconia (YSZ) milling balls inside zirconia 

bowl. (b) The bowl filled with ruby powder and water. A rubber seal placed on the 

bowl’s rim. A semi-circle notch marked by the dashed circle.  
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For the extraction process, the lid is removed and replaced with a discharge 

device, which consists of a 0.08-mm metal sieve, as shown in Figure 3.19a. Then, 50 

mL syringe is attached to the discharge device and 10-mL MilliQ water is pumped into 

the bowl. In the upside down position, the suspension is shaken several times until the 

sample and water are mixed properly (Figure 3.19b). The sample is then transferred into 

a syringe by pumping the syringe several times. Then the extracted sample is transferred 

into a bigger container. This process is repeated several times until the extracted 

suspension becomes clear. 

 

Figure 3.19: (a) The bowl with a discharge device and syringe. (b) Shaking (top) and 

pumping (bottom) process.  

3.2 Characterisation Techniques 

Techniques that are conventionally used for characterisation of as-produced 

nanoparticles powers are described in this second part of the chapter. Brief explanation 

of the basic principles of these instruments and sample preparations are also provided. 

A particular attention is paid to the characterisation techniques and methods, which are 

directly applicable to the procedures used in this project.  

3.2.1 Dynamic Light Scattering 

Dynamic light scattering (DLS) is a technique for measuring particle size based on the 

dynamic changes of the scattered light intensity [80]. Zetasizer Nano-ZS (Malvern, UK) 

is the most common commercially-available DLS instrument for measuring the size 
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distribution and zeta potential of NPs in a colloidal form (as shown in Figure 3.20a). For 

the sample preparation, the NPs (nanoalumina or nanorubies) are diluted in either water 

or buffer and transferred to a capillary cell (DTS1070, Malvern, U.K.) for measurement. 

A typical set-up for the DLS instrument is shown in Figure 3.20b. The main 

components of this instrument are a diode laser source operating at wavelength of 630 

nm, sample chamber and detector. The laser light beam is focused into the sample, 

which is then scattered by particles undergoing a Brownian motion in a liquid. The 

scattered light is collected by the detector for further analysis. The intensity of the 

scattered light is measured at a given angle as a function of time. The Brownian motion 

of the dispersed particles determines the rate of the change of the scattered light 

intensity. Small particles diffuse more quickly in a liquid compared to the larger 

particles. Therefore, the particle root-mean-squared velocity is used to determine the 

size of the particle [81]. For the measurement, the mean translational diffusion 

coefficient is obtained from the temporal intensity changes. The fast intensity changes 

are related to a rapid decay of the correlation function and a large diffusion coefficient. 

The diffusion coefficient is then used to calculate the particle size by using Stokes–

Einstein equation [82].  

R



6

T
D          (20) 

where D is the diffusion coefficient of the particle, κ is the Boltzman's constant, T is the 

temperature, η is the viscosity of the solvent and R is the radius of the particle.  
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Figure 3.20: (a) Zetasizer Nano-ZS system. (b) Typical set-up of a DLS instrument. P, 

L, BS, and S are pinholes, lens, beam stop, and slits respectively. Image (a) taken from 

http://www.malvern.com/ and (b) Reproduced from Ref. [80]. 

Also, DLS is capable to measure the zeta potential, which is a physical property 

related to the electrostatic charge associated with the solid/liquid interface. Zeta 

potential is a useful parameter for the quantitation of the surface charge of NPs. The 

surface charge value can determine the degree of the stability of the sample. Stable 

colloids are characterised by a high magnitude of the zeta potential (|ζ| > 30 mV) [83]. 

Specifically, the zeta potential is the electrostatic potential measured at the fluid 

slippage plane. The slippage plane is a virtual boundary that separates the ions that 

move with the nanoparticle and the ions that stay with the stationary bulk solvent, as 

shown in Figure 3.21. Zeta potential can be determined by measuring the velocity of a 

particle moving in a liquid, when an electrical field is applied, which is referred as 

electrophoretic mobility. The Henry’s equation is used to calculate the zeta potential 

[84]. 





3

)(2 kaf
UE         (21) 
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where UE is the electrophoretic mobility, ε is the dielectric constant, ζ is the zeta 

potential, η is the viscosity of the dispersant, and f(ka) is the Henry function. The f(ka) 

value is 1.5 and 1 for high ionic strength and low dielectric media, respectively. 

 

Figure 3.21: Schematic representation of the zeta potential: ionic concentration and 

potential differences as a function of the distance from the charged surface of a particle 

suspended in a medium. Reproduced from Ref. [85]. 

3.2.2 Transmission Electron Microscopy 

Transmission electron microscopy (TEM, Philips CM10, Netherlands) operates at an 

acceleration voltage of 100 kV (Figure 3.22) is used to determine the size and 

morphology of as-produced NPs, in our case, nanoalumina/nanoruby. Several drops of 

the sample under investigation are deposited on a 300-mesh copper grid and allowed to 

dry in a desiccator. In the TEM imaging system, a beam of electrons is focused onto a 

sample and their absorption is detected in transmission providing details on internal 

composition of the sample. The transmitted electrons are detected on a 

cathodoluminescent screen, photographic film layer or intensified CCD camera. TEM 

providing the atomic-scale resolution (≈0.1 nm), is useful for imaging micro-particles 

and NPs, whose morphological features are on the nanometre-scale [86]. A limitation of 

TEM relates to the required vacuum conditions and time-consuming involved sample 

preparation procedures [87]. The obtained TEM image are usually digitally analysed to 

obtain the particle size distributions. 
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Figure 3.22: (a) Philips CM10 Transmission electron microscope (TEM) (b) Schematic 

diagram of a TEM. Image (a) taken from https://www.utoledo.eduand (b) 

http://intranet.tdmu.edu.ua 

3.2.3 Scanning Electron Microscopy 

Scanning electron microscope (SEM; JEOL 6480LV, JEOL Ltd, Japan) (Figure 3.23a) 

is used to measure the size of micro-alumina powders. The sample is prepared by drop-

casting a 20-μL alumina suspension on a glass coverslip and letting it dry, using a hot 

plate and sputter-coated with a gold layer prior to imaging. Scanning electron 

microscopy (SEM) imaging is mostly used, as a surface imaging tool that provides 

morphological (3D) and topographical characteristics of the specimen surface with the 

resolution attainable at the scale of ≈10 nm. An electron column is the main component 

of SEM instrument, where an electron beam is generated under vacuum focused to a 

small diameter, and scanned across the surface of a specimen by electromagnetic 

deflection coils. An electronic console provides control over the instrument 

adjustments, such as the filament current, accelerating voltage, focus, magnification, 

brightness and contrast. In this technique, a tightly focused beam of electrons is raster-

scanned over a specimen, while secondary or backscattered electrons are detected, as 

shown in Figure 3.23b [88]. Relatively large field-of-view and reasonably high 

magnification attributed to SEM modality are useful for searching small structures, such 

as single NPs and investigating biological objects [89]. The advantage of this method is 

https://www.utoledo.eduand/
http://intranet.tdmu.edu.ua/
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the sample preparation at the nano-scale thickness is not required. Hence, SEM is 

considerably simpler compared to TEM due to facile sample preparation procedure. 

 

Figure 3.23: (a) JEOL Scanning electron microscope (SEM) (b) Schematic diagram of 

a SEM principle. Image (a) taken from http://www.jeol.co.jp/en/products/ and (b) 

Reproduced from Ref. [90]. 

3.2.4 Energy-Dispersive X-Ray Spectroscopy 

Energy-dispersive X-ray spectroscopy (EDX) detector JED-2300 (JEOL Ltd, Japan) is 

used for the elemental analysis (Figure 3.24a). A few drops of the 

nanoalumina/nanoruby sample under investigation are dried on a clean glass coverslip, 

transferred onto a sticky carbon stub, and pressed gently using a spatula to ensure 

sample preservation. Loosely adhered sample grains are removed from the carbon stub 

with a blower to avoid contamination of the EDX vacuum chamber during 

measurements. EDX analysis is an energy dispersive spectroscopy of the X-rays emitted 

from a sample during electron irradiation [90]. The detection technique resembles that 

of a backscattered-electrons solid-state detector. X-rays penetrating the semiconductor 

detector are absorbed and it generates electron–hole pairs. The formation of such a pair 

in a silicon semiconductor requires energy of approximately 3.8 eV. The number of 

electron–hole corresponding to a current pulse is measured by using an n-doped silicon 

detector crystal (Figure 3.24b), which generates charge carriers. The charges are 

amplified in a field effect transistor (FET). To suppress the thermal noise of the 

amplifier, the detector is usually cooled with liquid nitrogen. The charges produced are 

integrated and processed to determine the energy of an individual detected X-ray photon 

[90]. EDX spectrum is generated and represented as a plot of X-ray counts versus 
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energy (in keV) (see Figure 3.25). Each chemical element has characteristic peak 

positions corresponding to the allowed transitions in its electron shell. Therefore, the 

element of the analysed sample can be identified based on the peak present in the EDX 

spectrum. The example of EDX spectrum with identified peak is shown in Figure 3.25. 

 

Figure 3.24: (a) JEOL EDX detector (b) Schematic diagram of EDX detector. Image (b) 

Reproduced from Ref. [90]. 

 

Figure 3.25: A typical EDX spectrum of aluminum tungsten oxide. Image taken from 

Ref. [91]. 

3.2.5 X-Ray Diffraction 

The crystal structure of nanoalumina/nanoruby sample can be determined by X-ray 

diffraction spectroscopy (XRD) using an X’Pert PRO analytical diffractometer 

(PANalytical, Netherlands) (Figure 3.26a) acquired in the diffraction angle (2θ) range 

from 5 to 90°. The diffractometer is operated at a tube voltage and current of 45 kV and 
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40 mA, respectively. Several drops of the sample are deposited on a low-background 

silica mount and dried in an oven prior to the measurements. 

 

Figure 3.26: (a) PANalytical X’Pert Pro X-ray diffraction (XRD) system. (b) A 

schematic diagram of XRD system. Images taken from http://www.panalytical.com/ 

X-ray diffraction (XRD) technique is based on constructive interference of 

monochromatic X-rays and a crystalline sample [67]. These X-rays are generated by a 

cathode ray tube and fired onto the sample. The interaction of the incident rays with the 

sample produces constructive interference (and a diffracted ray), when the conditions 

satisfy Bragg’s law (nλ=2d sinθ) (Figure 3.27). This law relates the wavelength, λ of the 

X-ray radiation to the diffraction angle, θ and the lattice spacing, d in the crystalline 

sample (n is an integer number). These diffracted X-rays are then detected, processed 

and counted. By scanning the sample through a range of 2θ angles, all possible 

diffraction directions of the lattice are attained due to the random orientation of the 

material. X-rays are used to produce diffraction patterns, because their wavelength is 

typically the same order of magnitude (1–100 Angstroms) as the spacing d between the 

planes in the crystal. Conversion of the diffraction peaks to d-spacings allows 

identification of the mineral since each sample has a characteristic set of the d-spacings, 

or crystallographic planes. Typically, this is achieved by comparison of the d-spacings 

with standard reference patterns. 
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Figure 3.27: Diffraction of X-rays by the planes of an atom. Reproduced from Ref. 

[92]. 

XRD system consists of three main components: an X-ray tube, a sample holder, 

and an X-ray detector, as shown in Figure 3.26b. A cathode ray tube generates 

characteristic X-ray spectra. These spectra consist of several characteristic lines, 

commonly, Kα and Kβ. By filtering these spectra by using foils or crystal 

monochrometers, monochromatic X-rays can be obtained which are needed for 

diffraction. These X-rays are collimated and directed onto the sample. The intensity of 

the reflected X-rays is recorded, as the sample and detector are rotated. When the 

geometry of the incident X-rays impinging the sample satisfies the Bragg equation, 

constructive interference occurs and an intensity peak is detected [67]. A detector 

records and processes this X-ray signal, while the electronics is used to convert the 

signal to a count rate. For typical powder patterns, data is collected at 2θ from ≈5° to 

70°, angles that are present in the X-ray scan. The scan generates a set of peaks at 

certain positions, which occur where the X-ray beam has been diffracted by the crystal 

lattice. The unique set of d-spacings derived from this pattern can be used to identify the 

mineral. Also, from this peak, the crystallite size and strain can be measured by using 

Williamson−Hall approximation, as shown in the following equation [93]: 

  sin4cos 
D

K
      (22) 

where β is the line full width at half maximum intensity (FWHM) in radians, D is the 

crystallite size, K is the shape factor 0.9, λ is the wavelength of Cu Kα radiation, and ε is 

the crystal strain.  
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3.2.6 Fourier Transform Infrared Spectroscopy 

Fourier transform infrared (FTIR) spectrometer (Nicolet iS10, Thermo Fisher Scientific 

Inc., USA) is commonly used to identify the chemical groups in samples (Figure 3.28a). 

The measurements are carried out at room temperature in the spectral range of 

600−4000 cm
-1

. Air-dried samples are placed directly on an attenuated total reflectance 

(ATR) crystal window. FTIR spectroscopy is a technique, which is used to identify 

organic molecules or the presence of certain functional groups in the molecule. The 

infrared spectroscopy works in the IR region of the electromagnetic spectrum. When IR 

radiation is passed through a sample, the molecules absorb of this radiation at a certain 

frequency that is characteristic of their structure. The obtained spectrum displays the 

molecular absorption and transmission, and provides a molecular fingerprint of the 

sample. FTIR spectra give information about the chemical bonding of the atoms, which 

is usually represented by the absorption bands caused by the vibration between the 

atomic bonds of the sample. Each material is composed of different combination of 

atoms, so different compounds produce different infrared spectra. Therefore, FTIR 

spectroscopy provides qualitative analysis of different materials. In addition, the size of 

the peaks in the spectrum is a direct indication of the amount of material present [94]. 

An ATR method allows to obtain FTIR spectra easily. Figure 3.28b shows a diagram of 

a typical ATR in FTIR instrument. An ATR cell consists of a high-refractive index 

material, such as ZnSe or diamond sandwiched between a low-refractive index substrate 

and a lower-refractive index sample. IR radiation from the source enters the ATR 

crystal, where it undergoes a series of total internal reflections before exciting the 

crystal. During each reflection the radiation penetrates into the sample to the depth of a 

few microns. The result is a selective attenuation of the radiation at those wavelengths, 

which the sample absorbs. The powder samples need to be placed on the sample slot, 

and a force using compression tip is applied to ensure that it is in contact with the ATR 

crystal [95].  
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Figure 3.28: (a) Nicolet iS10 FTIR spectrometer. (b) A schematic of the ATR’s sample 

slot, showing how the source’s radiation interacts with the sample. The pressure tower 

(orange arrow) is used to ensure the contact of solid samples with the ATR crystal. 

Images (a) taken from http://www.azom.com/ and (b) Reproduced from Ref. [95]. 

3.2.7 Thermogravimetric Analysis 

To identify functional groups on the nanoalumina/nanoruby surface, thermogravimetric 

analysis (TGA) is performed using a Mettler Toledo TGA/DSC instrument at a heating 

rate of 10°C/min from 25°C to 1000°C in a nitrogen atmosphere (Figure 3.29a). About 

10 mg of nanoalumina samples are placed in an alumina crucible for each measurement. 

TGA is one of the technique modalities. The schematic diagram of a commercial TGA 

is presented in Figure 3.29a, showing a balance, purge gas inlet and outlet and 

thermocouple position beneath the sample pan. In this method, the mass (weight) of a 

sample is measured in a specified atmosphere as the temperature of the sample is 

programmed [96, 97]. Commonly, the temperature is increased linearly over a time 

period and the mass of the sample is constantly recorded. The output from TGA is a plot 

of mass (or mass percentage) versus temperature. The TGA plot is called a thermal 

curve. TGA can be used to investigate the suitable weighing form of material. It is also 

used to determine the range of the drying temperature. The data from TGA also can be 

used to evaluate kinetic parameter of weight change in the reaction [97].  

http://www.azom.com/
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Figure 3.29: (a) Mettler Toledo thermogravimetric analysis (TGA) instrument (b) A 

schematic diagram of a commercial TGA, showing a purge gas inlet and outlet and the 

thermocouple position beneath the sample pan. Image (b) is reproduced from Ref. [96]. 

3.2.8 Spectrofluorometer 

A Fluorolog Tau3 system (JY Horiba) spectrofluorometer is used to measure the 

photoluminescence excitation and emission spectra. It consists of three main 

components: an excitation source, sample compartment, and a detection unit (Figure 

3.30). The excitation source is represented either by a xenon lamp or laser diode. In 

order to create a narrow and tunable excitation wavelength required for the purpose of 

measuring particular material, a single-grating excitation monochromator is placed after 

the xenon lamp. There is a chamber that holds liquid or solid sample in the sample 

compartment. The emission light from the sample compartment enters the detection unit 

equipped with a monochromator and high-sensitivity detector photomultiplier tube. For 

our measurement, the colloidal sample is transferred into a quartz cuvette and placed in 

the sample chamber. The Fluorolog was programmed to acquire excitation/emission 

spectra within a particular wavelength range. The data are exported and the reference 

baseline is subtracted. 
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Figure 3.30: Schematic diagram of a PL unit, a spectrofluorometer Fluorolog-3 

(HORIBA Jobin Yvon, NJ, USA). 

3.2.9 Epi-Luminescence Microscopy 

Epi-luminescence microscopy aided by specific labelling is a widespread microscopy 

modality to image stained morphology of biological systems and macromolecules at the 

tissue, cellular and sub-cellular levels. It relies on the specific binding of a PL molecular 

probe to a targeted biomolecule, followed by detection of the photoluminescence signal. 

The principle of epi-luminescence imaging is based on the excitation of a PL probe with 

relatively bright incident light of specific wavelength, followed by its spectral 

separation and detection of the photoluminescence emitted from the sample. This 

technique provides high-resolution microscopic imaging and high signal-to-noise ratio. 

A typical epi-luminescence microscope structure is presented in Figure 3.31a. The 

incident light is produced by a tungsten-halogen lamp, which is focused through a 

collector lens system. The collector system (see Figure 3.31b) may include neutral 

density filters that uniformly attenuate most visible light, reduce the incident lamp 

power minimising photobleaching of fluorescent biological specimens. A heat filter is 

also installed in order to reduce the specimen overheating due to the optical excitation. 

Since the field and aperture diaphragms are larger than the field-of-view, a shutter is 

used to block incident light, when the sample is not being viewed to reduce 

photobleaching and phototoxicity. A PL filter cube containing an excitation filter, 
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dichroic mirror and emission filter is a critical component of the epi-luminescence 

microscope. It discriminates the excitation emission beams based on the spectral 

filtering, steering the excitation beam towards the specimen, while blocking this beam 

on its return path to avoid unwanted parasitic exposure in the detection module. At the 

same time, the filter cube is configured to pass wavelength-shifted light beam from the 

specimen. The excitation filter is typically a band pass filter, which selects a specific 

spectral band of light required to excite the PL-stained specimen. The filter cube 

contains a dichroic mirror, which represents a filter plate mounted at 45° with respect to 

the incoming beam, and is designed to reflect the excitation light off towards the 

specimen, passing the remaining light through the filter. The excitation light travels 

upwards through the objective lens and focuses onto the sample in the configuration of 

an inverted microscope. The emission light collected and collimated by the objective 

lens propagates downwards through the microscope, passes through the dichroic mirror 

and an emission filter, which is purpose-designed to pass the photoluminescence 

emission and block the excitation beam produced by spurious reflections from the 

specimen and optics. The filtered photoluminescence light is then either directed to the 

eyepieces or sent through a microscope port to a CCD camera (Figure 3.31c) [98]. 

 

Figure 3.31: (a) Cut through of an epi-luminescence microscope (Olympus IX81, 

Olympus, Japan) showing details of the excitation and PL emission light paths. (b) 

Detailed view of the epi-illumination arm for the IX81 microscope showing components 

of the photoluminescence light path. (c) Schematic of a PL filter cube. Blue light is 
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selected from the white incident light from the lamp using a blue band pass excitation 

filter built for green fluorescent protein (GFP) detection. The blue light reflects off the 

dichroic mirror and is directed upwards to the objective lens then focused on the 

sample. Green emission light from the sample passes through the dichroic mirror and 

through a green band pass emission filter to the detector. The emission filter also 

reduces image background by rejecting any reflected blue incident light. Reproduced 

from Ref. [98]. 

In our optical microscopy system built in-house, an inverted microscope 

(Olympus IX70, Japan) platform is used, as shown schematically in Figure 3.32. An 

electron-multiplied CCD camera (EMCCD, iXon 885 DU, Andor Technology Ltd., 

UK) is attached to the detection port of the microscope. External 405-nm laser source 

(TG_405_1.1, Quantitative Ltd., Australia) and 405-nm laser (FB-532-1000-FS-FS-1-1-

ST, RGB Lase) are coupled to an illumination port of the microscope using Köhler-type 

optical configuration, produce uniform illumination at the specimen plane, as described 

elsewhere [28]. An oil-immersion objective lens (100×, NA 1.3, Olympus, Japan) is 

commonly used for capturing of high-resolution images in bright-field, epi-

luminescence and time-gated modes. A filter-set designed for nanoruby signal detection 

contains an excitation filter (650-nm short pass), dichroic mirror (660-nm long pass) 

and emission filter (664-nm long pass). 
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Figure 3.32: A schematic diagram of the optical microscopy system configured for the 

high-sensitivity imaging of nanoruby samples. 405-nm and 532-nm laser beams are 

coupled to the microscope using Köhler-type optical configuration to provide a uniform 

illumination at the specimen plane. The photoluminescence emission from the sample is 

collected through optical filters by using an EMCCD. The laser output and camera 

exposure are synchronised by using a dual-pulse generator for time-gated imaging. 
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4 
Large-Scale Production and 

Characterisation of Biocompatible 

Colloidal Nanoalumina  
 

A paper published by the Ph.D. candidate, Razali, et al., “Large-Scale Production and 

Characterization of Biocompatible Colloidal Nanoalumina” provides the content for this 

chapter. The main body of the chapter is prefaced first by a short introduction to this 

paper [1], and as well contains a statement describing the contribution of the Ph.D. 

candidate. This is followed by the paper itself. This chapter concludes with an overview 

of the application of nanoalumina in the area of life sciences and provides a discussion 

on its large-scale production methods. Supplementary results obtained in the course of 

this work can be found in Appendix A. 

4.1 Introduction to paper  

This paper reports on the large-scale production of colloidal nanoalumina by using 

high-energy ball milling (HEBM) method for use in the life sciences. To date, most of 

the reported nanoalumina HEBM production methods have focused on their industrial 

use, specifically for the production of high green-density ceramics for biomedical 

implants, and this material often has unknown colloidal properties. Here, we report on a 

systematic investigation of the production method and characterisation of nanoalumina 

material in the context of its applications for a broader range of biomedical research and 

practices. The paper includes a thorough analysis of nanoalumina properties such as 
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particle size, contamination level, production yield, stability and its biocompatibility, 

which ensures its suitability in biological applications. We suggest in this report that the 

HEBM method for large-scale production in particular has the potential to meet the life 

science demands for new and future biocompatible nanomaterials.  

4.2 Authors’ contribution 

The Ph.D. candidate (Mr. Wan Aizuddin W. Razali) is the first author of this paper. He 

developed the HEBM protocol for the fabrication of nanoalumina sourced from micron-

sized alumina powder. He carried out the sample purification by using a method of 

selective acid etching and performed the stability analysis of nanoparticles. In addition, 

he performed the functionalisation step that applied silane-based reagents. He carried 

out the characterisations, including particle size measurement, zirconia contamination 

analysis, and functionalisation analysis. Finally, he compiled the results, drew the 

figures and prepared a first draft of the manuscript. 

The second author, Dr. Sreenivasan, contributed towards optimisation of the 

milling parameters. He designed the characterisation experiments, carried out the data 

analysis of the XRD spectra, and performed cytotoxicity analysis. Prof. Goldys planned 

this project and revised the manuscript. A/Prof. Zvyagin (the corresponding author) 

conceived the idea for this work, coordinated the project and finalised the manuscript. 

All authors were involved in authorship of the manuscript.  
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4.3 Full paper 
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5 
Mass Production of Nanorubies 

Photoluminescent Probe for 

Bioimaging  

This chapter is an adaptation of the report by Razali, et al., “Mass Production of 

Nanorubies Photoluminescent Probe for Bioimaging”, which was under preparation for 

submission to the RSC Advances journal. This chapter is arranged as follows: The first 

section provides a brief introduction to the field of nanoruby science. The second 

section provides a short introduction to the paper, with a statement of the contribution of 

the PhD candidate. A full copy of the manuscript is appended to the last section of this 

chapter.  

5.1 Background 

The material ruby is a well-known precious gemstone, and its name is taken from its 

red-ruby-colouration. The colouration is a result of the presence of Cr
3+

 ions in the 

alumina crystal (α-phase, Al2O3, or corundum) and this doping can be up to ≈1 wt %. 

Cr
3+

 ions in α-Al2O3. This doping also provides ruby with photoluminescence properties 

and demonstrated by Maiman, who applied ruby crystal as a laser medium [1]. Ruby 

crystals are also commonly used for high temperature sensor [2-4], experimental study 
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[5, 6], shock pressure measurement [7], optical components [8, 9], and as abrasive 

materials [10]. The photoluminescence properties of ruby have also found application in 

biomedical optical imaging at the nano-scale. These small crystals, known as 

“nanorubies” have been shown to overcome some of the constraints seen with existing 

biomolecular probes which are based on organic fluorescent dyes and other 

photoluminescent nanomaterials. These advantages include excellent photostability, 

narrow photoluminescence emission, long photoluminescence lifetime, and high 

colloidal stability. These properties make nanorubies the choice for ultrahigh-sensitivity 

biomedical optical imaging, such as the imaging of discrete molecular trafficking in 

cells. 

5.2 Introduction to paper 

This paper reports on large-scale nanoruby production by using high-energy ball milling 

(HEBM), which has been applied for nanoalumina production as reported in previous 

chapter. This method produced grams of nanorubies per batch, with the size range of 10 – 

200 nm. After acid etching purification process, the contamination level of the 

nanorubies reduced to 1% or less. This paper is different from the previous paper in 

several aspects. Firstly, it addresses the characterisation of nanoruby optical properties. 

Secondly, we report on new surface functionalisation (using silane-PEG) and 

bioconjugation (based on avidin-biotin interaction) approaches, which is demonstrated 

for μ-opioid receptors (MOR) labelling. 

5.3 Author’s contribution 

The first author, Ph.D. candidate (Wan Aizuddin W. Razali) performed the production 

of the nanorubies using an HEBM method. The candidate has also developed a protocol 

of nanoruby milling. He carried out a purification method of the milled sample to 

reduce the contamination caused by zirconia milling balls/bowl. He performed a 

characterisation of the purified sample by means of size, contamination level, structural 

properties, and optical properties. He then also functionalised these nanorubies with 

amine, carboxyl and PEG groups using a silane chemistry method. Finally, he compiled 

the results, prepared the figures and wrote the manuscript attached to this chapter. 
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The second author, Dr. Sreenivasan assisted in the nanoruby functionalisation 

procedure, designed the PEG functionalisation protocol and performed the cytotoxicity 

analysis. He also carried out the cells and MOR labelling. The third author, Dr. Zhang 

carried out a silica coating of the nanoruby sample. Prof. Heintzmann carried out super-

resolution imaging of the cells containing nanorubies. Prof. Goldys planned this project 

and provided the interpretation of results. A/Prof. Zvyagin (the corresponding author) 

suggested the main idea of this work, coordinated the project and finalised the 

manuscript. All authors were involved in the preparation of the manuscript. 
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5.4 Full paper 

 



125 

 

 

 

 

 



126 

 

 

 

 

 



127 

 

 

 

 

 



128 

 

 

 

 

 



129 

 

 

 

 

 



130 

 

 

 

 

 



131 

 

 

 

 

 



132 

 

 

 

 

 



133 

 

 

 

 

 



134 

 

 

 

 

 



135 

 

 

 

 

 



136 

 

 

 

 

 



137 

 

 

 

 

 



138 

 

 

 

 

 



139 

 

 

 

 

 



140 

 

 

 

 

 



141 

 

 

 

 

 



142 

 

 

 

 



143 

 

 

 

 

 



144 

 

 

 

 



145 

 

 

 

 

 



146 

 

 

 

 

 



147 

 

 

 

 

 



148 

 

 

 

 

 



149 

 

 

 

 

 



150 

 

 

 

 



151 

 

 

 

 

 



152 

 

 

 

 

 



153 

 

 

 

 

 



154 

 

 

 

 

 



155 

 

 

 

 

 



156 

 

 

 

 

 



157 

 

 

 

 

 



158 

 

 

 

 

 



159 

 

 

 

 



160 

 

 

 

 



161 

 

 

 

5.5 References 

[1] T. H. Maiman, "Stimulated Optical Radiation in Ruby," Nature, vol. 187, pp. 

493-494, 1960. 

[2] C. Pflitsch, R. Siddiqui, and B. Atakan, "Phosphorescence properties of sol–gel 

derived ruby measured as functions of temperature and Cr
3+

 content," Applied 

Physics A, vol. 90, pp. 527-532, 2008. 

[3] H. Aizawa, N. Ohishi, S. Ogawa, T. Katsumata, S. Komuro, T. Morikawa, et al., 

"Fabrication of ruby sensor probe for the fiber-optic thermometer using 

fluorescence decay," Review of scientific instruments, vol. 73, pp. 3656-3658, 

2002. 

[4] K. Grattan, Z. Zhang, T. Sun, Y. Shen, L. Tong, and Z. Ding, "Sapphire-ruby 

single-crystal fibre for application in high temperature optical fibre 

thermometers: studies at temperatures up to 1500° C," Measurement Science 

and Technology, vol. 12, p. 981, 2001. 

[5] M. S. Bigelow, N. N. Lepeshkin, and R. W. Boyd, "Observation of ultraslow 

light propagation in a ruby crystal at room temperature," Physical Review 

Letters, vol. 90, p. 113903, 2003. 

[6] D. E. Chandler, Z. K. Majumdar, G. J. Heiss, and R. M. Clegg, "Ruby crystal for 

demonstrating time-and frequency-domain methods of fluorescence lifetime 

measurements," Journal of fluorescence, vol. 16, pp. 793-807, 2006. 

[7] T. Kobayashi, "Direct observation of large shock impedance jump upon shock-

induced densification of powdered materials confirmed by in situ shock pressure 

and particle velocity measurements," Chemical Physics Letters, vol. 608, pp. 

157-160, 2014. 

[8] E. Wisniewski-Barker, G. M. Gibson, S. Franke-Arnold, R. W. Boyd, and M. J. 

Padgett, "Mechanical Faraday effect for orbital angular momentum-carrying 

beams," Optics express, vol. 22, pp. 11690-11697, 2014. 

[9] E. Lanczi, "Amplification in a thick ruby lens," Applied Optics, vol. 5, pp. 255-

257, 1965. 

[10] C. Pan, S.-Y. Chen, and P. Shen, "Photoluminescence and transformation of 

dense Al2O3:Cr
3+

 condensates synthesized by laser-ablation route," Journal of 

Crystal Growth, vol. 310, pp. 699-705, 2008. 

 

 

 

 

 

 

 



162 

 

 

 

 

 

 



6 
Wide-Field Time-Gated 

Photoluminescence Microscopy for 

Fast Ultrahigh-Sensitivity Imaging of 

Photoluminescent Probes  

This chapter is adapted from Razali, et al., “Wide-field time-gated photoluminescence 

microscopy for fast ultrahigh-sensitivity imaging of photoluminescence probes”, which 

was published in Journal of Biophotonics [1]. This chapter is structured as follows: The 

first section provides a short introduction to the paper, with the statement of the Ph.D. 

candidate’s contributions. The second section presents the full paper. The last section 

describes material related to this paper, including a description of its use in time-gated 

photoluminescence microscopy to provide singe-molecule detection in biological 

application, and as well an introduction to avidin-biotin interaction, which was also 

used for the bioassay preparation described in this paper.  

6.1 Introduction to the paper 

This paper reports advancement in the time-gated photoluminescence (TGP) detection 

of long-photoluminescence lifetime nanomaterials (in this case nanorubies). We 

demonstrated a wide-field TGP imaging system, which enabled rapid, routine and 

ultrahigh-sensitivity imaging at the level of individual nanorubies. Correlative AFM and 

TGP imaging was carried out to demonstrate that our system had achieved sensitivity at 
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the single nanoparticle level. To assess the capability of the system, the nanorubies were 

submerged in a highly fluorescent yellow organic dye and then analysed. We also 

perform the imaging of cells containing nanorubies. In both cases, individual nanorubies 

can be visualised after elimination of the background signal. Furthermore, we 

demonstrated that live imaging of single-molecule binding kinetics is possible using a 

nanoruby-based bioassay. With these capabilities, we are able to record binding kinetics 

of nanorubies in biological solution. The new system described here offers new 

opportunities for the visualisation of single molecule intracellular molecular trafficking 

and the detection of rare biomolecular events in an optically crowded background 

containing cells and tissues. 

6.2 Authors’ contribution 

The Ph.D. candidate (Mr. Wan Aizuddin W. Razali) is the first author of this paper. He 

contributed to the production and characterisation of nanorubies, which were then used 

to bind to targets in biological samples. He performed the sample preparation, which 

included spun coated nanorubies onto a coverslip and immersing nanorubies in yellow 

dye. He also completed the imaging work (epi-luminescent and TGP modes) and 

prepared the assay for live imaging of nanorubies’ kinetic binding in blood serum. He 

did the majority of the data analysis, figure preparation, and manuscript writing.  

Dr. Sreenivasan provided the important contribution to this paper of the 

development of time-gated imaging system, and carried out the correlative imaging 

between AFM and TGP imaging. He also prepared cell culture and performed live cell 

imaging. He was involved in data analysis, including Matlab programming. Dr. Bradac 

carried out the AFM imaging of nanoruby sample using his system. Prof Connor 

provided the biological model, gave advice and provided the facility for cell 

experiments. Dr. Sreenivasan, Prof. Goldys, and A/Prof. Zvyagin (corresponding 

author) coordinated this work, including experiments planning and results discussion. 

All authors contributed towards the preparation of the manuscript. 
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6.3 Full paper      
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6.4 Time-gated photoluminescence microscopy 

Fluorescence imaging is one of the most versatile and widely used methods in 

biomedical research. These methods are generally based on biomolecular-specific 

labelling of biological structures with photoluminescent (PL) nanomaterials, which 

offer direct and minimally invasive approaches to investigate the cellular morphology 

and processes in living cells and/or tissues, in their natural biological context. PL 

imaging in biological samples is often limited by the autofluorescence originating from 

the organelles, cellular structures and biomolecules within cells and tissues, for example 

NADH, flavins and porphyrins [2-4]. Autofluorescent background can be reduced by 

working in the near-infrared spectral region ranging from 650 nm to 900 nm [5]. 

However, this approach cannot fully eliminate the background signal. Another effective 

approach is by using time-gated photoluminescence (TGP) imaging system (also known 

as time-gated luminescence). TGP imaging is realised by turning on a detector, 

following a short time delay after the short-lived (<1 μs) fluorescence is ended (detail 

discussion in attached paper) [6, 7]. Photoluminescence signal from a probe with longer 

photoluminescence lifetime is then captured in the absence of background, which 

greatly enhances signal to noise ratio [8]. It is possible to obtain high sensitivity, 

reaching the single molecule detection regime by using this approach.  

The sensitivity of this approach relies on the properties of PL probe. The 

photoluminescence lifetime of the probe must longer than the background, to ensure 

complete elimination of background signal. Background normally originates from 

autofluorescence and excitation laser tail. Typical values of autofluorescence lifetime 

range from tens of picoseconds [15] to several nanoseconds [16, 17], whereas laser tail 

lifetime around few milliseconds depending to the laser quality. Probe with excellent 

photostability is also important to provide unlimited emission upon continuous 

excitation. This is to maintain the imaging sensitivity, which is highly desirable in 

single molecule tracking experiments. In terms of imaging system, confocal system has 

been used for TGP imaging to achieve single-molecule regime [9, 10]. However, this 

system requires to dwell on each pixel, which makes the image acquisition relatively 

slow. Therefore, wide-field epifluorescence microscope is preferable because it 

provides rapid acquisition and involves simple setup [11].  
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Gu et al. [12] demonstrated TGP imaging by using PL porous silicon 

nanoparticles as a PL probe. The nanoparticles were synthesised by electrochemical 

etching of the surface of single-crystal silicon in hydrofluoric acid. The sample was 

coated with polyethylene glycol by reacting with a PEG-silane. The photoluminescence 

lifetime of the nanoparticles was between 5 to 13 µs, which is long enough to eliminate 

short-lifetime background by applying TGP imaging. Using this probe, they achieved 

50-fold reduction in background signal in vitro (Figure 6.1a, b) and greater than 20-fold 

in vivo (Figure 6.1c, d). Meanwhile, Sun et al. [13] reported the application of Eu15F 

(Europium complex)/PVK (poly(9-vinylcarbazole)) polymer dots (Pdots) as a probe for 

cell labelling. This probe has very narrow red fluorescence emission (612 nm) and 

excellent brightness. It also has long photoluminescence lifetime ≈500 μs. For the cell 

labelling, the Eu15F/PVK Pdots were incubated with MCF-7 cells. Figure 6.2 a-e shows 

the time-gated and ungated microscopy images of MCF-7 cells with internalized 

Eu15F/PVK Pdots. Time-gated image (Figure 6.2c) shows great decrease of 

background signal compared to the ungated images (Figure 6.2a). Clear difference can 

be observed in 3D surface plots (Figure 6.2d,e). The signal to noise ratio improvement 

was reported around 3 folds [13].  

 

Figure 6.1: (a) CW PL images of Cy3.5 and PEG-LPSiNP. (b) TGP image of the same 

sample in (a). The image of the Cy3.5 sample almost completely disappears due to its 

short-lived emission. (c) Ex vivo bright field image of the PEG-LPSiNP-injected with 



181 

 

 

 

tumor (T
+
), a control tumor (T

-
) and muscle tissue excised from the animal post-

injection (M). (d) CW PL image of the excised tissues in (c). (e) TGP image of the 

tissues in (c). Reproduced from Ref. [12]. 

 

Figure 6.2: (a) Ungated (CW) PL microscopy image. (b) bright-field microscopy 

image, and (c) TGP microscopy image of unconjugated Eu15F/PVK Pdots inside MCF-

7 cells; scale bar represents 50 mm. (d) and (e) are the interactive 3D surface plot of 

ungated image (a) and gated image (c) respectively. Reproduced from Ref. [13]. 

Single molecule detection has been used in cell receptors imaging and 

intracellular analytes detection [14]. Based on recent developments in 

nanobiophotonics, now single biomolecule imaging has been demonstrated for tracking 

molecular trafficking events in living cells [15, 16]. Vrljic et al. [17] demonstrated 

single-molecule epifluorescence microscopy for the motion of I-Ek protein molecules. 

Figure 6.3 shows the PL microscopy images of individual molecules of I-Ek protein that 

belongs to the major histocompatibility complex class II. The imaging was performed 

on the surface of living Chinese hamster ovary CHO cells by using a peptide that 

selectively binds to the I-Ek protein labelled with a fluorescent molecule, Cy5. Another 

example is the detection of a fluorescently labelled single virus, which enabled tracking 

the virus invasion of the cell and its diffusion towards the nucleus. This work provides 

an important insight in the area of immunology [18]. Chang et al., demonstrated a 

single fluoresent nanodiamond (FND) particle tracking inside the cell in three 
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dimensions over a time span of more than 200 s under a wide-field microscope [19]. 

Figure 6.4a shows the bright-field and fluorescence images of a live HeLa cell after 

uptake of 35-nm FNDs. Figure 6.4b shows three-dimensional trajectory of a single 

FND inside the cell. This study suggests the feasibility of applying PL nanoparticle 

for long-term tracking application.  

The above-mentioned applications show the importance of single-molecule 

detection and time-gated imaging. By combining these two modalities, ultrahigh 

sensitive imaging system can be achieved, which can be applied in complex bioimaging 

application.  

 

 

Figure 6.3: Visualisation of individual molecules of I-Ek protein in a CHO cell. A. 

Bright field image of a single CHO cell. B. PL image of the same cell showing spatial 

distribution of I-Ek protein molecules on the cell surface. Bright spots represent Cy5-

labelled peptide bound to the protein. Reproduced from Ref. [17]. 
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Figure 6.4: Three-dimensional tracking of a single 35-nm FND in a live HeLa cell. (a) 

Bright-field and epifluorescence merge images of the cell after FND uptake. (b) Three-

dimensional trajectory of a single FND inside the cell over a time span of 200 s. 

Reproduced from Ref. [19]. 

6.5 Avidin-biotin interaction and its application. 

Avidin is a common molecule used for PL immunoassaying. Avidin and biotin (vitamin H) 

interaction has high-affinity, where a biotinylated compound can strongly bind to an avidin 

molecule with strong noncovalent binding (Kd ~ 10-15 M) [20]. Avidin composes of four 

identical subunits, and each subunit has a single binding site for biotin as illustrated in 

Figure 6.5. These proteins possess resistance to extreme temperatures (i.e., midpoint 

temperature of denaturation, Tm of 73 °C for apo-streptavidin and 112 °C for biotin-

streptavidin), pH conditions, denaturing agents, and enzymatic degradation [21]. 

 

Figure 6.5. Biotin entry in streptavidin. Subunits A, B, C, and D are coloured in blue, 

red, yellow, and green respectively. Loop3–4 between the third and fourth strands in each 

subunit functions as a lid for the entry and exit of biotin, loop7-8 includes tryptophan that 

hydrophobically binds to biotin located in the neighbouring subunit. Reproduced from 

Ref. [22]. 

The [strept]avidin-biotin interaction has been applied in numerous laboratory 

methods especially in the areas of immunolabelling and molecular biology. For 

example, [strept]avidin-antibody conjugates are used for pre-targeting and sensing at the 

final step of immunoassay in the radiolabeled form. It also used as a clearing agent to 

remove circulating biotinylated antibodies [23]. Avidin-biotin interaction has been 

applied for sensitive antigen detection in biological sample. For this purpose, Huhtinen 
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et al. [24] developed an immunoassay for the prostate-specific antigen (PSA) detection 

in serum. The immunoassay configurations based on avidin-biotin of this work is shown 

in Figure 6.6. To test their assay, total PSA concentrations were determined from male 

serum samples. Their experiment results, shows good agreement with reference assay. 

However, the detection limit of this assay is 35 times lower compared to reference 

method [24]. Recently, Duijvesz et al. [25] developed sensitive time-resolved 

fluorescence immunoassay for prostate-cancer-derived exosomes capture/detection in 

urine. CD9 and CD63 are cell surface proteins which can be used as prostate cancer 

markers. In their work, antibodies against these proteins were biotinylated for optimal 

capture, and another batch labelled with a Europium (Eu)-chelate for time-resolved 

fluorescence detection. Sensitive exosomes detection in urine and cell medium was 

achieved by using this method [25]. In our work, avidin-biotin interaction was applied 

for immunoassay demonstration. Avidin immobilised on coverslip was used to capture 

biotinylated nanoruby in biological medium. 

 

Figure 6.6: In configurations I and II, time-resolved fluorescence was detected with 

Mab-coated nanoparticles, while in configurations III and IV, SA-coated nanoparticles 

were utilised. The solid phase was passively coated with capture antibody in 

configurations I, III, and IV, whereas the capture antibody was biotinylated and attached 

on the solid phase via streptavidin in configuration II. Conventional and Reference 

methods are also presented, where either europium(III) chelate-labeled SA or Mab was 

used for signal generation. Reproduced from Ref. [24]. 
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7 
Summary and Future Scope 

7.1 Summary 

Fluorescence microscopy has become a powerful tool for visualising tissues, cells and 

biomolecules. It is utilised for investigation of complex biological interactions in 

biology. The integration of the fluorescence microscopy with molecular probes based 

on photoluminescent (PL) nanoparticles (NPs) is rapidly emerging due to its several 

advantages over widespread fluorescent molecules, with the photostability, large surface 

and biocompatibility being the most important. Fluorescent carbon dots [1], metal 

nanoclusters [2, 3], plasmonic NPs, upconversion NPs [4] and nanorubies [5] are some 

of the newly developed PL NPs. This trend shows that PL NPs with unique properties 

are highly demanded. 

In this work, nanoruby is chosen due to its remarkable properties that are 

suitable for ultrahigh-sensitivity bioimaging applications and long-term biomolecule 

tracking in the broad context of cell morphology and functionality. These properties are, 

as follows. Firstly, nanoruby is extremely photostable, displaying unfading emission 

under continuous excitation, which extends to the excitation intensities of MW/cm
2
 and 

beyond. This allows uninterrupted monitoring of biological processes over prolonged 

periods at the level of single molecules, and has been successfully demonstrated in this 

project. Secondly, nanoruby emission is characterised by the exceptionally long-

photoluminescence lifetime measured in milliseconds. This allows the effective 

separation of nanoruby-emitted photoluminescence from the background fluorescence 
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by using the time-gated imaging system, which has been introduced in this thesis. As a 

result, ultrahigh-sensitive imaging can be realised due to the dramatic improvement of 

the image contrast. Thirdly, nanoruby has been proven to be non-cytotoxic, which 

suggests its biocompatibility, and hence enables a range of imaging and therapeutic 

applications in the life sciences, where toxicity of the molecular probe and/or drug 

delivery nanovehicle is a concern. In addition, nanoruby is characterised by a narrow 

photoluminescence emission band, large Stokes shift, and its good colloidal stability is 

achievable, as we have demonstrated. This work addressed the large-scale, 

straightforward and affordable nanoruby production methods, aiming to meet potential 

demands of mass-production of nanorubies and other PL materials derived from the 

existing bulk materials for applications in the life science. We have demonstrated the 

feasibility of applying nanorubies in ultrahigh-sensitive bioimaging, including cells and 

receptors labelling, and the real-time monitoring of the single nanoruby binding assay in 

biological fluid. 

Most of the existing methods for PL NPs production have several limitations. 

These include complexity, substantial time consumption, high cost, and low-scale 

production. In order to overcome these limitations, we explored the feasibility of the 

high-energy ball milling (HEBM) method for the large-scale nanoruby production. To 

this aim, we have demonstrated the proposed top-down production approach by 

transforming alpha-alumina micronised powder to nanoalumina. Alumina was used as a 

prototype, since it is the host material of ruby crystal. The optimised HEBM method, 

which included particle fractionation and chemical etching procedures, enabled the 

production of stable nanoalumina colloid, with the average size of 25 nm, excellent 

production yield (≈30 %) and purity (98 %). The cell viability MTT test has 

demonstrated non-cytotoxicity of nanoalumina, which represents an important initial 

step towards proving its biocompatibility. We demonstrated that the nanoalumina 

surface was readily amenable to surface-functionalisation, such as biologically-amiable 

amine groups, by using facile silane chemistry.  

The developed HEBM protocol was utilised to produce nanoruby powder from as-

procured micronised ruby powder. This yielded grams of nanorubies per batch, with the size 

range of 10 - 200 nm. The narrower size distributions were obtained by centrifugal 

fractionation, whereas the acid-based purification procedure yielded nanoruby powder of 
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the 98 % purity. XRD analysis revealed α-crystal structure of the milled sample. As-

produced nanorubies were exceptionally photostable, featuring the expected narrow 

emission band at 692 nm. In addition, they exhibited long photoluminescence lifetime 

≈3.7 ms, enabling ultrasensitive time-gated photoluminescence imaging. The ease of the 

nanoruby functionalisation was demonstrated by using the silane chemistry method, 

resulting the surface-functionalisation with amine groups and surface-redressing with 

carboxyl groups. As-produced nanorubies colloids were stable in water, but their 

stability in buffers was marginal. In order to counter this, nanorubies were 

functionalised with silane-terminated poly-ethylene glycol reagents, resulting in stable 

colloids in buffers. Furthermore, silica-coating of the nanoruby surface was carried out 

to increase the surface functional groups density, and demonstrated improved colloidal 

stability. 

The long-photoluminescence lifetime of nanoruby was utilised for the time-

gated photoluminescence (TGP) imaging, which enabled the visualisation of discrete 

nanorubies submersed in the highly fluorescent dye and fluorescent cellular 

environment by fully suppressing the laser-scatter and fluorescence background. The 

rapid imaging capability of the TGP system combined with the excellent photostability 

of nanoruby enabled live monitoring of single particle binding events in scattering and 

autofluorescent biological fluids. These results pave way for ultrafast, optical imaging 

and tracking at the single-nanoparticle sensitivity. 

7.2 Future Scope 

This study placed significant contribution in theranostics area, which is a new 

approach for diagnostic and therapeutics. Nanoalumina and nanorubies have been 

produced in large scale for this purpose. Nanoalumina is known as a promising drug 

carrier, which has been used for cancer treatment [6]. Meanwhile, nanorubies will 

enable drug delivery and deposition at single-molecule level in cells. This new type of 

PL nanomaterial will hopefully allow safe ways of drug delivery, manipulation and 

visualisation. In this project, my colleagues and I have demonstrated the real-time 

monitoring of nanoruby binding assay in serum. This assay can be extended to the other 

biological fluids, such as blood and urine. Nanorubies coupled to antibodies can be 

employed to recognise and bind to antigens for diagnostics of pathological conditions. 
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For example, a prostate cancer biomarker, CD9 antigen, can be detected using 

nanoruby-based assay, leading to early cancer diagnostic [7]. The demonstrated 

potential of nanoruby-enabled single biomolecule tracking is applicable to μ-opioid 

receptor labelling towards investigation of the molecular mechanisms behind pain-

relief. This understanding is crucial for developing better analgesic drugs with reduced 

side-effects.  

HEBM has been shown to provide a powerful approach for production of a 

variety of nanomaterials from their bulk form. These nanomaterials exhibit excellent 

properties in terms of size, biocompatibility, and colloidal stability. HEBM can be 

applied to transform existing bulk material with properties desirable for theranostics 

application into new PL NPs. Now, there is a wide range of bulk materials in particular 

laser material, featuring a variety of photoluminescence properties. The laser materials 

are chosen based on the absorption and emission range, and efficiency. One of the 

potential laser crystal is Yb:KGW. This crystal has simple two-level electronic 

structure, which prevents undesired loss processes including upconversion, excited state 

absorption, and concentration quenching [8]. In addition, it requires 980-nm excitation 

source. This property is very important for deep tissue imaging, where the absorption of 

this crystal is in the biological tissue transparency window ranging from 700 nm to 

1300 nm. 

Several improvements will have to be implemented before high-quality 

nanomaterials become available routinely and at a large-scale. Adjustment of pH during 

the milling process is an important control parameter, which can improve minimally 

achievable size and surface quality of as-produced nanocrystallites. It has been reported 

the smaller-size alumina NPs were obtained by adjusting pH to the lower value [9]. This 

indicates that the milling efficiency can be improved by controlling the sample stability. 

It can be interpreted in terms of the aggregation propensity of colliding particles at the 

submicron-size range, which is minimised by controlling pH. Replacement of water 

with purpose-selected media is expected to improve the milling outcomes in terms of 

the colloidal stability. For example, Polyethylene glycol (PEG) solution can be applied 

in order to increase colloidal stability of NPs in buffer solutions.  

The photoluminescence action cross-section of as-produced nanoruby can be 

increased by increasing the chromium content in the ruby crystal. However, only few 
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types of synthetic ruby crystal with different chromium doping is available 

commercially. The combustion synthesis [10] represents a promising solution for the 

high chromium -doping ratio nanorubies, where the doping ratio can be controlled. It is 

interesting to note, nanoruby lifetime depends on the chromium content due to the 

intersystem crossing effects [11]. This can be exploited in lifetime-based spectral 

multiplexing,  which can be applied for multiple analytes detection in biological 

samples as reported elsewhere [12, 13].  
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APPENDIX A 

The addendum shows the results of the initial milling experiments, which were milled 

with a different parameters to what were reported in the paper. The milling parameters 

are given in Table A.1. This work established a foundation to design better milling 

protocols. In this experiment, multi-steps milling was applied. 5-mm zirconia milling 

balls was chosen for the first stage of micro alumina powder milling (mean size 1.5 

μm). The milling was done in 1 hour, which was aimed at breaking large particles 

present in the alumina sample. Then, the milled sample was extracted by using 0.08-mm 

sieve and loaded again in the milling bowl for second milling step. For the second stage, 

1-mm zirconia milling ball was used for breaking smaller agglomerated particle. This 

milling process was performed for 1 hour. Then, the milled sample was extracted again, 

and used for final milling step by using 0.2-mm zirconia milling ball. This process was 

performed for 3 hours, which functioned to reduce the particle size until nanometer 

range. Distilled water was used as a milling aid throughout the milling process, which 

help to disperse the particle as well as increase the milling efficiency by reducing the 

agglomeration phenomena. The milled sample was analysed in terms of their size and 

composition.  

Table A.1: Multi-steps milling parameter 

Milling 

duration 
Ball size 

Ball 

number/mass 
speed 

Ball/powder mass 

ratio (Charge ratio) 
1 hour 5 mm 80 pcs 1000 rpm 

25 1 hour 1 mm 25 g 1100 rpm 

3 hours 0.2 mm 25 g 1100 rpm 

 

SEM image of milled alumina is shown in Figure A.1. It can be observed that the 

alumina particle size decreases with longer milling time. In order to determine the 

morphology of the alumina nanoparticles, TEM analysis was carried out. From TEM 

image shown in Figure A.2, the mean size of the alumina particle was determined as 66 

nm. The shape of the particle is irregular with quasi-spherical shape. XRD analysis was 

carried out to examine the contamination in the sample. From the XRD spectra depicted 

in Figure A.3, strong zirconia peak was observed (shown by the arrow). This indicates a 
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huge amount of zirconia contamination in the sample. The contamination was estimated 

around 52 %, based on EDX analysis. In order to reduce the contamination, milling 

parameters were modified, including using only small milling balls, and set lower 

charge ratio. 

 

Figure A.1: SEM micrographs of milled alumina. Columns: 1 hour, 2 hours and, 5 

hours milling time in 10 000, 20 000 and 50 000 magnification respectively. Scale bar 

for 10 000 and 20 000 magnifications is 1 μm. 
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Figure A.2: TEM image of milled alumina 

 

Figure A.3: XRD pattern of 5 hour milling alumina sample. The arrow shows the 

zirconia peak. 
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APPENDIX B 

PROTOCOL FOR AMINE AND CARBOXYL 

FUNCTIONALISATION 

 

1. 30 mg of nanoalumina/nanoruby powder was thoroughly washed 3 times with 

MilliQ water by centrifugation and resuspended in 1 mL of 95% ethanol (5% 

MilliQ water) in a clear vial, followed by sonication for 5 minutes to prepare a 

stable colloid.  

2. For surface-functionalisation with amino-groups, 100 µL of (3-Aminopropyl) 

triethoxysilane (APTES) (Sigma-Aldrich, Australia) was added to the colloid, 

and the mixture was sonicated in a bath-sonicator for 1 hour.  

3. The sample was then washed 5 times with ethanol to ensure complete removal 

of unreacted APTES, and dried in an oven at 60ºC for 1 hour.  

4. For the carboxyl functionalisation, 20 mg of Succinic anhydrate (SA) was 

dissolved in 120 µL Dimethyl sulfoxide (DMSO).  

5. 10 mg of amine-functionalised nanoalumina/nanoruby was dispersed in 300 µL 

100% ethanol. These two solutions were mixed together and left on the shaker 

overnight. The sample was then washed 5 times with ethanol, and dried in an 

oven. 
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PROTOCOL FOR NANORUBY PEGYLATION  

 

1. 1 mg.mL
-1

 Nanoruby solution was rinsed 3 times in water by centrifugation for 5 

min at 5000×g, followed by replacing the supernatant with MilliQ water and 

redispersion by sonication and vortex.  

2. The rinsing step was repeated once more, but ethanol was added to the pellet 

instead of water. 10 mM Silane-PEG (Mw=2000 Da; Laysan Bio, Inc, US) 

solutions were prepared in ethanol.  

3. This PEG solution was used to replace the ethanol in the nanoruby solution.  

4. The samples were vortex thoroughly and sonicated for 1 hour.  

5. The samples were washed 5 times with ethanol at 10,000×g for 5 min and dried 

overnight in a convection oven.   

 

PROTOCOL FOR NANORUBY SILICA COATING   

 

1. 5 mg of poly(vinylpyrrolidone) (Sigma-Aldrich, Australia) with molecular 

weight of 360000 Da (PVP-360) was dissolved into 4 mL MilliQ water followed 

by sonication for 5 mins.  

2. This solution was added into 25-mL round-bottom flask containing 4 mL of 

nanoruby suspension.  

3. The mixture was stirred at 400 rpm for overnight.  

4. To remove the excess PVP, the PVP-modified nanoruby was washed with 

MilliQ water, followed by washing with a mixture of MilliQ water and ethanol 

(1:1 in volume).  
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5. For the silica coating, 20 mL ethanol, 3 mL water, 20 μL tetraethoxysilane 

(TEOS) and 400 μL ammonia were added in sequence into a 50-mL round-

bottom flask.  

6. Then, washed PVP-modified nanoruby in 4 mL ethanol was added.  

7. The mixture was left stirring at 400 rpm for overnight at room temperature.  

8. The sample was washed with ethanol 3 times to remove the excess reaction 

agents. 

9. The silica coated nanorubies was stored in ethanol. 

 


