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Abstract 

The general goal for biosensing is to realize ultra-sensitive, high-contrast, rapid and high-

throughput detection, localization and quantification of trace amounts of biomolecules and 

diseased cells of rare types within complex samples. Luminescent probes, such as lanthanide 

complexes and photon upconversion nanomaterials, hold the potential to realize this goal, 

due to their unique optical properties, which include long luminescence lifetimes in the 

microsecond region and as well sharp spectral emission spectra. Application of the time-

gated and time-resolved techniques based on these probes will provide background-free 

detection conditions. But such a potential has been seriously limited by the availability of 

suitable instruments.  

The focus of my PhD research program is the development and the design of new 

instruments to realize time-domain detection towards advanced optical characterizations of 

luminescent materials and their analytical applications in biosensing and bioimaging. 

Specifically, my research project aims to advance and translate the time-gated luminescence 

detection technique into three prototype instruments – the multi-colour microscope, the in-

vivo imaging system, and the high-speed scanning cytometry.  

The development of the first instrument, a multi-colour microscope, in this work had the 

specific aims of (a) increasing the detection efficiency, (b) improving the compatibility and 

stability, and (c) reducing the cost and complexity associated with time-gated luminescence 

microscopes. These aims were met by designing and engineering a high-efficiency excitation 

unit that is based on a high power and high repetition rate Xenon flash lamp, to provide 

broadband illumination for simultaneously exciting multiple lanthanide luminescent probes. 

The time-gated detection module of this apparatus is optimised by using a fast-rotating 

optical chopper with a pinhole on the edge of the chopper blade to realise a high switching 

speed. The modular design has been proved to offer high compatibility and stability when 

installed to a commercial inverted microscope, and high-contrast dual-colour imaging has 

been demonstrated in this work by imaging two types of micro-organisms stained by a red-

emitting europium complex and a green-emitting terbium complex, respectively, using this 

setup.  
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The second instrument, an in-vivo imaging system, extended the time-gated technique used 

in background-free small animal imaging. In this work, the mechanics and optics of the time-

gated detection unit of this instrument was re-designed so that this instrument became more 

suited to the visualization of upconversion nanoparticles when it was used as the optical 

contrast agents. Their ability to be excited at 980 nm and emit at 800 nm are advantageous 

for deep-tissue imaging of animal models because near-infrared light lies in the ‘biological 

transparent window’ where haemoglobin and proteins demonstrate a low absorption. In this 

work, it was shown that an excitation module housing up to eight 980 nm fibre-coupled 

diode lasers could be engineered, and a synchronization circuit to generate time-delayed 

pulses with sufficient driving capacity could be designed.  Capable of significantly reducing 

the optical background and the thermal accumulation, the system integrating near-infrared 

optical imaging and time-gated technique was demonstrated that could visualise 

upconversion nanoparticles injected into a Kunming mouse in vivo.  

The third instrument, a high-speed scanning cytometry, aimed to achieve high-precision 

pinpointing of individual luminescent targets at high sample throughput for quantitative 

measurements. Based on the orthogonal scanning automated microscopy (OSAM) method 

previously developed by members of the Author’s research group, the next-generation 

referenced-OSAM (R-OSAM) was further engineered by integrating two linear encoders 

and an autofocus unit to provide the positional reference and compensate the sample tilt in 

real time. It has been evaluated using micrometre-scale luminescent beads incorporating 

down-converting lanthanide complexes or upconversion nanoparticles, crystalline 

microplates, colour-barcoded microrods, and quantitative suspension array assays. 

Through the course of this work, a range of device modules have been demonstrated with 

high detection efficiency, low cost, improved stability and compatibility to modify 

commercial systems. These create new opportunities for chemistry and biology laboratories 

to access advanced time-gated luminescence techniques for material characterisation and 

biosensing applications.  

This work is structured as a thesis by publication. The three result chapters are presented 

in the form of four peer-reviewed journal papers.  

Key words: long-lived luminescence; lanthanide; time-gated luminescence microscope; 

time-resolved; high throughput; high resolution; in-vivo imaging system
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Chapter 1: Introduction 

Time-Gated Luminescence (TGL) microscopy has been demonstrated to be a powerful 

tool for high-contrast imaging of rare-event cells and low-abundance biomolecules in 

complex biological samples using long-lifetime luminescent bioprobes [1,2]. This offers 

major improvements in detection limits, especially in the presence of substantial 

autofluorescence from the sample, and in addition, the prospect of using lifetime-coded 

luminescent probes for time-domain multiplexing [3-5]. 

This thesis reports key advances in instrumentation giving practical effect to time-gated 

luminescence microscopy, both for wide-field and scanning microscopes, facilitating high-

throughput multiplexed detection, high-contrast in vivo bio-imaging of small animals, and 

high-speed automated scanning quantification complex samples.  In particular, a new 

generation of time-gated wide-field microscopes has been designed which offers a compact, 

low cost add-on to standard inverted fluorescence microscopes which enables wide-field 

time-gated imaging with high autofluorescence signal rejection to deliver high contrast, 

while retaining a high level of flexibility in terms of spectral and temporal parameters.  The 

efficacy of these instruments has been demonstrated in multi-colour time-gated microscopy 

of different microorganisms labelled with time-coded luminescent probes, and background-

free (TGL) imaging in-vivo of specific species (Vitamin C) labelled with a long-lifetime 

reactive probe. Following similar design concepts a new TGL camera system has been 

developed for imaging whole small animals, enabling high-contrast imaging of 

subcutaneous organs based on TGL detection of injected up-conversion nanoparticle probes.  

Finally, a new generation of scanning TGL microscope has been developed and tested which 

enables high-speed inspection of large biological samples containing small numbers of target 

organisms, high-precision location of target organisms, and subsequent target intensity and 

lifetime measurements leading to target species identification and quantification with low 

levels of uncertainty.  It is anticipated that these new generations of TGL instrumentation 

will find important applications in environmental sensing, biomedical diagnostics, and 

materials characterisation. 

This chapter reviews the current status of instrumentation developments for the detection 

of long-lifetime luminescence materials and bio-analytes. It first briefly introduces the 
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fluorescence detection techniques and identifies the limitations; the key challenges of 

fluorescence techniques in practical applications; the motivation, fundamental knowledge 

and the major advantages of using time-gated detection technique for microscopy and 

imaging in related areas of the materials chemistry, instrumentation and bio-applications. A 

detailed thesis plan is provided at the end of this chapter. 

1.1 Fluorescence Biotechnology 

1.1.1 A brief overview 

Sensitive detection of tiny and complex biomolecules and imaging of subcellular 

structures within cells and microorganisms are critical for understanding of biological 

processes [1,6-9]. Optical microscopy is widely used together with selective staining of 

target biomolecules and cells with fluorescent probes to provide high contrast to the non-

target biological samples in different colour bands (spectra).  

Over the last three decades, remarkable progress has been made in fluorescence 

biotechnology that drives many discoveries of biomedical research in biochemistry, 

biophysics, life sciences and disease diagnosis. On one hand, new classes of fluorescence 

probes have been designed and synthesized with unique optical properties, such as organic 

compounds and complexes [10-16], genetically engineered fluorescent proteins [17], 

semiconductor quantum dots [18-20], gold nanoparticles [20-22], silica or polymer 

nanoparticles [23-26], and rare earth doped nanocrystals [27-31]. On the other hand, new 

detection methods have been demonstrated through Instrumentation development, thanks to 

the rapid developments in excitation light sources, optical filters and thin-film coating 

technology, semiconductor detectors, as well as electronics and computing technologies. 

Thus detection and tracking of single molecules under fluorescence microscope or other 

analytical devices is already possible.  

Many novel imaging techniques, including laser scanning confocal microscopy, 

multiphoton microscopy, and super-resolution nanoscopy, continue to extend the limit to 

spatial resolution from the microscopic to nanoscopic region, and many other cytometry 

techniques, such as polychromatic flow cytometry, laser scanning cytometry, microfluidic 

devices, microelectromechanical systems (MEMS), biochips, are continuing to improve the 
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analytical speed, throughput, sensitivity and specificity for screening multiple cellular 

analytes and populations of cell types.  

With the interactive developments in both fluorescence probes and detection instruments, 

fluorescence technology has at present become a dominant methodology extensively used in 

a variety of fields of biotechnology and life sciences, such as biology, microbiology, 

cytology, molecular cytology, genetics, immunology, pathology, oncology, and medical 

diagnostics. 

1.1.2 The autofluorescence challenge 

A key challenge for fluorescence biotechnology, however, lies in autofluorescence, that 

is, the natural fluorescence emission from samples under UV-visible excitation light. 

Autofluorescence is commonly found in both biological and non-biological samples, 

including endogenous molecules, cells, tissues, microorganisms and plant debris, as well as 

fluids and minerals. Figure 1-1 illustrates typical examples of environmental water samples 

excited in a fluorescence microscope without any fluorescent staining.  

 
FIGURE 1-1 Examples of autofluorescence in environmental water samples (collected from various 

sources in Sydney, Australia) under fluorescence microscope. Reprinted from Ref. [32]. 

Autofluorescence typically covers a broad range in the visible spectrum with emission 

lifetime of a few nanoseconds, and is often very difficult to distinguish from targets labelled 

with standard molecular dyes (FITC, Alexa etc.). This issue is commonly encountered in 

biological experiments, leading to reduced detection sensitivity and/or imaging contrast for 

conventional fluorescence techniques. Autofluorescence is particularly problematic in 

detecting trace levels of target analytes from complex samples containing a large quantity of 

non-target substances, since the fluorescence signals from target-of-interest are barely 

visible in the presence of strong autofluorescence [33]. Rare-event detection problems, such 
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as detection of residue cancer cells in blood at a frequency of less than one in a million and 

screening of rare pathogens in environmental or food samples, demand more sensitive 

methods to suppress the preponderant autofluorescence in most real samples. 

1.2 Time-Gated Luminescence Method 

While fluorescence detection is usually carried out in the spectral domain, the time 

domain offers another opportunity based on measurement of lifetimes (i.e. decay rates after 

pulsed excitation). Both conventional fluorophores and autofluorescence have lifetimes 

around a few nanoseconds, thus it is difficult to distinguish them from each other. The 

autofluorescence challenge, however, has been overcome by the time-gated luminescence 

(TGL) method proposed about 40 years ago, which takes advantage of long-lived 

luminescence probes.  

1.2.1 Fluorescence vs. Luminescence 

Before details of the TGL method are introduced, the concepts of fluorescence and 

luminescence are explained for clarity purpose.  

Fluorescence is the emission of light through quantum mechanically allowed transitions 

by a substance that has absorbed excitation or other electromagnetic radiation. The 

fluorescent substance typically has multiple energy levels originating from the electron 

orbitals, as illustrated by the Jablonski diagram in Figure 1-2(a). The fluorescence process 

starts when a photon is absorbed by the substance in its low-energy states (the ground states), 

which are excited to one of the high-energy states (the excited states). Fluorescence emission 

occurs when an excited state relaxes to a ground state by emitting a photon.  

Fluorescence is typically characterised by the emission and excitation spectra. The 

emission spectrum is a plot of the fluorescence intensity as a function of emission 

wavelength (or wavenumber), measured at a single constant excitation wavelength. The 

excitation spectrum is the dependence of emission intensity, measured at a single emission 

wavelength, upon scanning the excitation wavelength. In most cases, the emission light has 

a longer wavelength, and therefore lower energy, than the absorbed light. Thus, colour filters 

with different transmission bands can be used to separate the excitation and emission in the 
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spectral domain. This renders labelled targets distinguishable from non-targets in 

fluorescence detection. 

In comparison, luminescence is a process superficially similar to fluorescence but with 

fundamental difference in terms of transitions between energy states. In luminescent 

materials, radiative relaxation from excited states back to the ground states is typically 

forbidden quantum mechanically due to spectroscopic selection rules, including the spin rule 

and the Laporte rule. The former states that electrons can only transit between energy levels 

with identical spin quantum number, while other transitions, e.g. transitions between singlet 

states to triplet states, are spin forbidden. The latter states that electronic transitions must 

invert parity for centrosymmetric molecules and atoms. Because different electron 

configurations on the same orbits share the same parity, electrons must transit to different 

orbits next to their original ones, such as d-f, while d-d and f-f transitions are Laporte 

forbidden. Nevertheless, in reality these forbidden transitions still happen, but at much lower 

probabilities (rates). The average time spent in the excited state, which is the emission 

lifetime, is thus much longer compared to allowed transitions in the case of fluorescence.  

Since the forbidden nature not only influences emission but excitation as well, instead of 

direct pumping onto the excited states for emission, luminescent probes usually employ other 

excited states of higher energy for efficient energy sensitizing. For example, in the Jablonski 

diagram in Figure 1-2(d), the substance exhibits two excited states – a higher singlet excited 

state that facilitates transition to the singlet ground state, and a lower triplet excited state 

where the forbidden transition from/to the ground state occurs at very slow rates. To enable 

efficient luminescence, it is required that the singlet excited state is capable of rapid, 

nonradiative relaxation to the triplet state compared to radiative relaxation to the ground 

state, so that most of the excitation energy is stored for subsequent slow release. This is 

typically realised by attaching a ligand as the light antenna, to emitters such as lanthanide 

and transition metal ions. A brief summary of existing long lifetime luminescent materials 

will be given in Section 1.3. 
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Figure 1-2. The Jablonski diagram illustrates the process of fluorophore (a) and photoluminescence 

in a singlet and triplet system (d). (b) and (e) show the excitation and emission spectrum of 

fluorophore and long-lived luminescence complexes. (c) and (f) show the emission decay of 

fluorophore and emission decay of long-lived luminescence complexes. 

1.2.2 Principle of time-gated luminescence detection 

To overcome the autofluorescence problem for enhanced detection sensitivity in 

immunoassays, the time-gated luminescence (TGL) method was proposed in the 1970s as a 

solution [34,35]. Based on the outstanding difference in decay lifetimes between luminescent 

probes and autofluorescence, the TGL method employs periodical pulsed excitation and 

time-delayed detection to differentiate signal from background. As shown in Figure 1-3(a), 

a typical detection cycle consists of an excitation pulse, an appropriate period of time delay, 

and a gated detection window. Following the pulsed excitation, the signal luminescence 

decays much slower than the short-lived autofluorescence background, so that after the time 

delay, autofluorescence as well as residual scatterings of the excitation light vanishes, and 
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only long-lived signal luminescence from labelled analytes will be detected. As shown in 

Figure 1-3(b and c), this significantly enhances the signal-to-background ratio [3,36-40]. 

Long integration time consisting of multiple TGL cycles is often used to accumulate the 

luminescence signal and average out the random electronic noise to further improve the 

contrast. 

 

FIGURE 1-3 (a) Schematic diagram illustrating the principle of time-gated luminescence detection 

for long-lived luminescence materials. During the gated window, only the pulsed excitation is 

switched on. After the excitation pulse, the short-lived autofluorescence background is eliminated by 

a suitable time delay before the signal collection window. During the signal collection window, only 

long-lived luminescence signal is detected by the detector. True-colour images of a BHHCT-

europium complex labelled Cryptosporidium parvum oocyst within fruit juice concentrate are shown: 

(b) a conventional fluorescence microscope image; (c) a time-gated luminescence microscope image 

of the same sample.  Reproduced from Ref. [3,39,41] 
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1.3 Long-lifetime luminescent materials 

Time-gated luminescence techniques rely on the unique property of long lifetime 

luminescence materials. Ideally, the emission lifetimes of these materials should be in the 

microseconds range. On one side, measuring lifetimes shorter than a microsecond requires 

sophisticated and expensive equipment; on the other side, when the lifetime of luminescent 

probes is longer than 1 ms, the luminescent intensity becomes relatively weak, which needs 

to be compensated by extended detection time. Existing luminescence materials with 

lifetimes in the above range, as summarised in Figure 1-4 and Table 1-1, are briefly 

introduced in this section.  

 

Figure 1-4 A classification of the long-lifetime luminescence materials is shown. These include 

organic lanthanide luminescence complexes, in organic upconversion nanocrystals, transition metal-

ligand complexes, doped semiconductor quantum dots, and non-metal probes. 
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1.3.1 Lanthanide probes 

Lanthanides comprise 15 chemical elements with atomic number from 57 to 71. 

Excepting Lanthanum (La) and Lutetium (Lu), the remaining 13 elements are inclined to 

form trivalent ions Ln3+ with the similar electron configuration of 

1s2 2s2 2p6 3s2 3p6 3d10 4s2 4p6 4d10 4f0~13 5s2 5p6, 

often represented in short as [Xe] 4f0~13. The partially-filled 4f orbitals shielded by 5s and 

5p electrons provide with well-defined energy levels hardly influenced by physical and/or 

chemical surroundings, as depicted by the well-known Dieke Diagram that has been 

discussed by Dieke and Crosswhite in 1963 for depicting energy levels of Ln3+ in LaCl3. 

Consequently, the emission peaks of lanthanide (III) 4f-4f transitions are characteristic of 

the elements, and have much narrower spectral bandwidth compared to other luminescent 

materials.  

A variety of organic ligands/chelates have been designed to form luminescent complexes 

with Ln3+ ions, so that they can absorb excitation light more efficiently and transfer the 

sensitized energy to Ln3+ for luminescence emission. These ligands also function as a 

scaffold for biomolecular conjugation and cell staining. Developing long-lifetime lanthanide 

bioprobes started in the late 1970s coincident with the conception of the TGL method, 

leading to development and implementation of four lanthanide probes (Eu, Tb, Sm, Dy) in 

the 1980s [55-58]. In 1998, Yuan, Matsumoto and Kimura developed a new Tetradentate β-

diketonate-europium chelate (BHHCT, Figure 1-5 (a)) with long lifetime around 500 µs and 

high quantum yield of 20%, and successfully bound it to proteins for time-resolved 

fluoroimmunoassay [13]. In 2001, Yuan et al. reported a new nonadentate ligand (BPTA) to 

chelate Tb3+, with a luminescence quantum yield of 1.00 and lifetime of 2.681 ms [14]. In 

2012, Zhang et al. developed new class of Tetradentate β-Diketonate-Europium Complexes 

(BHHBCB with 40% quantum efficiency and lifetime of 0.52 ms, Figure 1-5 (a)) that could 

be covalently bound to proteins as biolabels for highly sensitive time-gated luminescence 

bioassay in clinical diagnostic and biotechnology discoveries [15]. Recently, Sayyadi et al. 

developed a novel biocompatible europium ligand BHHTEGST, which is shown in Figure 

1-5 (a), and which displayed superior synthesis yield, stability, binding and emission 

characteristics (40% quantum efficiency) [16]. These major advances in materials have 
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enabled lanthanide complexes to be applied for a variety of biosensing and bioimaging 

applications [59-63].  

 

Figure 1-5. (a) Three advanced europium chelates for luminescence bioprobes: BHHCT, BHHBCB 

and BHHTEGST are given [13,15,16]. (b) The schematic diagram illustrates luminescence from a 

lanthanide complex (lanthanide ion chelated by an organic antenna ligand). The antenna ligand 

absorbs the excitation photons then transfers the energy non-radiatively to the lanthanide ion that 

emits long-lived luminescence. (c) A Jablonski diagram illustrates this process of lanthanide ion 

chelated by an organic antenna ligand [1].  

Another promising development in lanthanide probes has happened in the area of 

inorganic upconversion nanocrystals. Because lanthanides have multiple excited-state 

energy levels with similar intervals, some systems can convert two or more low-energy near-

infrared photons into one photon of higher energy and shorter wavelength. For example, in 

Yb-Tm or Yb-Er co-doped nanocrystals (Figure 1-6), the Yb3+ sensitizers absorb excitation 

at 980 nm and transfer the sensitized energy to Tm3+ or Er3+ acceptors, which subsequently 

emit upconversion luminescence in blue or green colours. This is advantageous in 

bioimaging applications as near-infrared (NIR) has less photo-toxicity, produces negligible 
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autofluorescence, and penetrates deeper into the tissue samples through the so-called 

“biological transparent window” (650 nm - 900 nm)[64,65]. 

In 2006 Wang et al. used green upconversion nanocrystals as probes for DNA detection. 

In 2008, Prasad et al. used fluoride nanophosphors doped with Tm3+ and Yb3+ for high 

contrast in vitro and in vivo photoluminescence bioimaging. The rapid developments in 

nanoscience and nanotechnology have made robust synthesis protocols available to produce 

monodisperse nanocrystal hosts, including fluorides (NaYF4, NaGdF4, NaYbF4, NaLuF4), 

and oxides (Y2O3, Gd2O3). Generally speaking, rare earth doped fluoride nanocrystals are 

the best due to their low phonon energy, good thermal stability, optical stability, high 

transparency, high refractive index and high capacity for doping lanthanide ions. By doping 

the trivalent Ln ions (Er3+, Tm3+, Ho3+, Pr3+, Ce3+, Nd3+, Tb3+, Dy3+, Sm3+ and Eu3+) as 

emitters, multi-colour emissions from UV to visible to near infrared have been demonstrated, 

as shown in Figure 1-6; and only Yb3+, Nd3+ ions have been demonstrated as efficient 

sensitizers to absorb 980 nm and 808 nm excitations. Recently, core-shell structured 

nanoparticles composing of an upconversion emission core and a photosensitiser-embodied 

shell arrangement, whose structure indicated that the upconversion emission core can be 

passivated efficiently to reduce the core surface defects and insulated from the 

environmental effects, have also been extensively exploited to display dramatically 

improved upconversion efficiency [66,67]. The surface of nanoparticles can be deliberately 

modified by ligand attraction, self-assembly, surface polymerization or ligand engineering, 

and then covalently conjugated to functional biomolecules [68-74]. These strategies render 

inorganic nanocrystals biocompatible as luminescent tags to target biomolecules for bio-

detection and bio-imaging applications.  
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Figure 1-6. (a) The TEM and the SEM image of NaYF4:Yb/Er plate and nanocrystals, and the 

simplified energy-level scheme of NaYF4:Yb/Er nanocrystals indicating major energy levels. (b) The 

TEM and the SEM image of NaYF4:Yb/Tm nanocryscals and microrods, and the simplified energy-

level scheme of NaYF4:Yb/Tm nanocrystals are also given indicating major energy levels. Reprinted 

from Ref. [4,75-79]. 

1.3.2 Transition metal-ligand complexes 

Transition metal-ligand complexes (MLC) consist of a transition metal ion in the central 

position chelated by several ligands. They exhibit complex excited states, typically resulting 

from charge transfer between the molecular entities. With ions that possess d6, d8 or 

sometimes d10 electron configurations,  including Ru(II), Os(II), Ir(III), Pd(II), Pt(II), Au(I), 

Cu(I) etc., MLC typically show strong spin-orbit coupling, allowing efficient intersystem 

crossing from singlet excited states to triplet states. A variety of MLC have been developed 

as photo-luminescent probes and sensors at room temperature. 
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In 1996, E.J. Hennink et al. used long-lived luminescent Pt-Porphine beads to evaluate 

time-resolved fluorescent microscopy [38]. In 2013, Buddha et al. reported that gold clusters 

in traditional fluorescence probes emit bright luminescence with short (up to 100 ns) and 

long lifetimes (up to 280 µs), and good photo-stability [80]. Wang et al. synthesised three 

novel 3D Cd(II) coordination polymers and demonstrated luminescence with emission 

maxima in the deep blue, blue and green, respectively, with luminescent lifetime  around 10 

µs [81]. Morris et al. studied the photo-physical properties of a Ruthenium (II) tris (2, 2’-

bipyridine)-doped Zirconium UiO-67 metal-organic framework, with the emission decaying 

exponentially for low concentration  Ruthenium (II) tris (5, 5′-dicarboxy-2, 2′-bipyridine) 

(Ru-DCBPY) (at doping concentration of 3 mmolar), but with non-exponential decay under 

high doping conditions [82].  

Similar to lanthanides, MLC have also been utilized to generate upconversion 

luminescence based on triplet-triplet annihilation (TTA). TTA upconversion employs two 

triplet compounds with matching energy levels of their excited states as the sensitizer and 

emitter (also called annihilator). The excitation energy is harvested by the sensitizer, 

followed by triplet–triplet energy transfer (TTET) to the emitter. When two emitters in the 

triplet excited state collide with each other, one of them will be pass on the energy to pump 

the other into a higher singlet excited level, which results in emission at shorter wavelength 

than the excitation light, as shown in Figure 1-7. A variety of MLC, such as Ru(II), Pt(II), 

Pd(II) and Ir(III) complexes, have been demonstrated to be efficient triplet sensitizers, while 

anthracene, perylene, DPA (9,10-diphenylanthracene) and BODIPY (boron-

dipyrromethene) have been the common triplet emitters. 
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FIGURE 1-7 (a) A triplet sensitizer [(bpy)2Ru(3-pyrenyl-1,10-phenanthroline)]2+(PF6
-)2 (Ru-8)and 

the triplet sensitizer 9,10-diphenylanthracene (DPA,A-1) for triplet–triplet annihilation based 

upconversion is shown. (b) A qualitative Jablonski Diagram illustrating the sensitized TTA 

upconversion process between triplet sensitizer and acceptor (annihilator/emitter) is given. The effect 

of the light-harvesting ability and the excited state lifetime of the sensitizer on the efficiency of the 

TTA upconversion is also shown. E is energy. GS is ground state (S0). 3MLCT* is the metal-to-

ligand-charge-transfer triplet excited state. TTET is triplet–triplet energy transfer.3A* is the triplet 

excited state of annihilator. TTA is triplet–triplet annihilation. 1A* is the singlet excited state of 

annihilator. The emission band observed for the sensitizers alone is the 3MLCT emissive excited 

state. The emission bands observed in the TTA experiment are the simultaneous 3 MLCT* emission 

(phosphorescence) and the 1 A* emission (fluorescence). Reprinted from Ref. [83,84]. 

1.3.3 Indirect bandgap semiconductor nanoparticles 

Semiconductor materials can absorb light to generate electrons in the conduction band 

and holes in the valence bands, followed by radiative recombination to emit light. For 

indirect bandgap semiconductors, such as silicon, their minimum-energy state in the 

conduction band and the maximum-energy state in the valence band have different 



16   INTRODUCTION 
 
wavevectors, so that extra phonons are required for momentum conservation in radiative 

recombination, as shown in Figure 1-8. This effectively means the luminescence in silicon 

is of low probability and thus has long lifetimes, on the order of milliseconds for pure silicon 

and tens of microseconds for nanoparticles. 

 

FIGURE 1-8 (a) the Schematic diagram depicting the structure and in vivo degradation process for 

(biopolymer-coated) nanoparticles is given [85]. (b) the SEM image of luminescent porous silicon 

nanoparticles (LPSiNPs) (the inset shows the porous nanostructure of one of the nanoparticles) is 

illustrated [85]. (c) The energy-band diagram for silicon where the dispersion curves are along the 

[100] direction (X-point) and the [111] direction (L-point) is shown. Conduction electrons (blue 

circles) and valence holes (red circles) occupy the band’s minima with Δk (momentum/ћ) being the 

wavevector’s difference for silicon [23]. Photon emission is not allowed for silicon [23]. 

In 2013, Gu et al. first demonstrated time-gated imaging of porous silicon nanoparticles 

in a live mouse, which were spontaneously accumulated in a tumour xenograft following 

polyethylene glycol (PEG) coating and intravenous injection [86]. These nanoparticles have 

broad absorption band in the UV-blue region with peak around 370 nm, and emit broadly in 
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the red-NIR region with peak around 790 nm and lifetime 5-13 μs. The quantum yield has 

also been reported as high as 10% [86]. Offering high biodegradability, low toxicity, large 

free volume and high flexibility for biofunctionalization, the porous silicon nanoparticles 

represent promising new luminescent probes for various multi-funcitonal diagnostic and 

therapeutic applications [85-87].  

1.3.4 Non-metal probes 

It is known that some pure organic compounds, such as tryptophan residues and 

benzophenone (BP) derivatives, are capable of long-lived luminescence when crystallized 

or embedded into solids. However, they generally become non-emissive when dissolved in 

solvents, due to nonradiative decays of their long-lived triplet excited states caused by 

intramolecular motions and intermolecular collisions at room temperature. To reactivate the 

emission, a novel strategy has emerged using a fluorescent dye as the accepter, so that the 

energy is transferred from the triplet excited states of the luminophore to the singlet excited 

states of the dyes for efficient photon emission, as shown in Figure 1-9. The emission 

lifetime of the dye thus follows that of the luminophore, presenting a new strategy to develop 

long-lifetime luminescent probes.  
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FIGURE 1-9 (a) Structures and Ariginine-rich peptide (ARC) codes of Ariginine-rich peptide 

Luminescence (ARC-Lum) probes and Scheme of the protein-induced long lifetime luminescence is 

shown [17]. (b) The Jablonski diagram of long lifetime luminescence of labelled thiophene- and 

selenophene-containing ARC-Lum probes in the complex with protein kinases is given. The 

thiophene- or selenephene-containing fragment (donor, D) is flash-excited at 337 nm to singlet exited 

state S(D)1*, followed by intersystem crossing (ISC) to the triplet state of the fragment (T(D)1*). 

Thereafter the energy is passed to the conjugated dye (acceptor, A) that is excited (singlet excited 

state of the conjugated dye, S(A)1*), followed by the radiation at the emission wavelength of the 

acceptor dye that is measured. IC, internal conversion; VR vibrational relaxation. Reprinted from 

Ref. [17]. Theoretical explanations and mathematical equations of this type of optical transitions 

have been discussed by  Engvall et al[88]  and Lakowicz et al[89,90].  

Several non-metal long-lifetime probes have been reported employing the energy transfer 

scheme. For example, Enkvist et al. developed protein-induced non-metal luminescent 

probes using arginine-rich peptides as the triplet donor, showing lifetimes from 19 µs to 266 

µs associated with 675 nm emission under 300-360 nm UV excitation when attached to 

target protein kinases [17]. Recently, Xiong et al. reported a pure organic compound 

displaying long luminescent lifetime of 22.11 µs in deaerated ethanol with quantum 
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efficiency around 84%, based on a similar scheme in which the energy gap between the 

singlet and triplet states was small enough to allow efficient reverse intersystem crossing 

from the triplet excited state back to the singlet excited state [91]. This effect is often called 

delayed fluorescence[92]. 

1.3.5 Choice of probes in the thesis 

While all the probes above are compatible with time-gated luminescence detection, in this 

thesis work, we mainly employed lanthanide complexes and upconversion nanoparticles. 

The complexes behave similarly to conventional fluorescent dyes, which is convenient for 

biosensing and bioimaging applications to adopt. The nanoparticles provide brighter signal 

due to multiple emitters in a single unit. They are also more flexible in engineering the 

luminescence properties through different doping elements and concentrations. Although 

extra efforts are needed to achieve robust and reliable functionalization of lanthanide 

upconversion nanoparticles to reduce aggregation and non-specific binding issues, they are 

ready to be used directly in experiments studying cell uptake [93,94], in vivo injection 

[31,95,96] and as encoding substrates for suspension arrays [4,97,98].  

1.4 Time-Gated Luminescence Instruments 

Since the concept of time-gated luminescence detection was proposed in the 1970s to 

improve the detection sensitivity of immunoassays [34,35], early TGL instruments were 

mainly variants of fluorometers, with a number of commercial platforms eventually 

becoming available. TGL imaging was not possible until the 1990s, when digital camera 

technology had been significantly advanced. Since then, a range of techniques have been 

implemented to realise time-gated luminescence instruments, which in return has stimulated 

remarkable progress in luminescent material synthesis and applications.  

1.4.1 Time-gating devices 

The TGL method requires rapid switching for both the light source and the photo-

detector, as well as precise time-synchronisation to ensure the excitation pulses and the 

detection windows are clearly separated. Depending on the actual components, some light 

sources (e.g. Light-emitting diodes, laser diode etc.) and detectors (e.g. Intensified Charge 

Coupled Device (ICCD), Single-photon avalanche diode etc.) can be modulated directly, 
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while others require external gating devices for switching. This leads to three major designs 

for TGL instruments as illustrated in Figure 1-10.  And Table 1-2 illustrates the key 

challenges of different types of time-gated instruments. 

 

Figure 1-10 the three major designs of Time-gated luminescent instruments 
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Table 1-2 the key challenges of different types of TGL instrument 

Design method Challenges Ref 

Design 1: Two 
external gated 
components 

L1+D1 
(1) Difficult to accurately synchronise two 

mechanical choppers 
(2) Low frequency 

[36,37] 

L1+D2 

(1) Low switching efficiency 
(2) Low switching speed 
(3) Need Polarized light 
(4) Low contrast 

[41,51,99,10
0] 

L1+D3 (1) High noise from the intensifier itself 
(2) Low quantum efficiency 
(3) High cost 

[101] 

L2+D3 [38,102] 

Design 2: One 
internal gated one 

external gated 

L3+D1 
(1) Low repetition rate of xenon flash lamp 
(2) Variability in pulse to pulse energy 
(3) Limited lamp lifetime 
(4) Long tails of flash lamp 
(5) Low frequency of chopper 
(6) High noise from the intensifier itself 
(7) High cost of intensifier 

[103-105] 

L3+D3 [39,106,107] 

L4+D1 (1) Sophisticated assembly 
(2) Low compatibility [3,108,109] 

L4+D3 (1) High noise from the intensifier itself 
(2) High cost of intensifier [2,24,86,110] 

Design 3: Two 
internal gated L4+D4 

(1) Cannot image  
(2) Only collect signal from one time-gated 

cycle 
[40,111,112] 

 

External gating devices have been widely employed, especially in the early development 

of TGL instruments when accessibility was limited for light sources and detectors capable 

of electronic gating. Table 1-3 summarises the performance characteristics of typical gating 

devices used previously for time-gated luminescence detection. Among them, mechanical 

choppers offer highest flexibility, due to 100% switching efficiency with no restriction on 

the wavelength or polarisation of the light [3,108,109]. Liquid crystal shutters have been 

used to achieve more accurate control of synchronization and time delay [5,99,100], but were 

found not very efficient mainly because of incomplete shut off. Acousto-optical modulators 

(AOM) provide high switching speed and efficiency, yet requiring rigorous optical 

alignment that is difficult to implement for wide-field imaging. Image intensifiers, which are 

now available as an integrated part of ICCD cameras, provide excellent overall gating 

performance in conjunction with image censors, yet at relatively high cost.  

 



22   INTRODUCTION 
 

Table 1-3 the performances of different types of optical chopper 

 Mechanical 
chopper 

Liquid crystal 
shutter (LCD) 

MCP image 
intensifier 

Acousto-optical 
modulator 

(AOM) 
Switch 

ON/OFF 
time 

23 µs >50 µs >1 µs >150 ns 

Maximum 
Frequency Up to 5 KHz Up to 1 KHz 500 KHz <40 MHz 

Switching 
efficiency 100% <90% >99% Depend on 

refractive index 

Wavelength All wave 
band 300 nm-1800 nm 180 nm-1100 nm 250 nm-1600 nm 

Requirement 
for incident 

light 
None Polarized light None None 

Gain No No 106 No 

Dark noise None None >200 cps/cm2 None 

Cost Around 
$1000 Several hundreds Several 

thousands Several thousands 

 

1.4.2 Time-gated luminescence microscopy 

Early designs of time-gated luminescence microscopes are typically based on externally 

gated devices. In 1991, Marriott et al. employed two mechanical choppers to create pulsed 

excitation from an argon ion laser and time-gated imaging using a CCD camera [36] as 

shown in Figure 1-11(a). Although phase lock was implemented, it remains challenging to 

realise precise and stable synchronization between excitation and detection. This is because 

the fast-spinning blades of mechanical choppers vibrate, affecting the accurate positions of 

gating in different detection cycles. The fluctuation in delay time, therefore, reduced the 

efficiency in blocking the autofluorescence background. In 1992, an alternative development 

was reported by two groups independently using xenon flash lamps as the light source 

[104,105], as shown in Figure 1-11(b). The synchronisation pulses from the built-in sensor 

of the detection chopper were used to trigger the excitation pulses. This improved the 

accuracy of time delay; however, the xenon lamps available then were only capable of 

operating at 50~70 Hz, trading off the excitation efficiency. In 1994, Verwoerd et al. used a 

ferro-electric liquid crystal shutter to replace the chopper in the detection path [41], as shown 

in Figure 1-11(c). Synchronization signals were sent from the excitation chopper to the 

shutter for time delay. But the switching speed of the ferro-electric liquid crystal shutter was 
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relatively slow (typically takes longer than 60 µs to switch off up to 90%), resulting in 

incomplete rejection of the autofluorescence background. 

 

Figure 1-11 The schematic of three types of TGL microscope is shown: (a) Time-gated microscope 

based on two mechanical choppers, (b) Time-gated microscope using xenon flash lamp and 

mechanical chopper, and (c) Time-gated microscope based on one ferro-electric liquid crystal shutter 

to replace the chopper in the detection path. Reprinted from Ref. [36,41,105] 

The second generation design for time-gated luminescence microscope employs image 

intensifiers consisting of micro-channel plates (MCP) and phosphor screens. As illustrated 

in Figure 1-12(a), the MCP is equivalently a compact grid of microscopic photomultiplier 

tubes, which convert the photons arriving at the photocathodes to generate electrons pulses 

for each channel of MCP. The phosphor screen then converts the electrons back to an optical 

image. Capable of time gating electronically at high speed in nanosecond range, MCP image 

intensifiers were implemented by a few groups to realise time-gated luminescence imaging. 

In 1996, Hennink et al. demonstrated a time-gated microscope using an acousto-optical 

modular (AOM) in the excitation path and a MCP image intensifier to gate the detection path 

for imaging of Pt-porphine [38]. In 1998, Vereb et al. reported a similar design with 

additional applications with lanthanide chelates [101]. Due to high flexibility in time-gating 

and high gain for low light sensing, the use of MCP image intensifiers became widely 

adopted in 2000s for a range of analytical chemistry and microbiology applications, 

especially as companies started to provide intensifier CCD (ICCD) cameras that integrate 

MCP image intensifiers with CCD sensors [24,39,86,106]. The major challenges with ICCD, 

however, are their limited pixel numbers (typically 256x256, way below high-definition 

digital cameras), noticeable electronic noise level, and high cost[113]. 
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Figure 1-12 (a) A schematic of image intensifiers consisting of micro-channel plates (MCP) and 

phosphor screens. (b) The layout of the time-gated fluorescence microscope based on intensified 

CCD and high power UV LED. Reprinted from Ref. [110] 

The recent development of high-power, solid-state light emitting diodes (LEDs) have 

greatly promoted the development of time-gated luminescence detection techniques, because 

these light sources can be easily switched by the power supply current. The first generation 

time-gated luminescence microscopy using a high power (100mW) UV LED and image-

intensified CCD camera is developed by Connally, Jin and Piper in 2006 for the detection 

of immunofluorescently labelled Giardia cysts [110], as shown in Figure 1-12(b). After that, 

in 2011, Jin and Piper demonstrated a simple low-cost modification of time-gated 

luminescence microscope approach using UV LED as excitation source and a mechanical 

chopper behind the microscopy eyepiece to allow time-gated detection of target pathogenic 

microorganisms among spectrally contaminated samples (juice or water concentrate) by 

naked eye [3], as shown in Figure 1-13(a). This work achieved real-time and high-contrast 

true colour imaging of pathogenic microorganisms, with an 18-fold improvement of signal-

to-noise ratio compared to the conventional fluorescence mode. But this prototype requires 

customized mechanical parts to be mounted upon an upright microscope to hold the chopper, 

which is difficult to precisely align the optics and causes vibration during operation, 

consequently affecting the imaging quality and contrast. Besides, as the spectra of UV LEDs 

are relatively narrow, the light source needs to be switched for efficient excitation of a single 

colour probe, either europium complex probes in red [3] or terbium complex probe in green 

[108]. In parallel, a new compact design of gated autosynchronous luminescence detection 

(GALD) was realized using a rotor of mirrors placed at 45° to the rotation axis. As shown in 

Figure 1-13(b), the rotor serves as a chopper for both the excitation and emission beams in 
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anti-phase as well as the function of dichroic mirror to separate the beams. Time-gated 

luminescence images with signal-to-noise ratio of 114:1 were captured using 100 ms 

exposure time. The GALD represents a novel design in concept; however, since all the 

components are pre-selected and fixed, little flexibility is left in changing the excitation 

wavelength and the time sequences to suit luminescent probes with different spectra and 

lifetimes. 

 

Figure 1-13 (a) The schematic layout of the time-gate luminescence microscope using UV LED as 

excitation source and a mechanical chopper behind the microscopy eyepiece. (b) The component 

parts of the GALD are illustrated here, with the exception of the electromagnetic drive coils that sit 

above the rotor in the upper housing and which are hidden for the sake of clarity. Reprinted from 

Ref. [3,114]. 

The research project which is the subject of this thesis has aimed at overcoming the 

problem of current technology through comprehensive development of a low-cost multi-

colour time-gated luminescence detection unit engineered for commercial inverted 

microscopes. Availability of practical time-gated fluorescence (luminescence) microscopes 

is expected to stimulate broad adoption of time-gated luminescence microscopy by 

biological and pathology labs and other end-users. 
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1.4.3 TGL animal imaging  

While major efforts have been made on TGL microscopy, opportunities lie in extending 

the TGL method to the area of small animal imaging, which suffers not only from tissue 

autofluorescence but also strong scattering of the excitation light. In 2013, Gu et al. reported 

the first in vivo TGL imaging setup modified from a commercial animal imaging system 

[86]. This employs a 470 nm pulsed laser with 40 MHz repetition rate and an ICCD camera. 

Observation of porous silicon nanoparticles was realized with improved signal-to-

background ratio by >20-fold in vivo comparing with steady-state imaging. The imaging 

contrast was further improved to >100-fold by the same group in 2015 when they changed 

the light source to a 365-nm UV LED with optimized time sequence [24], as shown in Figure 

1-14.  

 

Figure 1-14. TGL techniques are applied in animal imaging. (a) is the schematic of TGL animal 

imaging system. (b) and (c) are non-time-gated and time-gated image of the mice brain. Reprinted 

from Ref. [24].  

The key challenge, however, has been the lack of luminescent probes observable under 

deep tissue. Because biological tissues have strong absorption and scattering of the UV and 

visible light, the ideal probes should be capable of excitation and emission in the infrared 

region to allow deep optical penetration through the tissue environment. This critical 

requirement excludes most of the available luminescent probes. In fact, for porous silicon 

nanoparticles, UV excitation is still required, which does not allow deep penetration so that 

the luminescence signal was quite low. 
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Over the last ten years, there are major developments in design and synthesis of a new 

generation of photon upconversion nanocrystals as robust and multifunctional luminescent 

probes for deep tissue optical imaging. The Yb-Tm codoped NaYF4 nanocrystals, for 

example, absorb at 980 nm and emit strongly at 800 nm, both are near-infrared wavelengths 

with penetration depth ~3 cm into biological tissues. Nevertheless, as high-power lasers are 

typically used as the excitation source, substantial scattering from skin and fur is often 

encountered and cannot be sufficiently suppressed using spectral filtering, resulting in 

significant background that lowers the imaging contrast and blurs the targeted area.  

To overcome this challenge, I have undertaken development of a time-gated 

luminescence imaging system capable of excitation and detection in the near infrared 

wavelengths, which will take advantage of the long lived emission of upconversion 

nanocrystals for high-contrast, in vivo imaging  under deep tissue. 

1.4.4 TGL instruments for high sample throughput 

Thanks to the high signal-to-background ratios that TGL detection offers, opportunity 

arises for automating the detection process at high speed and accuracy. The early TGL 

fluorometers were later equipped with motorised stage to form automated plate readers, so 

that TGL assays can be carried out automatically on multi-microwell plates. Several 

platforms became commercially available, including DELFIA (Dissociation Enhanced 

Lanthanide Fluoroimmunoassay) [115], CyberFluor (or FIAgen) [116], Enzyme-Amplified 

Time-Resolved Fluorometric system [117], and TRACE (Time-Resolved Amplified 

Cryptate Emission) system [118]. 

To further improve the analytical throughput at the single cell level, time-gated 

luminescence detection has been combined with flow cytometry, which is extensively used 

for biological and biomedical applications. The rapid movement of the cells allows time 

gating to be realised through spatial arrangement of the excitation area and the detection 

area. In 1994, Condrau et al. reported a first TGL flow cytometer employing a HeCd laser 

and a single photon counting photomultiplier tube (PMT) detector [119,120]. In 2007, Jin et 

al. reported a TGL flow cytometry using a pulsed UV LED as excitation and a gated PMT 

as detection for rare-event applications [32,121].  
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For solid-phase samples that are difficult to analyse by flow cytometry, a TGL scanning 

microscope has been developed in 2011 [109], which employed a single-element detector 

instead of a camera to monitor the TGL signal in the entire detection field-of-view (FOV) 

scanned over the sample in a grid pattern. This dramatically reduces the requirements for 

data storage, scene segmentation and analytical time compared to conventional image 

analysis. However, the scanning speed was too low and the resulting scan times for a 

standard sample too long to meet the requirements for quantitative assays. To further 

improve the throughput, the orthogonal scanning automated microscopy (OSAM) technique 

was demonstrated in 2012 [111], employing continuous scanning rather than steps of defined 

intervals. As illustrated in Figure 1-15, a sample slide is first examined in a serpentine 

pattern, with continuous movement along X axis. When one target is scanned over the field-

of-view (FOV), a train of time-gated luminescence signal is detected, from which the 

position of the target on the sample can be obtained with a precise X coordinate and a rough 

Y coordinate. All detected targets are then scanned sequentially at respective X coordinates 

along Y-axis to obtain precise Y coordinates. This allows a 15 ×15 mm2 slide area to be 

scanned in about 3 minutes with extremely low level of background. Detection of rare-event 

Giardia cysts labelled by europium complex and cancer cells expressing low-level of surface 

antigens was successfully demonstrated using the OSAM [111].  
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Figure 1-15. A schematic diagram showing the two-step orthogonal scanning method to discover 

and localise targets of interest. (a) The sample is first examined in a serpentine pattern, with 

continuous movement along X axis to obtain precise X coordinates and rough Y coordinates for each 

target. (b) the one target moves into the field of view (FOV), on-the-fly TGL scanning gives the X 

coordinates of P1 and P2, so that the precise X coordinate of the particles at (P) is obtained; (c) the 

targets are then scanned sequentially at precision X coordinates along Y-axis to obtain precise Y 

coordinates. (d) The precise X coordinate obtained in the first step scanning ensures that each target 

translates in the exact middle of the FOV. Since on-the-fly TGL scanning provides the Y coordinates 

of P3 and P4, the precise Y coordinate of the particle (at P’) is determined. (e) shows a real signal 

when the TGL cycle duration is 0.2ms, along with is profile of average intensity. Reprinted from 

Ref. [111].  

The key to accurate quantification is that every individual target is measured under 

identical illumination and detection conditions, which can be achieved if the measurements 

occur at the same position inside the FOV, ideally at the centre. However, we found that the 

first generation OSAM can only offer positional accuracy around 30 μm along X-axis and 

Y-axis, with targets sometimes located at the periphery of the field-of-view, as shown in 

Figure 1-16. This has been caused by electronic jitter and mechanical lag of the scanning 

stage, as well as the optical defocusing of the often tilted slide. As cells and microorganisms 

are typically of 5~20 μm in size, the large variance in space when individual targets are 

measured leads to inaccuracy in the quantification.  
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Figure 1-16. The location of the upconversion nanoparticle-impregnated microsphere beads 

obtained by OSAM. Most time, the targets are located at the centre of the field-of-view with 

positional accuracy around 30μm along X-axis and Y-axis. 

In a major development of TG OSAM, I have used linear encoders to give positional 

reference, and an autofocus unit for compensation of sample tilt, to achieve accurate 

positioning of every target in 3 dimensions during high-speed scanning. With the improved 

engineering, individual targets can be located precisely at high throughput to ensure their 

luminescence intensities are quantified with little variation in excitation and detection 

efficiencies.  
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1. 5 Thesis Outline 

Motivated by the above identified opportunities, my PhD program has been aligned to 

establishment of a new generation of TGL luminescence detection instruments for 

automated, high speed, sensitive, quantitative and multiplexing bio-detection. Table 1-4 

summarizes the challenges and proposed solutions to realize three types of time-gated 

luminescence instruments as the core of my thesis. The key result chapters of this thesis are 

presented in the format of four published journal papers, describing the key experimental 

results and prototype devices as a result of my PhD candidature. 

Table 1-4 the challenges and proposed solutions of time-gated luminescence microscope, 
small animal imaging system and scanning microscopy system 

 

Chapter 2 reports successful construction and applications of a low-cost multi-colour 

time-gated luminescent microscope. This chapter combines the key results from two co-

authored papers with my role in leading the design and engineering of the microscope as 

well as participating characterization and data analysis. The first work, published in 

TGL 
instrument Challenges Solutions Expected 

outcomes 

TGL 
microscope 

1) only single-colour 
image at a time  
2) compatibility limited 
by gating schemes  
3) costly components 
and sophisticated 
assembly 

1) high frequency, high 
power ceramic xenon flash 
lamp as excitation source 
2)  modularise excitation  
unit and time-gated 
detection unit 

Multi-Colour 
Time-Gated 
Luminescence 
Microscope ref. 
[122] described 
in chapter 2. 

TGL 
animal 

imaging 
system 

1) limited by the 
fluorescence probe 
2) cannot achieve whole 
body imaging by time-
gated techniques 
3) restricted by the 
penetration of the 
excitation source  

1) use upconversion 
nanocrystals emit NIR 
emission 
2) redesign optical system 
3) use NIR diode laser to 
increase penetration depth 
 

TGL in-vivo 
animal imaging 
system ref. [123]   
described  in 
chapter 3. 

TGL 
scanning 

microscope 

1) limitation of the 
location precision 

1) integrate X- and Y-axis 
linear encoders, and 
autofocus unit 

referenced-
OSAM ref. [124]   
described  in 
chapter 4 
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Scientific Reports in 2014, reports a stand-alone excitation unit using high-power flash lamp 

that can be externally triggered at high repetition rate (up to 1 kHz) to simultaneously excite 

multiple fluorescence probes from its broad-band excitation. To make a better adoption of 

the time-gated luminescence technique, we also demonstrated a modularised time-gated 

detection unit to be inserted between any commercial microscope and the camera to perform 

time-gated luminescence detection. We demonstrated that simultaneous multi-colour 

background free imaging of two kinds of microorganisms using the parallel labelling by a 

europium complex in red and terbium complex in green. We further showed a high detection 

sensitivity by imaging single europium-doped nanocrystals. The second work, published in 

Scientific Reports in 2015, extends the multi-colour time-gated luminescence microscope 

for in-vivo animal imaging of Daphnia magna. My purpose is to design and build a 

microscope for my international collaborators to demonstrate the background-free in-vivo 

Imaging of Vitamin C based on a new responsive time-gateable probe.  Both projects 

reported in Chapter 2 overcome the previous impediments of high cost, low throughput, and 

poor compatibility to commercial systems, opening the past to practical time-gated 

luminescence microscopes to the end-users and applications. 

Chapter 3 further demonstrates our successful adoption of time-gated luminescence 

detection for in-vivo animal imaging of upconversion nanoparticles as the novel optical 

contrast agents in mice. This chapter is in the format of a first-authored paper published in 

the journal of Analytical Chemistry in 2016.  In this work, I engineered a time-gated unit 

inside the animal imaging house and an illumination unit by a near infrared excitation laser 

diode to produce pulsed excitation. Optical imaging through the near-infrared window 

provides deep penetration of light up to several centimetres into biological tissues. Capable 

of emitting 800 nm luminescence under 980 nm illumination, the recently developed 

upconversion nanoparticles may become a promising optical contrast agent for in vivo bio-

imaging. However, there remains significant amount of scattering and autofluorescence 

backgrounds from the skin and tissues. I demonstrated that the time-gated imaging approach 

delivers high contrast to detect upconversion nanoparticles free of autofluorescence and 

scatterings. The system also helps to reduce the thermal accumulation from the excitation 

source, which alleviates a critical issue associated with the high power excitation that results 

in thermal damage to the tissue in small animals.  We also showed the time-gating unit is 

compatible with any camera. 
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Chapter 4 further extends the time-gated luminescence detection for high speed scanning 

and automated microscopy imaging system. This chapter is also in the format of another 

first-authored paper published in Analytical Chemistry in 2016.  In this work, I engineered 

two virtual grids set by a pair of encoders along x-axis and y-axis respectively and an 

autofocus unit for z-axis. The encoder-assisted scanning microscopy allows high-speed 

quantitative analysis. Compared with routine microscopy imaging of a few analytes at a time, 

rapid scanning through the whole sample area of a microscope slide to locate every single 

target object offers many advantages in terms of simplicity, speed, throughput, and potential 

for robust quantitative analysis. We demonstrate that our new system is capable of target 

pinpointing in three dimensions during rapid scanning over a whole microscopic slide, 

enabling accurate quantification of the luminescence intensities, ratios and lifetimes of each 

individual targets. This work addresses the key challenge in rapid scanning and high-

precision pinpointing of luminescent targets allowing high-speed quantitative analysis. This 

robust system also supports quantitative measurement of lifetime values and luminescence 

intensities for high-throughput analysis. Moreover, we demonstrated the upconversion 

nanoparticles as background-free reporter probes suitable for quantitative biomolecular 

assays based on the suspension arrays, opening new opportunities in high-throughput 

multiplexed screening for analytical chemistry, micro- and molecular biology, 

pharmaceutical discoveries, and clinical diagnostics. 

Chapter 5 summarises the key research outcomes of this thesis, and discusses the future 

prospects of our time-gated detection technology for developing advanced optical systems 

for both materials characterizations and bio-applications of the long-lifetime luminescence 

materials. 
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Chapter 2: Multi-Colour Time-Gated Luminescence 

Microscopy 
This chapter explores the design and evaluation of a low-cost and easy-to-assemble multi-

colour time-gated luminescence microscope. This work was carried out during the first year 

of my PhD candidature. An excitation module and a time-gated detection module with 

precise synchronization control were engineered, providing a reproducible solution to 

convert a commercial epi-fluorescence microscope into a multi-colour time-gated system. 

Simultaneous background-free imaging was demonstrated using two pathogenic 

microorganisms – Giardia lamblia stained with a red europium probe and Cryptosporidium 

parvum with a green terbium probe. After this, I built an identical system at Dalian 

University of Technology in China, which was employed to image Vitamin C in live 

Daphnia magna. These works are reported in the form of two published journal papers. 

2.1 Optical Design 

As discussed in 1.4.2, the previous time-gated luminescence microscope developed by 

Jin and Piper in 2011 has two major limitations: 1) vibration associated with the upright 

setup, and 2) narrow-band light source incapable of exciting multiple luminescent probes 

simultaneously. To overcome these issues, I engineered an excitation module featuring a 

high-repetition rate (up to 1 kHz) ceramic xenon flash lamp, whose output was precisely 

synchronised using Transistor-Transistor Logic (TTL) signals with the chopper-based time-

gated detection module. The xenon flash lamp offers a broad emission spectrum from 250nm 

to 2000nm, covering the UV wavelengths (320-400 nm) required for different lanthanide 

probes when a suitable band-pass excitation filter is used to remove the unwanted 

wavelengths (Figure 2-1). The optics was carefully designed to minimize image aberration 

(scheme shown in Figure 2-2). The excitation module is coupled to the back port of an 

Olympus IX71 inverted microscope, replacing the original mercury lamp and connecting to 

the collimator through a homemade adaptor. The mechanics of the time-gated detection 

module was also re-configured, allowing easy assembly and alignment via the side port of 
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the IX71 microscope. Mounting of the time-gated detection module on the base of the 

microscope substantially reduced vibration originating from the high-speed chopper. 

 

FIGURE 2-1 (a) shows the original spectral distribution of ceramic xenon flash lamp. (b) shows the 

excitation spectrum selected by band-pass UV excitation filter. 
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FIGURE 2-2 The optical schematic of this multi-colour TGL microscope. 
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2.2 Paper 1 

Lixin Zhang, Xianlin Zheng, Wei Deng, Yiqing Lu, Severine Lechevallier, Zhiqiang Ye, 

Ewa M. Goldys, Judith M.Dawes, James A. Piper, Jingli Yuan, Marc Verelst and Dayong 

Jin, "Practical Implementation, Characterization and Applications of a Multi-Colour Time-

Gated Luminescence Microscope" Scientific Reports, 2014, DOI:10.1038/srep06597.  

I did this work with my peer Lixin Zhang under the supervision of Prof. Dayong Jin and 

Dr. Yiqing Lu. I led the design of the excitation module and the time-gated module using 

SolidWorks software. The hardware module was fabricated with the assistance of Macquarie 

Engineering & Technical Services workshop. Zhang and I set up the system and collected 

the experimental data. I assisted Zhang in preparing the biological samples, and contributed 

to data analysis and figure illustrations. Author contributions to this paper are summarised 

in Table 2-1.  

TABLE 2-1 Summary of author contributions to paper 1 following the order of authors. 

 L.
Z 

X.
Z 

W.
D 

Y
.L 

S.
L 

Z.
Y 

E.
G 

J.
D 

J.
P 

J.
Y 

M.
V 

D
.J 

Project Design ●   ●        ● 

System Design   ●           

System Setup ● ●           

Sample Preparation ● ● ●  ●     ● ●  

Data Collection ● ●           

Analysis ● ●  ●         

Figures ● ●  ●         

Manuscript ●   ●  ● ● ● ●   ● 
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Practical Implementation, Characterization and Applications of a Multi-Colour Time-

Gated Luminescence Microscope 

Lixin Zhang1, Xianlin Zheng1, Wei Deng1, Yiqing Lu1*, Severine Lechevallier2, Zhiqiang Ye3, 
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Figure S1.  The excitation light from the xenon flash lamp has a spectral region from 320 

nm to 400 nm, after passing through a UV band-pass filter (U-360, Edmund) 
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S2. Modification of chopper blades 

 

Figure S2. The induced time delay between the sensor trigger blade and the detection 

blocking blade in the modified chopper 
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S3. Correction of optical distortion  

 
Figure S3. A wide-field image with barrel distortion (left), and its improved image without 

barrel distortion (right), after all optical components are aligned to be exactly coaxial. Each 

grid represents 50×50 µm2. 
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S4. Image analysis to determine the signal-to-background ratio 

The average signal and background levels for the red and the green channels of the images 

captured under the non-time-gated mode and the time-gated mode were analysed based on 

the procedures illustrated below, with the two images in Figure S4 as the example. Matlab 

was used in this study, but other image processing software, such as ImageJ, can also be 

used.  

 

Figure S4. The non-time-gated (left) and time-gated (right) dual-colour images to be 

referred to in the image analysis demonstration. Each image represents 225×300 µm2. 

S4.1 Analysing signal levels in time-gated images 

The time-gated colour image was split into the red, green and blue channels. Figure S4.1-1 

shows the monocolour images of the red and green channels, while the blue channel was not 

considered in the following analysis.  

 

Figure S4.1-1 The red (left) and green (right) channels of the time-gated image. 
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Image masks with thresholds equal to 0.3 times the maximum intensities in respective 

channels were applied on these monocolour images to effectively select target cells, as 

shown in Figure S4.1-2.  

 

Figure S4.1-2 The time-gated monocolour images with masks to select target cells, for the 

red channel (left) and the green channel (right). 

The maximum, minimum and average signal intensities were obtained for the masked areas.  

S4.2 analysing background levels in time-gated images 

The above masks were reversed and then applied to the images in Figure S4.1-1 again, to 

select the non-target areas, as shown in Figure S4.2, before the maximum, minimum and 

average background intensities were calculated. 

 

Figure S4.2 The time-gated monocolour images with background areas masked for the red 

channel (left) and the green channel (right). 
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S4.3 Analysing signal levels in non-time-gated images 

The non-time-gated colour image was split into the red, green and blue channels, as shown 

in Figure S4.3-1 (again, the blue channel was ignored).  

 

Figure S4.3-1 The red (left) and green (right) channels of the non-time-gated image. 

The same masks used in S4.1 were applied to select the areas that contained target cells, and 

the maximum, minimum and average signal intensities were calculated. 

 

Figure S4.3-2. The non-time-gated monocolour images with masks selecting target cells, 

for the red channel (left) and the green channel (right). 

S4.4 Analysing background levels in non-time-gated images 

The same masks used in S4.2 were applied to the images in Figure S4.3-1, to select the 

non-target areas, as shown in Figure S4.4, before the maximum, minimum and average 

background intensities were calculated. 
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Figure S4.4. The non-time-gated monocolour images with background areas masked for the 

red channel (left) and the green channel (right). 
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Table S1. Signal and background levels of the red channel for ten pairs of images under 

non-time-gated and time-gated modes.  

Luminescence from Eu complexes measured in the red channel 

 Image No. S_max S_min S_avg B_max B_min B_avg 

N
on

-ti
m

e-
ga

te
d 

m
od

e 

1 252 75 167 255 11 82 

2 221 74 147 183 14 51 

3 168 42 105 126 0 29 

4 239 63 150 254 20 81 

5 219 37 112 107 0 26 

6 217 31 112 182 0 42 

7 219 34 122 109 0 23 

8 219 38 114 118 0 28 

9 226 34 129 173 3 42 

10 208 35 105 128 2 33 

Ti
m

e-
ga

te
d 

m
od

e 

1 228 69 133 68 0 15 

2 220 67 130 66 0 10 

3 205 62 133 61 0 8 

4 222 67 144 66 0 12 

5 220 67 137 66 0 11 

6 221 67 141 66 0 9 

7 220 67 147 66 0 8 

8 222 67 142 66 0 12 

9 222 67 132 66 0 14 

10 222 67 127 66 0 11 
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Table S2. Signal and background levels of the green channel for ten pairs of images under 

non-time-gated and time-gated modes. 

Luminescence from Tb complexes measured in the green channel 

 Image No. S_max S_min S_avg B_max B_min B_avg 

N
on

-ti
m

e-
ga

te
d 

m
od

e 

1 252 46 144 255 11 84 

2 221 38 101 213 14 52 

3 108 23 71 168 0 29 

4 241 57 190 254 20 82 

5 102 23 58 219 0 27 

6 217 18 79 217 0 43 

7 131 17 41 219 0 24 

8 219 19 64 219 0 30 

9 226 16 107 226 3 44 

10 103 18 58 208 2 34 

Ti
m

e-
ga

te
d 

m
od

e 

1 194 59 91 58 0 15 

2 111 34 45 33 0 11 

3 178 54 80 53 0 9 

4 114 35 47 34 0 11 

5 206 62 91 61 0 10 

6 184 56 74 55 0 9 

7 181 55 66 54 0 11 

8 188 57 78 56 0 11 

9 179 54 73 53 0 11 

10 189 57 89 56 0 10 
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S5. Imaging results under UV LED excitation 

 
Figure S5. Imaging results under UV LED excitation. (a) Dual-colour time-gated image of 

Eu-labelled Giardia and Tb-labelled Cryptosporidium, with an exposure time of 15 seconds. 

(b) Pixel intensity histograms of the signal and background levels in the red and green 

channels. (c) Bar chart showing the average signal and background levels. The signal-to-

background ratios are 70:5.6 for the red channel and 37:4.2 for the green channel.  
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S6. Calculation of the crosstalk 

In addition to time gating, accurate quantification of the luminescence intensities for the two 

pathogens requires calibration of the crosstalk between the red and green channels, which is 

caused by the satellite emission peaks of the Eu and Tb complexes.  

The relative responsivity curves for the red, green and blue channels of the Olympus DP71 

camera can be found in its user manual available online, as shown in Figure S6.1. The curves 

were digitized using the GetData Graph Digitizer software. 

 

Figure S6.1 Relative responsivity curves for the Olympus DP71 camera. 
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Figure S6.2 Emission spectra of the Eu and Tb complexes. 
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The emission spectra of the Eu and Tb complexes, as shown in Figure S11, were multiplied 

by the three responsivity curves, respectively, followed by normalisation, to calculate their 

contribution proportions to the three colour channels. The results are given in Table S3.  

Table S3. The contributions of the Eu and Tb emission to the colour channels of the camera. 

 Red Channel Green Channel Blue Channel 

Eu emission 78.6% 13.6% 7.8% 

Tb emission 19.2% 59.9% 20.9% 
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S7. Co-localization analysis of the nanoparticle images  

The time-gated luminescence image of the Eu nanoparticles and its corresponding TEM 

image were compared using the colocalization function in the ImageJ software. The images 

were first resized to ensure they covered the identical area, before transformed into 8-bit 

grey-scale, as shown in Figure S7.  

 

Figure S7. Grey-scale images of the original time-gated luminescence image (left) and the 

TEM image (right) of the Eu nanoparticles. 

They were imported into the colocalization plugin to generate the co-localisation image, as 

shown in Figure 4d in the main text. 
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2.3 Paper 2  

Bo Song, Zhiqing Ye, Yajie Yang, Hua Ma, Xianlin Zheng, Dayong Jin and Jingli Yuan, 

"Background-free in-vivo Imaging of Vitamin C using Time-gateable Responsive Probe" 

Scientific Reports, 2015, DOI:10.1038/srep14194.  

In this published work, I replicated the multi-colour time-gated microscope and trained 

the users for our collaborators at Dalian University of Technology in China. In-vivo imaging 

of Vitamin C in live Daphnia magna was successfully demonstrated, providing an evident 

outcome of my first project. This paper is thus appended to this chapter. Author contributions 

to this paper are summarised in Table 2-2. 

TABLE 2-2 Summary of author contributions to paper 1 following the order of authors. 

 B.S Z.Y Y.Y H.M X.Z D.J J.Y 

Experiment Design ●      ● 

System Setup     ●   

Sample Preparation ●  ● ●    

Data Collection ● ● ● ●    

Analysis ● ●      

Figures ●    ●   

Manuscript ●     ● ● 
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2.4 Remarks 

The modular design applied in this chapter presents a practical method to modify a 

commercial inverted microscope into a multi-colour time-gated microscope. The use of 

broadband xenon flash lamp enables multiple lanthanide probes to be visualized at the same 

time, with high sensitivity down to a single nanoparticle, and high signal-to-background ratio 

demonstrated by detecting pathogens from complex, autofluorescent samples. The system 

engineered here is expected to provide a robust and low-cost solution to broad biological 

and analytical applications using luminescent probes and time-gated imaging.  

Although this system allows high-contrast imaging of live Daphnia magna, it is not 

possible to image animals of larger size, such as mice, based on the microscope platform. 

Addressing this challenge will be discussed in the next chapter. On the other hand, while 

engineering the time-gating module to fit an inverted microscopy substantially reduce the 

vibration issue to a point that it no longer affects the imaging quality, the acoustic noise 

generated by the high-speed optical chopper remains an unpleasant experience for end-users, 

especially if they work for a long period of time. Successful translation of this method will 

require the acoustic noise to be overcome in future.  
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Chapter 3: Time-gated animal imaging system 

This chapter extends time-gated luminescence microscopy into in-vivo animal imaging. 

Taking advantage of upconversion nanoparticles (UCNPs) that are excited and emit at near-

infrared wavelengths with long luminescence lifetime, a prototype system comprising a 

modified time-gated imaging module and an illumination module employing 980-nm diode 

lasers was designed and constructed. Compared to conventional methods, high-contrast 

imaging was realised using Kunming mice injected with these UCNPs, which also 

significantly lowed thermal accumulation of the whole animal. This work is reported in the 

form of a published journal paper. 

3.1 Optical Design 

As discussed in 1.4.1, the critical requirement to achieve efficient time gating lies in fast 

switching of the detector/camera. For the chopper-based time-gated microscope, this is 

achieved by focusing the emission light out of the side port of the microscope, which is 

almost collimated, through a small pinhole placed very close to the chopper blade, so that 

the switching time is effectively the size of the pinhole divided by the linear velocity of the 

blade.  

For macroscopic imaging (photography), a camera lens is typically used to project a large 

object onto the film/sensor of the camera as a demagnified real image. However, the light 

output by the camera lens has a large variety of angles, which cannot be focused into a small 

spot completely using a simple lens. In this case, the addition of pinhole will result in either 

decreased field-of-view or impaired light collection, or a combination of both.  

To balance such trade-off, I followed two principles in my design: 1) reduced FOV is 

acceptable as long as the entire small animal (Kunming mice) can be imaged; and 2) reduced 

light collection is acceptable provided the attenuation is uniform over the FOV. Illustrated 

in Figure 3-1, the camera lens (SIGMA 50MM F1.4 EX DG HSM; 50 mm focus, full-frame) 

has a magnification ×10 when positioned 1D =500 mm above the object. A Kunming mouse, 

which is typically '
1 80O mm≈  in length, is therefore projected as an 8 mm image on the 
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image plane of the camera lens (46.5 mm flange focal distance for the Nikon F-mount). A 

large-aperture eyepiece (Olympus WHN10X; f = 25.9 mm) is then inserted to relay the 

image onto the camera sensor (Andor iXon Ultra 897; sensor area of 8.2 × 8.2 mm2) with 

magnification about 1, so that the mouse fits into the FOV completely. The distance from 

the effective lens plane of the eyepiece to both the first and the second image planes is 

therefore 2f, which is 51.8 mm.  

To introduce the pinhole with uniform influence over the FOV, I placed it at the front 

focus (f) of the eyepiece. Analogous to Kohler illumination, this leads to even light collection 

for any point of the first image. Although at the expense of attenuation, a pinhole size of 1 

mm closely attached to the chopper blade is essential for fast switching, and consequently 

time-gated imaging at high contrast. 

 

FIGURE 3-1 is the visual illustration of the concept of the time-gated animal imaging system. 

Further, to excite the Yb-Tm codoped UCNPs, an illuminator module is designed to 

mount up to eight 980 nm fiber-coupled diode lasers on a circular rim of 190 mm diameter 

and 100 mm above the bench, with azimuthal angles between adjacent lasers all equalling 

45°. Each laser holder has 2-axes angular freedom, so that direction of the mounted laser can 

be adjusted to point at the animal object. Analogous to surgical lighting, this design allows 
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the shade of one laser to be illuminated by other lasers, so that the object receives uniform 

irradiation, as shown in Figure 3-2. 

 
Figure 3-2 shows the illuminator module as well as the time-gated detection module for the whole 

time-gated animal imaging system. 

3.2 Synchronization Circuit Design 

Synchronisation between the lasers and the chopper was carried out by time-delay 

electronic I designed based on dual-precision monostable multivibrators (MC74HC4538A; 

Motorola Semiconductor). As shown in Figure 3-3, the time-delay electronic first shapes the 

TTL pulses output from the chopper to provide sharp rise and fall edges with transition time 

shorter than 500 ns. Then, a delay time in the range of 5µs to 1000µs is induced by adjusting 

a 100 KΩ adjustable resister (RV2). After that, the duration of the delayed pulses is altered 

via a 20KΩ adjustable resister (RV3). Finally, the delayed pulses are isolated through buffer 

amplifiers (M74HC405 HEX Buffer/converter) to generate eight outputs with sufficient 

power capacity to drive the excitation lasers individually. Figure 3-4 shows the top overlay 

(a) and bottom overlay (b) circuit diagram of the synchronization delay electronic.  
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FIGURE 3-3 (a) shows schematic of the synchronization delay electronic. (b) shows the circuit 

diagram of the delay electronic. 
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FIGURE 3-4 The top overlay (a) and bottom overlay (b) circuit diagram of the synchronization 

delay electronic.  
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3.3 Paper 3  

Xianlin Zheng, Xingjun Zhu, Yiqing Lu, Jiangbo Zhao, Wei Feng, Guohua Jia, Fan Wang, 

Fuyou Li and Dayong Jin, "High-Contrast Visualization of Upconversion Luminescence in 

Mice Using Time-Gating Approach" Analytical Chemistry, 2016, DOI: 10.1021/ 

acs.analchem.5b04626.  

I completed the entire instrumentation part of this work, including mechanical design, 

optical design, electronic design, system assembly, alignment, and software programming. 

For preliminary evaluation, I used a silica gel mat, which has substantial scattering and 

autofluorescence at a level similar to that of the skin and fur of mice. The optics and 

electronics were fine tuned to minimise such background in the system. After evaluation in 

our lab, I transferred all the components and rebuilt the system for our collaborators at Fudan 

University, who did the animal experiment after receiving operation training from me. 

During the entire study, the mice were treated with compliance of standards established in 

the Guide for the Care and Use of Laboratory Animals, with ethics approval obtained from 

Fudan University.  

I led the experiment design, data analysis, and preparation of the manuscript and the 

figures. Our Fudan collaborators prepared the sample and collected all the data. I analyzed 

the data to validate the system performance. Author contributions to this paper are 

summarised in Table 3-1.  

TABLE 3-1 Summary of author contribution to paper 3 following the order of authors. 

 X.Zheng X.Zhu Y.L J.Z W.F G.J F.W F.L D.J 

Project Design ●  ●      ● 

System Design ●         

System Setup ●         

Sample Preparation  ●        

Data Collection  ●        

Analysis ●  ●       

Figures ● ● ●       

Manuscript ●  ● ● ● ● ● ● ● 
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3.5 Remarks 

Development of the time-gated in-vivo imaging system in this chapter complements the 

existing time-gated microscopes to enable high-contrast imaging on the macroscopic scale 

free of autofluorescence and scattering background. Capable of imaging subcutaneous 

biological tissues with lowered thermal effect, this system offers new opportunities for non-

invasive diagnostics and image-guided treatment. Nevertheless, the current optical design 

leads to low light collection efficiency, which needs to be overcome in the next step to 

increase the detection sensitivity.  
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Chapter 4: Encoder-Assisted Scanning Microscopy 

This chapter reports development of the orthogonal scanning automated microscope 

(OSAM) concept described in 1.4.4 by introducing XY-axes linear encoders and a Z-axis 

autofocus unit, to achieve high precision location of individual luminescent target in 3-

dimensions at high sample throughput. Location precision of the new referenced-OSAM (R-

OSAM) system was evaluated using polymer beads incorporating lanthanide probes. The R-

OSAM was then used to quantify the luminescence properties of a variety of samples, 

demonstrating its applications in material characterisation and bioassay. This work is 

reported in the form of a published journal paper. 

4.1 Localization method 

Precise luminescence quantification requires that all the targets should be measured under 

identical condition in terms of excitation and luminescence collection. While it is 

theoretically possible to engineer a top-hat excitation profile, in practice standard delivery 

optics lead to reduced illumination intensity, particularly for UV wavelengths. Further, the 

emission collection efficiency is never perfectly uniform in the entire FOV. The OSAM 

concept provides an alternative approach to uniform measurement by placing every single 

target at the centre of the FOV; however the variation in located positions and focal lengths 

associated with the previous prototype, as illustrated in Figure 1-16, needs to be overcome.  

The previous-generation OSAM did not measure the real-time position of the stage during 

rapid scanning. Rather, it calculated the position from the time according to the kinematics 

of the stage movement. Nevertheless, the actual kinematics from one scan to another can be 

slightly different, affecting the positional accuracy. This is difficult to correct even using a 

commercially available encoded motorised stage, which can report the precise position of 

the stage on demand, but not in real time. This resulted in locational accuracy of ±30 µm, 

which is large compared with the size of objects of interest, typically <15µm diameter. 

In order to improve location accuracy, I attached two miniature optical linear encoders to 

the X and Y plate of the motorised stage, respectively, which allows access to the raw signals 

from the encoders that are not provided by encoded motorised stages. One optical linear 
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encoder comprises a reader head and a pitch scale. As illustrated in Figure 4-1, when they 

move relative to each other, the reader head generates two outputs of pulses corresponding 

to the pitches on the scale with a phase difference of 90° (i.e. quadrature output). The 

displacement is then obtained by counting the number of pulses multiplying the period of 

the pitch, and the direction of the movement indicated by the advance/delay of the phase. 

Collect the quadrature signals using a data acquisition card enables real-time monitoring for 

the stage displacement in parallel to the luminescence signal, so that the luminescent targets 

can be pinpointed at high precision.  

 

FIGURE 4-1 Determining the target location along the scanning axis from the signal profile. 

I further implemented an autofocus unit to offset any tilt of sample substrate in real time. 

As shown in Figure 4-2(a), the autofocus unit employs an off-axis LED beam to monitor the 

distance from the sample substrate to the objective, which influences the position of the 

reflected beam on the split photodiode. When the sample plane is at focus, the reflected beam 

reaches the middle of the split photodiode and the output is nearly zero, while focus shift of 

the sample plane δ will generate a displacement θ on the split photodiode, resulting in 

negative feedback that drives the focus to cancel the shift. Figure 4-2(b) plots the output of 
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the split photodiode in relation to the focal length, in which the green shadow indicates the 

in-focus area. 

 

FIGURE 4-2 (a) Principle of autofocus unit. (b) The performance curve of autofocus unit. 
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4.2 Paper 4  

Xianlin Zheng, Yiqing Lu, Jiangbo Zhao, Yuhai Zhang, Wei Ren, Deming Liu, Jie Lu, 

James A. Piper, Robert C. Leif, Xiaogang Liu and Dayong Jin, "High-Precision Pinpointing 

of Luminescent Targets in Encoder Assisted Scanning Microscopy Allowing High-Speed 

Quantitative Analysis " Analytical Chemistry, 2016, DOI: 10.1021/ acs.analchem.5b03767.  

On the basis of the original OSAM developed by my supervisors, I introduced the linear 

encoders and the autofocus unit to the system, and integrated their functions into the 

LabVIEW program that controls the scanning, time-gated detection and in-line data 

processing. I coordinated sample preparation with Macquarie colleagues and international 

collaborators, and collected all data by myself. I analysed the data, prepared the figures and 

the manuscript under the guidance of my supervisors. Author contributions to this paper are 

summarised in Table 4-1.  

TABLE 4-1 Summary of author contribution to paper 4 following the order of authors. 

 X.
Z 

Y.
L 

J.
Z 

Y.
Z 

W.
R 

D.
L 

J.
L 

J.
P 

R.
L 

X.
L 

D.
J 

Experiment Design ● ●         ● 

System Setup ●           

Sample Preparation ●  ● ● ● ● ● ● ● ●  

Data Collection ●           

Analysis ● ●          

Figures ● ●          

Manuscript ● ● ●     ●   ● 
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The hyperlink to the movie 

http://pubs.acs.org/doi/suppl/10.1021/acs.analchem.5b03767/suppl_file/ac5b03767_si_002

.mpg 

4.3 Remarks 

The location accuracy of new R-OSAM has been enhanced by 10-folds compared to 

previous OSAM, enabling quantification of luminescent-labelled targets with precision 

comparable to conventional image analysis but at a small fraction of processing time. It is 

particularly suitable for high-throughput detection of rare-event targets in complex samples, 

such as diagnosis of prostate cancer cells in urine, which is being investigated by my 

colleagues at the moment.  

On the other hand, although this system is capable of recognising and quantifying small 

aggregated targets, it cannot distinguish multiple targets appearing in the FOV at the same 

time, due to the use of single-element detector. Currently this is addressed by cautious 

sample preparation to ensure targets are well dispersed. Future work is planned to introduce 

array detectors and/or advanced signal analysis to relieve this requirement.  
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Chapter 5: Conclusions and Perspectives 

5.1 Summary 

Time-gated techniques in conjunction with long-lived luminescent probes hold great 

potential to realise ultra-sensitive biosensing and high-contrast imaging at background-free 

condition; however, only after suitable excitation source, detector, optics and control 

electronics have been properly designed and implemented.  

To achieve such potential, my research has applied advanced engineering concepts to 

successfully build three prototype instruments, and validate them by applications: i) The 

multi-colour time-gated microscopy employs a high power and high repetition rate Xenon 

flash lamp (60 W; 1 kHz) to allow simultaneous observation of multiple microorganisms 

labelled by different lanthanide probes; ii) The near-infrared time-gated in vivo imaging 

system enables high-contrast visualisation of upconversion nanoparticles distributed in a live 

small animal, with substantially lowered thermal effect; iii) The referenced orthogonal 

scanning automated microscopy (R-OSAM) takes advantage of linear encoders and an 

autofocus unit to achieve high-precision target pinpointing in 3-dimensions during rapid 

scanning, facilitating accurate quantification of target luminescence characteristics at high 

sample throughput.  

Modular design has been pursued throughout my project, so that the demonstrated 

illumination, detection and control modules are readily to be installed onto any commercial 

instruments, with minimum modification and alignment to provide highly-efficient and 

robust time-gated detection at low instrumentation cost. The demonstrated modules and 

instruments can be easily adopted by analytical biochemistry labs that do not possess a high 

level of instrumentation expertise, provide access to advanced time-gated detection 

techniques for characterization of long-lifetime luminescent materials and applications. 

Opportunities include: 

1) A range of luminescent materials that have long lifetimes. During the period of my 

PhD research, great progress has been made based on the luminescent materials summarised 

in 1.3, leading to new materials spanning organic compounds and complexes [1-5], 
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genetically engineered fluorescent proteins [6], semiconductor quantum dots [7-9], gold 

nanoparticles [9-11], silica or polymer nanoparticles [12-15], and rare earth doped 

nanocrystals [16-20]. All the time-gated instruments developed here have sufficient 

flexibility to be configured with suitable spectral selection and temporal control to study 

these materials.  

2) Sensing and imaging using active probes capable of targeting specific biomolecules. 

For example, I have replicated the multi-colour time-gated microscope at Dalian University 

of Technology in China, enabling our collaborators to characterize a series of new responsive 

lanthanide probes, and subsequently to image the distributions of a range of small molecules 

of biological significance in vivo. In addition to the co-authored paper included in this thesis, 

another two papers have been published by this group subsequently (in Materials Views and 

Chemical Science, respectively). 

3) The small-animal imaging capability offers significant potential for practical 

applications ranging from non-invasive biomedical diagnostics to luminescence image-

guided surgery. The excitation and emission wavelengths of upconversion nanoparticles can 

be tuned, e.g. using Nd3+ sensitizers, to further lower the tissue absorption and increase the 

penetration depth [21-23]. Moreover, other medical imaging modalities, such as CT, MRI 

and SPECT, as well as localised therapy, can be integrated for precise medicine, when multi-

modality contrast agent based on upconversion nanocrystals are used [21,24-26].  

4) Beyond simple images, the statistical analysis of luminescence intensities and lifetimes 

for individual targets offered by the R-OSAM is highly valuable for material characterisation 

and quantitative bioassays. The population variations from one target to another, previously 

often ignored in laboratory research, can be investigated at high sample throughput, which 

will enable new understandings and guide the development towards real-world applications.  
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5.2 Future Work 

The methods and prototype systems developed in this thesis can be further enhanced in 

terms of mechanics, optics, electronics and software, to better enable translation into 

commercial products. From the user perspective, the major issues that need to be addressed 

include: 

1) The high-speed optical chopper produces acoustic noise, which is unpleasant for users 

especially if they work for a lengthy period of time. This noise comes from air friction when 

chopper blades are rapidly rotating. Currently a plastic enclosure is mounted on the detection 

module of the prototype system, however its effect in reducing the noise is very limited. I 

propose design of a new mechanical structure to completely seal the chopper unit while 

allowing convenient optical alignment. The sealed unit might be evacuated, which will 

significantly reduce the acoustic noise further. 

Once this is done, I will build two more time-gated microscopes for our collaborators: 

one for Prof. Nicki Packer’s group at Macquarie University, and the other for Prof. Brant 

Gibson’s group at RMIT University. Meanwhile, we are endeavouring to commercialize our 

time-gated detection modules with Olympus, who has shown significant interest in this 

technology. 

2) The current imaging optics of the in vivo time-gated system has low efficiency for light 

collection, due to the introduction of a pinhole that is otherwise necessary for efficient time 

gating. I propose to redesign the imaging optics using optical simulation software such as 

(e.g. Zemax), aiming to overcome this dilemma by compact lens design while preserving 

good imaging quality.  

3) The R-OSAM method is good at analysing samples containing well-dispersed targets. 

While it is capable of recognising and measuring small aggregated targets, it cannot handle 

large clusters of targets, since the position of individual target cannot be obtained using a 

single-element detector. This may be solved using an array detector of photomultipliers or 

avalanche photodiodes together with enhanced data collection and processing. Alternatively, 

sample preparation standards need to be developed to ensure good distribution of individual 

targets on the substrate.  
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In addition to these issues, further advances can be made in the engineering of time-gated 

luminescence instruments to achieve lifetime measurement. In particular, lifetime-tunable 

luminescent probes have emerged recently, representing a unique opportunity to achieve 

highly multiplexed optical detection beyond fluorescence colours [27]. Lifetime 

measurement has been realised on the original OSAM, and this function can be extended to 

the new R-OSAM and demonstrated for material characterisation. In the next step, the time-

gated luminescence microscope and the time-gated animal imaging system will be further 

developed to integrate luminescence lifetime imaging, to enable simultaneous visualisation 

of multiple analytes surpassing the number that can be differentiated by colours alone. 

A simple scheme previously demonstrated by Marriott et al. can be implemented [28], 

which captures gated images of the same area with incremental delay time to calculate the 

lifetime for each pixel, as illustrated in Figure 5-1 (a). That system used two choppers to gate 

the excitation (10-20% duty cycle) and emission (50% open duty cycle), synchronised by a 

phase-locked loop (PLL). However, a major limitation lies in its effective delay range (up to 

68 μs, which is 40% of the 170 μs period), which will lead to inaccurate lifetime 

measurement for luminescent probes with lifetime longer than ~10 μs [29]. On the other 

hand, the chopper we use has two sections near its edge with different numbers of blades 

(Figure 5-1 (b)), so that the delay range can be increased by slightly moving the pinhole from 

the inner section to the outer section to achieve a large dynamic range for lifetime imaging.  
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FIGURE 5-1. (a) Time sequence of two chopper and the luminescence lifetime imaging collection 

[28]. (b) Mechanical design of chopper unit. 

Implementing the advanced time-gated technique to flow cytometry represents another 

opportunity for high-speed and high-throughput analytical biotechnology. A few time-gated 

flow cytometers have been reported previously [30-33], but none can measure the 

luminescence lifetimes (although measurement of short-lived fluorescence lifetime has been 

realized). I have designed a spatial-displacement time-gated flow cytometry offering 

sensitive detection of the target events while effectively measuring the luminescent decay 

curve. Illustrated in Figure 5-2 (a), time-gated detection is achieved by displacing the 

detection region at the downstream of the interrogation spot, so that only the slow-decaying 

luminescence signal is captured. Figure 5-2(b) shows the preliminary data of luminescent 

decay curves captured from the 5µm beads containing europium complexes. The key issue 

to be addressed is when two targets are too close and both reside in the collection window, 

leading to overlap of their decay curves, as shown in Figure 5-2(c). I propose to optimise the 

spatial-temporal configuration and develop data processing algorithms to decode such 

overlapped targets and measure their respective lifetimes in the next step. A lifetime 

decoding method recently demonstrated on laser scanning confocal microscopy, which is 

based on variable scanning velocity[34], may be adopted for measurement of luminescence 

lifetimes in the flow. 
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FIGURE 5-2. (a) Schematics of spatial-delay time-resolved flow cytometry. (b) The luminescent  
decay curve is collected ty the spatial-delay time-resolved flow cytometry. (c) The overlap of the 

luminescent  decay curve between two targets. 
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