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Abstract 

   Optical microscopy capable of real-time 3-dimentional imaging for live cells has 

facilitated modern biological research, especially with the recent development of a series 

of novel super-resolution techniques that overcome the diffraction limit associated with 

conventional optical microscopes. Among them, stimulated emission depletion (STED) 

nanoscopy is the first and optically most straightforward method to effectively break the 

resolution barrier for far-field microscopes. It has been demonstrated that STED can 

achieve 3-D imaging even at video rate. However the very high optical intensities required 

for depletion remain a key challenge for STED to be applied to live biological cells and 

tissues.  

This thesis explores the potential to use luminescent probes with long decay lifetimes to 

lower the optical depletion intensity requirement in STED. In particular, lanthanide-doped 

upconversion nanomaterials involving multiple intermediate excited states with lifetimes 

on the microsecond-to-millisecond timescale have been investigated. Such materials have 

found broad applications in biosensing and imaging due to their unique feature of non-

photobleaching and non-photoblinking. Here, their photon upconversion process and 

depletion capability have been carefully studied, in order to apply them to achieve STED 

super-resolution imaging at lowered intensity. The thesis is composed of the following 

research:  

Firstly, a continuous-wave STED (CW STED) microscope based on a Ti:Sapphire 

oscillator was established to achieve ~71 nm super-resolution on 20 nm fluorescent 

nanoparticles. Three components of cellular skeleton and RNA were imaged in fixed cells 

with super-resolution. This result shows that the CW mode operation reduces the system 

complexity and cost; however, it cannot relieve the extreme intensity requirement in STED 

to achieve super resolution for live cell imaging. 

Secondly, we explored and realized super-resolution imaging via an intermediate-level 

depletion mechanism using NaYF4:Yb
3+

/Tm
3+

 upconversion nanocrystals. Measurement of 

the depletion efficiency from upconversion nanocrystals with variable doping 

concentrations showed that the saturation intensity reduces substantially at increased Tm
3+
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doping concentration. In comparison to conventional organic dyes, the depletion intensity 

requirement for 8% Tm
3+

-doped samples is reduced by two orders of magnitude, allowing 

us to achieve moderate super-resolution on these highly-doped samples at much lower 

depletion intensities.  

Thirdly, the mechanism underpinning efficient depletion on highly doped upconversion 

nanocrystals was studied in detail. We found that the Tm-Tm cross-relaxation rates in the 

Yb-Tm photon upconversion system increase significantly at high Tm doping 

concentration. This leads to a photon-avalanche-like process to efficiently establish 

population inversion on the intermediate excited levels, enabling amplified stimulated 

emission to depletion/inhibit upconversion luminescence using largely reduced intensity. 

Meanwhile, for low doping concentration samples, the cross-relaxation rates are not 

sufficient to achieve photon-avalanche-enhanced stimulated emission depletion.  

The results embodied in this thesis demonstrate the capability to achieve low-power 

operation of STED using upconversion nanocrystals for super-resolution imaging for live 

cells. It suggest that novel luminescence nanoprobes may hold the key to next-generation 

optical nanoscopy. We further explored the lifetime tunability of upconversion 

nanocrystals for multiplexed imaging and molecular localization at high throughput, with 

preliminary results suggesting that upconversion nanoparticles with the same emission 

wavelengths can be effectively distinguished based on lifetime coding. It is expected that 

the new bio-friendly upconversion-STED method may find broad applications in life 

sciences.  

 

Key words: optical super-resolution microscopy, stimulated emission, lanthanide, 

upconversion nanoparticles, photon avalanche 
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Chapter 1: Introduction 

This thesis focuses on the development of novel super-resolution microscopy 

incorporating advanced rare-earth dopant upconversion luminescence material in the spatial 

and temporal domain. By exploiting a phenomenon akin to photon avalanche in highly 

doped NaYF4:Yb,Tm nanocrystals, the blue (455 nm) upconversion emission of Tm
3+

 can be 

substantially suppressed by illumination with a stimulated emission depletion beam at a 

wavelength targeting an intermediate state in the Tm
3+

 upconversion process. This enables 

super-resolution microscopy by way of a new form of stimulated emission depletion, in the 

process solving a key challenge of the current STED super-resolution techniques by 

significantly alleviating the depletion intensity requirement. 

This chapter provides an overview of advanced fluorescent microscopy techniques. It 

covers the motivations, fundamental knowledge and key advantages of using 

lanthanide-based luminescent nanocrystals as nanoscopy probes, and an up-to-date review 

of progress in the related areas of the super-resolution nanoscopy including instrumentation 

and applications. A brief introduction to fluorescent molecular probes and luminescent 

nanoparticles is given, with a focus on upconversion nanocrystals and the concept for 

STED-based super-resolution using lanthanide-doped nanomaterials. A detailed thesis 

outline is provided at the end of this chapter. 

1.1 Optical Microscopy 

1.1.1 Optical Fluorescent Microscopy 

Following the previous developments of wide-field optical microscopy by Zeiss and 

Abbe some 150 years ago[1], optical microscopy has become an indispensable tool of 

modern biology. Current generation optical microscopy plays a fundamental role in studies 

of biological cells and subcellular components including location and detection of 

functional targets, with a plethora of applications investigating the positions, movements, 
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and interactions of cellular elements.  

A wide range of other instruments for high resolution imaging like Electron 

Microscopy (EM)[2,3], Atomic Force Microscopy (AFM)[4] and Scanning Force 

Microscopy (SFM)[5], have also been developed over past decades. Some of these can 

achieve resolution on the order of fractions of a nanometre. But the limitations of these 

high resolution imaging methods are also as well known, arguably the most important 

being the inability to image live cells due to the destructive nature of specimen 

preparation[6]. Though new development on EM could achieve live cell imaging, the 

method could not be widely applied[7,8].  

In contrast to these techniques, far-field optical microscopy provides ease of use. 

Moreover there are almost no restrictions on the specimen because visible light passes 

through biological tissue with low scattering and absorption loss and without changing the 

sample. However, the major force behind its dominance in life sciences is the invention of 

immuno-labeling with fluorescent dyes and the subsequent discovery of ‘native’ expression 

of fluorescent proteins inside cells[9]. The greatest advantage achieved here is the high 

selectivity of observable targets and regions of interest. By using a specific binding antibody 

or DNA/RNA probe, nearly every region of interest inside a cell can be ‘colored’ with 

fluorescent markers[10]. In the case of fluorescent proteins, an additional DNA sequence, a 

plasmid, allows cells to express a target protein, tagged with a fluorescent protein[11]. 

Fluorescent markers, molecules which can emit light when excited by particular 

wavelengths, provide very large signal to noise ratio due to the Stokes shift of the emission 

wavelength with respect to the excitation wavelength. The combination of these techniques 

with optical microscopy provides a superior tool with diffraction limited resolution of 200 

nm and high selectivity of observable structures[1,12,13]. However, since a lot of the details 

of interest inside the cell are of a scale less than the diffraction limit, increasing the resolving 

power of optical fluorescence microscopes has been a hot topic. 

So considering all available imaging techniques, far-field fluorescent optical 

microscopy has become the most widely used for real-time bioanalysis in live cell imaging 

in modern biological research[14]. 
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1.1.2 Resolution Challenge in Far-Field Optical Microscopy 

As mentioned above, though optical microscopy is the most widely used in biological 

research, its usage for study of very small structures is constrained by what is known as the 

resolution limit. 

In principle, the resolution limit in optical microscopy is due to the fundamental 

phenomenon in physics called diffraction. Diffraction refers to various phenomena which 

occur when a wave encounters an obstacle or a slit. In classical physics, the diffraction 

phenomenon is described as the interference of waves according to the Huygens Fresnel 

principle. These characteristic behaviors are exhibited when a wave encounters an obstacle 

or a slit that is comparable in size to its wavelength. Similar effects occur when a light wave 

travels through a medium with a varying refractive index, or when a sound wave travels 

through a medium with varying acoustic impedance. Diffraction occurs with all waves, 

including sound waves, water waves, and electromagnetic waves such as light. 

While diffraction occurs whenever propagating waves encounter such changes, its 

effects are generally most pronounced for waves whose wavelength is roughly comparable 

to the dimensions of the diffracting object or slit. If the obstructing object provides multiple, 

closely spaced openings, a complex pattern of varying intensity can result. The light has the 

property of both particle and wave. The wave property will naturally lead to diffraction 

phenomenon during transmission. 

 

FIGURE 1-1 Optical diffraction pattern 

So for light wave in optical microscopy, considering the objective as consisting of 

diffraction gratings, the object diffracts the illuminating light. And point light source will not 
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be focused into a point image on the image plane but appearing as an extended intensity 

distribution like a series of concentric rings, known as the Airy diffraction pattern, as shown 

in Fig 1-1. And this extended intensity distribution is called a “point spread function”, which 

actually presents the resolving power of an optical imaging system. 

The spatial resolution of light microscopes is ultimately limited by diffraction. 

Diffraction prevents focusing a beam of light into a spot substantially smaller than half a 

wavelength in size. Similarly, diffraction causes the image of a point-like emitter, such as a 

single fluorescent molecule, to appear as an extended intensity distribution in the image 

plane. An image of an extended object taken with a fluorescence microscope is equivalent to 

the superposition of images of point sources composing the object. The image of a point 

source, the point-spread function (PSF), therefore describes the imaging properties of these 

linear systems. To form the observed image of an object, every point of the object is blurred 

to have a shape given by the PSF, and the size of the PSF describes the resolution of an 

imaging system. This resolution is commonly defined by the full width at half maximum 

(FWHM) of the PSF. In the 19th century, E.Abbe described this effect analytically and 

defined the resolution limit as the minimal distance allowing for sub-diffraction points to be 

differentiated[1]. And according to Ernst Abbe's diffraction theory, the formula for 

maximum resolution of an optical far-field microscope can be described as follows: 

/ 2 sin( ) / 2r n NA                        (1.1) 

where λ is the wavelength of light and NA is the numerical aperture of the utilized 

objective lens. The term NA = nsin(α) describes the maximal angle α of incident light which 

contributes to the focused light spot. Since the wavelength spectrum of visible light ranges 

from 380 nm up to 750 nm and the commonly utilized value of NA is 1.4, the resolution of 

an optical far-field light microscope is limited to ~200nm.  

Nevertheless, in Abbe's first article on the microscope, he already anticipates the 

possibility of new developments that are not covered by his theory and that might enhance 

the resolving capabilities of optical microscopes beyond the limits that he derived. Driven 

by the need for high resolution imaging, a new generation of optical microscopy based on 

limited excitation or collection volume have emerged over the past 60 years[14,15]. 
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1.2 Modern Far-field Microscopy 

1.2.1 Confocal Microscopy 

Invented by Minsky in 1955, the confocal optical microscope has rapidly become the 

most popular advanced microscope in biology due to its optical sectioning capability along 

z-axis[16]. A milestone in confocal microscopy development was the introduction of the 

confocal laser scanning microscope (CLSM) in the 1980s[17]. Lasers became readily 

available and were from then on used as high intensity excitation sources. In CLSM, 

scanning of the beam instead of the specimen led to a faster acquisition time and less 

artifacts due to vibration[18]. In comparison with the wide-field microscope, the confocal 

microscope no longer relies on cameras to get the image but use a scanning method for 

point fluorescent intensity and image reconstruction to get the final image, as shown in Fig 

1-2. 

In a confocal laser scanning microscope, a laser beam passes through a small circular 

aperture and then is focused by an objective lens into a small (ideally diffraction limited) 

focal volume within or on the surface of a specimen[18,19]. In biological applications 

especially, the specimen may be fluorescent. Scattered and reflected laser light as well as 

any fluorescent light from the illuminated spot passes back through the objective lens. A 

beam splitter separates off some portion of the light into the detection apparatus, which in 

fluorescence confocal microscopy will also have a filter that selectively passes the 

fluorescent wavelengths while blocking the original excitation wavelength. After passing 

through a pinhole, the light emitted from the sample is detected by a photo-detection 

device (usually a photomultiplier tube (PMT) or avalanche photodiode (APD)), 

transforming the light signal into an electrical signal that is recorded to give scan profiles, 

which can then be assembled to reconstruct the full image. The detector aperture obstructs 

the light that is not coming from the focal point, as shown by the dotted grey line in Fig 1-2. 

The out-of-focus light is suppressed: most of the returning light is blocked by the pinhole, 

which results in sharper images than those from conventional fluorescence microscopy 

techniques and permits one to obtain images of planes at various depths within the sample 

(sets of such images are also known as z stacks). 
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FIGURE 1-2 Schematic diagram of optical confocal fluorescent microscope: the solid line 

indicates the detection pathway and the dash line indicates the off-focus fluorescent pathway 

As mentioned before, resolution in the microscope is directly related to the FWHM 

dimensions of the microscope's PSF, and it is common to measure this value 

experimentally in order to avoid the difficulty in attempting to identify intensity maxima in 

the Airy disk. In confocal fluorescence configurations, point-wise illumination scanning 

and point-wise detection are employed, so that only the fluorophores in the shared volume 

of the illumination and detection point spread functions are able to be detected. The 

intensity point spread function in the confocal case is, therefore, the product of the 

independent illumination intensity and detection intensity point spread functions. For 

confocal fluorescence, the lateral (and axial) extent of the point spread function is reduced 

by about 30 percent compared to that in the wide-field microscope. Because of the 

narrower intensity PSF, the separation of points required to produce acceptable contrast in 

the confocal microscope is reduced to a distance approximated by: 

  0.41 /lateralr NA  (1.2) 

Note the confocal resolution is √2 times better than for the wide field case, thus the 
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improvement of PSF for the confocal case is 1-1 √2⁄ ≈ 30%  compared to widefield 

microscopy. A more detailed derivation of confocal microscopy resolution can be find on 

many classical optical textbooks and early published papers. For example, L. Novotny and B. 

Hecht, Principles of Nano-Optics, Cambridge (2006), in Chapter 4 Spatial resolution and 

position accuracy, give an explicit analysis of resolution in confocal and wide-field 

microscopy. 

A variety of equations are presented in the literature that pertain to different models for 

calculating axial resolution for various microscope configurations. Those most applicable 

to fluorescence emission are similar in form to the expressions evaluating depth of field, 

and demonstrate that axial resolution is proportional to the wavelength and refractive index 

of the specimen medium, and inversely proportional to the square of the numerical aperture. 

Consequently, the numerical aperture of the microscope objective has a much greater effect 

on axial resolution than does the emission wavelength. One equation commonly used to 

describe axial resolution for the confocal configuration is given below[20], with η 

representing the index of refraction, and the other variables as specified previously: 

2 1.4 /  axialr NA                         (1.3) 

Though the resolution of CLSM is enhanced compared to conventional wide field 

microscopes, the lateral resolution is still a few hundreds of nanometers and micron scale 

for z-axis[21]. The resolution is still not capable of resolving many sub-cellular structures 

of interest. 

1.2.2 Multi-Photon Microscopy 

Two-photon excitation microscopy (also referred to as non-linear, multiphoton, or 

two-photon laser scanning microscopy) employs two-photon absorption[22], a concept first 

described by Maria Goeppert-Mayer(1906–1972) in her doctoral dissertation in 

1931[23,24], and first observed in 1961 in a CaF2:Eu
2+

 crystal using laser excitation by 

Wolfgang Kaiser[25]. Isaac Abella showed in 1962 in cesium vapor that two-photon 

excitation of single atoms is possible[26]. 

The concept of two-photon excitation is based on the idea that two photons of 
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comparably lower energy than needed for one photon excitation can also excite a 

fluorophore in one quantum event. Each photon carries approximately half the energy 

necessary to excite the molecule. An excitation results in the subsequent emission of a 

fluorescence photon, typically at a higher energy than either of the two excitatory photons, 

as shown in Fig 1-3. At room temperature, two-photon absorption occurs on attosecond 

(10
-18

s) time scale[27], and the probability of the near-simultaneous absorption of two 

photons is extremely low. Therefore a high flux of excitation photons is typically required, 

usually from a femtosecond laser[28].  

 

FIGURE 1-3 The Jablonski diagram of two photon excitation progress 

The most commonly used fluorophores in biology have excitation spectra in the 

400-500 nm range, whereas the laser used to excite the two-photon fluorescence lies in the 

~700-1000 nm (infrared) range. The use of infrared light to excite fluorophores in 

light-scattering tissue has added benefits, for example, these lower-energy excitation 

photons are less likely to cause damage outside the focal volume. Compared to the 

confocal microscope, photon detection is much more effective since even scattered photons 

contribute to the usable signal in confocal microscopy. Due to the limitation of the excited 

volume, the PSF is substantially lower than that in single-photon excitation. As a result, the 

resolution is improved, allowing for thin optical sections to be cut. 

Unfortunately, in practice the image resolution obtained with two-photon excitation is 

not better than that achieved in a well-aligned confocal microscope[29,30]. The utilization 
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of longer excitation wavelengths (such as red or infrared, instead of ultraviolet or blue), 

although an advantageous aspect of two-photon excitation, actually results in a larger 

resolution spot. So in theory the 2P microscopy should give a better sectioning result 

comparing to confocal microscopy while in practice they are roughly on the same level. If 

a biological structure can't be resolved in the confocal microscope, it will similarly not be 

resolved in a two-photon excitation laser-scanning microscope. While this point is well 

understood by microscopists experienced in these techniques, prospective users in the 

biomedical research community often assume that the advantages of two-photon excitation 

include increased resolution. And the so-called deeper penetration is not realized in 

practice either, since the anti-Stokes shift results in short wavelength emission which has 

poor transmission through biological tissue. 

1.2.3 4Pi and I
5
M microscopy 

Recapitulating, the PSF of the far-field microscope in the axial direction is significantly 

larger than its lateral counterparts due to the asymmetry in focusing. The focusing angle of 

an objective lens is technically limited to about 70°. If the angle could be increased to the 

full solid angle of 4π, the focal spot would be spherically symmetric. This condition can be 

substantially achieved by fusing the apertures of two opposing lenses by interference. 

Constructive interference in the focal point results in a pronounced intensity maximum that 

is narrower than that of a single lens. The axial resolution can even be further enhanced with 

coherent detection. Based on this idea, two kinds of modern microscopy had been invented: 

one is named 4Pi-microscopy, and the other one is I
5
M microscopy (Incoherent 

Interference Illumination Image Interference Microscopy)[31-33]. 

In 4Pi-microscopy, the sample is illuminated by focusing excitation light through both 

objective lenses in a coherent manner onto the same spot and/or by coherently detecting 

the emerging fluorescence light through both lenses as shown in Fig 1-4a. Being equivalent 

to an increase in the aperture of the system, the constructive interference of the two 

focused light fields produces an illumination/detection PSF which features a central peak 

that is 3–4 times narrower than the focal spot of a single lens with the largest aperture 

angle available[33]. In the favored Two Photon Excitation(2PE) ‘type C’ mode of 

4Pi-microscopy, the fluorescence light field produced by 2PE in a 4Pi illumination focus is 
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collected by both lenses and coherently added at a common point that is usually defined by 

a pinhole[34]. With the proper phase difference (multiples of 2π) at the detector, the 

detection-PSF is modified much in the same way as the excitation-PSF (Fig 1-4c). The 

effective PSF of the system (Fig 1-4d) features sidelobes that are <25% of the main 

maximum. A resolution enhanced image then could be obtained by scanning either the 

sample or the beams. 

 

FIGURE 1-4 The schematic diagram of two photon 4Pi-C microscope:(a)The schematic diagram 

of two-photon 4Pi-C microscopy; (b)Excitation PSF of two-photon 4Pi-C microscopy; (c)Detection 

PSF of two-photon 4Pi-C microscopy; (d)Effective PSF of two-photon 4Pi-C microscopy[31] 

In I
5
M, the laser is replaced by a spatially incoherent light source such as an arc lamp 

and the sample is preferably Köhler-illuminated via both objective lenses (Fig. 1-5a), 

thereby making xy-scanning redundant[31]. Ideally, an azimuthal polarizer in the pupil 

plane of the lenses polarizes the excitation light perpendicular to the radial direction. The 

interfering light produces a laterally homogenous axial interference pattern whose 

modulation rapidly decreases to a constant intensity outside the common focal plane of the 

lenses (Fig 1-5c). The fluorescence is collected as in a 4Pi-microscope(of type C), i.e. by 
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combining the spherical wavefronts originating from a sample point in the focal plane and 

by subsequently adding them at the same point of detection, typically at a CCD camera. 

Combined with the described excitation pattern, the detection PSF leads to an effective 

PSF as shown in Fig 1-5e. The spherical wavefront detection imprints a spherical lobe 

structure in the effective PSF of the I
5
M. 

 

FIGURE 1-5 The schematic diagram of I5M microscopy:(a)The schematic diagram of I
2
M 

microscopy; (b)The schematic diagram of I
5
M microscopy; (c)Excitation PSF of I

5
M; (d)Detection 

PSF of I
5
M; (e)Effective PSF of I

5
M[31] 

The effective PSFs of both systems feature a sharp central spot of about 100 nm FWHM 

axial widths accompanied by axially shifted side-maxima[31]. Unfortunately, these 

sidelobes lead to invalid replications in the image, commonly referred to as ‘ghost images’. 

The removal of these ghost images is crucial for an unambiguous interpretation of the 

recorded structure. Comparing to conventional confocal microscopies, 4Pi and I
5
M 

microscopy can improve resolution but the enhancement is not enough to break through 

the diffraction barrier. And the requirement of thin samples also limits the application. 
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1.2.4 Light Sheet Microscopy 

Besides compensating the NA or limited the excitation volume or collection volume, 

other ways have been found to improve axial resolution by abandoning the standard 

epi-fluorescent pathway. Of these, light sheet microscopy is perhaps the most successful 

one[35,36].  

Light sheet fluorescence microscopy (LSFM) is a fluorescence microscopy technique 

delivering intermediate optical resolution, but good optical sectioning capabilities and high 

speed, especially for living cell imaging. The perpendicular pathway design and low NA 

objective with long working distance allow more space for sample, especially for thick 

samples like tissue. In contrast to epi-fluorescence microscopy only a thin slice (usually a 

few hundred nanometers to a few micrometers) of the sample is illuminated 

perpendicularly to the direction of observation. For illumination, a laser light-sheet is used, 

i.e. a laser beam which is focused only in one direction (e.g. using a cylindrical lens). A 

second method uses a circular beam scanned in one direction to create the light sheet. As 

only the actually observed section is illuminated, this method reduces the photo damage 

and stress induced on a living sample[36]. Also the improved optical sectioning capability 

reduces the background signal and thus creates images with higher contrast, compared to 

confocal microscopy[35]. Because LSFM scans samples by using a plane of light instead 

of a point, it can acquire images at 100 to 1000 times faster than those offered by 

point-scanning methods[36]. 

LSFM has several important advantages over confocal microscopy, especially for 

studying living organisms. Most important is that it greatly reduces photobleaching of 

fluorescent probes and light-induced damage to the specimen. This is because the laser 

beam is spread out as a sheet rather than being focused onto a small area as a point. Also, 

no fluorescence is stimulated in regions of the sample not directly exposed to the light 

sheet. Furthermore, the sheet is applied to each layer of the specimen for a very short 

period of time, with a single image taking only milliseconds to acquire. Consequently, the 

specimen isn’t exposed to laser light at a high enough intensity or for a sufficiently long 

period of time for it to suffer any phototoxic effects or for the fluorescent probes to fade. 

In this type of microscopy, the illumination is done perpendicularly to the direction of 
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observation (as shown in Fig 1-6). The expanded beam of a laser is focused in only one 

direction by a cylindrical lens, or by a combination of a cylindrical lens and a microscope 

objective as the latter is available in better optical quality and with higher numerical 

aperture than the first. This way a thin sheet of light or lightsheet is created in the focal 

region that can be used to excite fluorescence only in a thin slice (usually a few 

micrometers thin) of the sample. The fluorescence light emitted from the lightsheet is then 

collected perpendicularly with a standard microscope objective and projected onto an 

imaging sensor (usually a CCD, electron multiplying CCD or CMOS camera). 

 

FIGURE 1-6 The schematic diagram of light sheet microscopy. The blue arrow indicates the 

excitation transmission direction, while the green arrow indicates the florescent collection direction. 

The excitation pathway is perpendicular to fluorescent pathway[37] 

The sample chamber for LSM is suitable for large region scanning and live tissue 

imaging[38], while the resolution is still on equivalent level as confocal microscopy, which 

is limited by diffraction as well[39].  

1.3 Super-Resolution Microscopy 

Though recent developments of optical microscopy have improved the resolution to a 

degree, resolution of fluorescence microscopy remains limited by diffraction. Driven by 

the demand for resolving sub-cellular elements and processes, so-called “super-resolution 

microscopy” has emerged over the past 20 years, enabling the diffraction limit to be 

overcome so that imaging of structures on the nanoscale can be achieved[40-46]. The use 

of super-resolution imaging techniques in cell biology has yielded a wealth of information 
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regarding sub-cellular elements and processes that were invisible to conventional 

imaging[47-53]. This fundamental breakthrough has been recognized by award of the 2014 

Nobel Prize in Chemistry to William E. Moerner, Eric Betzig and Stefan Hell. 

The key advance in breaking the diffraction limit to obtain much higher image 

resolution requires not only advanced optical techniques, but also utilization of the 

methods of fluorophore photo-chemistry. And in the past two decades, two major branches 

of super-resolution microscopy, consisting of several different technologies have been 

reported to effectively break the diffraction barrier and reach the real nanometer level 

resolution[43]. The key idea is the same for both, that is, how to control the fluorescent 

emission between on and off states. The key point of the first branch is based on 

sub-diffraction-limit pattern excitation and the second on single molecule localization. 

1.3.1 Super-resolution Fluorescence Microscopy by Spatially Patterned Excitation 

In this category of techniques, a patterned field of light is applied to the sample to 

manipulate its fluorescence emission. This spatial modulation can be implemented either in 

a "positive" or "negative" manner. In the positive case, the light field used to excite the 

sample and generate fluorescence is directly patterned. In contrast, the negative patterning 

approach enlists the help of an additional patterned light field to suppress the population of 

molecules that can fluoresce in the sample[40,43]. In both of these approaches, the spatial 

information encoded into the illumination pattern allows neighboring fluorophores to be 

distinguished from each other, leading to enhanced spatial resolution. We refer to this 

approach, mainly including STED, RESOLFT, and SSIM(SIM), as super-resolution 

microscopy by spatially patterned excitation or the “patterned excitation” 

approach[41,46,54,55]. 

1.3.1.1 Negative Patterning: Stimulated Emission Depletion(STED) 

The concept of STED microscopy was first proposed in 1994 and subsequently 

demonstrated experimentally[41]. In STED microscopy, the patterned illumination 

prevents fluorophores from emitting fluorescent photons. This suppression is achieved by 

stimulated emission: when an excited-state fluorophore encounters a photon that matches 
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the energy difference between the excited and the ground state, it can be brought back to 

the ground state through stimulated emission before spontaneous fluorescence emission 

occurs, as shown in Fig 1-7[40]. 

 

FIGURE 1-7 The chematic diagram of STED microscopy. (a)Jablonski diagram of STED progress; 

(b)Ratio of left fluorescent intensity vs depletion intensity curve; (c)Schematic diagram of STED 

microscopy; (d)PSFs of confocal and STED system[40] 

This process effectively depletes excited-state fluorophores capable of fluorescence 

emission. In order to use STED to sharpen the excitation PSF, the STED laser needs to 

have a pattern with zero intensity at the center of the excitation laser focus and nonzero 

intensity at the periphery[56] . Typically, the diffraction spot of the excitation beam of a 

scanning microscope is overlapped with a doughnut-shaped spot of longer wavelength to 

instantly de-excite markers from their fluorescent state to the ground state by stimulated 

emission. Thus, effective molecular excitation is confined to the doughnut center. The 

higher the intensity of the doughnut, the narrower the spot becomes from which 

fluorescence may originate. Scanning a sharpened spot through the specimen renders 

images with sub-diffraction resolution. 

However, this spatial pattern is also limited by the diffraction of light. Therefore, the 

effect of STED alone is not sufficient for sub-diffraction-limit imaging. The key to 

achieving super resolution is the nonlinear dependence of the depleted population on the 

STED laser intensity when the saturated depletion level is approached: If the local intensity 

of the STED laser is higher than a certain level, essentially all spontaneous fluorescence 
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emission is suppressed. By raising the STED laser power, the saturated depletion region 

expands without strongly affecting fluorescence emission at the focal point because the 

STED laser intensity is nearly zero at this point[57]. Consequently, the fluorescence signal 

can be observed only in a smaller region around the focal point, reducing the effective 

width of the PSF (Fig 1-7d). The size of this region, and thus the resolution of the 

microscope, scales approximately with the inverse square root of the intensity of the 

depletion light (or δ ≈ ∆/√1 (1 + Idep/Isat⁄ , wherein δ is the resolution,  ∆  is the 

diffraction-limited focal spotsize, measured as the full width at half maximum intensity, 

and Idep is the intensity of the depletion laser). Super-resolution images are then obtained 

by scanning this “sharpened” PSF in the sample[56,57]. 

The pattern of the STED laser is typically generated by inserting a phase mask into the 

light path to modulate its phase-spatial distribution. One such phase mask generates a 

donut-shaped STED pattern in the xy plane. In principle, this approach allows unlimited 

resolution improvement given an infinitely strong depletion light source. In practice, a 

number of factors influence the resolution of STED microscopy: wavelength, cross-section, 

non-linear depletion efficiency, fluorescent lifetime and optical aberrations: 

(1) According to Einstein's theory of stimulated emission, the STED beam has equal 

probability of stimulated absorption and emission effect on molecules. The wavelength of 

the STED beam should be longer than that of the fluorescence to achieve effective 

depletion and reduce the possibility of re-excitation[56]. Usually the wavelength should be 

close to the tail region of fluorescence emission spectrum. Considering that the absorption 

cross-section is also related with the wavelength, the further the wavelength is red-shifted, 

the smaller the stimulated emission cross-section will be. Eventually, there's a balance in 

choosing the proper depletion wavelength. 

(2) The nonlinear depletion effect is the core of STED and non-linear saturation should 

be taken into consideration[56]. With Idep increasing, the number of molecules in excited 

state S1 can be eliminated strictly and FWHM of the PSF is shrunk substantially. However, 

photo-bleaching and photo-damage will increase rapidly with increasing intensity of the 

depletion beam, and imaging quality will decrease as the signal to noise ratio also affects 

resolving power. Therefore, resolving power of the system is limited by the stability of 
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molecules. 

 (3) Typical STED relies on ultra-short pulse lasers with appropriate temporal delay 

between excitation pulses and depletion pulses, wherein the delay is within the fluorescent 

lifetime to achieve saturated depletion. Considering the common fluorescent markers, the 

fluorescent lifetime is usually on nanosecond level and this leads to challenging pulse 

synchronization and high intensity requirements for the depletion beam. In later research, 

CW STED was demonstrated, but even higher depletion intensity is required[58]. Even for 

the advanced technique, for example, time-Gated STED (G-STED, time gating method is 

applied in signal collection to reduce re-excitation noise caused by depletion beam so that 

the signal to noise ratio is raised and less depletion power is required), which combines 

pulse and CW laser sources together, the depletion intensity requirement remains hundreds 

of MW/cm
2
 to achieve sub-50 nm resolution[59].  

(4) Optical aberrations arising from different refractive indices of target sample and 

coverslip, and the oil (immersion) layer and microscope objective, do apply further 

limitations to ultimate resolution of confocal microscopy including for STED-based 

super-resolution. These issues have been dealt with extensively by a series of published 

papers over the past 2 decades, most recently the chapter by Egner and Hell in the Handbook 

of Biological Confocal Microscopy, 3
rd

 Edition, Ed: James P Pawley, Springer New York 

2006. 

In general, STED microscopy has reached a remarkable resolution of 6 nm using strong 

depletion intensity to image fluorescent defects in NV center diamonds, which almost 

never photo-bleach. On biological samples, STED imaging has achieved a resolution of 20 

nm when using organic dyes and 50–70 nm resolution when using fluorescent proteins. But 

the intense depletion intensity requirements in most cases cause severe thermal damage to 

biological samples, and the cost of the STED system is high, so that it is not really suitable 

for live cell imaging. This limits the popularity of STED nanoscopy in biology. 

1.3.1.2 Negative Patterning: RESOLFT Microscopy 

As the key to high resolution is the switching of the markers, STED is only one member 

of the family of targeted switching methods. In general, resolution beyond the diffraction 
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limit can be achieved by utilizing a marker that can be toggled between two inter-connected 

states A and B, one of which is bright (meaning that it provides a detectable signal) and the 

other dark. One of the transitions, say A → B has to be light driven but then the reverse 

process A ← B may be spontaneous. This generalization is known as the REversible 

Saturable Optical Linear Fluorescent Transitions (RESOLFT) concept[60]. Again the key 

ingredient is the marker. Alternative RESOLFT implementations have been demonstrated so 

far with standard fluorescent dyes (GSD) and photo switchable proteins[54,55,61]. 

In GSD microscopy fluorescent markers are used. In one condition the marker can 

freely be excited from the ground state and returns spontaneously via emission of a 

fluorescence photon. However if light of appropriate wavelength is additionally applied the 

dye can be excited to a long-lived dark state, i.e. a state where no fluorescence occurs. As 

long as the molecule is in the long-lived dark state (e.g. a triplet state), it can’t be excited 

from the ground state, as shown in Fig 1-8. Switching between these two states (bright and 

dark) by applying light fulfills all preconditions for the RESOLFT concept and 

sub-diffraction imaging and images with very high resolution can be obtained[62]. For 

successful realization, GSD microscopy requires either special fluorophores with high 

triplet yield or removal of oxygen by use of various mounting medium such as Moviol or 

Vectashield. To date the GSD microscopy has achieved a resolution of 7.6 nm in 2009[63]. 

 

FIGURE 1-8 Jablonski diagram of GSD. S0 is ground state, S1 is the first excited state and T1 is the 

triple state. The markers under GSD progress are excited (red arrow) to higher excited state and 

then fall back to T1 state (yellow arrow). After much longer time τD, the markers fall back to the 

ground state, since τD indicates the lifetime on T1 which lasts much longer than that on S1. While 

normal markers will fall to S0 by spontaneous emission (blue arrow) with shorter lifetime.  

Some fluorescent proteins can be switched on and off by light of appropriate 

wavelength, and they can be used in a RESOLFT-type microscope. During illumination 
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with light, these proteins change their conformation. In the process they gain or lose their 

ability to emit fluorescence. The fluorescing state corresponds to state A, the 

non-fluorescing to state B and the RESOLFT concept applies again. The reversible 

transition (e.g. from B back to A) takes place either spontaneously or is driven by light. 

Inducing conformational changes in proteins can be achieved already at much lower 

switching light intensities as compared to stimulated emission or ground state depletion 

(even on W/cm²)[64,65]. 

Just as with proteins, some organic dyes can change their structure upon illumination. 

The ability to fluoresce of such organic dyes can be turned on and off through visible light. 

Again the applied light intensities can be quite low (some at 100 W/cm²)[66]. 

Considering all RESOLFT cases, the off state can be the ground state of a fluorophores 

as in the case of STED, the triplet state as in ground-state-depletion microscopy, or the dark 

state of a reversibly photo-switchable fluorophores[66]. The gain in spatial resolution of 

RESOLFT nanoscopy is achieved in the same way as in STED, which uses a depletion laser 

to drive fluorophores at the periphery of the excitation into a dark state. With saturated 

depletion, the size of the effective PSF, δeff, becomes 

1 (1 )eff sI I                          (1.4) 

where δ is the diffraction-limited size of the PSF, I is the peak intensity of the 

depletion laser and Is is the saturation intensity for the fluorophore. Super resolution can be 

achieved when the degree of saturation, I/Is, becomes much larger than unity[60]. Unlike 

STED, which features a high Is value (∼10
7
 W/cm

2
) and thus requires an intense depletion 

laser (often>10
9
 W/cm

2
), an optical transition that has a lower Is value can be chosen for 

RESOLFT, allowing super-resolution imaging at a much lower depletion laser 

intensity[60]. For example, RESOLFT has been demonstrated using a reversibly photo 

switchable fluorescent protein, as FP595, which leads to a resolution better than 100 nm at 

a depletion laser intensity of 600 W/cm
2[67]

. 

Though in some RESOLFT cases, the depletion intensity can be reduced to kw/cm
2
 or 

even lower, it cannot be widely applied to all fluorescent markers, only very specific 

markers, and this limitation prevents the broad application of RESOLFT nanoscopy. 
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1.3.1.3 Positive Patterning; SIM and SSIM 

While RESOLFT, or negative patterning super-resolution imaging, is conceived in the 

context of laser-scanning microscopy and is designed to directly minimize the size of a 

scanned focal point, positive patterning super-resolution imaging actually brings 

theoretically unlimited resolution to a wide-field (non-scanning) microscope by using a 

nonlinear fluorescence response together with a periodic illumination pattern that fills the 

field of view.  

The reason that positive structured illumination can provide resolution increases is that 

it renders otherwise unresolvable high-resolution information visible in the form of 

low-resolution Moiré fringes. A Moiré pattern is a secondary and visually evident 

superimposed pattern created, for example, when two identical (usually transparent) 

patterns on a flat or curved surface (such as closely spaced straight lines drawn radiating 

from a point or taking the form of a grid) are overlaid while displaced or rotated a small 

amount from one another. And the strength of this effect is proportional to the spatial 

frequency of the pattern. 

 

FIGURE 1-9 The schematic of SIM. (a) Detected frequency field for normal microscope; 

(b)Extended frequency detection field in SIM 

The classical resolution limit specifies a maximum spatial frequency k0 that can be 

observed through the microscope. For a light microscope, k0 = 2NA/λem, where λem is the 

observation wavelength and NA is the numerical aperture of the objective lens. If the 

frequency content of the sample is described in a 2D frequency space, then this limit 

defines an “observable region” (a circle with radius k0 around the origin), as shown in Fig 

1-9a. Information outside of this region is fundamentally unobservable in the conventional 

microscope. The goal of resolution extension is to render some of that information 
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observable, that is, to enlarge the observable region. 

Structured-Illumination Microscopy (SIM) extends resolution beyond the diffraction 

limit by moving information into the observable region, from elsewhere in frequency space, 

in the form of moiré fringes[45]. Moiré fringes are produced by frequency mixing 

whenever two signals are multiplied. SIM improves image resolution by using positive 

patterning of the excitation light, which is typically a sinusoidal pattern created by 

combining (i.e., interfering) two light beams. As a result, an image snapshot of the sample 

becomes the product of the sample structure itself and this excitation pattern. A final image 

is then computationally reconstructed from multiple snapshots collected by scanning and 

rotating the pattern[45]. In this process, the additional spatial modulation from the 

excitation pattern brings enhanced spatial resolution into the reconstructed image. In this 

case, the multiplication is the one inherent in fluorescence: the observed emission intensity 

is the product of the local density of fluorescent dye (i.e., the sample) and the local 

intensity of excitation light. 

If the illumination contains a spatial frequency k1, then each sample frequency k gives 

rise to moiré fringes at the difference frequency k–k1. Those fringes will be observable in 

the microscope if |k–k1| <k0, that is, if k lies within a circle of radius k0 around k1 (Fig 

1-9b). Thus, the information within that circle has been made indirectly observable, and it 

can be extracted by using a phase-shift method. The new information increases the highest 

observable spatial frequency (the resolution) from k0 to k0+k1. Thus, to maximize the 

resolution, it is desirable for the illumination to contain as high spatial frequencies k1 as 

possible. Unfortunately, the set of spatial frequencies that can be generated in a light field 

is limited by diffraction in the same way as the set of frequencies that can be observed. 

Thus, k1 cannot be made larger than 2NA/λexc≈k0, so the new resolution limit k0 + k1 can 

be at most ≈2k0. Hence, normal linear SIM can extend resolution only by a factor of ≈2. 

In another words, SIM can improve optical resolution but only half that of the standard 

diffraction limit, still insufficient to resolve sub-cellular structures[68,69]. 
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FIGURE 1-10 The schematic diagram of SSIM. (a)The schematic diagram of saturated excitation 

pattern in SSIM; (b)The comparison of excitation patterns of SIM and SSIM 

As is true for the depletion light pattern used in STED, the illumination pattern created 

by interference is also limited by diffraction. Therefore, when the fluorescence signal 

scales linearly with the intensity of the excitation light, SIM results only in a doubling of 

spatial resolution. However, as with the negative patterning approach, the saturating 

response of the fluorophores can also be exploited here to further enhance the resolution. 

Saturated SIM (SSIM) utilizes this phenomenon to create sharp dark regions where the 

excitation pattern has zero intensity, providing image resolution significantly beyond the 

diffraction limit[70].  

Such a non-linearity would cause the effective illumination pattern to contain 

harmonics with spatial frequencies that are multiples of k1. A component with frequency 

2k1 would extend resolution by twice as much as the linear method, a 3k1 component by 

three times as much, etc. If the nonlinearity can be described by a polynomial of order s, it 

will give rise to s–1 new harmonics. A nonlinearity that is non-polynomial (i.e., has an 

infinite Taylor series) thus produces an infinite number of harmonics, corresponding to 

theoretically infinite resolution. The resolution in practice will be finite, of course, but 

bounded only by practical issues of signal-to-noise ratio and photo stability, not by any 

fundamental limit[71]. 

In the normal fluorescence process, a fluorophore molecule in its electronic ground 
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state S0 is excited to the first excited state S1 by absorbing a photon at λexc and decays back 

to S0 after an average time τ (the fluorescence lifetime) as it emits a photon at λem. Clearly, 

on average each molecule can emit at most one photon per lifetime τ. Thus, it cannot 

respond linearly to illumination intensities above one photon per absorption cross section 

per lifetime. If the sample is illuminated by a sinusoidal light pattern with a peak intensity 

that is near or above this threshold, then the pattern of emission rate per fluorophore takes 

on a non-sinusoidal shape (Fig 1-10a), which contains the desired series of harmonics with 

higher spatial frequency than the illumination pattern itself. 

If a sample is illuminated with such a distorted pattern, the observed image will be a 

superposition of several information components, each displaced in frequency space by an 

amount corresponding to the spatial frequency of each Fourier component of the pattern 

(Fig 1-10). The number of pattern harmonics, and thus the number of contributing 

information components, is infinite, in principle. In practice, however, only a finite number 

of information components are strong enough to rise above the noise level[71]. 

So SSIM also requires shifting the illumination pattern multiple times, effectively 

limiting the temporal resolution of the technique. In addition there is a need for very photo 

stable fluorophores due to the saturating conditions. These conditions also induce 

photo-damage to the sample that restricts the possible applications in which SSIM may be 

used. 

The main problems with SSIM are that, in this incarnation, saturating excitation powers 

cause more photo damage and lower fluorophore photo stability, and sample drift must be 

kept to below the resolving distance. The former limitation might be solved by using a 

different nonlinearity (such as stimulated emission depletion or reversible photo activation, 

both of which are used in other sub-diffraction imaging schemes); the latter limits live-cell 

imaging and may require faster frame rates or the use of additional markers for drift 

subtraction[44]. Nevertheless, SSIM is a strong contender for further application in the 

field of super-resolution microscopy. 
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1.3.2 Super-Resolution Fluorescence Microscopy by Single-Molecule Switching 

Localizing with High Precision 

Images not only consist of size of PSF and fluorescent markers but also position of 

individual objects. A biological structure is ultimately defined by the positions of the 

molecules that build up the structure. Similarly, a fluorescence image is defined by the 

spatial coordinates of the fluorophores that generate the image. It is thus conceivable that 

super-resolution fluorescence microscopy can also be achieved by determining the position 

of each fluorescent probe in a sample with high precision[43,52,72]. 

Single molecule localization and reconstruction microscopy, also referred to as 

pointillist microscopy, encompasses an array of techniques that provide enhanced 

resolution by localizing single molecules that are separated by more than the resolution 

limit. Localizing involves finding the center (i.e., position) of the molecule from an image 

of its PSF; a localization precision as small as 1 nm has been demonstrated for single 

fluorescent molecules. Single molecule techniques rely on the manipulation of the optical 

properties of the labeled molecules within the specimen to achieve a higher localization 

precision and consequently a higher resolution. In order for molecules to be a localized 

with high precision, they need to be distinctly (spatially or temporally) separated. And 

different condition is required due to different single molecule localization methods. 

This can be achieved in two ways: (1) by labeling the specimen with a very low density 

of fluorophores wherein the molecules to be localized are distinctly separated; this concept 

is utilized in fluorescent speckle microscopy (FSM) and other techniques that exploit 

fluorescence intermittency[73]. Other methods have exploited stepwise photo bleaching to 

localize single molecules, although these methods have required small numbers of probe 

molecules to be located within a diffraction-limited area[74,75]. The localization of 

diffusing probe molecules that become fluorescent as they bind to a target molecule and 

subsequently photo bleaching has also been demonstrated, although control over the 

density of fluorescent molecules in this approach still requires the adjustment of the 

concentration of probe molecules; (2) by using photo-activatable and/or photo-switchable 

fluorophores that can be switched between the bright and dark states thereby providing an 

optical control over the fluorescent properties of the targeted sample[76,77]. 
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In a typical wide-field fluorescence microscopy setup, all the fluorescent molecules are 

visible at the same time, which leads to diffraction-limited blurring of the sample as a 

result of the overlap of PSFs of the different molecules. When only a few molecules are 

visible such that the PSFs of the molecules do not overlap, the molecules will be well 

separated and distinct from one another. In such a scenario, the positions (centers) of the 

molecules can be identified (this is also referred to as localizing a molecule)with a very 

high precision. An object can be localized with greater precision (smaller error) than the 

diffracted-limited resolution. The two-dimensional localization precision (σxy) of a 

fluorescent object is given by 
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where 

s is the standard deviation of the PSF (which is proportional to the resolution) 

N is the total number of photons collected (not photons per pixel) 

q is the effective size of an image pixel within the sample focal plane 

b is the background noise per pixel (not background intensity) 

Thus, single fluorescent molecules can be localized with greatest precision, and the 

localization precision can be improved by increasing the number of detected photons and 

decreasing the background. 

But being able to localize a single molecule does not directly translate into 

super-resolution imaging of a fluorescently labeled biological sample, which can contain 

thousands of fluorophores inside of the diffraction-limited region. The fluorescence 

emission from these molecules will overlap severely enough that the overall image appears 

as a completely featureless blur. At first sight, it might seem impossible to distinguish these 

molecules individually. However, if the fluorescence emission from these molecules is 

controlled such that only one molecule is emitting at a time, individual molecules can then 

be imaged and localized. This is the idea behind a recently developed super-resolution 

imaging method called PALM[52], or FPALM[53] and STORM[48]. 
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1.3.2.1 PALM and FPALM 

In 2006, Photo-Activation Localization Microscopy (PALM) was demonstrated, 

wherein a random stimulation method is used to improve optical resolving power[52]. A 

fluorescent molecule in one Airy disk can be activated individually and then bleached 

permanently by the exact same order, so that single-molecule fluorescence microscopy is 

used to compute and map the precise position of each molecule center, and after several 

cycles a final image is compiled. Special fluorescent molecules are also the key to success 

in PALM. PA-GFP is widely applied in PALM because of its key property that 

fluorescence is only observed after activation by light of 405 nm wavelength co-existing 

with excitation beam. FPALM (Fluorescence Photo-activation Localization Microscopy) 

technology was also demonstrated in 2006, and is similar to PALM[53]. 

The specific procedure is as shown in Fig 1-11: First, a few proteins tagged by PA-GFP 

are activated with low intensity (milliwatt per square centimeter) activation laser beam. 

Then, continuous-wave excitation turns on and the few activated markers start to fluoresce. 

By calculating and positioning the centers of these molecules, precise location can be 

obtained. Excitation is required for sufficient time for the excited molecules to be 

permanently bleached so that they cannot participate in the following excitation cycle, and 

the signal to noise ratio of the next cycle is not be influenced by former cycles. Thus the 

accurate position of each molecule can be fitted according to real image results, and 

repeating the activation-excitation-bleaching cycle enables the final image to be 

synthesized[52,78].  
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FIGURE 1-11 The schematic diagram of PALM. (A)(B)(C)Attach PA-GFP fluorescent markers to 

the target and activate very few markers with pulse mode 405 nm laser, then use 561 nm laser to 

excite these markers to fluoresce. Keep excitation until the activated markers get bleached; 

(D)Repeat the A, B, C process until all markers get bleached; (E)(F)Overlap all results together to 

get the final result which is diffraction limited; (G)The left sub-figure indicates the actual imaging 

result of one individual marker. The central one indicates the ideal PSF. The right one is the result 

after fitting. (A')(B')(C')(D')(E')(F') shows the fitting results respectively[52] 

1.3.2.2 STORM 

Quite similar to PALM, STochastical Optical Reconstruction Microscopy (STORM) 

was first reported in 2006 as well[48]. STORM was originally described using Cy5 and 

Cy3 dyes attached to nucleic acids or proteins. In this technique, Cy3 and Cy5 proteins 

cascaded together as a source could be activated repeatedly: illumination with different 

wavelengths makes Cy5 experience the process "activated and excited→emission→

bleached→recovery→activated” hundreds of times, until permanent bleaching is achieved. 

Sub-diffraction resolution can be obtained after stochastically stimulating fluorescent 

molecules to locate the exact center of each element available. 

The approach is: first, a 30 W/cm
2
 red beam (633 nm) illuminates the sample in order 

to force all the Cy5 into the dark state; second, 1 W/cm
2
 532 nm green beam activates 
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several Cy3 to pull Cy5 from non-fluorescence state to bright state in order to restore the 

capacity of fluorescence emission; at this time 633 nm excites a few fluorescent molecules 

to make them emit and then go back to the non-fluorescent state again, preparing for the 

next cycle. To be emphasized, each Cy5 can be activated several times in STORM until it 

is completely bleached, so one point of orientation is the result of multiple measurements 

because each Cy5-Cy3 pair can be measured again and again. It can be concluded that 

STORM contains several PALM processes, since in PALM a single point is located only 

once. An accurate position depends on the number of photons emitted from single 

molecule, so when the molecule experiences 20 or more cycles, resolution is up to 20 nm 

after fitting. From the perspective of statistics, STORM allows higher location precision 

than PALM[79]. 

However, the advantage of single-molecule switching localizing microscopy is also its 

disadvantage: only few molecules or even a single molecule participate in each cycle. 

Although localization ability improves substantially, imaging speed drops and the field of 

view shrinks due to the transformation from high-accurate positioning by single-molecule 

imaging technique to sub-diffraction microscopy. The imaging speed is usually over 

seconds, and it typically takes several hours or even days to detect molecules. This 

severely limits the application of PALM/FPALM/STORM to biology. 

1.4 Towards live-cell super-resolution imaging 

The breakthroughs above in optical super-resolution imaging have brought exciting 

times in cell biology, because non-destructive live-cell imaging with molecular resolution 

(1−5 nm) is now closer to reality.  

However, not all of the super-resolution techniques have the same potential towards that 

goal, which requires sufficient speed for real-time imaging in the first place. By analysing 

the working principles of different types of super-resolution techniques, it is widely 

perceived that the single molecule localization branch, including PALM and STORM, is 

not possible for real-time imaging, due to the statistic/stochastic nature of their operation 

that requires complicated processes of curve fitting, center localization and image 

reconstruction to get the final results[79]. Likewise, the positive patterned excitation 
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method, including SIM and SSIM relies on intensive post-processing of the raw data, for 

example via Fourier transform, which becomes increasingly complicated and 

time-consuming if a significant factor of resolution enhancement is desired. Besides 

real-time imaging speed, optical sectioning capability is also required to achieve 

super-resolution imaging in live cells, in order to address an arbitrary focal plane in the 

interior of a sample. The single-molecule switching methods and the structure illumination 

methods do not provide this capability, unless nonlinear multiphoton absorption is 

employed[80]. This limitation accounts for the fact that live cell recordings with these 

methods have so far been largely limited to the plasma membrane[81]. 

Compared to other major super-resolution techniques, STED is highly favored by 

biologists due to its fast imaging speed. In addition, the phase modulation for the doughnut 

beam can be realized in 3D, for example in the iso-STED method, so that super-resolution 

results can be achieved for both the lateral and the axial directions simultaneously[82]. 

STED has been shown to allow real-time super-resolution imaging, for example, in tracking 

of single synaptic vesicles in cultured hippocampal neurons and revealing of the anatomy 

and dynamics of syntaxin-I clusters in PC12 cells[83].  

However, the key limitation with STED is the extreme optical intensities typically 

needed for achieving stimulated emission so as to deplete the fluorescence around the 

focus, which power level is destructive for the majority of live samples. Additionally, the 

complexity and costs for installation and maintenance of high-power lasers in biological 

labs is a barrier to this technology being widely used[84].   

For STED, given a fixed laser power, the super resolution achievable in theory is 

largely determined by the depletion efficiency (which is typically represented by the 

saturation intensity) of the probes. Therefore, the power challenge in STED may be 

overcome if we can find new types of luminescent probes that can be switched (off) more 

efficiently via novel depletion pathways.  

In this section, we first summarize the fluorescent probes that have been employed in 

STED. We then carry out theoretical analysis and simulation to study the typical pulsed 

STED process, which aims to identify the key probe properties that can be exploited to 

potentially bring down the depletion intensity requirement in STED. In particular, we study 
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the dependence of the depletion efficiency on the fluorescent/luminescent decay lifetime, 

and the cross-section for stimulation. The results suggest a possible new avenue to lowering 

the power requirement in STED. 

1.4.1 Fluorescent probes for STED super-resolution microscopy 

In the past, organic probes like fluorescent proteins (FPs) and small-molecule 

fluorophores have been widely used in STED microscopy, as well as two kinds of 

inorganic probes, quantum dots and NV centers[85,86].  

For fluorescent proteins, simple FPs, such as green FP (GFP) and yellow FP (YFP), 

have been used in STED imaging[67,87]. As for small-molecule fluorophores , among 

regular fluorescent probes, ATTO and DY dyes have been widely used in STED imaging 

owing to their intense brightness and high photostability[58,88]. For biological samples, 

STED imaging has achieved a resolution of 20 nm when using organic dyes and 50–70 nm 

resolution when using fluorescent proteins[67,87,89]. Taking advantage of its ability to 

target arbitrary coordinates within a cell and to record many molecules from those 

coordinates in parallel, STED microscopy has been shown to capture the movement of 

synaptic vesicles inside living neurons at video rate[58,90].  

Researchers have also used inorganic probes in STED microscopy, notably quantum 

dots (QDs)[91], the use of which as bioprobes has been demonstrated in several 

experiments over the past decade[92]. Thanks to their larger extinction coefficients, QDs 

generally yield stronger emission in comparison to molecular probes[93]. The shape of the 

emission band of QDs is symmetric, and the spectral peaks of emissions are highly 

dependent on the size of dots. QDs are inorganic semiconductor nanocrystals, typically 

composed of a cadmium selenide (CdSe) core and a zinc sulphide (ZnS) shell and whose 

excitons (excited electron-hole pairs) are confined in all three dimensions, which gives rise 

to characteristic fluorescent properties. For biological applications, QDs are coated with a 

passivating layer to improve solubility, and are conjugated to targeting biomolecules, such 

as antibodies or streptavidin (Fig 1-12a). As fluorescent probes, QDs are characterized by 

broad absorption profiles, high extinction coefficients and narrow and spectrally tunable 

emission profiles. Small CdSe QD cores (2.3 nm diameter) emit blue light, whereas larger 
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crystals (5.5 nm diameter) emit red light, producing size-dependent optical properties (Fig 

1-12b)[91]. 

 

FIGURE 1-12 (a) For biological applications, QDs are coated with a passivating layer to improve 

solubility, and are conjugated to targeting biomolecules, such as antibodies or streptavidin, (b) The 

size-dependent optical properties of QDs 
89

 

The widely popular class of quantum-dot molecular labels could so far not be utilized 

as standard fluorescent probes in STED (stimulated emission depletion) nanoscopy. This is 

because broad quantum-dot excitation spectra extend deeply into the spectral bands used 

for STED, thus compromising the transient fluorescence depletion required for attaining 

super-resolution.  

In addition, the characteristic blinking of QDs is a significant disadvantage which 

limits real-time applications. One could not count on the reliable fast tracking live process 

when the targets jump into the dark state. And without properly solving the photo blinking 

problem, the QDs are not even optimal for live cell imaging. 

NV-center diamonds have also been used in STED super-resolution imaging. STED 

microscopy has reached a remarkable resolution of 5.8 nm using strong depletion intensity 

to image fluorescent defects in NV center diamonds[85], which almost never photo-bleach. 
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But one of the well-known disadvantages is the challenge of selectively labelling 

NV-center nanodiamonds to biological samples. 

Despite past attempts using organic or inorganic probes, the depletion intensities over 

10
8
 W/cm

2
 required for STED super-resolution are highly damaging to biological samples. 

The current-generation STED remains of limited suitability for application in biology.  

1.4.2 Simulation of the STED process 

To gain an understanding of which fluorescent materials and excitation-depletion 

concepts may offer the potential to achieve STED under conditions applicable to super 

resolution imaging of biological samples, it is helpful to undertake theoretical numerical 

simulation of the STED process.  

Fig 1-13 displays the simplified energy levels of a typical fluorophore[57]. S0 and S1 are 

the ground and first excited singlet states, respectively. L1 and L3 are higher vibronic levels 

of these states while L2 and L0 are relaxed levels. The excitation of the dye takes place from 

L0 to L1, and fluorescence by the radiative transition L2 to L3. The transition S1 to S0 can also 

be induced by stimulated emission, which is of particular interest here. The transitions L1 to 

L2 and L3 to L0 are vibrational relaxations. In the discussion of stimulated emission we can 

ignore the triplet state.  

 

FIGURE 1-13 Simplified four-states stimulated emission depletion progress 

Fig 1-13 also displays the transition rates. The rates of the spontaneous processes are 

given by the inverse of the lifetimes τ of the source states. The fluorescence rate is 
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kFLUOR=1/τFLUOR, the rate for vibrational decay is kVIB=1/τVIB, and the non-radiative 

quenching rate of S0 is Q=1/τQ.The rates for excitation and stimulated emission are given by 

the product of the photon fluxes of the beams and molecular cross sections, i.e. hEXCσEXC and 

hSTEDσSTED for the excitation and stimulated emission, respectively. Typical values of σEXC 

and σSTED are 10
−16

–10
−20

 cm
2
, respectively. The fluorescence lifetimes τFLUOR and τQ are on 

the order of 1 and 10 ns, respectively. The lifetimes of the vibrationally excited states are 

very short, τVIB ≤1 ps. Thus, the vibrational relaxation L1 to L2 and L3 to L0 are three orders 

of magnitude faster than fluorescence. The rapid vibrational decay causes the molecules in 

L1 to relax to L2 before emitting a photon. The state L2 is the actual source of fluorescence 

photons, and the effective number of emitted fluorescence photons is directly proportional to 

the L2 population. To a good approximation and at room temperature, L2 represents a 

bottleneck every molecule has to pass before emitting a fluorescence photon. 

The following set of differential equations describes the interplay between absorption, 

thermal quenching, vibrational relaxation, spontaneous, and stimulated emission. The 

equations also include re-excitation of the vibrationally excited ground state L3 at λSTED, and 

stimulated emission at the excitation wavelength λEXC. The ni (i=0,1,2,3) stands for the 

population intensity of electrons on state Li which also equals to the population intensity of 

excited molecules on the corresponding state. 
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The equation could be solved by using Runge–Kutta method of order 4 in the isolated 

initialization conditions as follows: 
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And normalization condition of  
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It is of interest to investigate the depletion process. The following parameters were 

chosen: pulse duration width for excitation and depletion beam τFLUORE=2 ns, Q=0.1 ns, 

τVIB=1 ps, λEXC=635 nm, λSTED=760 nm, σ01=σ23=10
-16

 cm
2
. 

Let us assume that the fluorescence molecules are already excited, i.e. n2(t=0)=1, and the 

excitation pulse is switched off. The population probability of L2 is time dependent when 

subjected to a stimulating pulse of 100 ps duration (FWHM), reaching its maximum at t=200 

ps after the sub-picosecond excitation pulse has left the focal plane. We can safely neglect 

the triplet state of the dye since intersystem crossing is too slow to play a role on this time 

scale. 

 

FIGURE 1-14 The intensity of molecules on the fluorescent sub-state changed with time. Black 

curve indicates the spontaneous emission. Magenta curve indicates STED intensity of 10 MW/cm
2
. 

Red curve indicates STED intensity of 50 MW/cm
2
. Blue curve indicates STED intensity of 100 

MW/cm
2
 

As shown in Fig 1-14, curve black describes the regular fluorescence decay of L2 with 

the STED beam switched off, and curves magenta/red/blue show how the STED beam 

depletes the population of L2. For low intensities, as curve magenta with depletion intensity 

of 10 MW/cm
2
, the depletion by stimulated emission is not complete. After the STED- pulse 
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has passed, the decrease of n2 is governed by spontaneous emission and non-radiative 

quenching. For higher pulse intensities, as for the blue curve, depletion is strong, and for a 

peak intensity of 100 MW/cm
2
, the state L2 is depleted after 200 ps. As long as the pulse 

length is much shorter than the lifetime of the state L2 and assuming that stimulated emission 

has not reached saturation, depletion increases with increasing numbers of stimulating 

photons in the pulse. 

In the simulation, the frequency of photons and the intensity is fixed and determined by 

the practical condition in real scenario, while fluorescent lifetime and cross-section is 

determined by the probe itself and these two factors vary with different materials.  

1.4.3 The key role of lifetime and cross-section in STED progress 

To explore the role of lifetime in stimulated emission depletion, we conducted the 

controlled experiment by simulation. The wavelength of excitation and depletion remains to 

be 635 nm and 760 nm respectively. The fluorescent lifetime is extended to 2 us, which is 

three orders of magnitude of that in 1.5.1. Accordingly, the pulse duration time of excitation 

and depletion is extended to 100 ns. The vibration decay and non-radiative quenching rate 

stays the same. The cross section is fixed to be σ01=σ23=10
-16

 cm
2
. The excitation intensity is 

IEXC=100 MW/cm
2
. The depletion beam reaches its maximum at t=200 ns after the 

excitation pulse has left the focal plane.  

Given the same initiation and normalization condition, increasing the depletion intensity 

ISTED from 0 to 100 MW/cm
2
, we can get the simulation result of the time dependant 

population probability of state L2, as shown in Fig 1-15.  
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FIGURE 1-15 The intensity of molecules on the fluorescent sub-state changed with time under the 

condition of extended fluorescent lifetime on micro-second level. Black curve indicates the 

spontaneous emission. Magenta curve indicates STED intensity of 10 MW/cm
2
. Red curve 

indicates STED intensity of 50 MW/cm
2
. Blue curve indicates STED intensity of 100 MW/cm

2
 

Comparing the results to those under the condition of nanosecond level fluorescent 

lifetime, for any tested depletion intensity condition, the stimulated emission depletion rate 

becomes much faster. The controlled simulation results show that stimulation emission tends 

to occur much easier on the probes with longer fluorescent lifetime. This may provide the 

chance to reduce the intensity requirement in STED process. To make the simulation more 

complete the influence of cross section in the STED process was also examined with the 

conclusion that the duration of excitation and depletion is comparatively insensitive to 

cross-section at depletion power close to saturation. 

After the study of fluorescent lifetime, we also study the role of cross-section in STED 

progress. To explore the role of cross-section in stimulated emission depletion, we 

conducted the controlled experiment by simulation. The wavelength of excitation and 

depletion remains to be 635 nm and 760 nm respectively, and the fluorescent lifetime is fixed 

at 2 ns, which is the same as that in section 1.5.1. The pulse duration time of the excitation 

and depletion laser is 100 ps. The vibration decay and non-radiative quenching rate stays the 

same. The excitation intensity is IEXC=100 MW/cm
2
. The depletion beam reaches its 

maximum at t=200 ps after the excitation pulse has left the focal plane and ISTED=50 

MW/cm
2
.  
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FIGURE 1-16 The intensity of molecules on the fluorescent sub-state changed with time under the 

condition of different stimulated absorption cross-section. Black curve indicates the spontaneous 

emission. Magenta curve indicates stimulated absorption cross-section of 10
-16

 cm
2
. Blue curve 

indicates stimulated absorption cross-section of 10
-17

 cm
2
. Red curve indicates stimulated 

absorption cross-section of 10
-13

 cm
2
 

Given the same initiation and normalization condition, by choosing different 

cross-section value σ=10
-17

 cm
2
, 10

-16
 cm

2
, 10

-13
 cm

2
 respectively, we simulate the time 

dependant population probability of state L2, as shown in Fig 1-16. 

1.4.4 Opportunity for low-power STED using lanthanide nanoparticles 

From the simulation results above, it can be seen that if the probes exhibit longer lifetime 

and larger cross-section, stimulated emission depletion will be more likely to occur under 

identical optical conditions. Conventional fluorescent probes, such as organic dyes or 

quantum dots, have restrained lifetimes on the nanosecond timescale and fixed values of 

moderate cross-section. Therefore, they requires extreme intensity, typically 10
2
-10

3 

MW/cm
2
, for effective stimulated emission depletion.  

Long lifetime probes with large cross-sections are promising to largely reduce the 

power requirement in STED and achieve biocompatible super-resolution microscopy. 

However, it is generally the case for individual molecules that increase in the lifetime is 

accompanied by reduced cross-section, thereby substantially reducing the overall 

advantage of long lifetime. This challenge, however, may be overcome by using 

nanoparticles incorporating a large number of individual probes compactly, so that they 



38                                                        INTRODUCTION 

 

 

exhibit a large collective cross-section.  

This hypothesis has prompted the present investigation of lanthanide-doped 

nanoparticles as a potential candidate to achieve low-power STED. Particular attention is 

paid to upconversion nanocrystals doped with trivalent lanthanide ions. These possess 

metastable energy levels in scaffold-like structures, and allow high doping concentrations 

that cannot be achieved in their bulk counterparts. Additionally, the rich energy levels 

provide flexibility to design separated luminescence and depletion pathways, which is 

hardly possible with conventional fluorescent probes.  

1.4.5 Lanthanide-doped upconversion nanocrystal 

Lanthanide-based upconversion nanocrystals are composed of an inorganic crystalline 

host matrix embedded with trivalent lanthanide ions (Ln
3+

) (Fig 1-17). They are capable of 

absorbing longer wavelength illumination and emitting shorter wavelength 

luminescence[94-96]. But unlike two-photon absorption and second-harmonic generation, 

the photon upconversion process features sequential, rather than simultaneous, absorption of 

incident photons, which relies on the physical intermediate states between the ground state 

and the emitting state to act as energy reservoirs. These are underpinned by the ladder-like 

energy levels of trivalent lanthanide ions, whose 4fn electronic configurations are split by 

appreciable electronic repulsion and spin–orbit coupling (Fig 1-17b)[94]. This attribute 

makes lanthanides the ideal candidates for photon upconversion.  

The lanthanides’ 4f orbital electrons are partially filled and shielded by outer 5s and 5p 

electrons, giving rise to a weak electron–phonon coupling and hence sharp emission lines 

resulting from electronic transitions, compared to broad emission spectra of conventional 

fluorescent probes and quantum dots. Efficient photon upconversion greatly benefits from a 

crystalline host lattice featuring a low phonon energy environment. This effectively 

suppresses the non-radiative decay pathways due to multi-phonon relaxation in such ionic 

crystals. Using different lanthanide ions, upconversion emission can be precisely tuned to a 

particular wavelength spanning from the ultraviolet to the near-infrared region (Fig 

1-17c)[94]. 
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FIGURE 1-17 Lanthanide-doped nanoparticles and photon upconversion. (a)A comparison 

of three distinct classes of luminescent nanomaterials: organic dyes (left), semiconductor 

quantum dots (middle) and lanthanide-doped nanoparticles (right). (b)Electronic energy 

level diagrams of trivalent Ln
3+

 ions in relation to upconversion processes. The 4fn electronic 

configuration splits into many energy sublevels due to the strong effects of the Coulombic 

interaction and spin–orbit coupling as well as weak crystal-field perturbation. (c)Typical 

Ln
3+

-based upconversion emission bands covering a broad range of wavelengths from 

ultraviolet (~290 nm) to NIR (~880 nm) and their corresponding main optical 

transitions.[94] 

Photon upconversion of lanthanides (for example, Er
3+

, Tm
3+

 and Ho
3+

) is typically 

realized by either excited-state absorption (ESA) or energy transfer upconversion (ETU), in 

which there are long-lived intermediate states to store the energy as shown below (Fig 1-18a 

and b). In comparison, in the absence of such intermediate states (for example, Tb
3+

), photon 

upconversion will depend on cooperative sensitisation upconversion (CSU) (Fig 1-18c), or 

by energy migration (EM)-mediated upconversion within a core–shell structure (Fig 1-18d). 

Note that in the case of the energy migration approach, Tm
3+

 is generally employed as a 

ladder (L) to assist energy transfer (ET) from a sensitizer ion (S) to a migratory ion (M) and 

then an activator ion (A).  
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FIGURE 1-18 Photon upconversion of lanthanides 

To obtain high-quality upconversion nanocrystals, many efforts have been devoted to 

developing facile synthetic methods, such as co-precipitation, thermal decomposition, 

hydro(solvo)thermal synthesis, sol–gel and microwave-assisted synthesis. As a result, a 

wealth of compounds ranging from oxides (for example, Y2O3, ZnO and Yb3Al5O12) to 

fluorides (for example, CaF2, NaYF4 and KMnF3) have been synthesized and studied as host 

materials, among which hexagonal-phase NaYF4 was acknowledged to be one of the most 

efficient upconversion hosts[94]. The availability of these versatile, readily scalable 

methods builds up the solid foundation necessary to implement the commercialization of 

upconversion nanomaterials. 

Research on upconversion nanocrystals has made significant progress over the past 

decade. Their unique merits, including multi-color emission capability under 

single-wavelength excitation, high signal-to-noise ratio, low cytotoxicity, long lifetime and 

high chemical- and photo-stability, are particularly attractive to biosensing and imaging. 

One limitation of upconversion nanocrystals however is the relatively low quantum 

efficiency (a few percent), but this can be offset using gated-detection system which take 

advantage of the long luminescence lifetime to give very high signal-to-background ratios. 
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1.5 Thesis Outline 

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

with to the aim of solving the key problem of high depletion intensities required for STED 

super-resolution microscopy, which seriously restricts application of STED microscopy in 

biology. The following result chapters 2 to 5, as the core of my PhD thesis, have been 

designed to explore new solutions for STED microscopy with the feathers of rare-earth 

upconversion nanocrystals.  

Chapter 2 reports the published results (Plos One 2012) for a continuous wavelength 

STED(CW STED) microscope based on a Ti:Sapphire Oscillator. This work focuses on the 

CW STED with less complexity in system set-up and biological applications under 

super-resolution condition. We established a CW STED microscopy based on a Ti:Sapphire 

Oscillator working in CW mode to achieve ~71nm super-resolution on 20 nm fluorescent 

nanoparticles. Then three components of cellular skeleton and RNA were imaged in fixed 

cells with super-resolution. The results presented show that the continuous-wave mode can 

substantially reduce the systemic complexity and cost. However, the extreme depletion 

intensity condition to achieve improved resolution remains unsuitable for live cell imaging. 

In chapter 3 I presented the preliminary experiments on lower power STED imaging 

with upconversion nanocrystals. Our initial investigation of highly-doped NaYF4:Yb
3+

/Tm
3+

 

upconversion nanocrystals has been reported on Nature Nanotechnology in 2014. We have 

further explored application of these upconversion nanocrystals in stimulated emission 

depletion microscopy. Taking advantage of the long lifetime and high brightness of these 

nanocrystals, we aimed to solve the major challenge of extreme depletion intensity required 

for conventional STED process. With simulation and controlled measurement on low dopant 

and high dopant emitter concentration samples, we successfully demonstrated low power 

stimulated emission depletion of Tm
3+

 highly doped upconversion nanocrystals with an 

innovative intermediate-state depletion mechanism. Meanwhile we observed absorption and 

fluorescent signal enhancement on low dopant concentration samples. We achieved 

sub-40-nm super-resolution imaging results with much lower intensity on 6% Tm
3+ 

dopant 

samples. 

Chapter 4 reports the published results (Nature 2017) of lower power STED 



42                                                        INTRODUCTION 

 

 

super-resolution based on the photon avalanche mechanism in NaYF4:Yb
3+

/Tm
3+

 

upconversion nanocrystals, applying the innovative intermediate-state depletion mechanism. 

The measurement of depletion efficiency on variable dopant concentrations nanoparticles 

proved that for highly doped samples, the saturation intensity could be largely reduced; 

comparing to standard organic dyes, depletion intensity could be reduced by two orders of 

magnitude for 8% and 4% Tm
3+

-doped samples. Additionally we were able to image the 

high dopant concentration nanoparticles to achieve super-resolution as low as 30 nm. We 

have studied the mechanism for the low intensity depletion on highly doped upconversion 

nanocrystals and found that the rate of the cross-relaxation inside the upconversion system 

can be significantly enhanced with high dopant concentration. This leads to photon 

avalanche in the intermediate states and eventually population inversion. A range of factors 

which affect the overall excitation-depletion process are reported.  

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

prospects for this technology. Also presented are some preliminary data on an investigation 

of using tunable luminescent lifetime for lifetime coding and decoding. We aim to combine 

this with STED to further broaden the applications.  
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Chapter 2 

This chapter explores the design and evaluation of a synchronisation-free continuous 

wave stimulated emission depletion (CW-STED) super-resolution nanoscopy system.  A 

Ti:Sapphire oscillator, which is commonly used for multi-photon microscopy, was 

employed to generate the depletion beam with wavelength tunability in CW mode. This 

enabled easy optimisation for the depletion wavelength to suit different fluorescent dyes, 

allowed us to resolve the fine subcellular structures at ~70 nm resolution. This work is 

reported in the form of a published journal paper.   

2.1 Contributions to Paper 1 

TABLE 2-1 Author contribution summary for paper 1. 

 Y.L. Y.D. E.A. W.Z. P.J.S. J.D. J.A.P. J.T. Q.R. P.X. 

Experiment Design ●     ● ●  ● ● 

System Setup ● ●         

Sample Preparation ●  ● ● ●   ●   

Data Collection ●          

Analysis ●         ● 

Manuscript and Figures ●    ● ●    ● 

 

My supervisors and I designed the project. I led the major experimental work, 

including system design and setup, alignment and evaluation, and data acquisition. My 

colleagues and I prepared the samples. I also led data analysis and manuscript preparation.  
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2.2 Paper 1  

Liu Y, Ding Y, Alonas E, Zhao W, Santangelo PJ, Jin D, Piper J A, Teng J, Ren Q, Xi P, 

"Achieving λ/10 Resolution CW STED Nanoscopy with a Ti:Sapphire Oscillator". PLoS 

ONE 7(6) e40003,doi: 10.1371/ journal. pone. 0040003. 

 (Article first published online: 27 June 2012) 
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2.3 Remarks  

The implementation of a Ti:Sapphire oscillator proposed in this chapter opens a new 

way to realise synchronisation-free CW-STED nanoscopy optimised for different 

fluorescent dyes at reduced instrumentation complexity and cost. Nevertheless, although 

~70 nm resolution was demonstrated using fluorescent nanospheres, we applied over 800 

mW output of the 760 nm laser, which is equivalent to over 3.4x10
8
 W/cm

2
 depletion 

intensity at the focus point. Furthermore, at the same intensity level, the resolution 

decreases to ~100 nm for biological samples due to scattering of the complicated structures 

and potential mismatch of reflective index. During the experiments, we found that the high 

depletion intensity can easily destroy fine sub-cellular structures even for fixed cells, 

rendering live cell imaging practically impossible. This key challenge will be addressed in 

the next chapters.  
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Chapter 3  

This chapter evaluates the preliminary idea of applying lanthanide-based upconversion 

nanocrystals in STED microscopy. As concluded from Chapter 2, traditional STED super-

resolution imaging requires extreme depletion intensity in order to optically switch (off) 

conventional fluorescent probes. Theoretically, the depletion power requirement can be 

reduced by using probes with longer decay lifetime. Therefore, upconversion nanocrystals 

that emit luminescence with microsecond-to-millisecond lifetime may have the potential to 

overcome the power barrier. In this chapter, we first introduce the fundamentals and recent 

progress on upconversion nanocrystals, including a published work of which I was co-

author, and then assess the potential application of these nanocrystals for STED operation.  

3.1 Upconversion Nanocrystals with Increased Doping 

In order to harness the photonic properties of upconversion nanocrystals for potential 

STED super-resolution imaging, I participated in a project to study upconversion 

nanocrystals with increased doping concentration at the early stage of my PhD. This 

provided me an excellent opportunity to learn the fundamental physics of photon 

upconversion and the systematic approaches to nanoparticle characterisation. We found 

that highly doped upconversion nanocrystals behave differently compared to conventional 

upconversion nanocrystals with low doping concentration, which is the key clue for my 

later projects. This work is reported in the form of a published paper in  Nature 

Nanotechnology. 
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3.1.1 Contributions to Paper 2 

TABLE 3-1 Author contributions. 

 J.Z. D.J. E.P.S. Y.Lu Y.Liu A.V.Z. Z.L. J.M.D. P.X. J.A.P. E.M.G. T.M.M. 

Project Design  ●          ● 

Materials ●     ●       

System Setup  ● ● ● ●        ● 

Data 

Collection 
● ● ●  ●  ●      

Analysis ● ● ●  ● ● ● ● ● ● ● ● 

Manuscript & 

Figures 
● ● ● ● ●   ●  ● ● ● 

Modelling ●          ●  

Supplementary 

Information 
● ●    ● ●    ●  

 

This project was mainly conducted by my senior peer Jiangbo Zhao under the 

supervision of Dayong Jin and Tanya Monro. My contribution to this project is centred on 

the demonstration of security inks using upconversion nanocrystals. In detail, I managed to 

inject upconversion nanocrystals into the commercial ink cartridges to mix thoroughly with 

the pigment, and design the security patterns to precisely print them on paper. I laminated 

the paper samples and mounted them on glass slides, and performed image scanning using 

the orthogonal scanning automated microscope (OSAM) developed in our group. I 

analysed the results and prepared the figure illustration.  
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3.1.2 Paper 2 

Zhao J, Jin D, Schartner E P, Lu Y, Liu Y, Zvyagin A V, Zhang L, Dawes J M, Xi P, Piper 

J A, Goldys E G, Monro T M, “Single-nanocrystal sensitivity achieved by enhanced 

upconversion luminescence”. Nature Nanotechnology, 2013, 8, 794-796.  

(First published online: 01 Sep 2013) 

http://www.nature.com/nnano/journal/vaop/ncurrent/full/nnano.2013.171.html#auth-3
http://www.nature.com/nnano/journal/vaop/ncurrent/full/nnano.2013.171.html#auth-4
http://www.nature.com/nnano/journal/vaop/ncurrent/full/nnano.2013.171.html#auth-5
http://www.nature.com/nnano/journal/vaop/ncurrent/full/nnano.2013.171.html#auth-6
http://www.nature.com/nnano/journal/vaop/ncurrent/full/nnano.2013.171.html#auth-7
http://www.nature.com/nnano/journal/vaop/ncurrent/full/nnano.2013.171.html#auth-9
http://www.nature.com/nnano/journal/vaop/ncurrent/full/nnano.2013.171.html#auth-12
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3.2 Stimulated emission depletion using upconversion 

nanocrystals 

My involvement in Paper 2 as well as the NaYF4:Yb
3+

/Tm
3+

 upconversion nanocrystal 

samples used there offered me a good foundation to investigate their potential for 

stimulated emission depletion. I then designed and conducted some preliminary 

experiments to validate this idea.  

3.2.1 Design of upconversion STED 

As shown in Fig 3-1, when the NaYF4:Yb
3+

/Tm
3+

 nanocrystals are excited at 980 nm, 

the Yb
3+

 sensitiser ions absorb the excitation photons, and then transmit the energy to Tm
3+ 

emitter ions. As a result of the ladder-like energy levels, the Tm
3+

 are capable of being 

pumped onto multiple intermediate excited states, which then emit upconversion 

luminescence at multiple wavelengths through spontaneous emission. These include 2.0 

um IR emission from the 
3
F4 level to the ground level; 793 nm NIR emission from the 

3
H4 

level to the ground level; 475 nm and 660 nm visible emission from the 
1
G4 level to the 

3
H6 

level and the 
3
F4 level, respectively; 360 nm, 455nm and 743 nm from the 

1
D2 level to the 

ground level, the
 3

F4 level and the 
3
H4 level, respectively. Photon upconversion progress to 

higher excited levels is also possible, but their emission are mainly in UV range, which are 

less attractive in the majority of biological studies. 

 

FIGURE 3-1 Jablonski diagram of Tm
3+

-doped rare-earth upconversion material 

NaYF4:Yb
3+

/Tm
3+
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Since the emitters are pumped onto lower excited levels first before being pumped 

further onto the higher excited levels, if the accumulation of emitters on any intermediate 

level is inhibited, the upconversion luminescence resulting from higher levels will be 

hindered. Therefore, a new STED scheme can be designed for upconversion nanocrystals, 

which depletes one of the intermediate energy level via stimulated emission to switch off 

the luminescence signal. For the Yb
3+

/Tm
3+ 

co-doped system here, for example, an 808 nm 

depletion beam can be added to deplete the 
3
H4 level down to the ground level, so that the 

upconversion process to 
1
G4 and 

1
D2 will be interrupted, as shown in Fig 3-2. This is 

different from traditional STED, where depletion and emission are essentially from the 

same excited energy level.  

 

FIGURE 3-2 Mechanism of intermediate-state ladder depletion in NaYF4:Yb
3+

/Tm
3+

 upconversion 

nanomaterial 
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FIGURE 3-3 The optical layout of the dual-laser confocal microscope for probing upconversion 

nanocrystals. To further realize optical super-resolution, a half-wave plate, a quarter-wave plate 

and a vortex phase plate are inserted in the 808 nm beam path. MMF: single-mode fibre; MMF: 

multi-mode fibre; DC1 and DC2: dichotic filters 

Based on the new depletion scheme, I built the upconversion STED super-resolution 

microscopy system for Tm
3+

 doped nanocrystals. As shown in Fig 3-3, sample scanning 

configuration was employed using a 3-axis closed-loop piezo stage (stage body 

MAX311D/M, piezo controller BPC303; Thorlabs). A single-mode fibre-coupled 980 nm 

diode laser (LE-LS-980-300-FCS, LEO Photonics; maximum output power 300 mW) was 

used as the excitation source. After collimation, the excitation beam transmitted through a 

long-pass dichroic mirror (ZT860lpxr, Chroma; cutting edge at 860 nm), then was reflected 

by a second short-pass dichroic mirror (T750spxrxt, Chroma), and focused through an oil-

immersion objective (UPlanAPO, Olympus; 100X, NA = 1.4) onto the sample slide. The 

first dichroic mirror also allowed the 808 nm probing beam from a polarization-

maintaining fibre-coupled diode laser (LU0808M250-1C16F30A, Lumics; single mode, 

linear polarisation, maximum output power 250 mW) to merge with the 980 nm beam. 

Diligent alignment was performed to ensure the two laser beams precisely overlap on the 

focal plane of the objective. The lateral FWHM of PSF (Point of Spread Function) was 

measured to be ~420 nm.   

The luminescence signal from the sample was collected by the same objective, split 

from the excitation and probing beams by the second dichroic mirror, before coupled into a 
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multi-mode fibre (M24L01, Thorlabs). The other end of the fibre was connected to a 

single-photon avalanche diode (SPAD; SPCM-AQRH-13-FC, PerkinElmer). To select the 

emission bands, different band-pass filters (FF01-448/20-25 and FF01-660/13-25, Semrock) 

were inserted in the detection path for both transient response measurement and confocal 

imaging.  

For measuring the 800 nm transient response under 980 excitation only, the distal end 

of the multi-mode fibre connected to the SPAD can be substituted for the distal end of the 

polarisation-maintaining fibre of the 808 nm laser, with a band-pass filter (FB800-10, 

Thorlabs) also inserted in the beam path.  

3.2.2 Sample preparation 

The NaYF4:Yb
3+

/Tm
3+

 nanocrystals, which were the same as used in paper 2, were 

synthesized using the co-deposition method. Briefly, 5 mL of methanol solution of LnCl3 

(1.0 mmol, Ln = Y, Yb, Tm/Er) was magnetically mixed with 6 mL OA and 15 mL ODE 

in a three-neck round-bottom flask. The resulting mixture was heated at 150 °C under 

argon flow for 30 min to form a clear light yellow solution. After cooling down to 50 °C, 

10 mL of methanol solution containing 0.16 g NH4F and 0.10 g NaOH was added with 

vigorous stirring for 30 min. Then, the slurry was slowly heated and kept at 110 °C for 30 

min to remove methanol and residual water. Next, the reaction mixture was protected with 

an argon atmosphere, quickly heated to 305 °C and maintained for 1.5 h. The products 

were isolated by adding ethanol, and centrifuged without size-selective fractionation. The 

final NaYF4:Yb/Tm nanocrystals were redispersed in cyclohexane with 5 mg/mL 

concentration after washing with cyclohexane/ethanol several times. 

The sensitizer Yb
3+ 

concentration is fixed at 20% for all samples, and the emitter Tm
3+

 

concentrations are 0.5%, 2%, 2.5%, 3%, 3.5%, 4%, 6% and 8% respectively. The 

transmission electron microscopy (TEM) images of the samples are shown in Fig 3-4. 
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FIGURE 3-4 TEM results of eight β-phase NaYF4:Yb
3+

/Tm
3+

 upconversion nanocrystals used in 

this chapter. The Yb
3+

 dopant concentration is fixed to 20% and the Tm
3+

 dopant concentration 

from (a) to (i) is 0.5%, 2%, 2.5%, 3%, 3.5%, 4%, 6% and 8%, respectively. Scale bar: 100 nm 

For super-resolution imaging, the use of immersion lenses with high numerical 

apertures is compromised by spherical aberrations induced by the refractive index 

mismatch between the immersion and the embedding medium. A solution to this problem 

is to adapt the index of the embedding medium to that of the immersion medium. This is 

crucial for high-resolution imaging. For the lanthanide-doped upconversion nanocrystals, 

the embedding medium Mowiol used in Chapter 2 is also suitable due to its none 

interactive characteristics. The preparation protocol for Mowiol mixture is as follows: 

1. Mix 6 g glycerol with 2.4 g Mowiol 4-88 in a 50 ml centrifuge tube and stir 1 h on 

magnetic stirrer. 
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2. Add 6 ml water and stir for further 2 h. 

3. Add 12 ml Tris–HCl buffer (0.2 M, pH 8.4) and heat up the solution to 50ºC (in a 

water-bath) for more than 2 h under constant agitation. Extend this step, until the Mowiol 

4-88 is completely dissolved. 

4. Centrifuge at 7500g for 30 min to remove any undissolved solids. 

5. Aliquot in eppendorf tubes and store at –20ºC. Each aliquot can be used for several 

weeks if stored at 4ºC. 

Notably, the standard protocol of embedding normal organic samples in Mowiol for 

STED imaging does not work well with upconversion nanocrystals, as they tend to 

aggregate substantially in the final sample slide, even with properly diluted concentration. 

Further dilution will largely reduce the number of nanocrystals in field of view, which will 

adversely affect the measurement. This is a new challenge not reported in literature, as 

previous works on upconversion nanocrystals are mainly based on dense samples for 

measurement; whereas here samples with individually distributed nanocrystals are 

essential for quality evaluation of super-resolution imaging.  

To prevent upconversion nanocrystals from aggregation, we developed a new protocol 

for preparing the sample slides, which presents the highest success rate for achieving 

individually distributed upconversion nanocrystals. The new protocol is as follows: 

1. Dilute the concentration of the upconversion nanocrystals solution to 0.08 mg/ml. 

2. Wash the cover slips with pure ethanol then H2O under ultrasonication, then treat 

with 50 ul Poly-L-lysine solution (0.1% w/v in H2O) on the front surface of the cleaned 

cover-glass 

3. After 30 mins wash off the Poly-L-Lysine with H2O, then dry the surface of the 

cover slips (heat or air dry) 

4. Drop 20ul upconversion nanocrystals solution on the treated surface, wait for 2 

seconds then wash the solution off with 100 ul cyclohexane twice.  
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5. After air-dried, the cover slip was put over a clean slide containing 20 μl as-prepared 

embedding medium, with any air bubbles squeezed out by gentle force. The sample was 

kept at room temperature for another 24 h to ensure complete drying before being tested. 

Fig. 3-5 presents the confocal imaging results of sample slides prepared using the 

standard protocol (Fig. 3-5a) and the new protocol (Fig. 3-5b), respectively, which clearly 

shows superior performance of the latter.  

 

FIGURE 3-5 Comparison of confocal fluorescent results on single nanoparticles samples prepared 

by different protocols. (a)Separation results only by dilution; (b)The sample prepared with the 

protocol presented in this section. Yb
3+

 dopant concentration is 20%, and Tm
3+

 is 4%. Fluorescent 

wavelength: 455 nm, scale bar: 1 µm 

We also developed a robust protocol to prepare dense but single-layer upconversion 

nanocrystals on glass slides, to avoid potential inaccuracy in the luminescence signal as the 

excitation intensity changes along the axial axis, for measurements that do not need to be 

performed on single particles. The protocol is as follows: 

1. Dilute the concentration of the upconversion nanocrystals solution to 8 mg/ml. 

2. Wash the cover slips with pure ethanol then H2O under ultrasonication, then treat 

with 50 ul Poly-L-lysine solution (0.1% w/v in H2O) on the front surface of the cleaned 

cover-glass 

3. After 30 mins wash off the Poly-L-Lysine with H2O, then dry the surface of the 

cover slips (heat or air dry) 

4. Drop 20 ul upconversion nanocrystals solution on the treated surface. After air-dried, 

the cover slip was put over a clean slide containing 20 μl as-prepared embedding medium, 
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with any air bubbles squeezed out by gentle force. The sample was kept at room 

temperature for another 24 h to ensure complete drying before being tested. 

3.2.3 Initial Depletion Test on NaYF4:Yb
3+

/Tm
3+

 nanocrystals 

The samples prepared above were measured by the dual-laser confocal setup to test the 

depletion efficiency of Tm
3+

-doped upconversion nanocrystals. The preliminary results 

were highly encouraging. While the upconversion nanocrystal with conventional doping 

concentration of 0.5% was difficult to switch off (they are less efficient than the best-

performing dye, Dylight 650, depleted at 783 nm in our previous CW STED system), the 

nanocrystals with high doping concentrations, e.g. those with 6% Tm
3+

, are surprisingly 

efficient to deplete, as shown in Fig 3-6. In fact, they were almost completely depleted at 

low depletion power on the sub-milliwatt level.  

 

FIGURE 3-6 The modulation efficiency versus the depletion intensity. measured with 

NaYF4:Yb
3+

/Tm
3+

 nanocrystals. The red spots indicate the depletion data on high dopant 

nanocrystals of 6% Tm
3+

. The red curve is the fitting curve. The green spots indicate the depletion 

data on low dopant nanocrystals of 0.5% Tm
3+

. The green curve is the fitting curve. Excitation 

wavelength is 980 nm and depletion wavelength is 808 nm. Fluorescent central wavelength is 455 

nm. Grey spot and dash curve indicates the depletion data and fitting curve of Dylight 650 which 

shows the lowest Is in chapter 2, respectively.  

3.2.4 Influence of temporal configuration 

To study the affection of temporal factors in two wavelength modulation on Tm
3+

 

dopant upconversion nanocrystals, we monitored the time dependant fluorescent emission 
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with 980 nm laser and 808 nm laser both in pulse mode. The lasers were set to be the same 

in pulse duration time while different pulse delay interval.  

The controlled measurement was carried on high dopant NaYF4:Yb
3+

/Tm
3+

 

upconversion nanocrystals with 8% Tm
3+

 and 20% Yb
3+

 dopant concentration. In some 

other projects, we have measured the dopant dependant fluorescent lifetime on 

NaYF4:Yb
3+

/Tm
3+

 upconversion nanocrystals. And for the 8% dopant concentration 

sample, the lifetime is on 10
1
-10

2
 micro-second level. To ensure the sufficient population 

reversion, we applied 1 milli-second pulse duration condition in our measurement. And the 

temporal interval between 808 nm and 980 nm pulses started at 808 nm pulses coming 1 

ms ahead of 980 nm with step of 0.5 ms, until 808 nm pulses were completely after 980 nm 

pulses. The measurement cycle was set to be 10 ms. The intensity of 980 nm and 808 nm 

was 0.6 MW/cm
2
 and 0.76 MW/cm

2
, respectively. 

 

FIGURE 3-7 Transient responses of upconversion emission at 455 nm (blue curves) and 660 

nm(red curves) from 8% Tm
3+

-doped nanocrystals under pulsed 980 nm (grey shadows) and 808 

nm (green shadows) illumination (Ref. curve is measured without 808 nm illumination). The 980 

nm excitation intensity is 0.6 MW/cm
2
 and the 808 nm probing intensity is 0.76 MW/cm

2
. Pulse 

duration time is 1 ms and measurement period is 10 ms 

As shown in Fig 3-7, from the response emission curve of 455 nm(blue) and 660 

nm(red), it is clear that without any overlapping in temporal domain, there would be no 

depletion on upconversion fluorescent emission. While with half or complete overlapping 

on temporal domain, the fluorescent emission could be depleted well in the overlapped 

time frame. And with totally overlapping, the 808 nm showed the highest depletion 

efficiency.  

Interestingly, when 808 nm pulses lead 1 ms ahead of 980 nm pulses, the peak of time 

dependent fluorescent emission was slightly higher than the original strength. This was due 
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to the long lifetime characteristic of the Tm
3+

 intermediate state. The earlier arrived 808 

nm photons were absorbed by the electron on ground state 
3
H6, which were excited to 

3
H4 

and stayed due to the micro-second level lifetime. When the 980 nm photons joined, the 

electrons could be excited directly from 
3
H4 to higher intermediate states. This could 

actually change the ratio of upconversion absorption process.  

Meanwhile, if given shortened excitation pulse duration time and corresponding short 

depletion pulses, the depletion would happen with relatively low efficiency. This was 

because without enough excitation duration, the upconversion nanocrystal could not reach 

efficient population reversion, as shown in the Appendix. 

We also measured the affection of temporal factor on depletion efficiency. We applied 

ms 980 nm excitation pulses while shortened 808 nm pulses with no longer than 100 us 

duration, as shown in Fig 3-8. Without enough depletion time, the upconversion process 

could not be restrained efficiently.  

 

FIGURE 3-8 The temporal conditions for stimulated emission in highly-doped upconversion 

nanocrystals. (a-c)Transient responses of the 455 nm emission with fixed 980 nm pulse duration 

but different 808 nm pulse duration of 20, 50 and 100 μs, relatively. The 980 nm intensity is 0.6 

MW/cm
2
 and the 808 nm intensity is 7.57 MW/cm

2 

3.2.5 Influence of power factor  

In this section, we studied the influence of intensity factor on two wavelength 

modulation on Tm
3+

 dopant upconversion nanocrystals.  

The controlled measurement was carried on high dopant NaYF4:Yb
3+

/Tm
3+

 

upconversion nanocrystals with 8% Tm
3+

 and 20% Yb
3+

 dopant concentration. We also 

applied 1 milli-second pulse duration condition in our measurement. And the temporal 
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interval between 808 nm and 980 nm pulses started at 808 nm pulses coming 1 ms ahead 

of 980 nm with step of 0.5 ms, until 808 nm pulses were completely after 980 nm pulses. 

 

FIGURE 3-9 Transient responses of upconversion emission at 455 nm (blue curves) and 660 nm 

(red curves) from 8% Tm
3+

-doped nanocrystals under pulsed 980 nm (grey shadows) and 808 nm 

(green shadows) illumination (Ref. curve is measured without 808 nm illumination). (a) 980 nm 

excitation intensity is 0.6 MW/cm
2
 and (b) 980 nm excitation intensity is 6.0 MW/cm

2
. The 808 nm 

probing intensity is fixed at 0.76 MW/cm
2
. Pulse duration time is 1 ms and measurement period is 

10 ms 

As shown in Fig 3-9, the intensity of 808 nm was fixed at 0.76 MW/cm
2
 while 980 nm 

intensity was raised up from 0.6 MW/cm
2
(Fig 3-9a) to 6.0 MW/cm

2
(Fig 3-9b). From the 

results, we could find that with higher excitation intensity, the depletion efficiency went 

much lower. More data could be find in Appendix. This was due to the competition of 

mutually independence of upconversion emission and stimulated emission process in 

upconversion nanocrystals. The excitation energy was absorbed by sensitizer originally 

meanwhile the depletion occurred on emitters directly and final emission results was 

dominated by the winner. When the 980 nm photons were absorbed by Yb
3+

, the energy 

was then transmitted to Tm
3+

, and given more energy, total transmitted energy rose up and 

it became harder to deplete the excited electrons. So the depletion efficiency was lowered 

down.  

We then fixed the 980 nm excitation intensity to 0.6 MW/cm
2
, and raised the 808 nm 

depletion intensity from 0.76 to 7.56 MW/cm
2
. As shown in Fig 3-10, the more 808 nm 
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intensity, the higher depletion efficiency. This was in accordance to the result in the main 

figures.  

 

FIGURE 3-10 Transient responses of upconversion emission at 455 nm (blue curves) and 660 nm 

(red curves) from 8% Tm
3+

-doped nanocrystals under pulsed 980 nm (grey shadows) and 808 nm 

(green shadows) illumination (Ref. curve is measured without 808 nm illumination). The 908 nm 

excitation intensity is fixed at 0.6 MW/cm
2
.  (a) 808 nm depletion intensity is 0.76 MW/cm

2
 and (b) 

808 nm depletion intensity is 7.57 MW/cm
2
. Pulse duration time is 1 ms and measurement period is 

10 ms 

3.2.6 Influence of doping concentration 

In the last section, we studied the influence of material factors on two wavelength 

modulation on Tm
3+

 dopant upconversion nanocrystals. We focused on the dopant 

concentration factor and intermediate state factor. 

We combined the conditions tested in section 3.2.4 and 3.2.5, and carried on the 

controlled measurement on high dopant and low dopant emitter concentration while 

monitoring the temporal dependent fluorescent emission on 
1
G4 and 

1
D2 state. We used the 

8% Tm
3+

 and 20% Yb
3+

 nanocrystals as high dopant sample and 1% Tm
3+

 and 20% Yb
3+

 

as low dopant sample. The 660 nm emission from 
1
G4 and 455 nm emission from 

1
D2 was 

collected. 

We applied 1 milli-second pulse duration condition in our measurement. And the 

temporal interval between 808 nm and 980 nm pulses started at 808 nm pulses coming 1 
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ms ahead of 980 nm with step of 0.5 ms, until 808 nm pulses were completely after 980 nm 

pulses.  

Under different excitation and depletion intensity combinations, the high dopant 

concentration sample presented higher depletion efficiency on 
1
D2 state than 

1
G4 state, as 

shown in Fig 3-11. This was because the upconversion progress would become more 

challenging for higher intermediate state. The upconversion to higher intermediate state 

was easier affected by the ladder depletion mechanism. 

 

 

FIGURE 3-11 Transient responses of upconversion emission at 455 nm (blue curves) and 660 nm 

(red curves) from 8% Tm
3+

-doped nanocrystals under pulsed 980 nm (grey shadows) and 808 nm 

(green shadows) illumination of varied temporal arrangements (Ref. curves are measured without 

808 nm illumination). The 980 nm excitation intensity is 0.6 MW/cm
2
 for (a)(c)(e) and 6.0 

MW/cm
2
 for (b)(d)(f), and the 808 nm probing intensity is 0.76 MW/cm

2
 for (a)(b), 7.57 MW/cm

2
 

for (c)(d) and 30.3 MW/cm
2
 for (e)(f) 

For low dopant concentration condition, comparing with high dopant sample, low 

dopant sample presented more absorption and fluorescent signal enhancement rather than 
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depletion, as shown in Fig 3-12. This directly proved that with larger distance between 

emitters, the rate of cross-relaxation would largely reduce thus the population reversion 

became extremely challenging to occur. On the other hand, due to the low dopant 

concentration, one emitter shared more nearby sensitizers and could be transmitted with 

more energy from nearby sensitizers, which would make depletion more difficult to 

happen. Similarly, if given higher sensitizer dopant concentration, the depletion efficiency 

would also be largely reduced due to the same reason of higher sensitizer to emitter ratio. 

More measurement data under other conditions could be find in Appendix. 

  

 

FIGURE 3-12 Transient responses of upconversion emission at 455 nm (blue curves) and 660 nm 

(red curves) from 1% Tm3+-doped nanocrystals under pulsed 980 nm (grey shadows) and 808 nm 

(green shadows) illumination of varied temporal arrangements (Ref. curves are measured without 

808 nm illumination). The 980 nm excitation intensity is 0.6 MW/cm
2
 for (a)(c)(e) and 6.0 

MW/cm
2
 for (b)(d)(f), and the 808 nm probing intensity is 0.76 MW/cm

2
 for (a)(b), 7.57 MW/cm

2
 

for (c)(d), and 30.3 MW/cm
2
 for (e)(f). 
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3.2.7 Upconversion-STED super-resolution imaging 

We further demonstrated the upconversion-STED super-resolution imaging using 

highly doped Tm nanocrystals. To modify the dual-laser confocal system into STED, a 

quarter-wave plate (WPQ10M-808, Thorlabs) was used to transform the 808 nm beam 

from linear polarisation to circular polarisation. In practice a half-wave plate (WPH10M-

808, Thorlabs) was used together to facilitate the adjustment towards quality circular 

polarisation. A vortex phase plate (VPP-1a, RPC Photonics) was also inserted in the 808 

nm beam path, so that a doughnut-shaped PSF was generated at the focal plane. The two 

beams of 980 nm and 808 nm were carefully aligned to ensure precise overlapping of their 

PSFs in xy plane and z direction, as shown in Fig 3-13. The FWHM of PSF for the 

fluorescent imaging part is 420 nm, which is the system resolution when the depletion 

beam is off.  

 

FIGURE 3-13 PSFs overlapping of excitation and doughnut STED beam. (a)PSF of 980 nm 

excitation on xy plane; (b)PSF of Doughnut 808 nm STED beam after modulation with vortex 

phase plate on xy plane; (c)Overlapping of two PSFs with high precision. (d)(e)(f) are 

corresponding psf to (a)(b)(c) in xz plane. Pixel dwell time: 0.2 ms. Scale bar: 1 µm 

The nanocrystals imaged were about 80 nm in size and had 20% Yb
3+

 and 6% Tm
3+

 

(Fig. 3-4g). The depletion power measured at the back aperture of the objective was around 

79 mW, which equals to 56 MM/cm
2
 at the focal plane. The theoretical resolution is 

improved by 13-fold compared to the confocal result, with ultimate resolution of 30 nm 

achieved. From the imaging result, as shown in Fig 3-14, the arrow line indicates a FWHM 
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of 98 nm on one single nanocrystal. Subtracting the nanocrystal size, we achieved the 

resolution of ~35 nm which is approximately 1/28 of the excitation wavelength.  

 

FIGURE 3-14 The CW STED super-resolution result on 6% dopant concentration Tm
3+

 

NaYF4:Yb
3+

/Tm
3+

 nanocrystals. Confocal (a) and corresponding CW STED super-resolution result 

(b) images of upconversion nanocrystals; (c)The profile along the dashed line in a and b exhibits a 

spot size of 98 nm, indicating an effective resolution of ~35 nm after subtraction of the nanocrystal 

size. Pixel dwell time: 5 ms. The scale bar is 1 µm 
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3.3 Remarks  

   In this chapter we explored stimulated emission depletion for the NaYF4:Yb
3+

/Tm
3+

 

upconversion nanocrystals and applied them in upconversion-STED nanoscopy. With 

controlled measurements in doping concentration, power factor and temporal configuration, 

we successfully demonstrated low power intermediate-level STED-like operation on 

highly doped Tm
3+

 upconversion nanocrystals. This is promising to overcome the major 

challenge of extreme intensity requirement in traditional STED techniques. Interestingly, 

we observed luminescence enhancement on upconversion nanocrystals with low doping 

concentration. The detailed physical process is investigated in the next chapter.  
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Chapter 4 

This chapter further studies the fundamental details and practical performance using 

upconversion nanocrystals for stimulated emission depletion nanoscopy. We reveal a key 

photon-avalanche-like process only found in highly doped upconversion nanocrystals, 

which forms a positive feedback process, leading to effective population inversion for 

amplified stimulated emission. This enables luminescence depletion at low intensity levels 

towards biological-friendly super-resolution imaging using the new upconversion-STED 

technique. This work is reported in the form of a journal paper published in Nature. 

4.1 Contributions to Paper 3 

TABLE 4-1 Author contribution summary for paper 3. 
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on 
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Data 

Collectio

n 

● ● ● ●      ●      

Analysis ● ● ●    ●       ● ● 

Manuscri

pt and 

Figures 

● ● ●    ●       ● ● 

 

The basic idea was conceived by Jin and Piper in Macquarie University and Xi in 

Peking University as a collaboration to combine upconversion nanocrystals with STED 

super-resolution imaging, and was detailed during the period when Lu and I significantly 

involved in the project since 2012. I did major contributions to this work, including 

building the dual-laser confocal/STED system, coordinating sample preparation, 

conducting major optical experiments, and participating in data analysis, preparation of the 

manuscript and figures. 
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4.2 Paper 3 

Liu Y, Lu Y, Yang X, Zheng X, Wen S, Wang F,Vidal X, Zhao J, Liu D, Zhou Z, Ma C, 

Zhou J, Piper J A, Xi P, Jin D, "Amplified stimulated emission in upconversion 

nanoparticles for super-resolution nanoscopy", accepted by Nature on 9th Jan 2017, DOI: 

10.1038/nature21366. 
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4.3 Remarks 

We show that at high Tm
3+

 doping concentration, the cross-relaxation rates between Tm
3+

 

emitters can increase sufficiently, efficiently establishing population inversion on their 

intermediate energy levels to the ground level. This largely reduces the intensity 

requirement for stimulated emission depletion, which is not achievable using conventional 

upconversion nanocrystals with low doping concentration. The depletion intensity was 

reduced by two orders of magnitude using 8% Tm
3+

 doped samples. This provides 

immediate opportunity for live cell super-resolution imaging upon robust 

biofunctionalisation of upconversion nanocrystals.  

In principal, with CW excitation and depletion, the long lifetime does not affect the pixel 

dwell time. So the CW STED system could achieve real-time imaging speed with the 

upconversion nanocrystals no matter the milli- or microsecond lifetime. The millisecond 

level pixel dwell time used in our work is actually due to the brightness limitation on single 

nanocrystal. As discussed in the paper, “New crystal design and synthesis that will allow 

UCNPs with Tm doping concentration beyond 8% need to be explored, which will both 

enhance the brightness and shorten the lifetime of the upconversion luminescence, thereby 

shortening pixel dwell time”. 

As for most reported PALM and STORM systems, the acquisition time is still no less than 

tens of seconds level. The SIM has been reported to achieve video rate in 2009 by 

Gustafsson’s team (Nature Methods 6, 339 - 342 (2009)), while the resolution in no higher 

than 100 nm. For PALM, STORM or SSIM, it requires at least three orders of magnitude 

of frames to achieve sub-100 nm resolution in one image, thus for video rate imaging these 

technologies need ultrafast camera like sCMOS camera and extremely optimized algorithm, 

which is also need to balance with the pixel numbers. A few groups has been trying to 

achieve the goal while no solid results are made fulfilling all conditions especially 

considering the low signal-to-noise ratio when fast imaging which typically causes extra 

artificial structure after PSF-fitting. As for STED, the speed limitation is mainly on 

scanning method which could be adapted from confocal ones. The different scanning 

method in confocal microscopy has been proved to achieve video rate easily, and with 

some method like multi focus the rate can be high than 1000 fps. In general, STED shows 

much more potential in real time imaging. 
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Chapter 5: Conclusions and Perspectives 

5.1 Thesis Summary  

Among the new generation of optical nanoscopy techniques, STED is the first and 

optically most straightforward method capable of 3-D super-resolution imaging potentially 

at video rate. However the extreme depletion intensity requirement of STED makes it 

challenging for live cell imaging. This thesis endeavours to overcome this challenge 

through a range of new developments of both the instrumentation and the luminescent 

probe aspects. In particular, we found that highly doped upconversion nanocrystalsa allow 

efficient depletion of their luminescence through amplified stimulated emission from their 

intermediate excited levels, which suggests a viable avenue to low-power biological-

friendly STED super-resolution imaging. The key findings of the research reported here 

are: 

1) A continuous wave STED (CW STED) microscopy based on a Ti:Sapphire 

oscillator was established, to provide wavelength tenability that allows optimisation of the 

depletion efficiency on conventional fluorescent dyes. The super resolution of ~71nm was 

achieved on 20 nm fluorescent nanoparticles. Three components of cytoskeletons and RNA 

were imaged in fixed cells with the CW STED super-resolution system. The results show 

that the synchronisation-free CW mode can reduce the system complexity and cost. 

However, the extreme intensity condition to achieve resolution enhancement cannot be 

alleviated through pure instrumentation.  

2) Theoretical studies and numerical simulation of STED in fluorescent materials were 

conducted, with an effective model established to describe the stimulated emission 

depletion process in a simplified four-level system. The populations of the excited levels 

were monitored when varying the luminescence lifetime and excited-level cross-section in 

the simulation. It can be shown that for luminescent probes with long lifetime, the 

depletion power requirement can be largely reduced in principle. 
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3) Low-power STED-like super-resolution imaging was achieved using 

NaYF4:Yb
3+

/Tm
3+

 upconversion nanocrystals, based on a novel scheme that depletes an 

intermediate state to inhibit further upconverted emission. A variety of factors were 

investigated, showing that the doping concentration plays a critical role in effective 

depletion by this new scheme. For highly doped nanocrystals, the saturation intensity can 

be reduced by two orders of magnitude compared to conventional upconversion 

nanocrystals with low doping concentration. Super-resolution imaging of the highly doped 

nanocrystals was achieved, with sub-50 nm resolution using much lower depletion 

intensity in CW mode. 

4) The physical mechanism for achieving the low power upconversion-STED operation 

using highly doped upconversion nanocrystals was thoroughly studied. A photon-

avalanche-like effect, that is the strong inter-emitter cross-relaxation inside the photon 

upconversion system leading to population inversion between the intermediate energy 

levels to the ground level, was proved to be the key to the substantially reduced intensity 

requirement.  

This thesis also suggests that, apart from advances in optical instrumentation, new 

nanophotonic probes are indispensable for pushing optical super-resolution techniques 

beyond their current scope. Collaborative approaches are becoming increasingly important 

to facilitate cross-disciplinary research and development, which may hold the key to 

unprecedented nanophotonic technologies for life sciences in future.  

5.2 Future Directions  

The fruitful results of this multidisciplinary research program suggest a broad range of 

opportunities in both conceptual advancement and engineering excellence. Three 

immediate opportunities have been identified, as follows:   

Firstly, the depletion power requirement may be further reduced using the time-gating 

technique, which was previously the most effective approach to lower the power 

requirement for STED before our usage of upconversion nanocrystals. Up to one order of 

magnitude reduction was demonstrated on conventional fluorescent dyes by the previous 

time-gating STED (G-STED) method, which, however, is challenging to achieve due to the 
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strict temporal resolution needed for fluorescent lifetimes on the nanosecond scale. By 

contrast, upconversion nanoparticles provide micro- to milli-second luminescence lifetimes 

that are technically ideal for G-STED operation, which can also largely suppress the 

background noise arising from re-excitation of the probes, residual scattering of the 

excitation light, and/or biological autofluorescence.  

Secondly, the upconversion-STED method demonstrated on Tm
3+

 doped nanocrystals 

is readily applicable to upconversion nanoparticles doped with other lanthanide emitters, 

such as Er
3+

 and Ho
3+

. Like Tm
3+

, they also have ladder-like levels with abundant 

transition pathways of similar energy, therefore intense cross-relaxation can easily happen 

once the doping concentration is sufficient, resulting in possible photon avalanche or 

photon-avalanche-like process to establish population inversion efficiently for low-power 

super-resolution imaging. Furthermore, in principle, the mechanism is not restricted for 

upconversion system but is potentially applicable to down-conversion lanthanide probes as 

well. Indeed, the first report of the photon avalanche phenomenon is on Pr
3+

-based down-

conversion system[1]. If suitable depletion scheme can be designed for down-conversion 

lanthanide probes, such as Eu
3+

 and Tb
3+

 complexes that can be easily modified to target 

biomolecules specifically, this will further broaden the scope of the STED-like method in 

biological application.   

Finally, the newly demonstrated multiplexing capability using lanthanide nanocrystals 

with tunable luminescence lifetimes may be integrated, to further enhance the analytical 

throughput of the upconversion-STED method for simultaneous visualisation of multiple 

types of target biomolecules at super resolution. Using a combination of strategies, 

including varied doping concentrations, it has become practical to realise ten or more 

lifetime channels in a single colour band, which can either substitute the conventional 

spectra-based multiplexing at significantly reduced system complexity and cost, or build 

on top of the spectral channels to achieve high-dimension multiplexing capacity. Both of 

these will be extremely appealing to end users in biology and medicine. Preliminary 

experiments along this direction have been carried out during my PhD candidature, which 

are summarised in the next section.  
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5.3 Towards lifetime-based multiplexing super-resolution 

imaging – the preliminary results 

Today all the optical super-resolution microscopy relies on fluorescent labelling, either 

specific or not, to disclose the morphologic and/or the locational information of 

biomolecules and subcellular components. However, since biological activities typically 

involve multiple types of targets, it remains virtually impossible to reveal their complicated 

interactions using conventional fluorescent probes, due to the fundamental challenge of 

spectral overlapping. Additionally, the use of multiple fluorescent wavelengths requires 

sophisticated system design, for example, for STED microscopy, to add different depletion 

wavelengths according to the chosen probes. This will increase the difficulty for alignment 

as well as instrumentation cost substantially, representing significant roadblocks to 

practical applications.  

Time-domain multiplexing based on different decay lifetimes has been proposed to 

complement the spectral-domain multiplexing. However, lifetimes of conventional 

fluorescent probes are in the nanosecond range, which provides limited multiplexing 

capacity and is prone to autofluorescence interference. And sophisticated methods and 

instrumentation, mainly time-correlated single photon counting (TCSPC), is required to 

measure such short lifetimes.  

Recently, our group proposed to overcome these challenges by using tunable 

luminescence lifetimes in the microsecond-to-nanosecond range based on lanthanide 

probes such as upconversion nanocrystals. We investigated the potential mechanisms for 

lifetime tuning in upconversion nanocrystals, and employed them for multiplexed confocal 

imaging, presenting a stepping stone for lifetime-multiplexed upconversion-STED 

technique in the future. The preliminary results are shown in Appendix II. 

5.4 Future challenges for upconversion nanocrystals in live cell 

imaging 
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Upconversion nanocrystals hold promise as novel luminescent probes for numerous 

applications in nano-biophotonics, like immunoassays, bioimaging, and targeted drug delivery 

as carriers[2-7]. These applications of upconversion nanocrystals have been motivated by their 

attractive optical properties of excellent photostability, narrowband photoluminescence, 

efficient anti-Stokes emission and long luminescence lifetimes, which are needed to meet the 

requirements of multiplexed and background free detection at prolonged observation times. 

Therefore, upconversion nanocrystals may become new contrast agents for imaging with 

potential to enable biomedical research and guide clinical decisions. And the low power 

feature showed in this thesis would largely benefit the broadly use for upconversion 

nanocrystals in super-resolution imaging. 

Although exhibiting promising features and application prospects, the use of upconversion 

nanocrystals is limited by the lack of robust bioconjugation protocols. Upconversion 

nanocrystals are typically synthesized in the presence of organic solvents, as capping ligands 

that control nanocrystal growth and stabilize them against aggregation, but form the 

hydrophobic surface. On the other hand, for most biological applications, additional surface 

modification of upconversion nanocrystals is necessary to render a hydrophilic functional 

surface so that the nanocrystals become soluble in aqueous solution for biological applications. 

Especially considering the non-free permeation size of the upconversion nanocrystals, surface 

modification is necessary for most cases.   

Currently two major protocols are mainly adapted in surface modification for delivery 

of upconversion nanocrystals to live cells and biological systems[17]. One is based on 

silanization, and the other is based on hydrophobic-hydrophobic interaction, respectively.  

In the silanization protocol, biocompatible silica can form shells around the nanocrystal 

core by hydrolysis of tetraethyl orthosilicate (TEOS). For most hydrophobic upconversion 

nanocrystals that are synthesized in organic solvents and capped by the hydrophobic 

ligands (e.g. oleic acid (OA) and oleylamine (OM)), the reverse microemulsion method is 

commonly used to functionalize the upconversion nanocrystals. Nowadays, the well-

known silica chemistry allows precise control of silica growth resulting in tunable 

thickness. Alternatively, the hydrophilic upconversion nanocrystals can also be coated by 

silica shells using the Stöber method but this is more suitable for large cores with thicker 

silica layers. In general, silica-coated UCNPs have advantages in adapting existing 
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protocols for bioconjugation to targeted biomolecules though the additional silica layer 

increases the size. Furthermore, as another advantage, the porosity of silica shells can be 

easily controlled, facilitating the production of multifunctional nanocrystals by 

encapsulating the dyes, magnetic agents, or drugs [8-11].  For this method, the 

optimization for the amount and ratios of the used reagents, such as upconversion 

nanocrystals, linker, and antibody as well as the appropriate binding and washing buffers, 

is quite tricky and need to be further developed otherwise one could easily observed the 

generation of aggregates during centrifugal washing of unbound antibodies off 

upconversion nanocrystals. 

In the hydrophobic-hydrophobic interaction, the conversion from hydrophobic to 

hydrophilic surface is based on the adsorption of an amphiphilic polymer onto the 

hydrophobic surface of nanocrystals to form a double layer of ligands. In this approach, the 

hydrophobic segment of amphiphilic polymer interacts with the hydrocarbon chain of the 

original surface ligands (e.g. OA or OM), so that the hydrophilic end points outwards 

aqueous phase. Typically, the amphiphilic polymers, such as poly(ethyleneglycol) (PEG)-

phospholipids [12], OA-polyacrylic acid (PAA)-PEG [13], and poly(maleic anhydride-alt-

1-octadecene) (PMAO) [14] are frequently used. Following the same principle, 

cyclodextrin (e.g. α-CD or β-CD) has been reported to be able to self-assemble onto OA 

capped UCNPs through a hydrophobic-hydrophobic interaction[15,16]. This amphiphilic 

strategy is popular since it reacts rapidly under mild conditions after stirring for a short 

time without laborious post-treatment procedures. However, for this method, the long 

hydrocarbon chains could usually result in crosstalk conjugation between any two 

nanoparticles. 

Besides the further optimization of the surface medication protocols, the concern about 

the toxicity of upconversion nanocrystals is still an issue for both in vivo and in vitro 

applications. Similar to other chemicals or pharmaceuticals, for upconversion nanocrystals, 

the potentially harmful effects may originate not only from their chemical composition but 

also from their small size. The latter property enables the nanoparticles to bypass the 

biological barriers, thus allowing deep tissue penetration and the accumulation of the 

nanoparticles in a number of organs. In addition, nanoparticles are known to possess high 

surface chemical reactivity as well as a large surface-to-volume ratio, which may seriously 

affect their biocompatibility. As reported recently, OA-capped and silica-coated UCNPs 
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displayed a significant cytotoxicity (at 50-100ug/mL concentrations), leading to 20-30% 

reduction in cell viability after 24 hrs’ exposure to UCNPs. In contrast, OA-free, DNA-

modified or PEGCOOH functionalized UCNPs displayed minimal cytotoxicity  (<10% 

reduction in cell viability) under the same conditions[17]. Notwithstanding the number of 

studies and existing government reports, knowledge on the general impact of engineered 

nanomaterials on human health is not well established, and thus risk assessment studies 

and more studies on hazard and exposure are required[18]. 
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Appendix I 

6.1 Two wavelength modulation on high dopant upconversion 

nanocrystals 

 

FIGURE 6-1 Luminescent peak intensity on 
1
D2(a) and 

1
G4(b) on 8% Tm

3+
 high dopant 

concentration nanocrystals under variable temporal delay condition between arrival of 808 nm and 

980 nm pulses and different intensity conditions. Under 100 μs condition, blue:-100 μs; red:-50 μs; 

green: 0 μs; black: 50 μs; magenta: 100 μs; Under 1000 μs condition, blue:-1000 μs; red:-500 μs; 

green: 0 μs; black: 500 μs; magenta: 1000 μs 
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FIGURE 6-2 Transient responses of the 
1
D2(blue curve) and 

1
G4(red curve) emission from 8% 

Tm
3+

-doped nanocrystals under synchronous illumination pulses of 980 nm and 808 nm. 

(a)(b)(c)The pulse duration time for 980 nm and 808 nm is 100 μs. And in the 3-D diagram, from 

left to right the temporal sequences for 808 nm are non-808 nm, ahead of 100 μs, ahead of 50 μs, 

totally overlapping, delayed 50 μs, delayed 100 μs, respectively; (d)(e)(f) The pulse duration time 

for 980 nm and 808 nm is 1000 μs. And in the 3-D diagram, from left to right the temporal 

sequences for 808 nm are non-808 nm, ahead of 1000 μs, ahead of 500 μs, totally overlapping, 

delayed 500 μs, delayed 1000 μs, respectively. The intensity of 980 nm is 0.6 MW/cm
2
; (a)(d)The 

intensity of 808 nm is 0.76 MW/cm
2
; (b)(e) The intensity of 808 nm is 7.57 MW/cm

2
; (c)(f) The 

intensity of 808 nm is 30.3 MW/cm
2
. Grey bar indicates the modulation period of 980 nm and 

green bar indicates the modulation period of 808 nm  
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FIGURE 6-3 Transient responses of the 
1
D2(blue curve) and 

1
G4(red curve) emission from 8% 

Tm
3+

-doped nanocrystals under synchronous illumination pulses of 980 nm and 808 nm. 

(a)(b)(c)The pulse duration time for 980 nm and 808 nm is 100 μs. And in the 3-D diagram, from 

left to right the temporal sequences for 808 nm are non-808 nm, ahead of 100 μs, ahead of 50 μs, 

totally overlapping, delayed 50 μs, delayed 100 μs, respectively; (d)(e)(f) The pulse duration time 

for 980 nm and 808 nm is 1000 μs. And in the 3-D diagram, from left to right the temporal 

sequences for 808 nm are non-808 nm, ahead of 1000 μs, ahead of 500 μs, totally overlapping, 

delayed 500 μs, delayed 1000 μs, respectively. The intensity of 980 nm is 6 MW/cm
2
; (a)(d)The 

intensity of 808 nm is 0.76 MW/cm
2
; (b)(e) The intensity of 808 nm is 7.57 MW/cm

2
; (c)(f) The 

intensity of 808 nm is 30.3 MW/cm
2
. Grey bar indicates the modulation period of 980 nm and 

green bar indicates the modulation period of 808 nm 
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FIGURE 6-4 Transient responses of the 
1
D2(blue curve) and 

1
G4(red curve) emission from 8% 

Tm
3+

-doped nanocrystals under synchronous illumination pulses of 980 nm and 808 nm. 

(a)(b)(c)The pulse duration time for 980 nm and 808 nm is 100 μs. And in the 3-D diagram, from 

left to right the temporal sequences for 808 nm are non-808 nm, ahead of 100 μs, ahead of 50 μs, 

totally overlapping, delayed 50 μs, delayed 100 μs, respectively; (d)(e)(f) The pulse duration time 

for 980 nm and 808 nm is 1000 μs. And in the 3-D diagram, from left to right the temporal 

sequences for 808 nm are non-808 nm, ahead of 1000 μs, ahead of 500 μs, totally overlapping, 

delayed 500 μs, delayed 1000 μs, respectively. The intensity of 980 nm is 24 MW/cm
2
, (a)(d)The 

intensity of 808 nm is 0.76 MW/cm
2
; (b)(e) The intensity of 808 nm is 7.57 MW/cm

2
; (c)(f) The 

intensity of 808 nm is 30.3 MW/cm
2
. Grey bar indicates the modulation period of 980 nm and 

green bar indicates the modulation period of 808 nm 
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6.2 Two wavelength modulation on low dopant upconversion 

nanocrystals 

 

FIGURE 6-5 Luminescent peak intensity on 
1
D2(a) and 

1
G4(b) on 1% Tm

3+
 low dopant 

concentration nanocrystals under variable temporal delay condition between arrival of 808 nm and 

980 nm pulses and different intensity conditions. Under 100 μs condition, blue:-100 μs; red:-50 μs; 

green: 0 μs; black: 50 μs; magenta: 100 μs; Under 1000 μs condition, blue:-1000 μs; red:-500 μs; 

green: 0 μs; black: 500 μs; magenta: 1000 μs   
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FIGURE 6-6 Transient responses of the 
1
D2(blue curve) and 

1
G4(red curve) emission from 1% 

Tm
3+

-doped nanocrystals under synchronous illumination pulses of 980 nm and 808 nm. 

(a)(b)(c)The pulse duration time for 980 nm and 808 nm is 100 μs. And in the 3-D diagram, from 

left to right the temporal sequences for 808 nm are non-808 nm, ahead of 100 μs, ahead of 50 μs, 

totally overlapping, delayed 50 μs, delayed 100 μs, respectively; (d)(e)(f) The pulse duration time 

for 980 nm and 808 nm is 1000 μs. And in the 3-D diagram, from left to right the temporal 

sequences for 808 nm are non-808 nm, ahead of 1000 μs, ahead of 500 μs, totally overlapping, 

delayed 500 μs, delayed 1000 μs, respectively. The intensity of 980 nm is 0.6 MW/cm
2
; (a)(d)The 

intensity of 808 nm is 0.76 MW/cm
2
; (b)(e) The intensity of 808 nm is 7.57 MW/cm

2
; (c)(f) The 

intensity of 808 nm is 30.3 MW/cm
2
. Grey bar indicates the modulation period of 980 nm and 

green bar indicates the modulation period of 808 nm 
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FIGURE 6-7 Transient responses of the 
1
D2(blue curve) and 

1
G4(red curve) emission from 1% 

Tm
3+

-doped nanocrystals under synchronous illumination pulses of 980 nm and 808 nm. 

(a)(b)(c)The pulse duration time for 980 nm and 808 nm is 100 μs. And in the 3-D diagram, from 

left to right the temporal sequences for 808 nm are non-808 nm, ahead of 100 μs, ahead of 50 μs, 

totally overlapping, delayed 50 μs, delayed 100 μs, respectively; (d)(e)(f) The pulse duration time 

for 980 nm and 808 nm is 1000 μs. And in the 3-D diagram, from left to right the temporal 

sequences for 808 nm are non-808 nm, ahead of 1000 μs, ahead of 500 μs, totally overlapping, 

delayed 500 μs, delayed 1000 μs, respectively. The intensity of 980 nm is 6 MW/cm
2
; (a)(d)The 

intensity of 808 nm is 0.76 MW/cm
2
; (b)(e) The intensity of 808 nm is 7.57 MW/cm

2
; (c)(f) The 

intensity of 808 nm is 30.3 MW/cm
2
. Grey bar indicates the modulation period of 980 nm and 

green bar indicates the modulation period of 808 nm  
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FIGURE 6-8 Transient responses of the 
1
D2(blue curve) and 

1
G4(red curve) emission from 1% 

Tm
3+

-doped nanocrystals under synchronous illumination pulses of 980 nm and 808 nm. 

(a)(b)(c)The pulse duration time for 980 nm and 808 nm is 100 μs. And in the 3-D diagram, from 

left to right the temporal sequences for 808 nm are non-808 nm, ahead of 100 μs, ahead of 50 μs, 

totally overlapping, delayed 50 μs, delayed 100 μs, respectively; (d)(e)(f) The pulse duration time 

for 980 nm and 808 nm is 1000 μs. And in the 3-D diagram, from left to right the temporal 

sequences for 808 nm are non-808 nm, ahead of 1000 μs, ahead of 500 μs, totally overlapping, 

delayed 500 μs, delayed 1000 μs, respectively. The intensity of 980 nm is 24 MW/cm
2
; (a)(d)The 

intensity of 808 nm is 0.76 MW/cm
2
; (b)(e) The intensity of 808 nm is 7.57 MW/cm

2
; (c)(f) The 

intensity of 808 nm is 30.3 MW/cm
2
. Grey bar indicates the modulation period of 980 nm and 

green bar indicates the modulation period of 808 nm 
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Appendix II 

7.1 Towards lifetime-based multiplexing super-resolution 

imaging – the preliminary results 

7.1.1 Upconversion nanocrystals with tunable lifetimes 

This section describes the temporal coding concept by exploring the lifetime properties 

of lanthanide-doped upconversion nanocrystals. We show that by changing the doping 

concentration, as well as the nanocrystal size and phase, the lifetime of upconversion 

nanocrystals can be precisely tuned in a large range from tens to several hundreds 

microsecond. We also developed a time-resolved confocal microscope that can decode 

lifetimes from individual upconversion nanocrystals, suggesting the possibility to create a 

new optical library of background-free, photo-stable and lifetime-tunable probes.  

This work is presented as a published paper in the journal Nature Photonics in A.1.2. 

My contribution to the paper is to design and setup a single nanocrystal lifetime 

measurement confocal microscope, and to demonstrate the lifetime decoding on the 

selected Tm/Yb doped nanocrystals. 
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TABLE 7-1 Author contribution summary for Paper 3. 
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7.1.2 Paper 4 

Lu, Y., Zhao, J., Zhang, R., Liu, Y., Liu, D., & Goldys, E. M., et al. (2013). Tunable 

lifetime multiplexing using luminescent nanocrystals. Nature Photonics, 8(1), 32-36. 
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7.1.3 Lifetime decoding of mixed upconversion nanocrystals 

While lifetime imaging on individual batches of upconversion nanocrystals has been 

realised without much difficulty, a new challenge is introduced for samples containing a 

mixture of lifetime-engineered nanocrystals. This is because more than one lifetime values 

need to be resolved from the potentially multi-exponential decay curves if two or more 

nanocrystals with different lifetime codes coincide within the optical resolution. Dr Yiqing 

Lu and I demonstrated lifetime decoding with mixed samples on the single nanocrystal 

level. The first measurement was carried on using three types of nanocrystals with different 

dopant concentration – the Yb
3+

 was fixed at 20%, and Tm
3+

 to be 1%, 4% and 8%, 

respectively. As shown in Fig 7-1a, from confocal scanning, the nanocrystals looked just 

the same due to the identical emission wavelength. While with lifetime decoding, the three 

different nanocrystals can be clearly distinguished. 

 

FIGURE 7-1 Demonstration of lifetime decoding mixed single nanocrystals sample. The sample 

was prepeared with three kinds of Tm
3+

-doped upconversion nanocrystals. (a)Intensity-based 

confocal fluorescent imaging result on 455 nm emission; (b)Time-resolved scanning indicates the 

location of different nanocrystals based on the lifetime components. Pseudocolour is used to 

indicate the fluorescent lifetime for each nanocrystals. The red, green and blue color indicates the 

Tm
3+

 dopant concentration of 1%, 4% and 8%, respectively 

We further carried on the measurement on five different nanocrystals with fixed 20% 

Yb
3+

 while Tm
3+

 of 0.2%,0.5%, 1%, 4%, 8% respectively, as shown in Fig 7-2. 
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FIGURE 7-2 Demonstration of decoding single nanocrystals sample. Sample was prepeared with 

five kinds of Tm
3+

-doped upconversion nanocrystals. Pseudocolour is used to indicate the 

fluorescent lifetime for each nanocrystals. (a)Intensity-based confocal fluorescent imaging result on 

455 nm emission; (b)Time-resolved scanning indicates the location of two high dopant 

concentration nanocrystals based on the lifetime components. The blue and red color indicates the 

Tm
3+

 dopant concentration of 8% and 4%, respectively. (c)Time-resolved scanning indicates the 

location of three low dopant concentration nanocrystals based on the lifetime components. The blue, 

green and red color indicates the Tm
3+

 dopant concentration of 1%, 4% and 8%, respectively  

We then carried on the similar experiments on binding of a target molecule on the 

beads. In our experiment, three kinds of upconversion nanocrystals doped with different 

Tm
3+

 concentrations of 1 mol%, 4 mol%, and 8 mol% were synthesized with their 

characterized lifetime values as 25.6 µs, 58.3 µs, and 206.7 µs, respectively. To 

functionalize these dots with capture DNA molecules, the nanocrystals were added into 

300 µl chloroform, then mixed with 150 µl ultrapure H2O solution containing 10 nmol 

pathogen DNA probes. After 2 hours incubation on a mixer, the upper layer solution was 

taken out and then centrifuged twice at 14000 rpm for 5 min. The final settlement was 

dissolved in ultrapure H2O for pathogen DNAs detection. Each kind of nanocrystals has 

been conjugated with a pathogens DNA probe, including human immunodeficiency virus 

(HIV), Ebola virus (EV), and hepatitis B virus (HBV), so that the probe-functionalized 

nanocrystals will recognize and bind to their counterpart of specific target DNAs.  

Streptavidin functionalized microspheres were prepared.  5 µL of 15 µm sized 

carboxylic microspheres (10% stock) were activated by 1-Ethyl-3-[3-dimethylaminopropyl] 

carbodiimide hydrochloride (EDC) in 2-(N-morpholino)ethanesulfonic acid buffer (MES, 

50 nM, pH 6.0) for 15 min, and then incubated with 25 µg streptavidin for 2 hours at room 

temperature. The functionalized microspheres were harvested by centrifugation and then 

ready for target DNA capture.  
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FIGURE 7-3  The schematic diagram of lifetime based reporter multiplexing detection of 

pathogen DNAs 

Table 7-2 DNA sequences used in reporter multiplexing.  

Name   DNA Sequence(5’ to 3’)* Modification(5’) 

Capture Probe 

HIV 
TTT GGG GTC ATG TTA  

Amino Modifier C12 

TTC CAA ATA TCT 

EV 
TTT GGG ATA CTG TTC  

TCC AAC ATT TAC 

HBV 
TTT GGG ATC ATC CAT 

 ATA ACT GAA AGC 

Target Probe 

HIV 
AGA AGA TAT TTG  

Biotin 

GAA TAA CAT GAC 

EV 
GGA GTA AAT GTT  

GGA GAA CAG TAT 

HBV 
TTG GCT TTC AGT  

TAT ATG GAT GAT 

 

The streptavidin coated microsphere was used to capture three different biotin 

modified pathogen DNAs including human immunodeficiency virus (HIV), Ebola virus 

(EV), hepatitis B virus (HBV) as shown in Table A-2 and Fig 7-3. Then the pathogen 

DNAs loaded microspheres were reacted with the probe conjugated Tm
3+

 Super dots in the 

2 × saline-sodium citrate (SSC) hybridization buffer. After 2 hours reaction, the mixture 

was centrifuged twice at 8000 rpm for 5 min, and then the purified microspheres were 

spread into a slide for the lifetime measurement.  
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As shown in Fig 7-4, the lifetimes of single nanocrystal probes were resolved by the 

purpose-built time-resolved laser scanning microscope, indicating the presence of three 

pathogen DNAs on the microsphere surface. The red dots represent the HBV pathogen 

DNAs, the green dots represent EV pathogen DNAs, and the blue dots represent HIV 

pathogen DNAs. The NIR excitation and time-resolved detection with single nanoparticle 

sensitivity suggests the feasibility for quantitation of multiplexed nucleic acids in bead 

assay, which is not possible for conventional techniques.  

 

FIGURE 7-4 The time-resolved localization of lifetime-encoded SUPER dots on microsphere 

surface to detect pathogen DNAs. A). The fluorescence intensity of each single nanocrystal. B), 

The time-resolved distribution of different populations of lifetime-encoded nanocrystals, showing 

the presence of three pathogen DNAs on the microsphere surface. The scale bar is 100 nm. 

Pseudocolour is used to indicate the fluorescent lifetime for each nanocrystals. The red, green and 

blue color indicates the Tm
3+

 dopant concentration of 1%, 4% and 8%, respectively 

7.1.4  Remarks 

We have successfully demonstrated the capability of lifetime multiplexing using rare-earth 

upconversion nanocrystals. This offers the potential to apply lifetime multiplexing in 

STED to achieve super-resolution imaging on a number of lifetime channels, enabling 

simultaneous identification of separately labelled biological features at high throughput.  
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