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were tested under air-saturated conditions. The excitation power density is 61 mW cm-2. 

Digital photos of TTA-501 (1M KOH) with HCl (d) and recovered state by KOH (e). 84 

Figure 5-10. Aqueous TTA systems applied as temperature sensors. (d) Temperature-

sensitive TTA upconversion in water (orange) and PBS (cyan) with inverse intensity 

evolution compared with traditional TTA systems. (e) The relative temperature sensing 

sensitivity calculated from data in (d) according to equation (5-6), 𝑆𝑟 = (𝛿𝑄/𝛿𝑇)/𝑄 (5-

6). Q is the integral upconversion intensity. The error bars in a, b and c indicate the 

standard deviation of three measurements. The concentrations of acceptor and donor are 

5 mM and 0.1 mM, respectively. The samples were tested under air-saturated conditions. 

The excitation power density is 61 mW cm-2. ................................................................ 85 
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Abstract 

Upconversion materials have attracted enormous attention for a broad range of 

applications in biological imaging, energy-related light harvesting, and sensing, due to 

their unique physicochemical properties. However, the comprehensive understanding and 

characterization of upconversion nanoparticles for novel applications remain challenging.  

In this thesis, we set four goals to refresh the present characterization and provide a wider 

and deeper cognition of these upconversion nanoparticles. After the delicate design of 

optical setups and nanomaterials, we realized the super resolution enhancement, optical 

force sensitivity improvement, Rayleigh scattering modulation, and a new water-soluble 

molecular upconversion probe.  

Experimentally and theoretically, we upgrade the nanoscopy by exploiting the unique 

nonlinearity of upconversion nanoparticles using conventional confocal microscopy. We 

realize three-dimensional attoNewton-level optical force of optical via revolutionizing the 

configuration, data collection and accuracy analysis based on the property of 

upconversion nanoparticles. We refresh the morphology-independent method of 

engineering Rayleigh scattering at the nanoscale level based on the resonance effect of 

upconversion nanoparticles. We develop water-soluble molecular upconversion materials 

based on the ionic equilibrium of upconversion dyes. Based on the improved 

characterization of upconversion materials, as well as the technologies, we anticipate the 

potential applications in future, such as, deep tissue imaging, monitoring the interaction 

in the limit region (e.g., attoNewton level), and multiplexed scattering microscopy of cell 

dynamics. 

 



Chapter 1

1

Introduction

Fluorescent probes have shown their magic in wide aspects, such as display, imaging, and 

sensing. Among these fluorescent materials, upconversion nanoparticles (UCNPs) 

become outstanding due to their many unique physicochemical properties, such as 

homogenous morphology, stable fluorescence, high brightness, controllable doping, long 

lifetime, and nonlinear photo-response. However, it remains challenging for some sub-

fields by fully characterizing UCNPs and consequently realize the advanced applications

based on their unique properties, such as the imaging resolution, the weak optical force 

of single UCNPs, and scattering/fluorescence strength modulation. In this thesis, we aim 

to implement the projects based on the challenges. In this chapter, I will briefly introduce

fluorescent upconversion materials and the biophotonics technologies used in this thesis.

1.1 Fluorescent upconversion materials

Fluorescent upconversion materials as probes have been widely used to investigate 

biological imaging [1][2], sensing [3][4], therapies [5][6], photocatalysis [7] and 

photovoltaics [8]. Upconversion material could convert the low-energy light to high-

energy light, enabling a super-high signal-to-background ratio. There are several kinds of 

upconversion materials based on the upconversion mechanisms, such as two-photon 

upconversion, inorganic lanthanide ion-doped nanoparticles, and molecular triplet-

fusion-based upconversion. This thesis only focuses on the latter two types.
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1.1.1 Lanthanide-doped upconversion nanoparticles 

 

Figure 1-1. UCNP and its properties. (a) Schematic of energy transfer for UCNP. (b) Transmission 
electron microscopy (TEM) images of NaYF4 (upper) and high-angle annular dark-field scanning 
transmission electron microscopy (HAADF-STEM) image of 18-segment heterogeneous nanorods. Scale 
bar is 100 nm. (c) Luminescence micrograph of polystyrene beads tagged with NaGdF4:Yb,Tm@NaGdF4 
(blue), NaGdF4:Yb,Tm@NaGdF4:Tb (green), NaGdF4:Yb,Tm@NaGdF4:Eu (red), and a binary mixture of 
NaGdF4:Yb,Tm@NaGdF4:Tb and NaGdF4:Yb,Tm@NaGdF4:Eu (yellow), respectively. Scale bar is 10 m. 
(d) Power-dependent 800 nm-emission from a single UCNP with different Tm3+ doping concentration 
(NaYF4:20% Yb3+, x% Tm3+ nanoparticles, x=2, 3, 4, 6 and 8) under 980 nm excitation. Panels b, c and d 
adapted with permission from refs. [9], [10], [11] and [12], respectively; Copyright 2006 American 
Chemical Society; Copyright 2020 Springer Nature; Copyright 2011 Springer Nature; Copyright 2018 
Springer Nature. 

 

For nearly twelve years, lanthanide-doped nanoparticles (Ln-NPs, same as UCNPs) have 

attracted extreme attention due to their unique properties and resultant broad applications 

[13][14]. This kind of nanoparticle is composed of a crystal host, i.e., NaYF4 and LiYF4, 

with embedded hundreds of thousands of trivalent lanthanide ions. These lanthanide ions 

play two roles in the host structure, some lanthanide ions, e.g., Yb3+, serves as the 

sensitizer for absorbing photons, while others, e.g., Er3+, Tm3+, provide multiple energy 

levels to receive the photons from the excited sensitizer. After experiencing complex 

energy transfer processes, the anti-Stokes fluorescence will be produced (Figure 1-1a). 
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Because of the multiple electron energy levels and integrated-flexible nanostructures, 

lanthanide-doped nanoparticles have many merits for exploring their internal nature and 

applications, such as the super-high fluorescence brightness and super-long photostability. 

Here, we only show the following three merits of UCNPs which are closely related to my 

PhD work, while other merits, such as the tunable lifetime, can be found in many 

references [15][11][16].  

(1) Controllable synthesis for doping and morphology. Because of the highly 

programmable crystal host of YF4
−, other kinds of lanthanide ions can substitute Y3+ easily 

in the host structure, of which concentration can be even controlled very precise. 

Therefore, many types of lanthanide-doped nanoparticles can be synthesized with a 

designed concentration [10][17][18]. In addition to the precise control for doping types 

and concentration, the morphology of UCNPs is also controlled by adjusting the synthesis 

conditions. Figure 1-1b shows the homogeneous structures of UCNPs, which can be 

nanosphere, nano-hexagonal, nanorod and nano-dumbbell [10][9][17] and so on. The 

controllable doping and morphology provide the possibility to investigate the properties 

of a single UCNP nanoparticle. My PhD projects displayed in Chapters 2, 3, and 4 are the 

investigation of single UCNPs, which are based on controllable synthesis. 

(2) Tunable emission spectrum. One of the most attractable properties of UCNPs is the 

abundant emission spectra enabling display applications (Figure 1-1c) [11]. The multiple 

energy levels of lanthanide ions provide the chance of energy transfer from the excited 

intermediate state to the ground state, accompanied by energy cross-relaxation, non-

radiation and photon avalanche [1][19][20]. This brings rich emissions with different 

wavelengths. We can obtain UCNPs with different colours by changing the dopant types 

and concentration [11], as well as the excitation wavelength and power [21]. Therefore, 

UCNPs are the ideal nanomaterials for display and imaging. This tunable emission 

spectrum is leveraged in Chapters 2 and 4 for resolution improvement and particle 

recognition, respectively. 

(3) Tunable fluorescence nonlinearity. This property results from the absorption and 

emission of the multi-photons energy transferring process since the sensitizers transfer 

the absorbed photons to the activators. The energy transfers between multiple energy 

levels and produces the emission with different responses, such as two-photon 

fluorescence, three-photon fluorescence, and four-photon fluorescence. Under a certain 
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excitation power, one kind of response is predominant while others can be neglected. The 

response varies with the excitation powers, resulting in fluorescence nonlinearity (Figure 

1-1d) [12]. This nonlinear response is always called the power-dependent curve of 

excitation and emission. Tm-doped UCNP is a widely studied example [22][12][23][19]. 

We can adjust the nonlinearity by controlling the doping concentration of Tm3+. This 

nonlinear nature of UCNPs provides the chance to improve the resolution by conventional 

confocal microscopy in Chapter 2.  

In a word, the programmable synthesis of UCNPs for doping (e.g., types and 

concentration) and morphology guarantees the individual but stable property of single 

nanoparticles, while the abundant electron energy levels for energy transfer provide the 

chance to engineer the performance on the single-nanoparticle level. Based on this, I 

investigate the fluorescence nonlinearity of Tm-doped UCNPs for upgrading the 

nanoscopy (Chapter 2), take advantage of the engineerable point spread function (PSF) 

for improving the optical force sensitivity (Chapter 3), and leverage the resonance effect 

for modulating the Rayleigh scattering at the nanoscale (Chapter 4). 
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1.1.2 Triple-fusion-based upconversion materials 

 

Figure 1-2. TTA and conventional TTA dyads. (a) Mechanism of energy transfer between sensitizer and 
annihilator. Superscript 3 denotes molecule with triplet, whole superscript 1 means molecule with singlet 
state. (b) Commonly used annihilators and sensitizers for a wide range of absorption and emission. Panel b 
adapted with permission from ref. [24]. Copyright 2021 Wiley-VCH. 

 

Triplet-fusion-based material is another popular upconversion example. Triplet-fusion-

based upconversion is also called triplet-triplet annihilation (TTA). This kind of 

upconversion process underlies molecular energy transfer. Triplet-fusion-based 

upconversion contains two separate components, molecular sensitizer and annihilator. 

Figure 1-2a shows the mechanism of TTA. Sensitizer molecules are generally excited by 
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the long-wavelength light to the active ones with singlet energy. After a quick electron 

spin-flip, namely intersystem crossing (ISC), the sensitizer with singlet energy will turn 

into one with triplet energy. The molecule with a triplet state always has a long lifetime 

(from nanosecond to millisecond level), providing enough time to diffuse and transfer 

energy between the molecules with matchable energy levels. Usually, the annihilator 

molecules on the ground state are easily activated by the triplet-state sensitizer to the ones 

with the triplet state. Under the oxygenated environment, oxygen molecules are much 

easier than annihilators to be excited by the triplet-state sensitizers, which is called 

oxygen quenching [25][26]. In the triplet-fusion-based upconversion system, two 

annihilator molecules with triplet energy collide and then produce the anti-Stokes 

fluorescence, which is regarded as the triplet-triplet annihilation process. From the 

mechanism, we can know TTA upconversion is a diffusion-controlled process. Therefore, 

any external perturbation for the diffusion process will influence the TTA performance, 

which can be designed for stimulated sensors [27]. For TTA-based upconversion, the 

most appealing advantage is the flexible and programmable platforms by constructing the 

sensitizer-annihilator pair. For conventional TTA systems, both the sensitizer and 

annihilator are organic molecules [24], while the absorption light and anti-Stokes 

fluorescence range from the near-infrared region to the ultraviolet region (Figure 1-2b). 

In recent ten years, more and more novel sensitizers have been exploited, such as quantum 

dots [26], perovskite particles [28], and lanthanide-doped nanoparticles [29]. These novel 

sensitizers propel the development of TTA systems, as they provide more freedom to 

design target-oriented platforms and study the novel mechanism of energy transfer. In my 

PhD work, I focus on developing aqueous TTA systems by avoiding organic solutions, 

meanwhile, I try to work out oxygen quenching, one of the most challenges for TTA 

upconversion. 

1.2 Biophotonics technologies 

The advances in upconversion materials boost the emerging biophotonics technologies 

for characterization. Here I mainly introduce the technologies related to my PhD work.  

1.2.1 Super-resolution microscopy 

To observe and understand microscopic objects is always the dream of humans. Over the 

centuries, scientists have been devoted to developing optical technologies to explore the 



 

Chapter 1 

7 

 

microscopic world [30][31]. With loads of effort, the resolution of technologies is 

improved to the limitation, named Abbe diffraction limit[32]. This limit is applied to both 

optical microscopy and electron microscopy, and here I just claim for optical technologies. 

The diffraction limit is determined by the light wavelength and the numerical aperture 

(NA), which is related to the refractive index and the collecting angle of the lens. For two 

adjacent spots, the resolution is 𝑥 =
0.61 λ

NA
 [33]. Figure 1-3a shows the scheme that, 

within the Rayleigh Criterion, the two (adjacent) point sources observed in the 

microscope can be resolved, otherwise it is out of the resolution capacity. 

To break the diffraction limit, many methods have been explored. They can be classified 

into three strategies.  

 

Figure 1-3. Super-resolution mechanisms. (a) Rayleigh criterion for resolving ability. (b) Single-
molecule localization mechanism. (c) Structured light mechanism. (d) PSF engineering for super-resolution 
microscopy. 

 

1) Single-molecule localization. For this strategy, the representative examples are 

stochastic optical reconstruction microscopy (STORM) [34][35][36][37] and 

photoactivated localization microscopy (PALM) [38][39][40][41]. The key point is using 

photo-switchable molecules to realize the on-state and off-state under different excitation 

wavelengths. Figure 1-3b depicts the scheme of the mechanism. The target needs to be 

first labelled with the photo-switchable molecules. Under the excitation, several 

molecules can be excited with on-state, which is recorded as an image. The distribution 

of the individual bright molecules obeys the Gaussian function [42]. Therefore, the 

localization of these molecules can be determined according to Gaussian fitting. This 

process needs to be repeated hundreds of thousands of times under the excitation 
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switching on and off. The reconstruction of loads of raw images will finally give the 

super-resolved image of the target. This strategy is widely applied in biological imaging. 

However, the requirements of stable but switchable molecules and complex data 

processing, as well as the mass of data to deal with, restrict the effectiveness of this 

strategy. 

2) Structured light. A typical example is structured illumination microscopy (SIM) [43], 

which breaks the diffraction limit via modulating the scanning illumination patterns. In 

Fourier space, the higher frequency, away from the centre, represents more detailed 

information, and vice versa. Within the diffraction limit, the observed region via the 

microscope can be regarded as a circle, of which the radius is proportional to the 

numerical aperture and the inverse of the wavelength (Figure 1-3c). This causes the loss 

of high-frequency information outside the circle through imaging, resulting in low 

resolution of the target. If using the illumination with a simple sinusoidal intensity pattern 

corresponding to three frequency points (Figure 1-3c), the observed region can be 

extended along the angle of the pattern, just like the previous circle translate to a k0 

distance from the origin. This can shift the high-frequency information outside the circle 

into the circle and become effectively observable as moiré fringes (Figure 1-3c). The 

next step is separating the extra information from the mixture with the normal resolution 

information via solving a set of linear equations from enough raw images. Each raw image 

is recorded under the same excitation pattern but with a different phase. The lateral 

resolution can be enhanced only along the line perpendicular to the excitation pattern 

stripes (Figure 1-3c). Another two angles equally spaced by 60° are rotated and acquired 

for achieving isotropic resolution. All the components available from all pattern 

orientations (the seven circles in Figure 1-3c) are then “stitched” back together according 

to their original positions in frequency space, forming a final reconstructed image with 

extended resolution. Compared to other super-resolution technologies, SIM performs 

well in single living cell imaging[44], and recently also works well for deep tissue 

imaging by using UCNP[45].  

3) PSF engineering. The representative example is stimulated emission depletion (STED) 

microscopy [46][47]. In general, the target under the Gaussian excitation will produce a 

Gaussian-like PSF. During STED microscopy, two lasers are simultaneously used. 

Gaussian-shaped excitation illuminating the target generates a bigger PSF, while the 
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depletion excitation with a doughnut-shaped pattern will suppress the emission within the 

doughnut region, just leaving the smaller bright central region. The resultant smaller PSF 

stands for higher resolution (Figure 1-3d). By engineering the PSF with two lasers, we 

can break the diffraction limit easily. 

Super-resolution microscopes based on the above mechanisms make it possible to 

observe the microscopic world by breaking the optical diffraction limit. To do so, another 

key point is the selection of fluorescent probes. The typical and most widely used are 

fluorescent dyes[48][35][38][42]. The small molecules make them easy to label cellular 

membranes, organelles and biological tissues via endogenous gene expression, as well as 

the high fluorescence efficiency. However, the drawbacks of photobleaching and 

instability pose challenges for these super-resolution microscopes, in particular, the 

microscopes need a long time to scan and record images. Lanthanide-doped nanoparticles 

with the merits of super-high brightness and long-time photostability become the ideal 

choice for many kinds of super-resolution microscopes.

1.2.2 Optical tweezers

Figure 1-4. Optical tweezers. (a) Schematic of laser potential wells in x and z directions and trapped 
particle. Upper and left are the potential energy along the distance. (b) Force balance of trapped particle in 
the potential well. (c) Typical setup of optical tweezers.

Optical tweezers are a powerful tool to isolate and characterize single nanoparticles by 

optically trapping, manipulating and rotating [49]. The particle trapped within the 

potential well produced by the laser will be subject to two forces, scattering force and 

gradient force (gravity force can be neglected as the mass of the nanoparticle is super 
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tiny) (Figure 1-4a). The scattering force pushes the particle away from the centre of the 

potential well and moves in the direction in which the light propagates. The gradient force 

attracts the particle back to the centre. Under the balance of scattering and gradient force, 

the particle can be trapped at the place where the light is strongest. At the trapped position, 

the particle moves in Brownian motion. This property enables optical tweezers to be super 

sensitive to external stimulation, such as external force and refractive index of the 

surrounding medium and particle itself. Typically, the setup of optical tweezers contains 

three parts: the trapping part, position detection part and imaging part (Figure 1-4b). In 

the trapping part, the delicate optical path is designed for controlling the laser pattern and 

manipulating the particles. A spatial light modulator (SLM) is always utilized to form a 

trapping laser with a customer-designed pattern for manipulating single/multiple particles 

by rotating or translating. In the position detection part, the quadrant photodiode detector 

(QPD) is used to record the position shift due to Brownian motion by collecting the 

scattering signal from the trapped particle. This method to measure optical force is also 

named the QPD method [49]. In the imaging part, a camera (CCD or CMOS) is used to 

observe the wide-filed image or the fluorescence image for some fluorescent probes. This 

part can be designed and optimized for another method to measure the optical force of 

fluorescent particles, which is called the digital video microscopy method [50].  

The challenge for present optical tweezers is trapping nanoscale particles, especially the 

nanoparticles with low refractive index, due to the weak optical force resulting from the 

similar refractive index of the particle with the surrounding medium. Besides, it also 

remains challenging to measure three-dimensional (3D) force as the two methods 

aforementioned are more effective for measuring the lateral force. In my PhD work, we 

developed a novel method for detecting 3D optical force and pushed the force sensitivity 

to attoNewton (aN) level based on the unique properties of UCNPs. 
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1.2.3 Interferometric scattering microscopy 

 

Figure 1-5. iSCAT microscopy. (a) Schematic of widefield illumination iSCAT (left) and rapid beam 
scanning illumination iSCAT (right). OBJ, objective; L1 and L2, lens; BS, beamsplitter; PBS, polarized 
beamsplitter; QWP, quarter-wave plate. (b) Schematic of the interference signal, Ei incident field, Es 
scattered field, Er reflected reference field, Δφ phase difference between the scattered and reflected fields. 
(c) Wide applications of iSCAT microscopy in protein imaging. Panels adapted with permission from refs. 
[51] for a and b, and [52] for c; Copyright 2021 American Chemical Society; Copyright 2021 Springer 
Nature. 

 

Interferometric scattering (iSCAT) microscopy[53] shows outstanding performance in 

detecting the Raleigh scattering of nanoscale particles compared with other technologies, 

such as dark-field microscopy [51]. It was reported firstly by Sandoghdar’s group that the 

10 nm gold nanoparticle was imaged clearly [53]. Since then, iSCAT microscopy has 

been widely used to image and track the protein molecules on the cell membrane 

[54][52][55]. Relatively, iSCAT microscopy has a simple setup (Figure 1-5a). The laser 

light gets through the objective and arrives at the cover glass, which produces the reflect 

light. The reflected light and the scattering light from the nanoparticles will be collected 

by the same objective and produce the interference signal on the camera (Figure 1-5b). 

The iSCAT image is thus recorded by the camera. iSCAT microscopy mainly provides 

two advantages, super-fast detection and super-high sensitivity for scattering. The intense 

scattering signal makes iSCAT microscopy super high detection speed, which can be as 

high as 66000 frames per second (fps) [54].  
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Generally, the scattering strength is proportional to the scattering cross-section. 

According to the Rayleigh approximation [56], the scattering cross-section can be 

expressed by, 

𝜎𝑠𝑐𝑎𝑡 =
8

3𝜋2
|𝛼|2𝜆−4 (1 − 1) 

here, 𝜆  is the laser wavelength and 𝛼  is the polarizability of nanoparticle. The 

polarizability can be calculated as, 

𝛼 = 3휀𝑚𝑉
휀𝑝 − 휀𝑚

휀𝑝 + 2휀𝑚
(1 − 2) 

where 𝑉 is the volume of nanoparticle, 휀𝑝 and 휀𝑚 are the permittivity of the particle and 

the surrounding medium. 

According to equations (1-1) and (1-2), we can know that the scattering cross-section is 

proportional to the volume of the nanoparticle.  

In iSCAT image, the detected intensity (𝐼𝑑 ) of the nanoparticles is the interference 

between the reflected beam and the scattered beam. It can be expressed as, 

𝐼𝑑 = 𝐼𝑟 + 𝐼𝑠 + 2√𝐼𝑟𝐼𝑠𝑐𝑜𝑠𝜑 (1 − 3) 

where 𝜑  is the phase difference between 𝐼𝑟  (reflection intensity) and 𝐼𝑠  (scattering 

intensity), consisting of the Gouy phase accumulation, particle-induced phase change and 

the particle’s axial position induced phase change. For the nanoscale particle, the 

scattering strength can be neglected because it is very weak. So the contrast of 

nanoparticle in iSCAT image is, 

𝐶 =
𝐼𝑑𝑒𝑡 − 𝐼𝑟

𝐼𝑟
≈

2√𝐼𝑟𝐼𝑠

𝐼𝑟
𝑐𝑜𝑠𝜑 = 2√

𝐼𝑠

𝐼𝑟
𝑐𝑜𝑠𝜑 (1 − 4) 

The scattering strength of nanoparticle is proportional to its scattering cross-section and 

consequently the square of the polarizability, 𝐼𝑠 ∝ 𝜎𝑠𝑐𝑎𝑡 ∝ 𝛼2. Therefore, we can know 

the scattering strength in iSCAT image can be derived from the contrast, which is 

proportional to the square root of the volume of the nanoparticle (𝐶 ∝ √𝐼𝑠 ∝ |𝛼| ∝ 𝑉) for 

a certain phase (e.g., 𝑐𝑜𝑠𝜑 = −1). It means that the iSCAT signal representing the 

scattering strength of the particle will not decrease as much as the conventional images 
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when the diameter of the particle decreases. So it is suitable to detect super-tiny scattering 

for nanoscale particles. 

The unique advantages of iSCAT microscopy, super-high sensitivity and speed, make it 

popular technology to study the dynamic processes from protein-protein interactions 

(Figure 1-5c) [52][55] to the photogenerated carrier [57]. In my PhD work, we use 

iSCAT microscopy to detect the Rayleigh scattering from resonance-enhanced 

lanthanide-doped nanoparticles because of its super-high sensitivity. For iSCAT 

microscopy, it remains challenging to distinguish different types of nanoparticles in the 

iSCAT image, as the signal is the same and incapable of distinction. Based on the 

fluorescence and scattering properties of UCNPs, we modify the configuration and realize 

the multiplexed iSCAT microscopy for living cells. 

1.3 Challenges to work out in the thesis 

The merits of upconversion materials, especially UCNPs, e.g., well-organized individual, 

stable fluorescence, high brightness and the abundant energy levels of doped lanthanide 

ions, provide the wonderful platforms in many applications of imaging, sensing and 

photocatalysis. However,  the potential of this nanoprobe is not limited to these reported 

applications. For some hot and emerging applications, this nanoprobe also can show its 

magic power when facing the present challenges of these sub-fields.  (1) Imaging. The 

enhancement of resolution are always based on the complicated optical setups and 

redundant data processing. (2) Force sensitivity. It remains challenging to measure 3D 

super-sensitive optical force in aqeous solutions due to the weak trapping force of 

nanoparticle. (3) Scattering modulation. The current methods to engineer scattering 

features of nanoparticles limit to morphology controlling, which complicates the 

fabrication process. (4) Oxygen resistance of molecular upconversion. Molecular 

upconversion process is always destroyed by oxygen molecules in the environment. For 

these challenges, we can perfectly take advantage of the nature of upconversion materials 

to improve the present situation and obtain better performance. Therefore, by employing 

the optical technologies mentioned above, multiple goals and characterization of 

upconversion materials are expected. 
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1.4 Organization of the thesis 

In the thesis, based on the properties of upconversion materials characterized by several 

biophotonics technologies, I will achieve the following four goals: (1) upgrade the 

nanoscopy by exploiting the nonlinear fluorescence of UCNPs; (2) improve the 3D 

optical force sensitivity using optical tweezers; (3) modulate the Rayleigh scattering of 

UCNPs immune to morphology; and (4) develop new organic molecule-based 

upconversion probe. According to the four goals, the thesis is constructed as follows 

except the Introduction (Chapter 1) and Conclusion and Outlook (Chapter 6). 

Chapter 2 develops a stepwise strategy to upgrade the resolution. We extract the 

fluorescence nonlinearity using a stepwise strategy from M raw confocal images obtained 

under different excitation powers. Finally, we realize the resolution enhancement by √𝑀 

fold from M steps compared with the raw confocal image. This chapter demonstrates the 

possibility of further upgrading the resolution by a simple strategy instead of complex 

and expensive super-resolution setups and data post-processing. 

Chapter 3 improves the sensitivity of optical force to attoNewton (aN) level. We first 

develop the method for measuring 3D force from optically trapped UNCP by combing 

optical astigmatism and deep learning. We then realize the force sensitivity up to 600 aN 

by analysing the position possibilities of a single trapped UCNP. This chapter provides 

an effective solution for measuring the trap stiffness of low-refractive-index 

nanoparticles, enabling single-molecule level force sensing. 

Chapter 4 modulates Rayleigh scattering of UCNP based on the resonance effect 

originating from the lanthanide ions dopants. The resonance enhancement under the 

matching excitation wavelength results in the improvement of Rayleigh scattering 

strength, which is detected by iSCAT microscopy. Conceptually, we also develop 

multiplexed iSCAT microscopy to distinguish nanoparticles in living HeLa cells. The 

chapter provides an alternative strategy to engineer the scattering features immune to the 

geometry of nanoparticles. 

Chapter 5 explores the molecule-based upconversion probe. In this chapter, we develop 

a simple strategy to realize aqueous TTA upconversion by controlling the ionic 

equilibrium of the TTA dyad. We find that the ionized organic dyad in physiological 

buffers and electrolyte-based media show natural aerotolerance without any complicated 
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structure engineering. We also demonstrate the potential of this TTA system as reversible 

pH and sensitive temperature sensors. This chapter can inspire the development of 

aqueous TTA for practical applications. 
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Upgrade the nanoscopy by leveraging the tunable 

fluorescence nonlinearity of UCNPs

The nonlinear response of fluorescent probes can generate higher spatial frequency 

information beyond the diffraction limit of the optical systems. Most current nonlinearity-

based strategies for improving resolution depend on either complicated illumination 

modulation or appropriate excitation power. In this chapter, we put forward a simple but 

efficient strategy that upgrades the resolution via tuning the fluorescence nonlinearity of 

single UCNPs. We develop a stepwise algorithm based on a series of confocal images 

(i.e., M images) of single UCNPs acquired under the gradient continuous-wavelength

excitation within the superlinear regimes. The spatially encoded variations of M raw 

fluorescence images resulting from the nonlinearity can theoretically enable √𝑀-fold 

higher resolution than that of the original sub-diffraction images. We experimentally 

achieve the resolution with 1.7-fold (~√3) beyond the diffraction limit by resolving two 

adjacent single nanoparticles. This strategy provides a novel dimensional insight to 

upgrading the resolution, immune to expensive setups and complex data processing.

Part content of this chapter is from the paper:

C. Chen†, L. Ding† (co-first), B. Liu, F. Wang*. Exploiting The Tunable Nonlinearity in 

Upconversion Nanoparticles for Super-resolution Imaging. (under review)

2.1 Nonlinearity based super-resolution microscopy

Investigation for nanoscale objects and even single molecules within the optical 

diffraction limit requires higher resolution of microscopy technologies. There are mainly 

two directions for improving the resolution, one is developing advanced optical 

techniques including modulation of the excitation pattern [58], and the other is looking 

for powerful nanomaterials with unique properties, such as nonlinear fluorescence

[59][60]. In this chapter we are devoted to the latter one, upgrading the resolution by 

leveraging the property of lanthanide-doped UCNPs.
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Regulating the transition of fluorescent probes from the ground to the excited states via 

excitation power can generate nonlinear fluorescence [61]. The patterned light excitation, 

such as fringes [62][63] and speckles [64][65], induced from the nonlinear techniques can 

be used to enhance the resolution since it contains the spatial frequency information from 

higher-order harmonics in the Fourier transformation. Excitation intensity can also be 

harmonically modulated for sub-diffraction imaging on a saturation excitation (SAX) 

microscopy [66] with confocal configurations. Nonetheless, complex illumination 

modulation is required to extract the buried higher spatial information from the nonlinear 

response. 

A more direct method that utilizes the excitation power corresponding to the steepest 

slope (namely superlinear regime) of the power-dependent curve has been developed on 

conventional confocal microscopy[19][23][67]. The superlinear regime generates spatial 

modulations resulting in a better spatial resolution. However, complicated modulation of 

fluorescence intensities was required to obtain the superlinear operation for 

nanodiamonds [59], while a triple excitation process under sufficient excitation power is 

essential for quantum dots [60]. By contrast, lanthanide-doped UCNPs become 

outstanding due to the simple illumination source and low excitation power for achieving 

superlinearity [23][67]. 

The superlinearity of the power-dependent curve of UCNPs comes from the multiple 

intermediate energy states, which enable photon transfer and cross-relaxation [1][20]. 

This nonlinear optical response and saturation properties have been reported for sub-

diffraction imaging technologies [20][1][68]. Recently, the excitation within the 

superlinear regime was reported to arouse the photon avalanche effect in a single UCNP, 

achieving the 26th power of pump intensity scaling with the emission and obtaining a sub-

70 nm spatial resolution [19]. In this case, the giant nonlinear optical responses from 

photon-avalanching nanoparticles necessitate a rather long rising time (hundreds of 

milliseconds per pixel), which challenges the dynamic imaging applications. 

A further solution for a better spatial resolution would be the nonlinear tunability under 

differential excitation power, which could generate a programmable spatial resolution. 

Dynamic saturation optical microscopy has demonstrated that higher spatial information 

can be extracted from the dynamic PSF with variations [69]. Similarly, the STED 

microscopy also proved the resolution enhancement by modulating the PSF with the 
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depletion power [58]. However, these modulations need the entire saturation curve of all 

the pixels at the expense of the overall data collection time [70]. Alternatively, 

photobleaching imprinting microscopy [71] and stepwise optical saturation microscopy

[72] indicate that two or three images with differential saturating degrees are sufficient

for a substantial resolution improvement by connecting the corresponding high-order 

nonlinearity information with the illumination fluence distribution.

In this chapter, we upgrade the resolution of single UCNPs by differentiating the 

excitation intensity within the superlinear regime of the power-dependent curve. Within 

this region, small excitation changes will generate substantial emission variations for 

developing the stepwise algorithm. We first obtain the spatial information encoded raw 

confocal images under the gradient continuous-wavelength excitation and then decode 

the buried spatial information by a stepwise algorithm for resolving two adjacent single 

nanoparticles. This allows an efficient nonlinearity-based method to improve the super-

resolution which avoids using complex optical setups and data processing.

2.2 Methods

2.2.1 Super-resolution microscopy system

Figure 2-1. Setup of confocal microscopy used in this chapter.
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We conduct the experiments and data acquisitions using a typical conventional confocal 

configuration, as shown in Figure 2-1. The 980 nm laser (Thorlabs, BL976-PAG900) 

gets through the short-pass dichroic mirror (DM1, T875spxrxt-UF1, Chroma) and focuses 

on the nanoparticles via the objective lens (Olympus, 100x, 1.40 oil). The emission from 

UCNPs will be collected by the same objective and recorded on an sCMOS after a 

bandpass filter (BPF, FF01-448/20-25, Semrock) and a tube lens. The laser power is 

controlled by the half-wave plate and a polarized beam splitter placed before the laser. 

The confocal images are collected by scanning the nanopiezostage (PI, P-545.3C8H) and 

the photon counts are recorded by a single-photon avalanche diode (SPAD). All the 

optical components will be controlled by the homemade LabView programs. All powers 

are measured at the objective lens’s rear aperture. Pixel dwell times are set to 1 

millisecond. 

2.2.2 Synthesis of UCNPs 

UCNPs are synthesized according to a typical procedure, which is described in detail in 

chapter 4. 

2.3 Theory and simulation 

2.3.1 Tunable fluorescent nonlinearity 
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Figure 2-2. Morphology and energy transfer. TEM (a) and simplified energy level and upconversion 
process (b) of the nanoparticles NaYF4: 40% Yb3+, 4% Tm3+ under 980 nm continuous-wave excitation.

To demonstrate the tunability of the nonlinear optical responses from single UCNPs, we 

employ a NaYF4 nanocrystal host co-doped with high concentrations of 40% Yb3+

sensitizer ions and 4% Tm3+ activators ions. The homogeneous structures are displayed 

in Figure 2-2(a), and the diameter is around 38.5 nm. Under the excitation of 980 nm, 

the sensitized photons on Yb3+ ions stepwise transfer to the energy levels of Tm3+ emitters. 

The population of photons on different energy levels is affected by the multiple long-

lived intermediates and metastable electronic levels (Figure 2-2(b)). The nonlinear 

upconversion emission is generated after complex processes, such as dissipation, excited-

state absorption, photon avalanche and cross-relaxation. Emission from different excited 

energy levels can be used to predict the number of multiplexed photons for determining

the excitation power within the superlinear regime.
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Figure 2-3. The power-dependent curve (red dot) using the NaYF4: 40% Yb3+, 4% Tm3+ and 455 bandpass 
filter. The superlinear regime locates where the curve with the largest slope. Corresponding simulated full 
width at half maximum (FWHM) of single nanoparticle images at 455 nm emissions function of excitation 
intensity (cyan line).

To obtain the superlinear regime, we collect the five-photon upconversion emission from 

a single 4% Tm-doped UCNP using the 455 nm bandpass filter (Figure 2-3). The weak 

emission signal is buried in the noise and background when the excitation power density 

is less than 0.1 mW, while it increases significantly when the excitation power locates 

between 0.1 and 0.3 mW. The steep curve with the largest slope response is resulted from 

the five-photon transmission (450 nm, 1D2 → 3F4). The slope of the curve declines from 

the excitation power of 0.3 mW due to the dynamic saturation of photon carriers. 

Conventionally, this superlinear regime allows the best resolution of a single nanoparticle 

image on confocal configurations [19][67]. The improved resolution within the 

superlinear regime can be interpreted by the point spread functions of the emission, ∆𝑟 =

𝜆

2𝑁𝐴√𝑁
[33], here 𝜆 is the emission wavelength, NA is the objective numerical aperture, 

and N is the number of relevant photons, e.g., nonlinearity. Obviously, the resolution is 

scaled inversely with the square root of the order of nonlinearity. The adjustment of the 

nonlinearity of UCNPs allows the full width at half maximum (FWHM) of the emission 

PSFs related to the excitation intensities (Figure 2-3 cyan line). In particular, the 

resolution is affected significantly within the superlinear regime, up to sub-200 nm 

theoretically. It should be noted that the spatial resolution based on the superlinearity of 

UCNPs can reach sub-70 nm using a 1064 nm laser as the excitation source [19].



Chapter 2

22

Figure 2-4. Extracting the higher-order nonlinear information. (a) Power-dependent curve of emission 
acquired under the gradient excitation powers. Dotted line represents the predicted emission according to 
the five-photon emission. (b) Comparison of super-linear and saturated emission distribution in the laser 
focus. (c) Extracting the nonlinear information provides a narrower PSF.

The resolution enhancement by the nonlinearity can be also explained by the PSF 

variations. Generally, the fluorescence nonlinearity of UCNPs is produced from the 

estimated linear fluorescence and the measured fluorescence intensities [73]. In our case, 

the nonlinearity is the difference between the 5-photon upconversion emission and the 

measured emission intensities (Figure 2-4a). This refers to the corresponding energy 

transfer from different energy levels, as the 5-photon emission is from 1D2 → 3F4 while 

the measured emission results from the mixture of multiphoton transferring processes. 

Under the differential excitation, the measured PSF profiles will be reduced from the 5-

photon emission PSF that would be achieved in the absence of any other photon transfer 

processes (Figure 2-4b). Therefore, the PSF based on the nonlinear component will be 

narrower, representing higher resolution (Figure 2-4c).
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2.3.2 Stepwise algorithm for UCNPs

Figure 2-5. Schematic of the stepwise algorithm. (a) Scheme of the nonlinear power-dependent curve 
and three PSFs from raw images under three different excitation powers. (b) Sketch map of two-step (i), 
three-step (ii) and M-step (iii).

The stepwise algorithm is based on the combination of reasonable mathematic derivation 

and nonlinearity of UCNPs. The superlinear regime can be considered as weak saturation, 

so it means the slope of the power-dependent curve decreases gradually under gradient 

excitation powers. As shown in Figure 2-5a, we record the confocal image with a typical 

PSF shape (noted as F1) under the unsaturated power, while the second image with the 

corresponding PSF (noted as F2) under the weak saturated power. Via the mathematically 

linear combination of F1 and F2, we can finally obtain the nonlinear fluorescence 

intensity (Fnon), denoting the difference between the real and the predicted intensities from 

the curve slope at the former power. This process is called Stepwise strategy and the 

rationality will be introduced in the 2.3.3 part. The nonlinear part from the stepwise 

algorithm has the narrower PSF, meaning high resolution. More than that, we can further 

shrink the PSF of the confocal image by recording three and even more images under 

gradient excitation power (Figure 2-5b). Theoretically, the steps can be infinite as long 

as the signal to noise is enough to distinguish.

2.3.3 Mechanism

We mathematically demonstrate the proposed concept to alleviate the frequency 

deficiency in the higher-order spatial information using the tunable superlinear emission 

responses in UCNPs. We simplify this dual-doped Yb3+-Tm3+ ions system as a six-

energy-level model and build rate equations to describe this model (Figure 2-6). It is 
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composed of two energy levels corresponding to the sensitizer Yb3+ and six energy levels 

corresponding to the activator Tm3+. 2F7/2 and 2F5/2, 3H6, 3H5/3F4, 3F2,3/3H4, 1G4, and 1D2 

represented as s1, s2, 1, 2, 3, 4, 5 respectively. ni is the population of photons on the energy 

level. ci (i=1,2,3,4) is the energy transfer ratio between the excited level of Yb3+ on the 

ground and the intermediate levels of Tm3+. kij is the cross-relaxation coefficient between 

the state i and j. aij is the branching ratio from energy level i to j. wi is the intrinsic decay 

rate of Tm3+ on level i. P980 is the pumping rate of Yb3+. 

𝑑𝑛1

𝑑𝑡
= −𝑐1𝑛1𝑛𝑆2 + 𝑎21𝑤1𝑛2 + 𝑎31𝑤2𝑛3 + 𝑎41𝑤3𝑛4 + 𝑎51𝑤4𝑛5 − 𝑘31𝑛1𝑛3 −

𝑘41𝑛1𝑛4 − 𝑘51𝑛1𝑛5…….........................................................................................(2 − 1) 

𝑑𝑛2

𝑑𝑡
= 𝑐1𝑛1𝑛𝑆2 − 𝑐2𝑛2𝑛𝑆2 − 𝑎21𝑤1𝑛2 + 𝑎32𝑤2𝑛3 + 𝑎42𝑤3𝑛4 + 𝑎52𝑤4𝑛5 + 𝑘41𝑛1𝑛4 +

2𝑘31𝑛1𝑛3……………………………………………………………….…………(2 − 2) 

𝑑𝑛3

𝑑𝑡
= 𝑐2𝑛2𝑛𝑆2−𝑐3𝑛3𝑛𝑆2 − (𝑎31 + 𝑎32)𝑤2𝑛3 + 𝑎43𝑤3𝑛4 + 𝑎53𝑤4𝑛5 + 2𝑘51𝑛5𝑛1 +

𝑘41𝑛4𝑛1 − 𝑘31𝑛3𝑛1………………….…………………………………….……...(2 − 3) 

𝑑𝑛4

𝑑𝑡
= 𝑐3𝑛3𝑛𝑆2 − 𝑐4𝑛4𝑛𝑆2 − (𝑎43 + 𝑎42+𝑎41)𝑤3𝑛4 + 𝑎54𝑤4𝑛5 − 𝑘41𝑛1𝑛4 ...….(2 − 4) 

𝑑𝑛5

𝑑𝑡
= 𝑐4𝑛4𝑛𝑆2 − (𝑎54 + 𝑎53+𝑎52+𝑎51)𝑤4𝑛5 − 𝑘51𝑛1𝑛5…………………….....(2 − 5) 

𝑑𝑛𝑆2

𝑑𝑡
= 𝑃980𝑛𝑆1 − 𝑤𝑆𝑛𝑆2 − (𝑐1𝑛1 + 𝑐2𝑛2 + 𝑐3𝑛3 + 𝑐4𝑛4)𝑛𝑆2…………………....(2 − 6) 

To comprehend the slope of the emission curve in the superlinear region, five energy level 

rate equations with a nonlinear response excitation process were constructed. The 

parameters utilized in the full rate equations are listed in Table 1-1. Due to the greater 

obsecration cross-section of Yb3+ at 980 nm, the excitation photons are absorbed by Yb3+ 

solely and subsequently transferred to Tm3+ during the excitation process. According to 

the established rate equations, the ground state has the most populations of the carriers at 

the beginning. By transferring the pumping energy from Yb3+ to the ground state of Tm3+, 

the new distribution of the carriers will be built starting from the ground state to the 

excited states of Tm3+ in order of energy levels. The photon upconversion process is a 



Chapter 2

25

sequential absorption process, with photon energy linearly absorbed by Yb3+ in the 

UCNPs. Rather than via a virtual intermediate excited state, the activator ions have 

multiple long-lived real intermediate states to facilitate multiphoton upconversion 

emission.

Figure 2-6. Simplified energy level diagram of Tm3+ and Yb3+ doped UCNP.

Table 2-1. Parameters in the internal transition.

Spontaneous radiation probability Tm and Yb

w4 (s-1) w3 (s-1) w2 (s-1) w1 (s-1) ws (s-1)
3.2×103 1.4×104 1.8×104 6.4×103 7.6×103

Branching ratio from energy level i to j

a51  a52 a53 a54 a21

0.24 0.23 0.2 0.33 0
a41  a42 a43  a31 a32

0.18 0.24 0.58 0.27 0.73
Energy transfer rates

c1 (s-1) c2 (s-1) c3 (s-1) c4 (s-1)

6.3×104 5×104 7 ×104 5 ×103

Cross-relaxation coefficients

k51 (s-1) k41 (s-1) k31 (s-1) P980 (s-1)

4.8×105 1.75×105 1.5×105 2.8×105

Although the overall 455 nm emission band involves various energy redistribution 

mechanisms, we find that the emission at low excitation irradiance is similar to a 
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conventional multiphoton (five-photon) phenomenon. Due to the superlinear emission 

property in UCNPs, the low excitation intensity would minimize resolution loss and 

enable Taylor series analysis in this work. Following a similarly reported derivation [72], 

we can express the fluorescence intensities of the i-th step 𝐹𝑖(𝑥) as a sum of linear and 

nonlinear components. 

𝐹𝑖(𝑥) = 𝐾𝑁0(𝑎𝐼0𝑖
𝑁 𝑔𝑁(𝑥) − 𝑎2𝐼0𝑖

2𝑁𝑔2𝑁(𝑥) + 𝑎3𝐼0𝑖
3𝑁𝑔3𝑁(𝑥) − ⋯ ) (2 − 7) 

Where 𝐾 =
𝜓𝐹

𝜏
, 𝑁0  is the concentration of the fluorophore, 𝑎 = 𝜏𝜎𝑁 (

𝜆

ℎ𝑐
)

𝑁

, 𝜎𝑁  is the 

cross-section for N-photon excitation, 𝜆  is the excitation wavelength, ℎ  is Planck’s 

constant, 𝑐  is the velocity of light, 𝐼0𝑖  is the focal irradiance of the i-th step, 𝑔(𝑥) =

exp (−
2𝑥2

𝜔0
2 ). Notably, the higher power of 𝑔(𝑥) represents components of the higher 

spatial information, which means 𝑔𝑁(𝑥) is the diffraction-limited component. According 

to the derivated equation, the lowest power of 𝑔𝑁(𝑥) dominates the spatial resolution of 

𝐹𝑖(𝑥). Thus, the image processing strategy is to eliminate the lowest 𝑀-1 powers of 

𝑔𝑁(𝑥) . By linearly combining 𝑀  steps of confocal images captured with varied 

illumination intensities, we can generate an image with √𝑀-fold higher resolution. For 

example, combining two fluorescence images yields a super-resolution image with √2-

fold increase in spatial resolution, while √3-fold enhancement for three images. 

2.3.4 Simulation 

Generation of simulated data 

This section describes the underlying algorithms and performs theoretical simulations to 

assess the performance in nanoscopy. The details of the system and the imaging procedure 

for the point-scanning microscopy have been described in our recent work [74]. Briefly, 

the emission is collected by an objective lens with a high numerical aperture (NA = 1.4) 

and focused by the tube lens onto the single-photon detector, so that the effective PSF 

(ℎ𝑒𝑚(𝑥, 𝑦) can be described as: 

    {
ℎ𝑒𝑓𝑓(𝑥, 𝑦) = ℎ𝑒𝑚(𝑥, 𝑦) × ℎ𝑐(𝑥, 𝑦)

ℎ𝑒𝑚(𝑥, 𝑦) = 𝜂(𝑖) × ℎ𝑒𝑥𝑐(𝑥, 𝑦)
    (2-8) 
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Here ℎ𝑒𝑚(𝑥, 𝑦) is the PSF of emission; ℎ𝑐(𝑥, 𝑦) is the PSF of the confocal collection 

system; ℎ𝑒𝑥𝑐(𝑥, 𝑦) is the PSF of the excitation beam (Gaussian beam); 𝜂(𝑖) is the 

excitation power dependent emission intensity curve; The full width at half-maximum 

(FWHM) of the intensity in PSF (ℎ𝑒𝑥𝑝(𝑥, 𝑦)) represents the nanoscopy resolution. The 

experimentally measured intensity distribution PSF (ℎ𝑒𝑥𝑝(𝑥, 𝑦)) on the image plane in 

our system is the convolution between the ℎ𝑒𝑓𝑓(𝑥, 𝑦) and the spatial distribution profile 

(ℎ𝑈𝐶𝑁𝑃(𝑥, 𝑦)) of nanoparticle as below:

ℎ𝑒𝑥𝑝(𝑥, 𝑦) = ℎ𝑒𝑓𝑓(𝑥, 𝑦) ∗ ℎ𝑈𝐶𝑁𝑃(𝑥, 𝑦) (2-9)

Simulation result

Figure 2-7. Simulation for resolving adjacent nanoparticles and X-bars. (a) Simulated fluorescent 
imaging (Grey) of two adjacent emitters with a distance from 160 nm to 210 nm under differential excitation 
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intensity. Super-resolution imaging (Hot) results from two or three stepwise algorithms for comparison. 
FM represents the Fourier modulation process based on the results of 3-step. Scale bar is 200 nm. 
(b) The cross-section profiles of the simulated images of the nanoparticles with 160 nm distance in (a). (c-
h) The simulation of the X-bar cross line shape structure with sparse UCNPs. Scale bars are 200 nm.  

 

Next, we use the above differential excitation techniques to extract higher-order nonlinear 

information from superlinear images to simulate resolving adjacent nanoparticles (Figure 

2-7a). The fluorescent images of two emitters with a distance from 160 to 210 nm are 

simulated under different excitation powers at 0.2 mW, 0.22 mW, and 0.25 mW, 

respectively. The fluorescence wavelength is 455 nm, which is the same as the UCNPs 

used in the later experiments. We input the full set of simulated images with the 

superlinear approach (0.2 mW, 0.22 mW, and 0.25 mW) and differential excitation 

algorithms for comparison. In addition, we employ Fourier modulation (FM) based on 

the results from the stepwise method to extract higher orders of fluorescence response 

components and increase resolution[75]. From the cross-section profiles in Figure 2-7b, 

Fourier modulation provides the highest ability to resolve two adjacent emitters with 

FWHM at 130 nm compared to the original value at 190 nm. The discrepancy between 

these values and the theoretical values of 1.4 and 1.7 is due first to the noise and second 

to the third-order polynomial function being only a rough approximation of the entire 

Taylor series. We also perform the simulation of the X-bar design labeled the emitters as 

the continuing crossline structures (Figure 2-7 c-h). In this case, Fourier modulation 

locates the lines down to ~130 nm in position and illustrates the contour profile precisely, 

indicating its capability in resolving line structures in optical nanoscopy. 
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2.4 Resolution enhanced by stepwise 

 

Figure 2-8. Resolving the signal UCNPs in sub-diffraction volume. (a) The 455 nm emission band image 
of UCNPs under a 980 nm excitation (0.1 mW, 0.2 mW, 0.3 mW) and their corresponding results with 
differential excitation multiple steps. (b) Line profiles of two nearby UCNPs from (a). Pixel dwell time, 1 
ms. Pixel size, 20 nm. The scale bar is 200 nm. 

 

To experimentally confirm the stepwise algorithm for UCNPs, we resolve two adjacent 

nanoparticles. We first record the images of UCNPs under three different excitation 

powers (Figure 2-8a). We can see the progressive resolution with the decreasing 

excitation power from 0.3 mW to 0.1 mW, as the two single UCNPs are connected under 

0.3 mW while they are almost discrete under 0.1 mW. This resolution enhancement is 

attributed to the super linearity of UCNPs. Based on this, we employ the stepwise 

algorithm to obtain 2-step and 3-step results, respectively. Apparently, the two UCNPs 

are separated after a 2-step treatment. Analyzing the line profiles, we can get the best 

resolution of 220 nm before any stepwise treatments, which is further enhanced by 3-step 

treatment to 133 nm, respectively (Figure 2-8b). This further enhancement of resolution 

is close to 1.14 and 1.73-fold of the best resolution of UCNPs within the super linear 

regime. It should be noted that the resolution can be further improved if employing more 

gradient excitation power, which will be restricted by the signal-to-noise ratio. 

2.5 Conclusion 

In conclusion, we upgrade the super-resolution leveraging the nonlinear optical response 

of UCNPs under the gradient excitation powers. We collect the series of super-resolution 

images (M raw images) using confocal microscopy. The dynamic variable PSFs provide 
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the higher-frequency spatial information for employing the stepwise operation, which 

improves the resolution by √𝑀 fold. Instead of the complete saturation curve of all the 

detected pixels[70], our method shows that two or three images with differential 

saturating degrees are sufficient to offer a substantial improvement in a resolution under 

ultra-low excitation intensity. It is theoretically possible to further compress the PSF by 

decreasing the excitation power (e.g., 4-step), however, it is hard to achieve this 

experimentally owing to the deteriorating signal-to-noise ratio. 

This work employs highly dual-doped ions (Yb3+ and Tm3+) nanoparticles as fluorescent 

probes to produce a nonlinear dependency of the emission intensity on the excitation 

power under the continuous-wave laser. This slope can be further increased by optimizing 

the activator/sensitizer concentration or designing a core-shell structure, implying an 

enormous scope for the materials science community to improve the resolution. Our 

technique can directly utilize the giant nonlinear response induced by the photo-

avalanching effect in UCNPs [19], but we need to address imaging speed. Moreover, by 

taking advantage of the heterochromatic nonlinear responses [74], we can circumvent 

multiple image acquisition procedures under differential excitation powers. It will be 

fascinating to verify this notion with the design of the optimized probe in the upcoming 

work to simultaneously get a series of multi-colour images at differential saturating 

degrees via the parallel detection channels.
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Improve the force sensitivity of optical tweezers to 

aN level combining astigmatism and machine learning

Nanoscale sensing and detecting optical force is of great significance for the local 

viscosity, temperature and pH value of the surrounding media. The sensibility of force 

requires nanoprobes with smaller sizes, however, the resultant lower magnitude of 

scattering challenges the measuring method. Here we report the measurement of 3D 

trapping force from optically trapped lanthanide-doped nanoparticles. We developed an 

optical astigmatism video tracking (OA-VT) method empowered by a deep neural 

network (DNN). We find the trained model using the lateral and axial locations of the 

trapped nanoparticles from astigmatism-modified PSF patterns can allow lateral force 

sensitivity up to 600 aN and axial force sensitivity of 450 aN, more than 5-fold lower than 

the reported value by the power spectrum method[76]. This work offers a more efficient 

measurement of the trap stiffness of low refractive index nanoparticles, achieving single-

molecule-level force sensitivity.

Part content of this chapter is from the paper:

X. Shan†, L. Ding† (co-first), S. Wen, J. Lu, J. Chennupati, D. Jin* and F. Wang*. Atto-

Newton Force Sensitivity of Machine Learning Empowered Astigmatism Optical 

Tweezers. (to be submitted)

3.1 Challenge of force sensing for current strategies

Optical force requires sufficient sensitivity for sensing and detecting local variations of 

the microenvironment, such as local viscosity [77], temperature [78], and pH value [79]

of the surrounding media.  It is also used to evaluate the biological interaction force of 

the DNA string [80] and the traction of kinesin motor protein along the microtubule [81]. 

An optical tweezer is a powerful tool to sense, characterize, and manipulate particles [49]. 

It can map the surrounding geometrical information [82], rotate the connected bio-

structures and assemble particles into micro/nanostructures [83], due to the manipulation 

of the sensitive optical force. The trapped particle is usually considered as the ball inside 
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a harmonic potential well, the movement (i.e., optical force) of which can be described 

by Langevin equation [84]. In the harmonic potential well, any perturbation induced 

particle offset from its balance position will generate a restoring force opposite to the 

offset direction. Hence the offset value of optical tweezers can be used to measure the 

continuous perturbation force acted on the trapped particle. For detecting a tiny 

perturbation, optical tweezers need a better sensitivity, which necessitates the smaller 

nanoprobes.  

Trap stiffness describing the optical force has primarily been detected by analysing the 

scattering intensity variations of the trapping laser. The scattering intensity can be directly 

transferred to the displacement between the particle and the laser beam [85], in which the 

trap stiffness is calculated from the statistic of displacement through the equipartition 

theorem. The trap stiffness can also be extracted from the time-correlated intensity 

variations through either the power spectrum transferring or the auto-correlation approach 

[49]. The exact trapping force can be thus calculated by the momentum change, resulting 

from the scattering intensity distribution. However, nanoparticles with smaller sizes have 

feeble scattering, as the Rayleigh scattering cross-section is proportionable to the size by 

a power of six. This poses challenges in both measuring and extracting the scattering 

signal of nanoprobes from the high laser background, leading to a sufficient sensitivity. 

Consequently, to the best of our knowledge, the current highest force sensitivity is 2.4 

femtoNewtons (fN) [76] by using an 80 nm gold nanoparticle.  

Alternatively, several strategies have been explored to measure trap stiffness from optical 

tweezers. Using the hydrodynamic drag method, Lu et al. extracted the trap stiffness from 

the displacement of a trapped nanoparticle away from its equilibrium position [86]. This 

method necessitates moving the trapping environment or the trapping beam, limiting the 

high spatial resolution in-situ measurement and the force sensing in the vertical direction 

(laser propagation direction). The digital video microscopy method [87] enables to 

calculate the trapping stiffness from the nanoparticle trajectory by recording the trapped 

particle via a high-speed video camera. Based on this, Shan et al. applied fluorescence 

digital video tracking to characterize the lateral trap stiffness of the ion-resonance 

enhanced upconversion nanoparticles [88]. However, measuring the axial trap stiffness 

remains challenging due to the failure of detecting the nanometre shift of the axial 

position of the trapped particles by two-dimensional (2D) images. 
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In this chapter, we develop a deep neural network empowered optical astigmatism video 

tracking method to measure 3D force of optically trapped nanoparticles. The deep neural 

network distinguishes the difference among the 2D image features of a trapped 

nanoparticle recorded at different axial positions. The optical astigmatism features and 

axial position enables the trained images with both lateral and axial information. We can 

thus obtain the precise axial force measurement. After further optimization, such as the 

recorded image number, laser power, and home-designed nanoparticles, we achieve the 

best lateral force sensitivity of 600 aN and axial force sensitivity of 450 aN. We envision 

the efficient force measurement with the supersensitivity to provide potential in sensing 

the tiny perturbation for living cells and the quantum interaction.

3.2 Methods

3.2.1 Optical astigmatism-enhanced optical tweezers

Figure 3-1. Schematic of optical astigmatism-enhanced optical tweezers.

The far-field optical tweezer system (Figure 3-1) is composed of three parts - trapping 

beam manipulation, optical imaging and scattering detection. For the manipulation part, 

the beam pattern from a 980 nm diode laser is modulated by a SLM. It is very important 

for detecting the axial force since we can record the 2D images under different z positions 

by adjusting SLM. In the imaging path, a cylinder lens (CL) is installed for introducing 

optical astigmatism to measure the axial force. For the scattering detection part, a QPD is 
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used to detect the position information of trapped nanoparticles. Compared with the 

conventional optical tweezers system, we add the cylinder lens to obtain optical 

astigmatism for the axial force detection integrating with the deep learning algorithm, 

which will be introduced later. 

Figure 3-2. Measurement for lateral trap stiffness. (a) QPD method for measuring the lateral trap 
stiffness of 1 mm PS bead and 58 nm UCNP (NaYF4,20%Yb,2%Er). fc is the corner frequency. (b) 
Comparison of signals from the QPD method and video tracking method.

To measure the lateral trap stiffness, the most popular method is fitting the light scattering

curve detected by the power spectrum using the Lorentzian function (Figure 3-2a) [49]. 

This method works well for large particles, i.e., 1μm polystyrene sphere (PS, Figure 3-

2a upper). However, detecting the scattering signal for nanoparticles is more challenging, 

as the scattering cross-section decreases with the radius of the particle in the power of six 

according to Rayleigh scattering [89]. Consequently, the obtained power spectrum from 

a trapped 57 nm nanoparticle is weak and noisy so the fitting cannot be conducted (Figure 

3-2a bottom). Digital video tracking of the trapped fluorescent particle is another method 

to obtain trap stiffness. Therefore, for nanoparticles that are small enough, the best 

method for trap stiffness is to record imaging videos. It should be noted that PS can be 

excited by a 980 nm laser and produce two-photon fluorescence, while UCNP can 

produce multi-photon upconversion fluorescence. The anti-Stokes fluorescence for both 

PS and UCNNP provides low background and a much higher signal-to-background ratio 

compared with that for scattering intensity. Figure 3-2b shows the signal and background 

of the trapped PS and UCNP.
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Figure 3-3. Engineered PSF with astigmatism induced from cylindrical lens under different z 
position. (a) Lateral variations of PSF width of single trapped UCNP under different z positions. Insets are
the images of the particle with astigmatism. (b) The x-y ratio of PSF width varying with the z position. (c) 
Location errors of the x-y ratio method.

The axial trap stiffness remains challenging for either spectrum or video trapping 

methods. To encode the axial position information into the 2D image, we integrate a 

cylinder lens into the imaging path for introducing optical astigmatism. The cylinder lens 

will add a parabolic phase in the horizontal direction of the image that shifts the horizontal 

focus and modifies emitters’ point spread function to an “elliptical” shape when the 

emitters are out of focus (Figure 3-3a). Typically, the pre-characterized PSF waist sizes 

(on both x and y axises) are used to deduce emitters’ axial position [42]. However, it 

works not efficiently for optical tweezers due to the position variation (Gaussian 

distribution) of the trapped nanoparticle in a 3D harmonic potential well. The resulted 

centre of the Gaussian distribution, especially in the axial direction, will lead to a large 

error on the PSF waist. The error substantially reduces the localisation accuracy and the 

force sensitivity. It should be noted that the error cannot be circumvented by fixing the 

particle on the trapping chamber bottom, as the abnormal trapping height (typical trapping 

height is between 10 to 50 μm above the chamber bottom) generates huge spherical 

aberration on the emission PSF. We evaluate the possibility of obtaining the axial 

information using the x-y ratio of PSF waist (Figure 3-3b). Obviously, the ratio curve 

shows a dropping trend between the z positions from -500 to 100 nm with a rough 800 

nm error (Figure 3-3c). For higher z positions (above 100 nm), the ratio method is not 

reliable anymore as the location error suddenly increases to 1400 nm. Therefore, a more 

powerful and convenient strategy is needed.
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3.2.2 Deep neural network empowered optical astigmatism video tracking (DNN-

OA-VT)

Figure 3-4. Schematic diagram of astigmatism-empowered machine learning strategy. (a) The model 
obtained by recording the videos of the trapped nanoparticles under different z positions and recognising
the features of PSF. (b) For z-position-unknown video, the trap stiffness can measure by position 
distribution fitting with Gaussian.

Table 3-1. The parameters of four kinds of UCNPs (NaYF4,20%Yb,2%Er) used for building DNN-
OA-VT model.

Sample 1 2 3 4

Diameter (nm) 16.5 30.9 46.4 48.3

Diameter std (nm) 3.1 1.7 1.8 1.3

Height (nm) 16.5 30.9 31.9 35

Height std (nm) 3.1 1.7 1 1.1

Considering much location information including lateral and axial direction, we develop 

a deep learning algorithm to deal with the 2D image. This could recognize the 2D images’ 

features and resolve their axial (z-axis) position, circumventing the considerable 
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localization error on the characterization map by the aspect ratio method. In recent years, 

deep neual network with multiple-nets structure has been proved for recognizing the 

weeny signatures in images [50]. DNN with some level of complexity (≥ two layers) 

processes data in complex ways by employing sophisticated math modeling. By 

capitalizing on the artificial neural network component, DNN works so well at improving 

a model—because each node in the hidden layer makes both associations and grades 

importance of the input to determining the output. Therefore, we designed a DNN-OA-

VT method for extracting the axial position of the optically trapped nanoparticle from 

astigmatism-modified PSFs, enabling the measurement of axial trap stiffness. DNN-OA-

VT (Figure 3-4a) requires building a model with lateral and axial location information 

via training a series of 2D images acquired at different z positions. Typically, the single 

nanoparticle is initially trapped at z=0 position (e.g., 20μm away from the trapping 

chamber bottom). The trapped centre/laser centre of this nanoparticle is then actively 

moved along the axial positions from Z1 to ZN through modulating SLM, while the 

imaging plane is still fixed on the position of z=0. The recorded 2D images thus carry the 

position information of Brownian motion at each z position. All the details of the images 

are trained by deep learning to alleviate the influence caused by Brownian motion and 

result in a higher accuracy of position, compared with the aspect ratio method. In this 

chapter, the trapping images of several types of UCNPs with different sizes (Table 3-1) 

[88] will be recorded and trained for comprehensive and completed location information. 

In general, for each axial trapping position (e.g., Z1), a video is taken to record a series of 

PSF images (e.g., K images). After the independent measurement on M nanoparticles, a 

number K*M of images is grouped up to characterize one axial position. Together with 

other groups of images at different axial positions (N), a total number of K*N*M images 

are input into DNN to identify the characteristic image features for different axial 

positions. The biases of real and labelled (modulated axial position) positions caused by 

Brownian motion are equally distributed on both sides of labelled positions. It should be 

noted that more training data will minimize the impact of Brownian motion to an extreme. 

Therefore, the model is built to predict the real position of the trapped nanoparticles. 

In the applying stage (Figure 3-4b), a single nanoparticle is trapped at z=0 position, while 

its instant position varies within a small range with time. Taking a video of the emission 

pattern for 100s will generate a series of images (e.g., 10000 slides), and the trained DNN 
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model can convert each of them into an axial position value. The statistic of axial 

positions can be fitted into equation (3-3) to extract the axial trap stiffness. The lateral 

trap stiffness can be extracted from these images through conventional Gaussian fitting

[42]. 

Figure 3-5. Position localisation accuracy. (a) Red line and dots represent the evaluation of predicted 
value and truth value. (b) 3D localisation accuracy of x-, y- and z-axis. The nanoparticle is 
NaYF4,20%Yb,2%Er, the diameter is 58nm.

To verify the measurement method, we obtain the accuracy of both lateral and axial force 

by calculating the standard deviation of the 2D pattern centre position from a series of 

images. We test 25 groups of the trapped nanoparticles with the size between 30 and 60 

nm under the z position from -500 to 500 nm. It should be noted that the accuracy of 

lateral force only depends on the 2D image localization instead of the deep learning 

training. This has been demonstrated in our previous work [88]. The accuracies for the 

lateral force of the x-axis and y-axis are close and stable (both are around 5 nm). By 

contrast, the accuracy for axial force is around 20 nm (Figure 3-5c) after improvement 

by deep learning. The lateral force accuracy is produced from hundreds and thousands of 

position spots resulting from the Brownian motion, while the axial force accuracy is from 

modulating SLM for z positions from -500 nm to 500 nm signifying 100 position spots.

The uniformity between prediction and truth of the z position demonstrates the reliability 

of this measurement (Figure 3-5c). Besides, we can also notice the large fluctuations of 

z-axis accuracy at the edges (-500 nm and 500 nm). We attribute this to the cutting range 

of the training, as the lower position is limited to -500 nm and the higher position is 500 

nm. The test results thus validate the DNN-OA-VT for both the lateral and axial force 

sensing. 
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3.3 Results and discussion

3.3.1 3D trap by DNN-OA-VT 

Figure 3-6. Three-dimensional scatter plot of positions for a trapped nanoparticle.

We further investigate the 3D trap stiffness of a single UCNP by the DNN-OA-VT. To 

our best knowledge, the axial trap stiffness of UCNPs has never been measured due to 

the lack of an efficient method. Figure 3-6a shows the position distribution of an optically 

trapped 60 nm UCNP by the DNN-OA-VT, with a trapping laser of 244.7 mW (980 nm 

laser). By fitting the position histogram into Gaussian functions, we achieve the 3D trap 

stiffnesses are 1.79, 4.9 and 0.93 pN/μm for the x-, y- and z-axis, respectively. Here the 

z trap stiffness is always smaller than the x- and y-axis trap stiffness. The unsymmetrical 

potential well in the axial direction only provides weaker confinement for the trapped 

particle denoting larger spot position distribution, while the lateral force makes a tight 
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spot distribution. Besides, the tightly focused linearly polarized beam provides more 

gradient perpendicular to the polarized direction (y). Therefore, this polarize-induced 

unsymmetrical lateral beam spot enables the x-axis trap stiffness slightly larger than the 

y-axis trap stiffness. These results match with the theoretical prediction by Alexander 

Rohrbach [90].  

3.3.2 Force sensitivity analysis 

Then, we will display the function of this DNN-OA-VT strategy to achieve the force 

sensitivity on three axises. To do that, we first build the relationship between the trap 

stiffness and the position of the single trapped UCNP in both lateral and axial directions. 

The formula of force sensitivity is derived as the following analytical interpretation:  

According to the Langevin equation [91], under thermal equilibrium conditions, the 

position (probability distribution) of a Brownian particle within a liquid solution follows 

the Maxwell-Boltzmann distribution, as shown:  

P(x) ∝ exp (−
𝑈(𝑥)

𝑘𝐵𝑇
) (3 − 1) 

where 𝑈(𝑥) is the potential energy, 𝑘𝐵 is the Boltzmann’s constant, 𝑇  is the experiment 

temperature. Approximately, an optical trap could be treated as a harmonic potential well 

which has potential energy as: 

𝑈(𝑥) =
1

2
𝑘(𝑥)2 (3 − 2) 

here 𝑘 is the trap stiffness, and the central position of the harmonic potential well is x=0. 

Hence the position distribution of the trapped particle is a Gaussian distribution: 

P(x) ∝ exp (−
𝑘(𝑥)2

2𝑘𝐵𝑇
) (3 − 3) 

The instant trapping force can be expressed as 𝐹 = 𝑘𝑥 when the particle is inside the laser 

beam spot. This position distribution will shift from the central position when a constant 

external force is acted on the particle, with the expression as: 

P(x) ∝ exp (−
𝑘(𝑥 − 𝛿𝑒𝑞)

2

2𝑘𝐵𝑇
) (3 − 4) 
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Here 𝛿𝑒𝑞 is the position shift from the equilibrium position, and results in a restoring force 

𝐹𝑒𝑥 = 𝑘𝛿𝑒𝑞 to balance the constant external force. Therefore, the external force can be 

measured by the distribution shift. This technology has been called as Photonic Force 

Microscope [92][93]. The force sensitivity depends on the localisation accuracy of the 

𝛿𝑒𝑞, with ∆𝐹𝑒𝑥 = 𝑘𝑆𝐷𝑒𝑞. Here 𝑆𝐷𝑒𝑞 is the standard deviation of the detected distribution 

shifts (𝛿𝑒𝑞). The 𝛿𝑒𝑞 arises from the statistic result with a limited sampling number. The 

highest reported sensitivity is 2.4 femtonewtons by Zensen et al.[76]. In this work, we 

use the video tracking method to detect distribution shifts, which generates a better signal-

to-background ratio.  

We first estimate the possibility of a measured position by our imaging method. 

According to the equipartition theory (equation 3-3) the possibility of the particle in 

location 𝑥𝑖 is P𝑘(𝑥𝑖) ∝ exp (−
𝑥𝑖

2

2𝜎𝑘
2), with 𝜎𝑘 = √

𝑘𝐵𝑇

𝑘
 is the variance. A single nanoscale 

emitter’s location is a Gaussian distribution with a variance of 𝜎𝑝  that is called 

localisation accuracy as well. Hence the possibility for the particle (located at 𝑥𝑖 ) is 

detected at position 𝑥 is P𝑑𝑒𝑡(𝑥) ∝ exp (−
(𝑥−𝑥𝑖)2

2𝜎𝑝
2

). Therefore, the possibility of a particle 

being located at position 𝑥 is by adding all the detecting possibilities for particles located 

in a different position, as P ∝ ∑ 𝑃𝑘𝑃𝑑𝑒𝑡𝑖 . One could also understand it as the possibilities 

multiplying is a convolution process. The integration format of possibility is: 

P(x) ∝ ∫ exp (−
(𝑥 − 𝑥𝑖)

2

2𝜎𝑝
2

)
+∞

−∞

exp (−
𝑥𝑖

2

2𝜎𝑘
2

) 𝑑𝑥𝑖 (3 − 5) 

= ∫ [𝑒
−(

1

2𝜎𝑝
2+

1

2𝜎𝑘
2)𝑥𝑖

2

+
𝑥𝑥𝑖

𝜎𝑝
2

−
𝑥2

2𝜎𝑝
2

]
+∞

−∞

𝑑𝑥𝑖 (3 − 6)
 

Applying the mathematic formula of ∫ 𝑒−𝑎𝑥2+𝑏𝑥+𝑐𝑑𝑥
+∞

−∞
= √

𝜋

𝑎
𝑒

𝑏2

4𝑎
+𝑐, equation (3-6) can 

be simplified as: 

P(x) ∝ exp (−
𝑥2

2(𝜎𝑝
2 + 𝜎𝑘

2)
) (3 − 7) 
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With this detected position distribution, the localization accuracy can be calculated by the 

statistics method. Similar to deriving the localisation accuracy for single-molecule 

localization microscopy [42], the position shift measuring accuracy consists of two parts, 

with the formula shown: 

𝑆𝐷𝑒𝑞
2 = 〈𝛿𝑒𝑞

2〉 =
𝜎𝑝

2 + 𝜎𝑘
2

𝑁
+

𝑎2

12
𝑁

(3 − 8)
 

where the first term comes from the distribution or possibility of the detected position. 

For N times of measurement, the statistical centre localisation accuracy is (𝜎𝑝
2 + 𝜎𝑘

2)/N. 

The second term comes from the uncertainty of where the statistic point locates. a is the 

size of the unit of the grid axis for the statistic histogram, and 𝑎2

12
 is the variance of a top-

hat distribution that matches the grid axis. Note that, the histogram here is the position 

trajectory rather than photon counts, hence we don’t have a background noise term for 

the position shift measuring accuracy. Substituting 𝜎𝑘 = √
𝑘𝐵𝑇

𝑘
 into equation (3-8), the 

targeting accuracy can be expressed as: 

𝑆𝐷𝑒𝑞 =
√𝜎𝑝

2 +
𝑘𝐵𝑇

𝑘
+

𝑎2

12
𝑁

(3 − 9)
 

During the post-analysing process, the a is about 6×𝑆𝐷𝑒𝑞

𝑁ℎ
. Here 6 is to cover all the efficient 

statistical points, according To Gaussian distribution. 𝑁ℎ is the axis grid number, we are 

using 30 in our experiment. Hence, we could further derive equation (3-9) into: 

𝑆𝐷𝑒𝑞
2 =

𝜎𝑝
2 + 𝑘𝐵𝑇/𝑘

𝑁
+

3

𝑁 ∙ 𝑁ℎ
2 𝑆𝐷𝑒𝑞

2 (3 − 10) 

𝑆𝐷𝑒𝑞 = √
𝜎𝑝

2 + 𝑘𝐵𝑇/𝑘

𝑁 − 3/𝑁ℎ
2

(3 − 11) 

Finally, we obtained the equation for the force sensitivity as: 

∆𝐹𝑒𝑥 = 𝑘𝑆𝐷𝑒𝑞 = √
(𝑘𝜎𝑝)2 + (𝑘𝐵𝑇)𝑘

𝑁 − 3/𝑁ℎ
2

(3 − 12) 



Chapter 3

43

For most cases, the sampling number N is much larger than 3/𝑁ℎ
2. So the equation can 

be simplified as: 

∆𝐹𝑒𝑥 = √
(𝑘𝜎𝑝)2 + (𝑘𝐵𝑇)𝑘

𝑁
(3 − 13)

where 𝑘 is the trap stiffness, 𝜎𝑝 is the imaging localisation accuracy, 𝑘𝐵 is the 

Boltzmann’s constant, 𝑇  is the experimental temperature, N is the total scatters’ number 

and 𝑁ℎ is the binning number for a histogram. Finally, we build the relationship between 

the force sensitivity with the imaging localisation and the sampling number.

3.3.3 aN-level force sensitivity simulation using Monte Carlo

Figure 3-7. Simulation of the optically trapped nanoparticle. (a) 3D positions plot for a single trapped 
nanoparticle and its projection. (b) 3D position distribution. laser power is 35.8mW, trap stiffnesses are 
0.05, 0.137 and 0.026 pN/um/mW for x-, y- and z-axis, respectively. The scattering point is 1610. Data 
number Nr=1678.5,  𝑆𝐷𝑒𝑞is 1.0859, 0.7429, and 1.6386 for x-, y- and z-axis, respectively.

We further use Monte Carlo trapping simulation to verify the developed formula and 

investigate the best sensitivity. Figure 3-7a shows the simulated position distribution of 

the optically trapped nanoparticle with the trapping centre at the origin (black dot at the 

insert), while the averaged position centre (red dot at the insert) shows offsets at the x, y 

and z-axis. Repeating the centre measuring 800 times, the histogram of offsets (Figure 

3-7b) indicates a Gaussian distribution with a standard deviation 𝑆𝐷𝑒𝑞. Similar to the 

localisation accuracy for single-molecule localization microscopy [42], the 𝑆𝐷𝑒𝑞 is 

calculated by considering the error introduced by distribution possibility and the 

uncertainty of the statistic points. Here the possibility of one nanoparticle shown at the 
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detected position is a convolution between the trapping potential well induced position 

distribution and the emitter’s detecting location distribution. The uncertainty of the 

statistic stands for the unit grid length of the histogram. 

Figure 3-8. The effect of force sensitivity on trap stiffness. (a) Scheme of the trapped nanoparticle moves 
under low and high stiffness. (b) Force sensitivity and position shift accuracy varying with trap stiffness. 
Assume 𝜎𝑝is 0. Data number Nr is 10000, laser power is from 10 to 90mW, stiffnesses are 0.05, 0.137 and 
0.026 pN/um/mW for x-, y- and z-axis, respectively.

According to equation (3-13), the force sensitivity can be optimized by tuning the 

parameters. To obtain the impact of trap stiffness to sensitivity (Figure 3-8a), we assume 

the imaging localisation is absolutely accurate (𝜎𝑝=0). The measured  𝑆𝐷𝑒𝑞 show the 

power of -1/2 relation with trap stiffness, as shown in Figure 3-8b orange square, 

matching with the prediction. While the minimum sensible force increases with the trap 

stiffness with a power of 1/2 (labelled by blue circles), which indicates that the smallest 

trapping stiffness should be used to obtain the highest sensitivity. To this end, the force 

in the axial direction will have a better sensitivity than that in the lateral direction, due to 

the smaller stiffness. For the conventional lateral force, the force sensitivity for the x-axis 

also shows better than that for the y-axis. Experimentally, the minimal trap stiffness for a 

stable long time trapping a single 60 nm UCNP is 1.79, 4.9 and 0.93 pN/μm for the x-, y-

and z-axis, respectively. Therefore, we can obtain the highest force sensitivity on the z-

axis, followed by the x-axis and y-axis.
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Figure 3-9. The effect of force sensitivity on data number. (a) Scheme of the trapped nanoparticle 
obtained with less and more points. (b) Force sensitivity varying with the data number for the x-, y- and z-
axis. Assume 𝜎𝑝is 0. Laser power is 35.8 mW.

The force sensitivity is also affected by the sampling number according to equation (3-

13). We evaluate the sensitivity performance under different data numbers. Figure 3-9

shows that a larger data number narrows down the histogram (insert), with 𝑆𝐷𝑒𝑞

hyperbolically decreases. Here we set the trap stiffness as the minimal experimental value 

𝜎𝑝=0, then the sensitivity can the highest. In this condition, the simulated sensitivity 

values for the x, y and z-axis (Figure 3-9 b-d) decrease with data number with the power 
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of -1/2, consistent with the simplified equation ∆𝐹𝑒𝑥 = √𝑘𝐵𝑇𝑘/𝑁. This result suggests 

that minimum data numbers of 7000, 20000, and 3400 are required for achieving a force 

sensitivity below 1fN for the x-, y- and z-axis, respectively. Consequently, considering 

the minimal experimental 𝜎𝑝, we can obtain the 3D force sensitivity with aN level using 

the data number of 20,000.

Figure 3-10. The effect of force sensitivity on localization accuracy. (a) Scheme of the trapped 
nanoparticle obtained with high and low accuracy. (b) Force sensitivity varying with localization accuracy 
for the x-, y- and z-axis. Laser power is 35.8 mW and the data number is 20000.
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Localization accuracy of the image is another factor to affect the force sensitivity. We 

simulate the evolution of force sensitivity under different localization accuracies (Figure 

3-10a). Obviously, smaller 𝜎𝑝 (higher localization accuracy) offers smaller 𝑆𝐷𝑒𝑞 (Figure 

4e, insert), resulting in better force sensitivities (Figures 3-10 b-d). For achieving the aN-

level force sensitivity from three directions, we should get the localization accuracy 

higher than 64, 4 and 137 nm for the x-, y- and z-axis respectively. In this work, our DNN-

OA-VT method can experimentally offer localization accuracy up to 5, 5, and 20 nm for 

the x-, y- and z-axis, respectively. This enables the best force sensitivity of 600, 1000 and 

450 aN for the x-, y- and z-axis, respectively. Notably, equation (3-13) is also valid for 

force sensing with other position detection methods e.g., scattering intensity detecting.  

3.4 Conclusion 

In this chapter, we develop a novel and efficient measurement for 3D trap stiffness of 

optical tweezers (DNN-OA-VT). Based on the powerful deep learning for 

training/identifying tiny features from a large set of data, we introduce optical 

astigmatism using the cylindrical lens in the 2D images of the trapped nanoparticles under 

different axial positions. After a reasonable experimental setup and force sensitivity 

analysis, we obtain the aN-level 3D force sensitivity. We use the Monte Carlo simulation 

to achieve the highest force sensitivity of 600, 1000, and 450 aN for the x-, y- and z-axis, 

respectively. To this goal, the selection of UCNP is one of keys, as the lanthanide ions 

doped in the nanoparticle produce the larger resonance for enhancing optical force. The 

homogenous single nanoparticle and stable upconversion fluorescence enable us to 

realize long-time trapping of single nanoparticles. We wish this work can inspire the 

exploration of 3D force sensing with ultrahigh sensitivity, in particular axial force 

sensitivity, and give more chance to detect the tiny disturbance, such as the variations of 

the membrane potential of the living cell.
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Engineer Rayleigh scattering of nanoparticles via 

doping lanthanide ions

Light scattering from nanoparticles is significant in nanoscale imaging, photon 

confinement and biosensing. However, engineering the scattering spectrum, traditionally 

by modifying the geometric shape of nanoparticles, requires synthesis and fabrication 

with nanometer accuracy. Here we report that doping the lanthanide ions can engineer the 

scattering properties of lanthanide ion-doped nanoparticles. When the excitation 

wavelength matches the ion resonance of lanthanide ions, the polarizability and the 

resulting scattering cross-section of nanoparticles are dramatically enhanced. We further 

demonstrate that these purposely engineered nanoparticles can be used for iSCAT 

microscopy. Conceptually, we further develop multiplexed iSCAT microscopy for the 

identification of different types of nanoparticles in living HeLa cells. Our work provides 

insight into engineering the scattering features by doping elements in nanomaterials, 

further inspiring us to explore the geometry-independent method for scattering 

modulation.

Part content of this chapter is from the paper:

L. Ding†, X. Shan†, P. Reece, I. Aharonovich and F. Wang. Controlling Rayleigh 

scattering from lanthanide ion-doped nanoparticles. (under review)

4.1 Limitation of engineering scattering for current strategies

Rayleigh scattering, deviating a light from its straight trajectory, is one of the most 

important natures of nanoscale objects [94]. It reflects the charge distribution and electric 

polarizability of the nano-objects under electromagnetic radiation. This intrinsic nature

enables the scattering signal to be intense and quenching-free compared with the 

fluorescence signal, thus facilitating broad applications. The Resonance Rayleigh 

Scattering (RRS) of metallic nanoparticles has been used for biosensing analytes, 

including proteins, metal ions, nucleic acids, and insecticides [95]. The scattering 

saturation of gold nanoparticles provided a fluorescent-free super-resolution microscopy 
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method [96]. Interferometric scattering microscopy offers a way to track biological 

transportation events with ultrafast speed (e.g., 66000 fps) [54]. Controlling the random 

scattering results in an optical cavity for random lasers [97]. Detecting scattering fields 

from semiconductor nanoparticles have been used to measure its time-resolved carrier 

dynamics by differential reflectance spectroscopy [98][99][100]. 

Scattering spectrum features from nanoparticles are generally governed by the electron 

resonance interaction. Within metallic materials, according to the Drude model[101][102], 

the excitation beam will trigger the oscillation of free electrons and the resultant plasmon 

resonance. The resonance frequency and amplitude depend on plasmon resonance mode, 

electron’s effective mass and concentration [101]. In dielectric materials, the electrons 

are bonded to matrixed ions, and the polarisation of material induced a classic Rayleigh 

scattering where the scattering cross-section is proportional to the wavelength with the 

power of -4 (~λ−4). 

Recently, tunning scattering spectrum features and intensity from particles show great 

potential in either nanophotonics or biophotonics, revolutionising the way we confined 

light. Bound states in the continuum (BICs) have been used to trap and confine the 

scattered light with a particle size cavity and realised in photonic crystals [103][104], 

quantum dots [105], and topological insulators [106][107]. Metasurfaces [108] and 

nanoresonator arrays engineer the scattering by modifying individual repetitive units, 

benefiting the photonic applications in fundamental physics, lasers, sensors and filters. 

Controlling the scattering feature from the nanoscale particle is attractive, as the 

nanoscale size benefits intracellular application. However, according to the plasmon and 

dielectric resonance theory, the current methods to modify the Rayleigh scattering 

spectrum for nanoparticles are limited to the morphology controlling [109][110] which 

complexes the fabrication process. It is highly desirable to find a robust, morphology-

uncorrelated method to harness the scattering spectrum from nanoparticles. 

The most appealing method to modulate the scattering features is achieved by introducing 

photo-generated carrier scattering in semiconductor materials. Photon-generated 

electron-hole pairs in a single nanoparticle could modify the complex refractive index, 

which in turn changes the scattering spectrum [111]. This modified scattering spectrum 

has been used to inspect the band structure dynamics in semiconductor nanomaterials 

[112][99]. The method has recently been used to track the exciton and charge transport in 
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semiconductors[57]. However, the drawback of the method in turning scattering features 

is obvious. The modulated scattering signal is considerably smaller than semiconductor 

nanoparticles’ natural scattered signal due to their high refractive index. Methods such as 

differential reflectance spectroscope [113] and interference are required to extract the 

modulated scattering feature. Besides, the spectrum modulation range of semiconductors 

is intrinsically limited to the electronic band structures.  

In this chapter, we report a new concept of engineering the scattering features of Rayleigh 

regime particles by doping the lanthanide element ions in the nanocrystal. The highly 

doped lanthanide ions can significantly enhance the susceptibility and the consequent 

polarizability of nanocrystal for the scattering strength under resonant laser illumination 

[88]. Based on the enhanced resonance, we experimentally demonstrate the feasibility to 

modulate the scattering features for different types of dopants in nanocrystals, such as 

Yb3+, Er3+ and Nd3+. We develop the interferometric scattering microscopy to record the 

scattering and further construct the multiplexed iSCAT microscopy for identifying the 

nanocrystals in living HeLa cells for the first time. Such an efficient biocompatible 

nanoprobe would benefit scattering-based microscopy methods with the scatting feature 

immune to changing and aggregation and the biological applications combing the 

multimodalities of fluorescence [114] and scattering.  
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4.2 Methods 

4.2.1 Sample preparation 

 

Figure 4-1. TEM images of the Yb-NCs (a), Er-NCs (b), Nd-NCs (c) and Tm-NCs (d). The scale bars are 
100 nm. 

 

Synthesis of lanthanide ions doped nanoparticles. Ln-NCs can be synthesised with 

uniform doping concentration and size. Ln-NCs were synthesized according to the 

reported method [20]. Typically, 1 mmol RECl3·6H2O (RE = Y, Yb, Er, and Tm) with 

the desired molar ratio were added to a flask containing 6 mL OA and 15 mL ODE. The 

mixture was heated to 160 °C under argon flow for 30 min to obtain a clear solution and 

then cooled down to about 50 °C, followed by the addition of 5 mL methanol solution of 

NH4F (4 mmol) and NaOH (2.5 mmol). After stirring for 30 min, the solution was heated 

to 80 °C under argon flow for 20 min to expel methanol, and then the solution was further 

heated to 310 °C for another 90 min. Finally, the reaction solution was cooled down to 

room temperature. The products were precipitated by ethanol and centrifuged (9000 rpm 

for 5 min), then washed three times with cyclohexane, ethanol and methanol to get the 

core nanoparticles. To control the size, nanoparticles grow epitaxially layer-by-layer. The 

precursors were prepared similarly to the method above. The difference is that the 
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precursor solution was obtained after keeping for 20 min at 150°C, instead of further 

heating to 300 °C to trigger nanocrystal growth. For epitaxial growth, 0.15 mmol as 

prepared core nanoparticles were added to a three-neck flask containing 6 ml oleic acid 

(OA) and 6 ml 1-octadecene (ODE). The mixture was heated to 170 °C under argon for 

30 min, and then further heated to 300 °C. Next, 0.25 ml of prepared shell precursors 

were injected into the reaction mixture and ripened at 300 °C for 4 min, followed by the 

same injection and ripening cycles several times to get the nanocrystals with the desired 

size. Finally, the slurry was cooled down to room temperature and the formed 

nanoparticles were purified according to the same procedure used for the core 

nanoparticles. In the work, we synthesized four kinds of Ln-NCs, Yb-NCs (NaYF4: 

60%Yb, 2%Er, diameter is 53 nm), Er-NCs (NaYF4: 20%Er@ NaYF4: 20%Er@ NaYF4: 

20%Er, diameter is 45 nm), Nd-NCs (NaYF4: 60%Yb, 20%Nd@ NaYF4: 20%Yb, 

2%Er@ NaYF4: 40%Nd, diameter is 62 nm) and Tm-NCs (NaYF4: 60%Yb, 2%Tm, 

diameter is 53 nm). 

HeLa cells stained by Ln-NCs. 

(1). Ln-NCs were modified with POEGMEA13-b-PMEAP7 di-block 

copolymers[115]. 10 mg Ln-NCs (Er-NCs and Tm-NCs) and 10 mg POEGMEA13-b-

PMEAP7 di-block copolymers were dissolved in 1 mL THF and then shaken at room 

temperature overnight. Next, the Ln-NCs coated with di-block copolymers (Ln-

NCs@copolymer) were washed with THF three times and then washed with Milli-Q 

water twice. Finally, the Ln-NCs@copolymer was dispersed in 500 µL Milli-Q water. 

(2). Cell culture and staining. The HeLa cells were cultured in Dulbecco’s Modified 

Eagle Medium (DMEM) with supplementation of 10% v/v FBS and 1% v/v penicillin-

streptomycin at 37°C and seeded on the fluoro-dish (35 mm) culturing for 24 h. For 

treatment with Ln-NCs@copolymer, the cells were washed with pre-warmed PBS three 

times and incubated with Ln-NCs (50 µg/ mL, 1 mL) for 1 h. After 1 h, the cells were 

washed with pre-warmed PBS. Then 2 mL CO2-independent medium was added to the 

dish. Finally, the cell suspension was prepared for iSCAT analysis. 
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4.2.2 iSCAT microscopy

Figure 4-2. (a) Sketch of the iSCAT microscopy system. (b) Schematics of iSCAT signal generation.

The iSCAT images of Ln-NCs were recorded by conventional iSCAT microscopy. 

Figure 4-2a shows the experimental setup of the iSCAT microscopy, where the beam 

from either Ti:sapphire laser or Thorlabs 980 nm laser is focused on the back aperture of 

the objective lens (×100, NA=1.4) via a polarising beam splitter (PBS, 50/50, Thorlabs) 

and a quarter-wave plate. The reflected input beam by the coverslip is the reference beam 

(Er), and the scattered input beam by the nanoparticle is the scattered beam (Es). Those

two beams will overlap at the camera to create the interference image via the PBS again. 

The fluorescence mode is controlled by the flip filter before the camera.

4.2.3 Multiplexed iSCAT (M-iSCAT) microscopy

Setup of the system.
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Figure 4-3. Schematic diagram of three-channel M-iSCAT microscopy. The objective lens (×60, NA=1.3, 
silicon oil) is used.

Figure 4-3 depicts the system setup of the multiplexed iSCAT microscopy. On the typical 

setup of iSCAT microscopy, we add one dichroic mirror (FF875-Di01-25x36, Semrock) 

to separate the scattering light and fluorescence light, the two colours (400 to 514 nm for 

the Tm-fluorescence channel, and 514 to 785 nm for the Er-fluorescence channel) of 

which from two kinds of Ln-NCs will be further extracted by the second dichroic mirror 

(Di02-R514-25x36, Semrock). Therefore, we can obtain the images with three-channel 

information, which benefits the identification of different types of Ln-NCs. It should be 

noted that the iSCAT channel can be operated under super-fast speed (for example, 66000 

fps was reported in the literature [54]) if an ultrahigh-fast camera was used. By contrast, 

the speed of the FL mode is restricted by the brightness of Ln-NCs, which generally need 

sub-second level exposure time.

Data acquisition and processing

The conventional iSCAT images of fixed Ln-NCs were obtained by removing the 

background of raw iSCAT images. The exposure time is 0.1s for FL mode and 0.001s for 

iSCAT mode (in some cases the exposure time will change according to the brightness 

and neutral-density filter).
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The multiplexed iSCAT data were recorded simultaneously using FL mode and iSCAT 

mode. For achieving bright enough images, we set the exposure time is 0.1s for FL mode

and 0.001s for iSCAT mode. The corresponding frame per second is 10 Hz for FL mode 

and 240 Hz for iSCAT mode, respectively. The processing method for dynamic iSCAT 

data was referred to in the literature [52][55].

Calibration of system.

Figure 4-4. Calibration for M-iSCAT system using 1 μm polystyrene sphere. (a) The green-channel 
image. (b) The blue-channel image. (c) The iSCAT image. (d) The merge of green-channel, blue-channel 
and iSCAT channel.

We calibrate the coordinates of iSCAT and two-colour FL images by imaging 1μm 

polystyrene spheres. We first take the image with green-channel (Figure 4-4a) and blue-

channel (Figure 4-4b) information under FL mode, at the same time we record the iSCAT 
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image (Figure 4-4c). And then, we try to match the green channel and blue channel 

according to the measured ruler (for pixel size). Finally, we overlap the matched FL 

images with the iSCAT image (Figure 4-4d). As shown in Figure 4-4, the three-channel 

images match well for the following experiments.

Extracting scattering amplitude from iSCAT.

Figure 4-5. Extracting scattering profile from iSCAT images. (a) The normalized detected signal of 

commercial polystyrene nanosphere with a low refractive index. (b) The selection of reference light to 

calculate the scattering spectrum under different illumination wavelengths. (c) The evaluation of scattering 

ratio (scattering to reference). (d) The scattering spectrum of polystyrene nanoparticles. Inset, the 

background-free images of polystyrene sphere under 940 nm (left) and 980 nm (right) where the

background is measured by moving away nanoparticles. The scale bar in the figure is 1 μm.

We demonstrate that the scattering spectrum of nanoparticles can be extracted from a 

series of iSCAT images with different illumination wavelengths. The detected intensity 
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(𝐼𝑑) of the centre of nanoparticles in iSCAT is the interference between the reflected beam 

(𝐼𝑟 = 𝐸𝑟
2) and the scattered beam (𝐼𝑠 = 𝐸𝑠

2), expressed as: 

𝐼𝑑(𝜆) = 𝐼𝑟(𝜆) + 𝐼𝑠(𝜆) + 2√𝐼𝑟𝐼𝑠𝑐𝑜𝑠𝜑 (4 − 1) 

where 𝜑  is the phase difference between 𝐸𝑟  and 𝐸𝑠 , consisting of the Gouy phase 

accumulation, particle-induced phase change and the particle’s axial position induced 

phase change. Figure 4-5a shows the experimental measured 𝐼𝑑 of a 300 nm polystyrene 

sphere with excitation wavelength from 940 to 980 nm. Defining the scattering ratio as 

√𝐼𝑠/𝐼𝑟 = 𝐶𝑚, the equation (4-1) can be solved as: 

𝐶𝑚 =  ±√𝑐𝑜𝑠𝜑2 − (1 − 𝐼𝑑/𝐼𝑟)  − 𝑐𝑜𝑠𝜑 (4 − 2) 

Figure 4-5b expresses the selection of the 𝐼𝑟(𝜆). In an ideal system that only considers 

the reflection from the coverslips, the laser power (orange line in Figure 4-5b) would 

linearly change with 𝐼𝑟(𝜆). However, in a real-world system, the  𝐼𝑟(𝜆) consists of 

reflections from multiple surfaces (e.g., lens and PBS), which modifies the intensity for 

different wavelengths according to the phase change. Hence, we integrate and normalise 

the intensity of each point on the iSCAT image except the particles’ region (Figure 3b, 

inset), to represent the 𝐼𝑟(𝜆). The sum of intensity (blue line in Figure 4-5b) shows 

fluctuation though the input powers are similar for different wavelengths. Here we 

simplify the 𝑐𝑜𝑠𝜑 to -1, as we make a complete destructive interference by experimental 

tunning the  𝐼𝑑  to the minimum value. This makes the interference most distinct and 

simultaneously simplifies the data processing. In the case of the scatting signal is smaller 

than the reflected signal ( 𝐼𝑠 <  𝐼𝑟), the most common cases [116][57][117] in iSCAT, a 

negative sign should be used in equation (4-2), and the solved scattering ratio is shown in 

Figure 4-5c. The scattering strength (blue circle in Figure 4-5d) is calculated by using 

𝐶𝑚 to multiple 𝐼𝑟, which is matching with the simulated result by Mie scattering theory 

(blue shadow in Figure 3d). The typical iSCAT images at wavelengths of 940 and 980 

nm are shown at the left and right insert figures of Figure 4-5d, respectively, with similar 

imaging contrast. 
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4.3 Results and discussion

4.3.1 Simulation for ion resonance enhanced scattering

Figure 4-6. Diagram of the resonance effect induced by lanthanide ions doped in nanoparticles under 
external illumination.

We simulate the scattering process for standard SiO2 dielectric nanoparticles and 

lanthanide ions-doped nanocrystals (Ln-NCs) [118][14][119]. Here we select Ln-NC as 

the model to conduct the ion resonance scattering, as the crystalline host NaYF4 of Ln-

NC can be embedded with hundreds of thousands of trivalent lanthanide ions, of which 

the unique 4f electronic configurations are partially filled and shielded by the outer 5s 

and 5p electrons, providing a rich energy-level pattern with the adjustable electron-photon 

interaction and the atomic orbital shielding effect [120]. Under the electromagnetic field 

of light illumination, these lanthanide ions almost serve as the individual dipoles to 

interact with incident photons in terms of the optical response and can maintain their 

atomic resonance (with host crystal field-induced stark levels splitting). This resonance 

effect in nanoparticles has been used to enhance the trap-stiffness in optical tweezers [88]. 

The resonance-induced scattering from thousands of ions also increases the nanoparticles’ 

Rayleigh scattering strength when the illumination wavelength matches the resonance of 

lanthanide ions (Figure 4-6). Previous methods to modify the Rayleigh scattering 

spectrum depend on either morphology modification or carrier generation. To the best of 

our knowledge, applying ion resonance to modify the Rayleigh scattering spectrum of 

nanoparticles has not been reported.



Chapter 4

59

Figure 4-7. Energy level diagrams of Yb3+, Er3+ and Nd3+ ions in NaYF4 nanocrystal host, where 𝜔 𝑖𝑠 the 
dipole resonance angular frequencies.

The main energy levels of Yb3+, Er3+ and Nd3+ in the NaYF4 crystals are shown in Figure 

4-7, which are converted according to nanocrystals’ room-temperature absorption curves

[121][122][123]. One energy level corresponds to a certain resonance frequency with an 

energy gap Egap=ℏω. The resonance strength is proportional to the population of carriers 

which are transitioning between the energy gaps.
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Figure 4-8. Ytterbium, erbium and neodymium doping for enhancing the optical scattering. The 
numerical modeling of the real part (i) and imaginary part (ii) of the refractive index, and the scattering 
cross-section strength (iii) for SiO2 sphere (c), Yb3+ (d), Er3+ (e), and Nd3+ (f) doped nanoparticles. The 
nanoparticles in the simulation are treated as spheres with a radius of 25 nm. The concentration of resonator 
ions is set as 1.5 nm-3 for all three types of Ln-NCs. The surrounding media is air. 

According to the Rayleigh approximation [56], the scattering cross-section of a 

nanoparticle can be expressed as:

𝑪𝑠𝑐𝑎𝑡(𝜆) =
8

3
𝜋𝑘𝑚

4 𝑎6 |
휀𝑝 − 휀𝑚

휀𝑝 + 2 ∙ 휀𝑚
|

2

(4 − 3)

where 𝑘𝑚 = 2𝜋/𝜆 𝑛m is the wavenumber within the surrounding medium; 𝑛𝑚 is the 

refractive index of the surrounding medium; 𝑎 is the radius of the particle; 휀𝑝 and 휀𝑚 are 

the permittivity of the particle and the surrounding medium, respectively. The resonance 

in stark levels of lanthanide ions will provide extra susceptibility beyond the host material, 

then the 휀𝑝 for ions with n stark levels can be expressed as:
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휀𝑝 = 휀0𝑛0
2 + ∑

𝑒2𝑁

𝑚(𝜔0_𝑖
2 − 𝜔2 + 𝑗𝜎𝑖𝜔)

𝑛

𝑖=1

(4 − 4) 

where 𝜎𝑖 = ∆ν ∙ 2π  is the damping coefficient, 𝜔 =  2𝜋𝑐/𝜆  is the excitation angular 

frequency, 𝜔0−𝑖 is the atom resonance angular frequency for level i, 휀0 is the permittivity 

of free space, 𝑚 is the effective mass of an electron, 𝑁 is the number of resonance charges 

per unit volume, 𝑛0 is the refractive index of the surrounding medium. Hence the real part 

and imaginary part of the refractive index of the nanoparticle can be calculated by 𝑛𝑝 =

𝑟𝑒𝑎𝑙(√휀𝑝) and 𝑘𝑝 = 𝑖𝑚𝑎𝑔(√휀𝑝), respectively. For nanoparticles without nondegenerate 

energy levels, the N is zero, such as SiO2 shows a lower refractive index (Figures 4-8a 

(i) and (ii)). Benefiting from the ion resonance effect, both the simulated real part 

(Figures 4-8 b-d (i)) and imagery part (Figure 4-8 b-d (ii)) of the refractive index from 

Ln-NCs indicate a much larger amplitude compared with that for SiO2, though the 

refractive index of the nanocrystal host NaYF4 is smaller than that for SiO2. The three 

adjacent stark levels for Yb3+ ions lead to a larger variation with excitation wavelengths. 

Both Er3+ and Nd3+ ions have efficient excited-state absorption with transition angular 

frequency (𝜔1) nearly matching with the ground state’s transition angular frequency (𝜔2), 

which in turn results in single peaks in their refractive index response.  

Substituting equation (4-4) into (4-3) produces the modified scattering cross-section for 

Ln-NCs. The cross-section can also be represented by the refractive index as: 

𝑪𝑠𝑐𝑎𝑡(𝜆) =
8

3
𝜋𝑘𝑚

4 𝑎6 |
𝑛𝑝

2 − 𝑘𝑝
2 − 2𝑖𝑛𝑘 − 𝑛𝑚

2

𝑛𝑝
2 − 𝑘𝑝

2 − 2𝑖𝑛𝑘 + 2𝑛𝑚
2|

2

(4 − 5) 

=
8

3
𝜋𝑘𝑚

4 𝑎6
(𝑛𝑝
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2)

2
− 2(𝑛𝑝

2 − 𝑘𝑝
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2 + 𝑛𝑚
4
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2)
2

+ 2(𝑛𝑝
2 − 𝑘𝑝

2)𝑛𝑚
2 + 4𝑛𝑚

4
(4 − 6) 

According to equation (4-6), interestingly, the scattering would be stronger when the 

refractive index (both the real and imaginary parts) is larger, and the amplitude would be 

even larger when the real part is equal to the imaginary part (𝑛𝑝 =  𝑘𝑝). The simulated 

scattering cross-sections for Ln-NCs (Figure 4-8 e-g(iii)) show that this effect induces 

strong fluctuation, especially for the Yb3+ doped nanoparticles. The ion resonance-

enhanced scattering cross-section shows a much larger than the scattering strength of SiO2 

spheres, around 300 times. 
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4.3.2 Scattering spectrum of lanthanide-doped nanoparticles

Figure 4-9. Comparison of iSCAT and FL images. (a) The bright-field (BF) image (merged with 
fluorescence image) of Yb-NCs and impurities. (b) The iSCAT images of Yb-NCs and impurities. (c) The 
corresponding fluorescence image (FL). The dotted rectangle points to impurities while the dotted circle 
represents Yb-NCs. The scale bars are 2 μm. (d) The fluorescence spectrum of Yb-NCs under the 
illumination wavelength of 980 nm.

To estimate the scattering strength of Ln-NCs, we employ an iSCAT microscopy 

combined with wide-field fluorescence microscopy. The iSCAT microscopy is a fast, 

label-free imaging technology that has been widely explored in tracking nanoparticles of 

proteins [117][54][55][52], virus [124][125], cell ingredients [126][127][128], electrode 

particle [129] and gold nanoparticles [109], and energy flow [57]. In this experiment, we 

use Yb-NCs which have the typical emission spectrum (for Yb-NCs, Yb3+ is the sensitizer 

while the co-doped Er3+ serves as the emitter) as shown in Figure 4-9d. Figure 4-9b

demonstrates a typical iSCAT image of Yb-NCs and impurities that are shown as black 

dots. Higher contrast of the image (or darker of the black dots) indicates higher scattering 

strength. We use the in-situ fluorescence mode image (Figure 4-9c) to confirm the 
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location of the Yb-NCs, which is also verified by the merge of bright field and 

fluorescence images (Figure 4-9a).

Figure 4-10. Scattering spectrum of Ln-NCs. The scattering features of Yb-NCs (a-i), Er-NCs (b-i) and 
Nd-NCs (c-i), respectively. The square, circle and triangle with error bars represent the experiment data 
averaged from at least five measurements. The shadow lines suggest the simulated results. Typical iSCAT 
images of Ln-NCs under different excitation wavelengths are shown below the corresponding spectrum 
figure. The Yb-NCs, Er-NCs, and Nd-NCs are labelled by red, green, and blue dotted circles, respectively. 
The scale bars are 1μm. 

To verify the effect of the ion resonant scattering, we extract the scattering spectra of 

nanoparticles from a series of iSCAT images with different illumination wavelengths.

Applying the scattering extraction method, we obtain the ion resonance-enhanced 

Rayleigh scattering for nanoparticles doped with Yb3+, Er3+ and Nd3+ ions, respectively. 

According to Figure 4-8, the scattering spectra of Ln-NCs should have distinct 

fluctuation with respect to the spectrum of polystyrene spheres, as the ion resonance 

modulates the refractive index. The data points labelled as the square, circle and triangle 

in Figures 4-10 a(i) to c(i) are normalized scattering spectra for Yb-NCs, Er-NCs and 

Nd-NCs, respectively. These spectra are generally matching with the theoretical 

simulation (shadow lines in Figures 4-10 a(i) to c(i)), much distinguishable from the 

scattering feature of low-refractive-index particles such as that for 300 nm polystyrene 

sphere (Figure 4-8a). The amplitude mismatches are attributed to the multi-reflection 

induced intensity fluctuation. The scattering strength can be directly observed from the 

visible change in the iSCAT images with a higher signal-to-noise ratio representing 

stronger scattering strength, though the image background intensity varies with 
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wavelengths. The iSCAT image of Yb-NCs (Figure 4-10a(ii) black dots labelled by red 

circles) under 960 nm has higher visibility than that under 980 nm (Figure 4-10 a(iii)), 

which indicates a higher scattering strength at 960 nm. Similarly, the iSCAT images of 

Er-NCs and Nd-NCs show higher visibility at 960 (Figure 4-10 b(ii)) and 795 nm (Figure 

4-10 c(ii)), respectively, than that at 980 (Figure 4-10 b(iii)) and 815 nm (Figure 4-10 

c(iii)). Hence Er3+ and Nd3+ have higher scattering strength at 960 nm and 795 nm. These 

iSCAT results match the simulation calculated by equation (4-5). The measurement 

confirms that changing the dopant of a nanocrystal could effectively engineer its 

scattering spectrum, and its iSCAT image can be adjusted by changing the illumination 

wavelength. 

4.3.3 Multiplexed iSCAT microscopy for the identification of nanoparticles in 

living cells

Figure 4-11. Bright field of living HeLa cell (a) and the iSCAT image of the red rectangle region in the BF 
image of HeLa cell (b). The scale bars are 10 mm (a) and 2 mm (b), respectively.

This resonance-enhanced scattering of Ln-NCs together with its emission properties 

could benefit intracellular iSCAT imaging that has challenges in distinguishing different 

types of particles (e.g., distinguishing nanoprobes with respect to vesica). Indeed, the 

abundant cellular structures and ingredients significantly increase the difficulties of 

extracting scattering images of targeting multi-kind particles in living cells. To show the 

applicability of Ln-NCs as the iSCAT probes, we further demonstrate a multiplexed 

iSCAT (M-iSCAT) imaging by combining the iSCAT channel with two fluorescence 
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channels. Figure 4-3 depicts the system setup of the multiplexed iSCAT microscopy, 

where Camera 1 and Camera 2 record the conventional iSCAT image and the 

fluorescence images (FL), respectively. A dual-viewing optical path splits the 

fluorescence image into blue light (400 to 514 nm for the Tm-fluorescence channel) and 

green light (wavelength between 514 and 785 nm for the Er-fluorescence channel) on 

Camera 2. We calibrate the coordinates of iSCAT and two-colour FL images by imaging 

1μm polystyrene spheres, which results in images overlapping (Figure 4-4d). Thereby, 

the FL channels can facilitate locating different types of probes on iSCAT images. The 

method enables multiplexed intracellular iSCAT imaging. The intracellular structures 

(Figure 4-11a) of living cells often generate many background reference points [126] on 

iSCAT image (Figure 4-11b), because of either organelles or localised morphology-

induced phase change, which challenges the intracellular particle identification and 

classification.

Figure 4-12. (a) iSCAT image of HeLa cell. (b-d) M-iSCAT images of the orange square region at 3.4 (b), 
3.6 (c) and 4.5 (d) seconds, in which colorful circles represent different particles as labelled. The Ln-NCs 
(Er-1, Er-2 and Tm) can be distinguished from reference particles (Ref-1 and Ref-2) by merged 
fluorescence colors. The scale bars are 2 mm (a) and 1 mm (b-d) respectively.
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For instance, Ln-NCs inside a living HeLa cell (Figure 4-12a) cannot be distinguished 

by the conventional iSCAT microscopy. Figure 4-12 b-d shows the M-iSCAT images of 

the squared area in Figure 4-12a, where the Ln-NCs (Er-1, Er-2 and Tm) can be directly 

visualised and distinguished from biological particles (e.g., Ref 1 and Ref 2) since Tm3+

and Er3+ doped nanoparticles have blue wavelength band and green wavelength band 

emission, respectively. The M-iSCAT images at 3.4, 3.6 and 4.5 seconds during dynamic 

tracking (Figures 4-12 b-d) indicate a recognisable position moving of the Ln-NCs.

Figure 4-13. Dependency of fluorescence and iSCAT trajectories of five particles within 2.5 seconds on 
horizontal (a) and vertical axises (b).

The iSCAT trajectories on both x and y-axis of Ln-NCs (Er-1 iSCAT, Er-2 iSCAT and 

Tm iSCAT) generally match the FL trajectories, as shown in Figure 4-13a and b. The 

offset between the iSCAT and FL trajectories would be due to the different imaging frame 

rates. The iSCAT imaging frame rate is 240 Hz, while the FL imaging rate is 10 Hz, 

limited by the fluorescence intensity of nanoparticles. Hence, the FL tends to display 

accumulated positions. Two reference iSCAT points (Ref-1 and Ref-2 in Figure 4-12) 

reveal significant different trajectories (Figures 4-13a and b) with Ln-NCs, indicating 

the dynamics of Ln-NCs are not from large area structural movement. 
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Figure 4-14. Dependency valuation of fluorescence and iSCAT trajectories via Fréchet distance, the radial 
distance of which is calculated considering both x and y positions.

To quantify the correlation between iSCAT and FL trajectories, we calculate the Fréchet 

distance [130][131] as shown in Figure 4-14, in which a shorter distance means a stronger 

correlation. The correlation between Er-1 FL and Er-1 iSCAT trajectory shows a Fréchet 

distance as small as 39 nm, proving that the fluorescence image is from Er-1 in iSCAT 

image rather than other points. Similarly, the Fréchet distance for Er-2 FL and iSCAT 

trajectory and Tm FL and iSCAT trajectories are 36 and 29 nm, respectively, indicating 

the fluorescence positions are well connected with the iSCAT positions.

4.4 Conclusion

We demonstrate a method to engineer the scattering spectrum of nanoparticles by doping 

the lanthanide ions. We develop the theory to interpret the engineering mechanism and 

investigate the extraction method of scattering strength from the iSCAT images. Highly 

doped lanthanide ions benefit the scattering strength of Ln-NC under resonant laser 



 

Chapter 4 

68  

 

illumination by enhancing the susceptibility and the consequent polarizability of the 

particles. Due to the variation of resonant transition from the types of lanthanide ions, we 

modulate the scattering features of Ln-NCs by changing the dopants. The consistency of 

experimental and simulated results validates the concept of engineering nanoscale 

objects’ scattering strength.  

This method provides a novel geometry-independent path to modulate the scattering 

features, as most current methods need to modify the shape or size of particles, such as 

gold nanoparticles, dielectric particles, and semiconductors. Besides, it circumvents the 

requirement of the second pump laser to excite the particles since the laser serves as both 

scattering and excitation source in our system. Combining the ion resonance scattering 

with geometrical resonance engineering, including photonic cavities [103][104] and 

nanoresonator [132][133][134], may further enrich the freedom of scattering modulation. 

To our knowledge, for the first time, we demonstrated a multiplexed iSCAT microscopy 

for intracellular visualising and classifying nanoparticles in living cells. The abundant 

cellular structures and ingredients significantly increase the difficulties of extracting 

scattering images of targeting multi-kind particles in living cells. Some progress may be 

achieved if the experimental condition is further optimized, but it is out of our main 

purpose in this work. For instance, the imaging frame rate of M-iSCAT can be further 

improved by using brighter Ln-NCs and a faster camera, together with advanced data 

processing method to correlate the FL position with iSCAT positions. The imaging 

channels of M-iSCAT can be further extended by using different types of Ln-NCs. In 

addition, a scattering based (without the need for an FL image) multiplexed iSCAT could 

be achieved by using different wavelengths of scattering laser simultaneously since the 

scattering efficiencies for different types of nanoparticles are different (Figure 4-10). We 

wish this work could open the door to apply powerful chemical synthesis method for the 

modification of Rayleigh scattering and the exploration of new probes for scattering based 

microscopy technologies. 
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Break oxygen quenching of triplet-triplet 

annihilation upconversion in electrode medium

Triplet fusion upconversion (also called triplet-triplet annihilation, TTA) arouses much 

attention due to its potential in the fields of biological imaging, optogenetics, and light-

harvesting. However, the oxygen quenching remains challenging ahead to restrict their 

applications in aqueous media. Previous efforts to realise the aqueous TTA with oxygen 

resistance have been focused on the core-shell structures and self-assembly, but tedious 

processes and complicated chemical modification are required. Here, we report a direct 

and efficient strategy to realize aqueous TTA by controlling the ionic equilibrium of the 

TTA dyad. We find that the ionized organic dyad in physiological buffers and electrolyte-

based media show natural aerotolerance without any complicated structure engineering. 

In particular, the upconversion intensity of this aqueous TTA in Tris buffer under air-

saturated conditions is more than twice that under the deaerated condition. We further 

demonstrate the TTA system for potential applications in pH and temperature sensing 

with reversible and sensitive performance. We anticipate this facile approach to inspire 

the development of practical aqueous TTA and broad applications in biological science.

Part content of this chapter is from the paper:

L. Ding, J. Zhou*, Q. Fu, G. Bao, Y. Liu and D. Jin. Triplet-fusion Upconversion with 

Oxygen Resistance in Aqueous Media. Anal. Chem., 2021, 93, 4641–4646.

L. Ding*, Q. Fu*, I. Aharonovich and F. Wang*. Breaking Oxygen Quenching of Triplet–

Triplet Annihilation Upconversion by Multidimensional Structures. (to be submitted)

5.1 Challenge of oxygen quenching for TTA

Triplet fusion of organic molecules triggers numerous interests in catalysis [7], 

bioimaging [135], and light-harvesting [136][137] due to the spectral conversion feature 

from low to high energy frequencies. It enables low power excitation condition [138], 

high upconversion efficiency [139][140], and flexible design of plat-forms

[141][142][143][144][145] based on organic TTA dyad, donor and acceptor. But the 
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solution-based TTA systems are restricted to organic solvents without oxygen molecules 

because of the intrinsic hydrophobicity of organic dyad and oxygen quenching, although 

the applications in aqueous media are attractive. 

The dioxygen with a triplet ground state consumes the energy of the donor triplets to 

become singlet oxygen, which will further damage the organic TTA dyad by oxidation. 

Additional treatments are thus required to isolate them with ambient oxygen molecules 

in aqueous media. Nano/micro-capsules and self-assembly [146][147] are common 

strategies to overcome this challenge. The component, such as surfactant[148][149], 

polymer [150][151], silica [152][153], and bovine serum albumin (BSA) [3], envelopes 

TTA dyads to form a dispersible and oxygen-resistant core-shell structure or a tight 

network in aqueous solutions. Besides, small molecules of antioxidant additive [154] and 

specific acceptors [26] with lower triplet energy than oxygen are also leveraged to 

suppress the quenching effect of oxygen. However, these indirect strategies induce 

tedious engineering steps for wrapping and complicated modification. 

Here we describe a facile and direct method that can brighten the dark TTA in aqueous 

media with oxygen. We realize the water-soluble TTA by controlling the ionic 

equilibrium of the TTA dyad. We find that this TTA system, instead of forming 

nano/micro-capsule, can remain the upconversion luminescence in air-saturated aqueous 

media. Moreover, in selective physiological buffers, the TTA upconversion outperforms 

that under oxygen-deprived conditions. We further explore the potential of this TTA 

system as a pH and temperature sensor. Our work represents a record situation that 

realizes stable TTA in an aqueous solution where oxygen is inevitable and sensitive 

sensing is achievable. 

5.2 Methods 

5.2.1 Synthesis of Pd(II) meso-Tetra(4-carboxyphenyl)porphine (PdTCPP) 

Synthesis of H2TCPP. 

H2TCPP was synthesized according to the previous paper with modified[155]. H2TMPP 

(420 mg, 0.496 mmol) was dissolved in the mixture solvent of THF (20 mL) and methanol 

(20 mL), followed by adding 20 mL of aqueous KOH (1.35 g). After refluxing for 24 h, 

the mixture was cooled to room temperature. Before evaporating THF and MeOH, the 

mixture was filtered with a filter paper. Additional water was added and filtered by the 
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filter paper again. Then the solution was acidified with 1 M HCl until pH 2 (could be 

more). After washing with water, aqueous KOH was added to dissolve the precipitate, 

followed by pH adjusting. And then the precipitate was washed, collected by 

centrifugation, and dried under vacuum. 1H NMR (500MHz, DMSO-d6): δ 13.27 (s, 4H), 

8.86 (s, 8H), 8.38 (ddd, 16H), -2.95 (s, 2H) 

Synthesis of PdTCPP. 

PdTCPP was synthesized according to the previous paper with modified [156]. H2TCPP 

(200 mg, 0.253 mmol) and palladium chloride (83.75 mg, 0.572 mmol) were refluxed in 

the mixture of dimethyl formamide (DMF) (20 ml) and ethanol (5 mL) overnight. The 

purification of PdTCPP was performed by repeated recrystallization and precipitation 

from DMF/H2O solutions. 1H NMR spectrum (500MHz, DMSO-d6): δ 13.27 (s, 4H), δ 

8.80 (s, 8H), δ 8.32 (ddd, 16H). 



Chapter 5

73

Figure 5-1. 1H NMR of (a) H2TCPP and (b) PdTCPP.
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5.2.2 Upconversion sample information  

 

Table 5-1. Feeding ratio of different aqueous/organic TTA samples. 

Sample PdTCPP 

stock/uL 

QCDPA 

stock/uL 

solvent 

name Volume/uL 

TTA-201 20 40 Mili Q water 940 

TTA-501 20 100 Mili Q water 880 

TTA-1001 20 200 Mili Q water 780 

TTA-501:1M 

KOH 

20 100 1M KOH 880 

TTA-501:2M 

KOH 

20 100 2M KOH 880 

TTA-501:PBS 20 100 PBS 880 

TTA-501:Tris 20 100 TRIS 880 

TTA-506 20 100 PBS-KH2PO4
a 880 

TTA-507 20 100 PBS-

Na2HPO4
b 

880 

TTA-508 20 100 PBS-NaClc 880 

TTA-509 20 100 KCl 880 

TTA-5010 20 100 NH4Cl 880 

TTA-21’ 20 2 DMF 978 

TTA-23’ 20 40 940 

TTA-24’ 20 100 880 

TTA-25’ 20 200 780 

TTA-26’ 20 400 580 
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Superscripts of a, b and c represent the concentration of individuals equaling to that in 

PBS, 1.06 mM, 2.97 mM and 155.17 mM, respectively.  

 

Table 5-2. Aqueous TTA samples with different kinds of electrolytes. 

Electrolytes Sample PdTCPP 

stock/uL 

QCDPA 

stock/uL 

Solvent 

name Volume/uL 

Basic salt TTA-5061 20 100 KH2PO4-0.5M 880 

TTA-5062 20 100 KH2PO4-0.1M 880 

TTA-5063 20 100 KH2PO4-10mM 880 

TTA-5065 20 100 KH2PO4-0.1mM 880 

Acid salt TTA-50101 20 100 NH4Cl-0.5M 880 

TTA-50102 20 100 NH4Cl-0.1mM 880 

TTA-50103 20 100 NH4Cl-10mM 880 

TTA-50105 20 100 NH4Cl-0.1mM 880 

Neutral salt TTA-5081 20 100 NaCl-1M 880 

TTA-5082 20 100 NaCl-0.5M 880 

TTA-5083 20 100 NaCl-0.1mM 880 

TTA-5084 20 100 NaCl-10mM 880 

TTA-5085 20 100 NaCl-0.1mM 880 

 

5.2.3 Spectral characterization 

Absorption spectra were measured with an Agilent Cary 60 UV−vis spectrophotometer. 

pH is determined by an Oakton pH 700 benchtop meter. Fluorescence spectra were 

recorded on a Shimadzu RF 6000 fluorimeter with a xenon lamp. Upconversion 

fluorescence spectra were measured with a home-built optical system. A fibre-coupled 

532 nm (Germ 532 with control software) diode laser worked as the excitation source. 

The emission spectra of the sample were measured by a commercial spectrometer 
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(Shamrock 193i, Andor) with an EMCCD (iXon Ultra 888, Andor) as the detector. 

Besides, the emission signal was filtered by a 532 short-pass filter (BSP01-532R-25 532 

nm EdgeBasic, Semrock) or 561 nm long-pass filter (BLP02-561R-25 561 nm 

EdgeBasic, Semrock). The sample is in a cuvette (i-Quip, 45 mm × 12.5 mm × 12.5 mm, 

light length of 10 mm, light width of 5 mm) sealed with N2. 

5.3 Results and discussion 

5.3.1 TTA upconversion from organic solvent to water 

 

Figure 5-2. TTA upconversion mechanism and TTA generation with oxygen resistance in aqueous 
media. (a) The energy level diagram showing the triplet fusion upconversion followed by the intersystem 
crossing (ISC) and triplet energy transfer (TET) processes in the pair of donor and acceptor. (b) The 
molecular structure of PdTCPP (donor) and QCDPA (acceptor). (c) The upconversion spectra of the TTA 
before (left) and after (right) adding base upon 532 nm laser excitation (52 mW cm -2). Insets show the 
insoluble and soluble statues of the donor and acceptor molecules in water, and the snapshots behind the 
532 nm short-pass edge filter (BSP01-532R-25, Semrock) under excitation of a 532 nm laser pen. D means 
donor, and A represents acceptor. (d) The spectra of TTA in DMF (left) and water (right), the concentrations 
of acceptor and donor are 5 mM and 0.1 mM, respectively. The excitation power density is 61 mW cm-2. 

 

We take Pd(II) meso-Tetra(4-carboxyphenyl)porphine (PdTCPP) as the donor and 5,5’-

(9,10-anthracenediyl)diisophthalic acid (QCDPA) as the acceptor (Figure 5-1 and Figure 

5-2). Figure 5-2a shows the energy transfer mechanism of triplet fusion, in which the 

donor transfers the triplet energy to an acceptor on the ground state after light stimulation 

(532 nm) and intersystem crossing (ISC) [7]. The collision of the excited acceptor triplets 

produces upconverted blue emission in higher energy wavelengths. In organic solvents, 
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e.g., DMF, the high solubility makes a quick molecule diffusion of donor and acceptor, 

resulting in the high intensity of upconverting luminescence (Figure 5-2d). But it fails to 

produce upconversion in water due to the hydrophobicity of the dyad, in which precipitate 

and turbid solution are observed for the donor and acceptor in water (Figure 5-2c, left). 

After adding the base, both the donor and acceptor solutions became soluble and 

transparent. The corresponding mixture results in blue upconversion emission centred at 

455 nm upon the 532 nm laser excitation (Figure 5-2c, right). This base-induced property 

transformation is modulated via ionic equilibrium of the carboxyl groups on TTA dyad. 

To quantify the effect of the solution-phase transfer on TTA, we compare the 

upconversion emission intensities in DMF and water. When the oxygen has purposely 

been removed from the solution, the upconversion intensity in water is comparable to that 

in DMF (Figure 5-2d). Strikingly, at the atmospheric environment with oxygen, the 

water-soluble TTA displays neglectable quenching, indicating the strong oxygen 

resistance of the ionized TTA dyad (Figure 5-2d, right), while completely quenching is 

observed in the air-saturated DMF (Figure 5-2d, left). As a simple TTA dyad that can 

realize high retention of upconversion emission with an oxygen atmosphere but not rely 

on micro/nano-capsules, it provides the potential of applicable media, such as biological 

buffers and media with electrolytes. 

 

Figure 5-3. (a) The upconversion intensity varying with the concentration of TTA-501 in water. The 
concentration of 1C means 0.1 mM for the donor and 5 mM for the acceptor. (b) The upconversion intensity 
varying with the concentration of TTA-501 in water. The concentration of 1C means 0.1 mM for the donor 
and 5 mM for the acceptor. (c) Upconversion emission intensity changes with the concentration of KOH. 

 

We then optimize the experimental conditions by regulating the ratios of the donor to the 

acceptor (Figure 5-3a). Obviously, the increasing amount of donor can benefit the 

upconversion process from the ratio of 1:100 to 1:50. But too much donor has an adverse 

effect on the upconversion luminescence due to the concentration quenching (1:20). The 

concentrations of dyads (Figure 5-3b) and base concentration used for the sample 
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(Figure 5-3c) also affect the TTA upconversion as the luminescence intensity increases 

with the decrease of base concentration. 

 

Figure 5-4. Double log plot of the power-dependent emission intensity of the TTA systems with low (a), 
medium (b) and high (c) mole ratio of the donor and acceptor showing the slope change from quadratic to 
linear.  

 

Figure 5-5. Double log plot of the power-dependent emission intensity of the samples in different media 
of 1 M KOH (a), 2 M KOH (b), TRIS (c) and PBS (d), respectively. 

 

To demonstrate the TTA process of our sample, we measure the relationship between 

upconversion emission and excitation power. The remarkable feature of TTA kinetics as 

a function of excitation power density confirms the nonlinear process of this aqueous 

TTA (Figures 5-4 and 5-5), which shows an initial quadratic dependence before 
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saturation [3][157]. This relationship is also valid for the TTA systems in the buffer 

solution.  

 

Figure 5-6. Upconversion efficiency under different excitation power densities. Ru(bpy)3Cl2 in water 
was used as a standard reference (absolute quantum efficiency Φ = 0.042 in aerated H2O)[158]. The TTA-
UC quantum efficiency (Φ𝑈𝐶) was calculated with the equation  Φ𝑈𝐶 = 2Φ𝑈𝐶(𝐴𝑅𝑒𝑓/𝐴)(𝐼/𝐼𝑅𝑒𝑓)(𝜂/𝜂𝑅𝑒𝑓), 
where 𝐴 is the absorption at 532 nm, 𝐼 is the emission intensity, 𝜂 is the refraction of the medium. The 
multiplicative factor of 2 was reflected to represent the TTA mechanism (bimolecular process). 

 

We measure the TTA upconversion efficiency under different excitation power (Figure 

5-6), the efficiency reaches 0.1% in an aqueous solution at 138.7 mW cm-2. Much higher 

upconversion efficiency is expected to be achieved from the optimized base and dyad 

types. 
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5.3.2 TTA performance in air-saturated media 

 

Figure 5-7. TTA performance in aqueous media. (a) The effect of physiology buffers on the 
upconversion emission. (b) The durability of TTA in Tris buffer with and without oxygen under 532 nm 
laser irradiation. (c) The evolution of upconversion intensity in a single-electrolyte medium corresponding 
to PBS components. (d) The influence of electrolyte concentration on TTA process in the air-saturated 
conditions. The concentrations of acceptor and donor are 5 mM and 0.1 mM, respectively. The excitation 
power density is 61 mW cm-2. 

 

To broaden the range of applicable media, we test the performance of this aqueous TTA 

in physiological buffers. Taking the optimized acceptor-donor ratio of 501 as an example, 

we observe large variations of upconversion intensities in four types of commonly used 

physiological buffers (Figure 5-7a). In Tris buffer, we surprisingly find that the oxygen 

facilitates the upconverting process by showing enhanced intensity up to twice that in 

deaerated conditions, as well as the appreciable photostability (Figure 5-7b). By contrast, 

in PBS, MES and HEPES, the oxygen barely affects the upconversion performance. It 

can be concluded that the buffer ingredients determine the upconversion intensity, as a 

different degree of quenching is observed in these buffers under deaerated conditions. 

The nearly complete quenching in MES and HEPES is due to the significantly suppressed 

solubility of TTA dyad by the sulfonic acid group from the buffer ingredients.  
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The influence from the buffer ingredients inspires us to further investigate the 

upconversion evolution by placing the TTA in electrolyte media, which serve as typical 

components of a buffer. We prepare single-electrolyte-based media with the 

concentration corresponding to the ingredients of PBS. As the multi-component buffer 

involves complex ionization equilibrium, the resultant ions will interfere with the 

dissolution of TTA dyad and consequently damage the overall upconverting process. In 

Figure 5-7c, we find that TTA in a single-electrolyte-based medium outperforms that in 

PBS buffer.  

The tradeoff between the dissolution of TTA dyads and the quenching effect is related to 

the amount of hydroxyl ions and determines the upconversion process, which is 

controlled by the ionization equilibrium in a medium. Therefore, careful selection of 

electrolytes and their concentrations is highly recommended when applying the TTA 

system in a buffer environment. Here we quantify the ionization effect by tuning the 

concentration of three representative kinds of electrolytes, basic salt (KH2PO4), neutral 

salt (NaCl) and acid salt (NH4Cl) (Figure 5-7d). 

The results show that dilute concentrations of all the salts make the upconversion intensity 

stable while high concentration conditions quench the luminescence. The concentration 

thresholds for KH2PO4, NaCl, NH4Cl are 10 mM, 100 mM, and 1 mM, respectively in 

our experimental condition. We find the products of electrolysis in a solution play a key 

role in determining the TTA upconversion performance. For neutral salt, NaCl can ionize 

completely into Na+ and Cl-. By contrast, for both basic salt and acid salt, their 

electrolyzations depend on concentration, according to the following equations (5-1) to 

(5-5): 

𝐾𝐻2𝑃𝑂4 ⇌ 𝐾− + 𝐻2𝑃𝑂4
− (5 − 1) 

𝐻2𝑃𝑂4
− + 𝑂𝐻− ⇌ 𝐻𝑃𝑂4

2− + 𝐻2𝑂 (5 − 2) 

𝐻𝑃𝑂4
2− + 𝑂𝐻− ⇌ 𝑃𝑂4

3− + 𝐻2𝑂 (5 − 3) 

𝑁𝐻4𝐶𝑙 ⇌ 𝐶𝑙− + 𝑁𝐻4
+ (5 − 4) 

𝑁𝐻4
+ + 𝑂𝐻− ⇌ 𝑁𝐻3 ∙ 𝐻2𝑂 (5 − 5) 
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Electrolyzation (equations 5-1 and 5-4) firstly facilitate the dissolution of these 

electrolytes in water. After that, the hydroxyl ions in the solution will be immediately 

consumed by H2PO4
− , HPO4

2−  and NH4
+  (equation 5-2, 5-3 and 5-5). In the low 

concentration regime, the reduction of OH− quenching for TTA upconversion dominates 

the contribution over the less dissolution of TTA dyads resulting from the consumption 

of OH−. The electrolyte ions accelerate the diffusion of donor and acceptor and benefit 

the collision probability for stronger TTA upconversion. In the high concentration 

regime, the dissolution of TTA dayd is suppressed by excessively consuming OH− 

(equation 5-2, 5-3 and 5-5), leading to less molecular diffusion of donor and acceptor and 

resulting in weaker TTA upconversion. 

 

Figure 5-7. Influence of three kinds of electrolyte solutions on the upconversion emission with/without 
oxygen. 

 

Oxygen has a slightly negative effect on the TTA intensities in the media of electrolytes 

(Figure 5-8). But the decrement of intensity is not as significant as that in DMF (Figure 

5-2d). In particular, the TTA intensities in deaerated and aerated NH4Cl solution are the 

same, indicating strong oxygen resistance.  
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Figure 5-8. The durability of TTA in the solution of (a) water, (b) PBS buffer, (c) KH2PO4, (d) NaCl and 
(e) NH4Cl with and without oxygen under 532 nm laser irradiation. 

 

We test the photostability in solutions of electrolytes and find that the TTA intensities in 

the media of water, PBS buffer and electrolytes remain good retention after 20 minutes, 

especially under the condition without oxygen (Figure 5-9). 
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5.3.3 Potential in pH and temperature sensing 

 

Figure 5-9. Aqueous TTA systems applied as pH sensors. (a) Reversibility of TTA as a pH sensor via 
adding HCl (1 M) and KOH (1 M) solution. (b) The decreased upconversion emission intensity evolution 
against the gradient adding of HCl (1 M). (c) The increasing trend of upconversion intensity via gradient 
adding of KOH (1 M). The error bars in a, b and c indicate the standard deviation of three measurements. 
The concentrations of acceptor and donor are 5 mM and 0.1 mM, respectively. The samples were tested 
under air-saturated conditions. The excitation power density is 61 mW cm-2. Digital photos of TTA-501 
(1M KOH) with HCl (d) and recovered state by KOH (e). 

 

This upconversion performance is demonstrated to be related to the hydroxyl ions, 

indicating that the TTA system could be very sensitive to pH. To validate the pH-sensitive 

property, we design the procedure by alternately adding acid and base into a TTA system 

to check the possible pH-sensitive property. As shown in Figure 5-10a, the upconversion 

of the alkali TTA system completely disappears after adding HCl, and the pH of the final 

solution becomes close to 7. The intensity of upconversion almost recovers at the initial 

adding of KOH, and remains nearly 80% even after 11 cycles, indicating excellent 
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reversibility. To visualize the dynamic variations of upconversion in a single cycle, we 

divide and add ten units of acid (Figure 5-10b) and base (Figure 5-10c) in the TTA 

systems gradually. The upconversion intensity becomes weak before 7 units of acid 

adding, followed by a quick reduction until its complete disappearance (Figure 5-10b). 

Compared with the trend of fluorescence quenching by acid adding, the recovery 

tendency of the upconversion intensity by base adding was almost symmetric (Figure 5-

10c), accompanied by the solution status changes from being vague and even precipitate 

to transparent (Figure 5-10 d and e). Noticeably, the large increase of upconversion in 

the initial regime of adding acid is speculated to the contribution of diluted concentration 

of TTA sample (Figure 5-10b), as the emission intensity increases with the concentration 

reducing (Figure 5-3b). This implies the transform of TTA dyads forms occurring at the 

narrow window of acid/base amount. 

 

Figure 5-10. Aqueous TTA systems applied as temperature sensors. (d) Temperature-sensitive TTA 
upconversion in water (orange) and PBS (cyan) with inverse intensity evolution compared with traditional 
TTA systems. (e) The relative temperature sensing sensitivity calculated from data in (d) according to 
equation (5-6), 𝑆𝑟 = (𝛿𝑄/𝛿𝑇)/𝑄 (5-6). Q is the integral upconversion intensity. The error bars in a, b and 
c indicate the standard deviation of three measurements. The concentrations of acceptor and donor are 5 
mM and 0.1 mM, respectively. The samples were tested under air-saturated conditions. The excitation 
power density is 61 mW cm-2.  

 

We further investigate the capability of TTA systems to sense temperature variations both 

in water and physiology media (PBS). The upconversion intensity, either in water or PBS, 

displays a declined tendency with the temperature increase (Figure 5-11a), which is 
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unusual compared with the traditional TTA systems [151][157][159][160][161][162]. We 

attribute this phenomenon to the TTA dyads dissolution in water, where the electrolytic 

equilibrium of water, donor/acceptor molecules and the corresponding ions may change 

with the temperature. Typically, high temperature enables more H+ and OH- from the 

ionization of H2O [163], which may negatively affect the dissolution of TTA dyads and 

thus reduce the luminescence intensity. Compared with the properties of temperature 

sensing in water (from 25 to 70 oC), the dynamic range of temperature monitored in PBS 

(from 35 to 70 oC) is smaller, while the declined trend of temperature is sharper. We 

speculate these phenomena are related to the multi-electrolytes existing in PBS. This 

aqueous TTA system displays high sensitivity of temperature sensing, in particular, in 

PBS, with the maximum sensitivity of 5.03% oC-1 at 50 oC (Figure 5-11b). This is 

comparable to the highest record of the reported temperature sensing sensitivity from 

TTA system[3][159]. 

5.4 Conclusion 

We realize the efficient TTA systems in water by modulating the ion equilibrium equation 

of TTA dyad. The TTA can be applied in many types of aqueous media, especially in 

physiological buffers and electrolyte-based media. Except for the controllability via 

acceptor-donor ratios, the upconversion intensity of this water-soluble TTA shows 

apparent dependence of the medium. In these media, the ionized TTA dyad displays 

strong aerotolerance, resulting in good retention of upconversion emission in air-saturated 

conditions. Notably, the upconversion intensity in air-saturated Tris buffer is more than 

two times that in deaerated conditions, mitigating the general issue of oxygen quenching. 

We also demonstrate the potential of this aqueous TTA system as a pH sensor and a 

temperature sensor. This simple strategy may have a profound inspiration for exploring 

aqueous TTA systems, especially considering the possibility in biological applications. 
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Conclusion and Outlook

In this chapter, I will give a conclusion of my PhD work and an outlook for future 

research.

6.1 Conclusion
The core purpose of this dissertation is to fully know, characterize and manipulate 

upconversion nanoparticles from four aspects, see clearer, detect force more sensitive, 

engineer Rayleigh scattering more easily and explore new practical probes. Toward this, 

we develop and further optimize biophotonics technologies of super-resolution 

microscopy, optical tweezers and interferometric scattering microscopy for better 

utilization of upconversion nanoparticles. The novelties and outcomes in this dissertation 

are concluded as follows,

In Chapter 2, we developed a simple but effective strategy to upgrade the nanoscopy by 

combining the fluorescence nonlinearity of upconversion nanoparticles and conventional 

confocal microscopy. This strategy avoids constructing expensive setups which are 

always essential for super-resolution microscopy and spends much time on complex data 

processing.

In Chapter 3, we optimized the current optical tweezers to measure the axial optical force 

via analysing the PSF variations under different axial positions by deep learning. This 

strategy also helps us to realize the attoNewton level force sensitivity, which is based on 

the unique properties of upconversion nanoparticles, such as super brightness, stability 

and relatively large optical trapping force compared to other kinds of nanoscale particles.

In Chapter 4, we demonstrated the morphology-immune modulation of Rayleigh 

scattering at the nanoscale level by doping lanthanide ions in the nanoparticle. The large 

resonance enhancement of upconversion nanoparticles provides more features of 

Rayleigh scattering recorded by interferometric scattering microscopy. We also 

demonstrated the multiplexed iSCAT on distinguishing different types of upconversion 

nanoparticles in living HeLa cells.

In Chapter 5, we developed the simple but oxygen-resistant TTA system via adjusting 

ionic equilibrium. We showed the wonderful performance of these TTA systems in 
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several media with different electrolytes and their potential in pH and temperature 

sensing. 

6.2 Outlook 

There is plenty of space for further investigation of upconversion nanoparticles in the 

directions of fluorescence and scattering, despite the advances displayed above. Here I 

list some potential research related to this dissertation below. 

Single-nanoparticle behaviour 

Manipulation for a single nanoparticle is the incomparable advantage of optical tweezers. 

This provides the potential in investigating the physical and chemical behaviours of single 

nanoparticles. For example, trapping the catalyst nanoparticle to understand how it works, 

trapping the nanoparticle with positive/negative charge to observe how it changes in size, 

fluorescence and aggregation/self-assembly, especially under the external disturbance of 

light and electromagnetic field. 

Scattering-based iSCAT microscopy 

In Chapter 4 we obtain the conclusion that Rayleigh scattering of nanoparticles can be 

enhanced via doping different lanthanide ions. This inspires us to carry out the following 

projects. Combining the unique property of upconversion nanoparticles, we may realize 

the multiplexed interferometric scattering microscopy based on scattering fluctuations of 

different lanthanide-doped nanoparticles. Besides, the resonance enhancement of 

scattering also provides the chance to develop scattering-based super-resolution 

microscopy. 

Structure-assisted oxygen quenching-free TTA 

Based on Chapter 5, the next work will focus on the realization of TTA nanoparticles for 

practical applications. Some preliminary work has been carried out and demonstrated the 

feasibility. TTA nanoparticles with dimensional structures show incredible immunity for 

oxygen quenching in an aqueous solution. This will make TTA nanoparticles applicable 

in practical biological imaging and sensing. 
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