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Format of Thesis 

This thesis is structured as a conventional thesis and is split into six interconnected chapters 

that collectively explore the synthesis, optical characterization, and intracellular analysis of 

lanthanide-doped upconversion nanoparticles (UCNPs). Each chapter builds upon the 

preceding one, forming a cohesive narrative from fundamental principles to experimental 

applications in biological systems. The overall flow of the thesis is summarized below. 

Chapter 1 introduces the background and motivation for this study. This chapter will first 

outline the fundamental principles, characteristics and applications of upconversion 

luminescence in lanthanide doped nanomaterials. This is followed up with a brief 

introduction on nanoparticles and their interactions in biological systems, which will be 

further explored in the review in chapter 2. Current methods and the significance of single 

particle tracking within the cell are then discussed in this chapter. The chapter concludes 

with a clear statement of the thesis aims and a structured outline of the subsequent chapters. 

Chapter 2 presents a review of the current literature concerning luminescent materials, with 

a focus on endoplasmic reticulum targeting luminescent nanoparticles and their potential 

application. This chapter aims to identify the significance of understanding the mechanism 

behind nanoparticle trafficking and localization, which this research aims to address. 

Chapter 3 details the materials and methods used in this thesis. This chapter will be 

separated into three major sections which reflect the three major components performed 

during this thesis. Firstly, the methods used to synthesize inorganic upconverting 

nanoparticles used in this thesis are outlined. In this section, the surface modification, 

functionalization and preparation of these nanoparticles for optical characterization and 

biological experiments are also explored. The second section will describe the development 

of a custom optical characterization platform tailored for single-particle and cellular 

studies. This section will discuss the coding and logic behind both scanning confocal and 

widefield modalities which are integrated with single photon counting and lifetime 

detection with the system I built. The final experimental section will describe the 

experiments performed which are related to the interactions between nanoparticles and 

biological systems.  
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Chapter 4 will focus on the physical, optical and chemical characteristics of synthesized 

UCNPs. Morphological control of nanoparticles’ size and shape through lattice, precursor 

and synthesis methods are explored in this chapter. Next, the optical characteristics of 

single nanoparticles using the home-built characterization system are used to determine the 

relationship between emitter and sensitizer concentration and single nanoparticle 

luminescence.  

Chapter 5 shifts the focus toward biological interactions by exploring the dynamic behavior 

of UCNPs within live cells. Firstly, interactions between nanoparticles and biological 

systems will be explored, along with intracellular localization between live cells and 

surface-modified nanoparticles. Advanced trajectory analysis using mean square 

displacement (MSD) is employed to uncover the underlying mechanisms of nanoparticle 

transport. Population-level analysis is also introduced to classify modes of motion such as 

active transport and subdiffusion.  

Finally, chapter 6 will summarize the previous chapters and provide some additional 

experimental results performed during this thesis that may be relevant for future work. 

Together, these chapters provide a comprehensive exploration of the material, optical, and 

biological dimensions of UCNPs and set the foundation for future work in nanoparticle-

based imaging, diagnostics, and therapeutics. 
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Abstract 

The advancement of nanotechnology has enabled the development of upconversion 

nanoparticles (UCNPs), a class of luminescent materials capable of converting low-energy 

near-infrared light into higher-energy visible or ultraviolet emissions. This unique optical 

property makes UCNPs highly promising for applications in biomedical imaging, 

diagnostics, and sensing. However, a deeper understanding of their optical behavior at the 

single-particle level and their interactions within biological environments remains limited. 

This thesis investigates both the fundamental and applied aspects of UCNPs through a 

combination of synthesis, optical characterization, and computational modeling. It begins 

by exploring the synthesis of UCNPs with varied dopants, crystal structures, and surface 

modifications to tune their luminescent and chemical properties. A key part of the project 

involved building a custom, multi-purpose optical system for high-resolution imaging and 

single-particle characterization, allowing for precise measurements of luminescence, 

lifetime, and energy transfer efficiency. 

The optical properties of UCNPs were evaluated using techniques such as scanning 

confocal microscopy, widefield imaging, and photon-counting spectroscopy. These results 

attempt to predict emission behavior based on dopant combinations and particle 

environments. In biological contexts, the uptake and movement of UCNPs within living 

cells were tracked over time. Using statistical tools such as mean square displacement and 

Hidden Markov Models, the study classified intracellular transport behaviors and explored 

the mechanisms of vesicle trafficking. 

The findings contribute to a better understanding of how UCNPs behave optically and 

biologically, enabling their optimized use in single-particle imaging, photodynamic therapy, 

and diagnostic assays. This research lays a strong foundation for the future design of 

intelligent, responsive nanomaterials for biomedical applications, combining theoretical 

insight with practical instrumentation and cellular investigation.
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Chapter 1. Introduction 

Nanomaterials have revolutionized a wide range of scientific and technological domains 

due to their unique physicochemical properties, which arise from their small size which 

facilitates high surface-area-to-volume ratios for many technological applications [1]. In 

recent decades, their application has expanded rapidly across various fields, particularly in 

therapeutics and diagnostics [2, 3]. For medical application, engineered nanomaterials offer 

higher spatial resolution, targeted delivery, and minimized systemic toxicity [4, 5].  

Despite significant advances in nanomedicine, a fundamental bottleneck remains in our 

limited understanding of how nanoparticles interact with complex biological systems. 

Critical aspects such as nanoparticle recognition by the immune system, intracellular 

trafficking pathways, and long-term biodistribution and excretion remain poorly 

characterized [6, 7]. The unpredictability of protein corona formation, immune activation, 

and off-target accumulation poses major challenges to clinical translation [8]. These 

uncertainties underscore the urgent need for systematic studies that bridge nanomaterial 

properties with their biological fate and function. 

 Among the diverse classes of nanomaterials, up conversion nanomaterials (UCNMs) 

represent a unique subclass that has garnered increasing attention. These materials are 

capable of converting low-energy near-infrared (NIR) photons into higher-energy visible or 

ultraviolet emissions via multiphoton processes involving rare-earth ions [9]. Up-

conversion nanomaterials are an emerging class of luminescence nanomaterials that display 

unique optical and physical characteristics that are fundamentally different to traditional 

fluorescent probes, possessing several key advantages due to their unique optical properties 

given their high photostability, near-infrared absorption and large anti-stoke shifts [10, 11]. 

These properties, which facilitates a decrease in phototoxicity, increase in tissue penetration 

and a significant reduction in background fluorescence are key advantages that display 

remarkable potential for long-term bioimaging, phototherapy, and disease diagnosis [12]. 

As such, applying up-converting materials as probes for confocal, widefield and super-

resolution microscopy to address fundamental biological questions can be a key towards 

developing a deeper understanding of complex biological phenomena. However, using 

these materials as probes to study the intracellular dynamics within the cell remains largely 
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unexplored. The present thesis will therefore investigate whether UCNPs are suitable for long 

term tracking of cargo dynamics in live cells and whether the intracellular movement of these 

cargoes can serve as an indicator of the broader physiological state of the cell over extended 

periods. This first chapter aims to introduce the audience to the fundamentals of up-

conversion and their current applications. Afterwards, a section in this section will be used 

to discuss basic interactions between nanomaterials and living systems. Afterwards, this 

chapter will introduce single particle tracking (SPT), a promising method used to study 

various biological phenomena, not limited to the study performed in this thesis. Finally, this 

chapter will introduce the aims and objectives of this thesis, as well as the fundamental and 

transdisciplinary science used to formulate this project. Future chapters will discuss the 

applications of nanomaterials inside living systems to highlight the urgent need for a deeper 

understanding of the complex interactions between nanomaterials and living systems, 

thereby highlighting the immense potential of UCNPs as a fundamental model for studying 

nanoparticle and cellular interactions. This convergence of optical and functional tunability 

positions up conversion nanomaterials as a frontier in the design of next-generation 

nanotechnologies for healthcare applications. 

1.1 Fundamentals of Up-conversion nanomaterials  

1.1.1. Up-conversion mechanism 

Fundamentally, the up-conversion process refers to the anti-Stokes emission of higher-

energy photons resulting from the sequential absorption of two or more lower-energy 

photons, typically in the near-infrared (NIR) region. In contrast to one-photon fluorescence, 

up conversion relies on nonlinear absorption processes, meaning the emission intensity 

scales nonlinearly with excitation power (I ∝ Pⁿ, where n = number of photons absorbed) 

[13]. This nonlinear optical phenomenon relies on the presence of real, metastable 

intermediate states, which allow the stepwise excitation of electrons to higher energy levels. 

Among various luminescent materials, trivalent lanthanide ions (Ln³⁺) such as Yb³⁺, Er³⁺, 

Tm³⁺, and Ho³⁺ are especially well-suited for up conversion due to their unique 4f 

electronic configurations [14]. The 4fⁿ configuration of Ln³⁺ ions split into a dense set of 

discrete energy levels due to Coulombic repulsion and spin–orbit coupling, with additional 

minor perturbations from the crystal field [15]. These 4f orbitals are well shielded by the 

filled 5s and 5p orbitals, resulting in narrow emission bands, high photostability, long 
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radiative lifetimes, and minimized interaction with the surrounding lattice, which together 

facilitate efficient up conversion luminescence (UCL)[16]. As such, UCMs are typically 

UCNPs, ranging from 10 to 50 nanometers and are composed of host lattices such as 

NaYF₄ or Y₂O₂S doped with lanthanide ions [17]. 

 Multiple mechanisms can facilitate up conversion in lanthanide-doped systems, with the 

most commonly described and experimentally observed being excited state absorption 

(ESA), energy transfer up conversion (ETU), and photon avalanche (PA)[18]. In ESA, a 

single ion sequentially absorbs two or more photons, climbing stepwise through energy 

levels before emitting a photon of higher energy. In contrast, ETU relies on two different 

ions: a sensitizer and an emitter. The sensitizer—typically Yb³⁺ or Nd3+ due to its strong 

absorption at 980 nm and 808nm respectively, first absorbs NIR photons and then transfers 

the energy non-radiatively to a neighboring activator ion (e.g., Er³⁺ or Tm³⁺), which 

accumulates energy through successive transfers to reach an excited state capable of 

emitting a visible photon [19]. ETU is particularly efficient due to the large absorption 

cross-section of sensitizers and the spatial proximity of lanthanide ions in appropriately 

doped host lattices. In typical systems, a combination of ESA and ETU dominates, resulting 

in broad up conversion spectra. The multiple excited states inherent to most lanthanide ions 

yield emissions across a wide range of wavelengths, enabling multicolor or even white-

light output from a single nanoparticle [14, 20, 21]. While this diversity is advantageous for 

applications such as multiplexed bioimaging, it can also lead to unwanted crosstalk or 

spectral overlap. To address this, researchers often co-dope the system with ions like Mn²⁺, 

which can either quench specific transitions or introduce alternative emission pathways 

through energy exchange processes, thereby tailoring the emission profile to a specific 

application [22]. 
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Figure 1.1 Up-Conversion mechanism in lanthanide doped nanoparticles. (a) Different 

classes of luminescent materials. (b) Up-conversion mechanism via excited state absorption 

and energy transfer up conversion when electrons are split via Coulomb interactions and 

spin-orbit coupling. (c) different emissions bands of different lanthanides in different 

regions.[15]  

While the multiphoton absorption of near-infrared wavelengths and visible emissions 

results in nonlinear scaling of emission intensities, other up conversion mechanisms, 

namely photon avalanche, can result in extremely high optical nonlinearity [23]. Photon 

avalanche mechanism is a less commonly observed but highly nonlinear process, involving 

an initial weak absorption of photons followed by a cascade of energy transfer and cross-

relaxation events that dramatically amplify emissions [24]. This mechanism requires a 

specific arrangement of energy levels and typically occurs in systems with high dopant 

concentrations under intense excitation. Photon avalanche can be triggered via self-

sensitization pathways, for example in highly doped systems containing only Tm³⁺, 

resulting in sharp excitation thresholds and extreme optical nonlinearity [25].  
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Cross-relaxation (CR) is a non-radiative energy-transfer process between sensitizer ions 

which can result in the quenching or enhancement of differing energy levels. In CR, an ion 

in an excited state transfers a portion of its energy to a neighboring ion in the ground state, 

playing a dual role in regulating upconversion efficiency depending on the energy levels 

involved [26]. In thulium-doped systems, CR is often essential for the population of higher 

excited states that give rise to blue and ultraviolet emissions. This occurs when the energy 

provided by ytterbium sensitizers alone is insufficient to access those levels directly [27]. 

By facilitating energy redistribution among thulium ions, CR enables sequential excitation 

of higher-lying states. However, when CR predominantly occurs between lower energy 

states, it can lead to an overpopulation of these intermediate levels [28]. This, in turn, 

diminishes the population available for higher excited states and results in a reduction in 

upconversion luminescence efficiency. 

Figure 1.2 Energy transfer mechanisms in lanthanide-doped UCNMs (a) Excited State 

Absorption (b) Energy transfer upconversion (c) Photon avalanche (d) Cross-relaxation (e) 

cooperative activation upconversion (f) cooperative sensitization upconversion (g) energy 

migration upconversion.[18]  



6 

1.1.2 Optical characteristics of UCNPs 

The optical characteristics of UCNPs are often result of different doping of sensitizers and 

emitter ions. Sensitizer ions, which are most commonly Yb3+ for its large absorption at 

976nm, and Nd3+ for its ability to absorb 808nm at the NIR-I window [29]. Other than 

changing the excitation wavelengths through altering sensitizers, the change of emissions 

wavelengths can occur through doping different emitter lanthanides [30]. As each 

lanthanide ion possesses a distinct set of 4f–4f transitions, tunable emission across a wide 

spectral range depends on the chosen dopant. Furthermore, a change in emitter 

concentration can also result in different emission wavelengths due to increases in cross-

relaxation, which changes the distribution of excited electrons, resulting in different 

emission wavelengths. 

In general, an increase in dopant concentration usually increases cross relaxation which is 

presented in an increased luminescence emission of lower energy photons, and vice versa, 

where a lower dopant concentration facilitates brighter photon emission at lower 

wavelengths and higher energy levels [31]. However, recent reports have suggested the 

usage of transitional metals such as Cr3+ to absorb visible light for down-conversion, 

lanthanide doped materials given the large absorption cross section of certain transitions 

metals [32]. These materials are difficult to perform up-conversion emissions due to 

mismatching absorption wavelengths, as well as the inability to facilitate efficient energy 

transfer due to their higher rates of transition probability.  

Figure 1.3 Different emission wavelengths of different lanthanide doping.[30] 
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Other than emission wavelengths, the luminescent lifetime of UCNPs can be tuned between 

the microsecond to millisecond range depending on doping concentrations. Decreasing the 

population or concentration of emitter ions in UCNPs can usually increase radiative 

lifetimes while increasing the population of emitter ions usually results in a decrease in 

radiative lifetimes [33]. UCNPs are unique where their radiative lifetimes are magnitudes 

higher than conventional dyes, which is a result of their non-transition probability which is 

LaPorte forbidden [34]. However, given that lifetime is inversely proportional to the 

transition probability, UCNPs often require much higher laser intensities to facilitate 

multiphoton up-conversion emissions. 

Dopant concentration also plays a dual role. While increased concentration of sensitizers 

and emitters enhances the probability of ETU and cross-relaxation interactions, it 

simultaneously increases the risk of concentration quenching [31]. At high doping levels, 

energy migration between ions can lead to non-radiative dissipation at defect sites or 

surface traps, drastically reducing emission efficiency [35]. This is particularly problematic 

in ultrasmall nanoparticles, where a high fraction of ions resides near the surface [36].  

The photostability of UCNPs is mainly the result of vastly different chemical compositions 

between fluorescent dyes, which are often composed of carbon-based amphiphilic rings or 

other organic motifs [37]. The conjugated pi electron systems in carbon based organic 

materials formed via single and double bonded carbons are easily degraded and disrupted 

by higher energy photons [38]. Additionally, cleavage via oxygen radicals and other 

reactive oxygen species (ROS) will result in permanent chemical photobleaching [39]. On 

the other hand, inorganic host and the 4f-f electronic transitions cannot be disrupted via 

ROS or high energy photons as they are shielded by outer electrons and crystal lattice 

respectively [16]. Other inorganic materials with luminescent properties, such as semi-

conductor quantum dots, experience photobleaching because of electron trapping into the 

conductance band [40]. In lanthanide-doped systems, electron trapping becomes infrequent 

due to the lower energy excitation as well as the inert nature and wide band gap of inert 

crystal lattices [41]. 
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Figure 1.4 Tunable upconversion lifetimes via particle engineering. (a) Nd-Yb-Tm UCNPs 

with differing sensitizers (Nd, Yb) and emitter (Tm) concentrations. (b) Differing rising, 

peak and decay times for different concentrations. (c) Photographic representation.[42] 

Up conversion systems typically exhibit low up-conversion quantum yield (UCQY), 

especially under low-intensity excitation [34]. Quantum yield (QY) is a fundamental 

parameter that characterizes the efficiency of light emission in luminescent materials. It is 

defined as the ratio of the number of photons emitted to the number of photons absorbed:  

Given the stepwise excitation of sensitizer and emitter energy transfer upconversion, each 

transition between excited states is potentially vulnerable to non-radiative relaxation, most 

notably through multiphonon relaxation [43]. In systems with multiple intermediate energy 

levels, such as lanthanide doped nanomaterials, an increase in non-radiative decay through 

phonon relaxation can substantially affect the quantum yield of the material, especially if 

the energy gap between two excited states is small. The probability of losing that energy to 

lattice vibrations increases significantly in situations where the energy gap is generally less 

than 3000–4000 cm⁻¹ [44]. This is described by the energy gap law, where smaller gaps 

lead to higher rates of non-radiative decay via the emission of multiple phonons [45]. The 

cumulative effect of these non-radiative decay processes across multiple energy levels leads 

to a substantial reduction in overall quantum yield.  
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Figure 1.5 Photostability of UCNPs compared to traditional dyes.[46] 

1.1.3 Physical characteristics and crystal structure of UCNPs 

The physical characteristics and crystal structure of UCNPs are fundamental to their 

photophysical behavior and functional performance across a wide array of applications. 

While much of the attention in upconversion research has historically centered on dopant 

selection and energy transfer mechanisms, the influence of the host lattice and particle 

morphology is equally critical [47]. The host matrix not only governs phonon dynamics and 

non-radiative decay pathways but also plays a pivotal role in determining dopant solubility, 

lattice symmetry, and the nature of crystal field interactions that influence radiative 

transitions (Figure 1.6) [48]. In addition, surface properties, phase structure, and defect 

density directly impact luminescence efficiency, stability, and interactions with biological 

or optical environments [49]. Understanding these structural and physical parameters is 

essential for engineering UCNPs with tailored properties for applications in bioimaging, 

phototherapy, sensing, and photonic technologies. 

Like all nanomaterials, UCNPs and their interactions with light are significantly attributed 

to their surface physical characteristics and composition. As such, differing host lattices can 
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alter the shape, size and optical properties of UCNPs which result in different biological 

and optical interactions. 

Factors such as luminescence and quantum yield are significant optical properties that 

research aims to optimize to improve their viability in numerous applications, such as 

improving the detection limit in diagnostics or increasing resolution in super-resolution-

based applications [50]. The crystal host is one of the critical factors that can significantly 

alter the physical characteristics of UCNPs. Host matrices with high phonon energies, such 

as oxides, result in an increase of vibrational frequence due to the light mass of ions in the 

host lattice as well as strong ionic or covalent bonding between constituent atoms [51]. 

Hosts matrices containing higher phonon energies typically increase multiphonon 

relaxation when excited states are achieved and are therefore more likely to decrease the 

overall quantum yield.  

Figure 1.6 TEM images of different Ho3+ nanoparticles with different host lattices.[32] 
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These materials also offer structural compatibility with lanthanide ions, allowing high 

dopant solubility without phase segregation. Host symmetry and local coordination further 

affect the intensity and probability of radiative transitions, particularly for parity-forbidden 

4f–4f transitions, which are susceptible to changes in crystal field environments [51].To 

mitigate this, fluoride-based hosts such as NaYF₄ are commonly used in UCNP synthesis 

due to their low maximum phonon energies, which help to suppress non-radiative losses 

and preserve the long excited-state lifetimes required for efficient upconversion [52]. 

NaYF4 systems are chemically inert, easily synthesized and generally non-toxic compared 

to heavy metal nanomaterials. NaYF4 can exist in either a cubic (a) or hexagonal (b) phase 

depending on the reaction conditions such as temperature and reaction time, which can 

result in spherical or hexagonal nanoparticles ranging from 5 to 500nm. It is generally 

recognized that hexagonal phases possess a higher luminescence efficiency due to higher 

crystal field asymmetry, which allows for the crystal field distortion to enhance 4f-f 

transitions [47].  

Figure 1.7 Lattice structure of NaYF4 UCNPs in alpha-cubic (a) and beta-hexagonal (b) 

states.[167]  

These structural and compositional factors not only influence fundamental luminescent 

behavior but also enable tunability in nonlinear optical responses, which are increasingly 

being leveraged in advanced imaging modalities. By strategically selecting host materials 

and dopant combinations, it becomes possible to engineer UCNPs with tailored optical 

behaviors for highly specialized applications [53]. For example, Lutetium doped UCNPs 
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have recently demonstrated extremely optical nonlinearity by altering the dipole transitions 

in thulium doped avalanching nanoparticles [54]. 

As a result of lattice contraction through distorted symmetry via sublattice reconstruction, 

optical nonlinearity was significantly increased in lutetium and thulium doped UCNPs, 

which demonstrated a significant increase in lateral and axial resolution through optical 

scanning microscopy. 

Figure 1.8 Differing optical properties via lattice reconstruction. (a) Schematic of lattice 

reconstruction enhancing dipole-dipole interactions (b) Increasing Optical nonlinearity after 

reconstruction (c) Emission wavelengths under slight changes in emission intensities.[54] 

Furthermore, recent research has demonstrated that a reduction in defects, specifically 

hydroxy defects, can significantly increase the luminescence of nanoparticles by reducing 

non-radiative pathways for optical relaxation [55]. UCL quenching can also occur in water 

due to non-radiative relaxation between Yb3+ ions and water given the matching energies 

between the stretching vibration energy level of v = 0 to v = 3 in hydroxyl groups and the 

electron transition energy of Yb3+ ions [32]. As such, method, materials or lattice hosts 
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which introduce hydroxyl groups or oxygen ions which are prone to forming defects during 

nanoparticle synthesis can result in lower efficiency UCL. One of the major sources of 

defects exists at the surface of the nanoparticle, which are formed during the final stages of 

particle synthesis where surface energy can result in distortions or changes in lattice 

positions [56]. Given the enhanced surface area to volume ratio in nanoscale materials, 

surface defects contribute a major role in the quenching in many materials, including 

UCNPs. As such one of the most classic methods for the reduction of defects is via surface 

passivation through inert shell formation. The formation of inert shells can significantly 

reduce the transfer of energy from excited states in lanthanides towards defects as well as 

potential quenching factors in the environment [57]. In these systems, an active or inert 

shell surrounds the doped core, isolating the emissive centers from surface quenchers and 

improving the overall quantum yield. Core–shell designs can also support energy 

migration-based upconversion (EMU), where excitation energy is relayed through a 

network of ions before reaching the activator [58]. Taken together, the upconversion 

process is not defined by a single mechanism but rather by a complex interplay of 

multiphoton excitation pathways, host-lattice effects, dopant interactions, and 

nanostructural engineering. A deep understanding of these interdependent factors is 

essential for rationally designing efficient upconversion nanomaterials for applications 

ranging from deep-tissue imaging and targeted phototherapy to solar energy harvesting and 

anti-counterfeiting technologies. 
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Figure 1.9 Schematic illustration of non-radiative relaxation between UCNPs and hydroxyl 

groups through surface quenching in an aqueous environment.[32] 

1.1.4 Current applications of UCNPs 

Given the unique optical properties of UCNPs, these materials have been used extensity in 

a variety of applications in the fields of energy, fingerprinting, anti-counterfeit materials, 

diagnostics and bioimaging.  

1.1.4.1 Lifetime multiplexing and anti-counterfeit applications  

Lifetime multiplexing, which is tunable by dopant concentrations, has been demonstrated to 

have immense potential for anti-counterfeit materials as well as diagnostic identification 

[59]. Lifetime multiplexing in upconversion nanoparticles relies on the ability to 

distinguish luminescent signals based on their decay lifetimes rather than solely their 

emission spectra. This phenomenon arises because different lanthanide dopants, or varying 

concentrations of the same dopant, exhibit characteristic excited-state lifetimes. These 

differences stem from variations in energy transfer processes, cross-relaxation pathways, 

and non-radiative decay rates, all of which are highly sensitive to dopant type, 

concentration, and the local crystal field environment [33]. By precisely tuning these 

parameters during synthesis, it is possible to generate UCNPs with distinct and 

reproducible temporal luminescence profiles.  
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Figure 1.10 Lifetime multiplexing using UCNPs (a) Differing rising-decay fingerprints 

with UCNPs. (b) Multiplexing through conjugation with DNA using Tm3+ UCNPs. [42] 

This tunability has significant implications for anti-counterfeit technologies. UCNPs can be 

embedded into materials to produce unique lifetime-encoded signatures that are not visible 

under normal lighting and require time-resolved detection for authentication [60]. Such 

features are difficult to replicate or forge, offering a robust layer of security in labeling or 

certification.  

1.1.4.2 Diagnostics and Lateral flow assays  

Lateral flow assays (LFAs) are rapid, portable, and cost-effective diagnostic platforms 

widely used for point-of-care testing in clinical, environmental, and food safety 

applications. Based on capillary-driven fluid migration across a porous membrane, LFAs 

utilize specific molecular recognition events to detect the presence of target analytes, 

typically producing a visible signal within minutes [61]. Their simplicity, low sample 

volume requirement, and ease of use have made them indispensable in both resource-

limited settings and large-scale screening programs. In LFAs, upconversion nanoparticles 

offer distinct advantages due to their unique optical properties, particularly their ability to 

undergo anti-Stokes emission, where they emit shorter-wavelength light upon excitation 

with NIR light. This characteristic allows for detection with minimal background 

interference, as biological tissues and common assay substrates typically exhibit little to no 

autofluorescence under NIR excitation [62]. 

Figure 1.11 Schematic of UCNP LFA mechanism.[69] 

The mechanism of UCNP-based LFAs typically involves functionalizing the surface of the 

nanoparticles with specific biorecognition molecules, such as antibodies or 

oligonucleotides, which enable selective binding to target analytes [63, 64]. During the 
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assay, the sample migrates along a nitrocellulose strip via capillary action. If the target is 

present, it binds to the UCNP-conjugated recognition molecule, and this complex is then 

captured at a test line that contains a secondary binding agent. Upon NIR excitation, 

commonly at 980 nm or 808 nm, UCNPs emit visible light, which is detected using a 

photodetector or a smartphone-based imaging system [65-68]. 

Compared to traditional fluorophores or gold nanoparticles, UCNPs offer significantly 

improved sensitivity and signal-to-noise ratio, enabling detection of analytes at much lower 

concentrations [69]. Additionally, their resistance to photobleaching and chemical 

degradation enhances assay stability and reproducibility. Because UCNPs can be tuned to 

emit at different wavelengths or lifetimes depending on their composition, they also allow 

for multiplexed detection, where multiple targets can be simultaneously identified on the 

same assay strip [68]. This makes UCNPs a highly promising platform for next-generation 

point-of-care diagnostics. 

1.1.4.3 Photodynamic therapy  

Photodynamic therapy (PDT) has become an attractive approach with immense clinical 

application for cancer and disease therapeutics [70]. As a minimally invasive treatment, 

PDT utilizes light-activated photosensitizers to generate reactive oxygen species, leading to 

localized cell damage and apoptosis. PDT offers high spatial selectivity with reduced 

systemic toxicity, making it an attractive alternative to conventional therapies. 

Figure 1.12 Schematic of different therapeutic application of UCNPs.[71] 
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 In PDT, upconversion nanoparticles serve as nanoscale transducers that convert deeply 

penetrating NIR light into higher-energy visible or ultraviolet photons capable of activating 

photosensitizers. The mechanism of UCNP-assisted PDT addresses one of the central 

limitations of conventional PDT, namely, the shallow tissue penetration of visible light, by 

enabling the excitation of photosensitizers at depth using NIR wavelengths such as 980 nm 

or 808 nm [72, 73].UCNPs are typically doped with lanthanide ions such as Yb³⁺, which act 

as sensitizers absorbing NIR light, and Er³⁺, Tm³⁺, or Ho³⁺, which serve as activators 

emitting in the visible or UV range. Upon NIR excitation, the absorbed photons undergo 

sequential energy transfer within the UCNP lattice, resulting in upconverted emission. This 

emission overlaps with the absorption spectrum of nearby photosensitizer molecules, which 

are either covalently linked or physically adsorbed onto the UCNP surface [74]. Once 

activated, these photosensitizers transfer energy to surrounding molecular oxygen, 

producing cytotoxic reactive oxygen species (ROS), particularly singlet oxygen (¹O₂), 

which induce localized oxidative damage to cellular structures, ultimately leading to cell 

death for photo-induced chemotherapy and tumor elimination [75]. 

Recent works have also explored the potential applications of UCNPs for immunogenic cell 

death for cancer therapy through photoimmunotherapy [168-172]. For example, Through 

the activation of endogenous iron within the cell, Zhu et al. has demonstrated efficient 

immunotherapy with ferroptosis and proptosis integration upon NIR radiation [171]. Folic 

acid molecule functionalization on UCNPs facilitated enhanced tumor targeting through 

folate receptors, while croconaine molecules enabled iron localization within the lysosome 

for enhanced ferroptosis. NIR irradiation facilitated UV emissions for the activation of the 

Fenton reaction for enhanced tumor therapy using UCNPs. In other instances, enhancing 

targeting through surface labelling of UCNPs has been achieved using methods such as 

hyaluronic acid, aptamers, membrane encapsulation or small peptides, which are useful 

alternatives with binding affinities for different applications [168-172].  

Several design insights have advanced the efficacy of UCNP-mediated PDT. Surface 

engineering of UCNPs with mesoporous silica, polymers, or amphiphilic coating enhances 

biocompatibility and allows for high photosensitizer loading [76-78]. Moreover, doping 

strategies and energy transfer engineering, such as optimizing sensitizer-to-activator ratios 

can be fine-tuned to maximize ROS generation. Overall, UCNP-based PDT represents a 
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promising avenue for non-invasive cancer treatment and localized therapy, offering high 

spatial control, deeper tissue penetration, and minimized collateral damage due to the low 

phototoxicity of NIR excitation in healthy tissues. 

1.1.4.4 Bioimaging and super-resolution  

Similar to photodynamic therapy, in bioimaging, UCNPs offer a powerful alternative to 

conventional fluorophores due to their unique ability to convert low-energy NIR excitation 

into visible or ultraviolet emission through a multiphoton absorption process. This anti-

Stokes shift allows for imaging with minimal background autofluorescence and reduced 

photodamage to biological tissues, which are particularly beneficial for in vivo imaging and 

deep-tissue visualization. 

In super-resolution microscopy, UCNPs are increasingly utilized due to their non-linear 

emission properties and long luminescence lifetimes. Techniques such as stimulated 

emission depletion (STED) and lifetime-based imaging modalities take advantage of these 

features. For instance, UCNPs can be depleted selectively in the outer regions of the 

excitation spot using a secondary beam, as in STED, or distinguished based on decay 

dynamics in time-gated or lifetime imaging, allowing for sub-diffraction spatial resolution 

[79]. 

Additionally, recent advances have demonstrated that single UCNPs can be engineered to 

exhibit photon emission intermittency (blinking) or nonlinear excitation thresholds, 

enabling their use in stochastic optical reconstruction microscopy (STORM)-like methods 

[80]. These blinking dynamics, though not intrinsic to all UCNPs, can be induced through 

surface modifications, dopant concentration control, or host lattice manipulation [80]. 

Altogether, UCNPs offer distinct advantages in bioimaging and super-resolution 

applications, including deep-tissue imaging capability, enhanced signal-to-noise ratios, 

exceptional photostability, and compatibility with advanced imaging techniques that 

demand precise spatial and temporal resolution. Their tunability in emission, excitation, and 

lifetime properties make them highly adaptable tools for next-generation optical imaging. 
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Figure 1.13 Bioimaing and super-resolution applications using UCNPs. (a) STED (b) 

NIRES (c) 3D NIRB (d) SMED (e) NSIM(f) SEE (g) MPA.[81] 

1.1.4.5 Persistent luminescence and X-ray imaging  

Lanthanide-doped upconversion nanoparticles have gained widespread attention for their 

ability to convert low-energy near-infrared excitation into visible emission [82]. Beyond 

traditional upconversion processes, these materials can also be engineered to exhibit 

functionalities such as persistent luminescence and X-ray-excited emission, both of which 

significantly expand their utility in biomedical imaging. Persistent luminescence allows for 

time-delayed photon emission after the excitation source is removed, enabling background-

free imaging and prolonged signal monitoring [83]. Meanwhile, X-ray-excited 

luminescence enables deep-tissue excitation through ionizing radiation, allowing for 

efficient light generation within optically opaque environments. These advanced 

luminescent modalities rely on distinct but related mechanisms involving charge carrier 

dynamics, trap states, and energy transfer to lanthanide ions.  

In persistent luminescence, also known as afterglow or long-lasting phosphorescence, the 

emission persists long after the excitation source has been removed. This process typically 

requires the presence of charge traps within the host lattices such as defects, vacancies, or 

intentionally introduced co-dopants that can temporarily store excitation energy [84]. Upon 

excitation by X-ray, UV, visible, or NIR light, electrons are promoted to higher energy 

states and subsequently trapped in these long-lived defect states. Over time, thermal energy 

or low-level background stimulation releases the trapped charge carriers, which then 

recombine radiatively at luminescent centers such as lanthanide ions (e.g., Er³⁺, Tm³⁺, or 

Dy³⁺), producing a delayed emission in both a visible and NIR spectrum [85]. In the context 

of UCNPs, fluoride-based hosts typically lack sufficient trap depth for strong persistent 

luminescence, so host lattices like garnets or aluminates, which better support charge-

trapping, are often used in persistent luminescent materials [86]. However, hybrid systems 

and core–shell structures can be designed to enable afterglow in UCNPs by introducing 

trap-rich layers [87]. 

Lanthanide ions with appropriate electronic configurations, such as Eu³⁺ or Tb³⁺, can emit 

strongly under X-ray excitation [82]. Incorporating such ions into UCNP-like 

nanostructures enables dual-modality probes that can be excited either by NIR or by X-ray 
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irradiation. X-ray excitation allows for deep tissue imaging due to the high penetration 

depth of ionizing radiation, while the visible/NIR emission can be detected with high 

sensitivity [88]. Furthermore, UCNPs doped with elements like Gd³⁺ can serve as contrast 

agents for magnetic resonance imaging (MRI), enabling multi-modal imaging platforms 

[89]. 

Overall, X-ray-activated UCNP systems expand the imaging toolbox for biomedical 

applications, allowing for high-contrast, background-free imaging in vivo and in deep 

tissue, especially in scenarios where continuous excitation light is impractical or 

phototoxic. 
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Figure 1.14 Persistent luminescence applications using UCNPs (a) Full resolution 

imaging using FWHM. (b)Radiometric fluorescence with persistent luminescence. (c) Deep 

tissue imaging. (d) Persistent luminescence with different lanthanides. (e) Real time 

tracking using persistent luminescence. (f)Methods for surface functionalization and 

phototherapy. (g) High resolution X-ray imaging.[83] 

1.2 Nanoparticle and the cell 

Materials which exist at the nanoscale level possess unique physical and chemical 

properties that differ greatly from their bulk counterparts. Phenomenon that occurs only at a 

nanoscale, such as the quantum confinement effect and surface plasmon effect, are a result 

of materials confined at sizes smaller than the wavelength of light [90, 91]. Furthermore, at 

a nanoscale, intermolecular forces, such as Van deer Waals forces, electrostatic interactions 

as well as surface tension, become dominant forces that can significantly influence the 

physical and chemical properties of nanomaterials [92, 93]. Finally, materials at the 

nanoscale have significantly higher surface area to volume ratio that inversely increases as 

size decreases. These properties, along with ingenious strategies to synthesize, modify and 

structure nanoparticles for tailor-made applications make them a dominant field in recent 

research.  

Particularly, nanoparticles and their clinical applications as therapeutic agents, delivery 

systems and diagnostics tools have vast potential for revolutionizing medicine. 

Figure 1.17 Schematic of potential interaction between the nanoparticle surface and 

proteins.[94] 
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Fundamentally, nanoparticles as potential strategies for future clinical applications are 

essentially dependent on nanoparticle-cell interactions, which currently acts as a major 

bottleneck for future clinical applications [94]. As such, understanding the interactions 

between the cell and nanoparticles is foundational work that can significantly accelerate 

clinical applications of nanoparticles. It is therefore imperative to understand and detect 

nanoparticles and their interactions within the cell at a wide timescale between seconds and 

days [95].  

Nanoparticle endocytosis is the first step between the interactions between cell and the 

nanoparticle. However, endocytosis is not the first step that occurs between the nanoparticle 

and a biological environment due to the formation of a protein corona. The protein corona, 

which is formed via interactions with the surface of the nanomaterial, is often dependent on 

the chemical and physical characteristics of the nanoparticle surface, such as surface charge 

and binding affinity [96]. In the majority of cases, common proteins in a living system such 

as albumin, immunoglobin and fibrinogen can dominate the surface of the nanoparticle. 

While endocytosis has been extensively studied for decades, its interactions with 

nanoparticles are still unclear and misunderstood. Namely, interactions between the 

phospholipid bilayer and its receptors compel nanoparticles and other foreign material to 

enter the cell only via active transportation [97-99]. In this sense, active transportation of 

nanoparticles into the cell is facilitated by the cytoskeleton. It has become a challenge in 

recent years to study how endocytosis can influence the uptake of nanoparticles within the 

cell. Drug-induced inhibition of endocytic pathways is the standard method in studying 

nanoparticle cell uptake [100]. However, the major disadvantage of using drug-induced 

disruption of specific endocytic pathways is the uncertainty of potential side effects of other 

up-take pathways; that is, drug-induced disruption may affect multiple uptake pathways as 

well as intracellular trafficking [94]. Cellular interactions with the nanoparticle are further 

discussed in chapter 2.   

1.3 Single particle tracking 

1.3.1 Significance and fundamentals 

Intrinsically linked with biological function and interaction with living systems, 

understanding the behavior of molecules in a living system is fundamental towards 
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understanding the complex mechanisms of biological function. The kinetics of biochemical 

reactions, such as the rates at which proteins bind and unbind to substrates like DNA, or 

organelle kinetics-based interactions during cellular mitosis, are crucial interactions that 

dictate various functions in biological systems [101-103]. Classical biological techniques, 

such as FISH, FRET and FRAP have been developed to understand these intrinsic 

interactions at a cellular and single molecular level. However, direct insights into the 

physical nature and organization of the cellular environment remain unclear today. Single 

particle tracking (SPT) has become a technique in recent years for monitoring the 

spatiotemporal dynamics of individual particles within living cells. It serves as a principal 

methodology for elucidating the complex behaviors of individual proteins or organelles, 

including their navigation of cellular microenvironments, their interactions with other 

macromolecules or organelles, and their assembly into functional complexes [104, 105]. A 

key advantage of SPT over conventional ensemble-based biochemical or imaging 

techniques is its unique capacity to resolve molecular heterogeneity. Specifically, analysis 

of individual molecular tracks can reveal diverse binding and unbinding kinetics, spatially 

dependent variations in protein dynamics, and the viscoelastic properties of the intracellular 

environment [106, 107]. The application of SPT is broadening to address key questions 

across cellular biology and biophysics. Through the extraction of multifaceted biophysical 
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information from a single particle or cargo trajectory, distinct diffusion states, binding and 

unbinding kinetics, and periods of confinement can facilitate the construction of 

comprehensive, mechanistic models of cellular processes. 

The analysis and process to describe certain biological processes using SPT can be 

described by two processes, the experimental tracking process and analytical process (Fig 

1.18). The experimental tracking process, which is dictated by microscopy method, 

fluorophore selection and biological context, is often selected depending on the context and 

purpose of the study. In most cases, a scanning or widefield based method is selected with 

various hardware to choose from depending on the available instruments or resources. 

Fundamentally, the analytical process needs to mitigate inaccuracies brought in by the 

experimental process via analytical tools through different calculations and estimations are 

core themes in SPT [108]. This need to address different inaccuracies brought in by 

different biological contexts and experimental procedures have resulted in numerous 

software and methods being developed for SPT. Regardless of what experimental methods 

are performed, inaccuracies and noise are inevitably bound by physical restrictions. These 

inaccuracies brought in by the frame rate, diffraction limit, signal to noise ratio, drift, 

photobleaching and phototoxicity, must be taken into account before analyzing the states 

and coefficients within biological systems. For example, the diffraction limit often requires 

predictions and estimations for the localization of singular molecules, as sub 100 nm 

molecules such as proteins and DNA are vastly smaller than the diffraction limit of 

approximately 200 nm without super-resolution [80]. 

1.3.2 Analytical Methods for SPT 

With a need to address different tracks in a biological context, numerous analytical 

techniques have been developed for SPT. For example, the ability to monitor and 

characterize nanoparticle movement within cells in real time is a critical tool in elucidating 

mechanisms of cellular uptake, intracellular trafficking, and therapeutic delivery efficiency. 

This section will analyze modern analytical methods for SPT [109-111].  

Figure 1.18 Processes to achieve single particle tracking.[108] 
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1.3.2.1 MSD  

Among the various analytical tools used to interpret single-particle trajectories, Mean 

Square Displacement (MSD) analysis has emerged as one of the most widely adopted and 

informative methods [112, 113]. MSD provides a quantitative measure of particle mobility 

and can differentiate between key modes of transport such as diffusion, confinement, and 

active motion. By applying MSD to intracellular tracking data, researchers gain not only 

kinetic information (e.g., diffusion coefficients) but also mechanistic insight into how 

nanoparticles navigate the intracellular environment. 

MSD is a statistical metric that quantifies the average squared distance a particle travels as 

a function of time. In the context of intracellular tracking, MSD provides key insights into 

the dynamic behavior of nanoparticles, vesicles, or organelles within the complex and 

heterogeneous cellular environment. It is derived from time-lapse imaging data by tracking 

the positions of individual particles over successive frames. The MSD is mathematically 

defined as: 

where r(t) represents the particle's position at time t, and the angular brackets denote an 

average over all time origins and tracked particles. MSD analysis allows for classification 

of motion types such as free diffusion, confined diffusion, active transport, and anomalous 

diffusion, each of which reveals different aspects of the local cellular environment or 

biological interaction [112]. 

By segmenting trajectories into motion categories, it becomes possible to quantify the 

relative contributions of passive and active transport within cells [114]. This analysis 

provides mechanistic insight into how nanoparticles are trafficked, retained, or exocytosed, 

which is essential for applications in drug delivery, bioimaging, and nanotoxicology. 

Additionally, changes in MSD behavior over time or under pharmacological intervention 

can be used to probe the dynamics of intracellular transport systems. 



27 

Despite its utility, MSD analysis presents several technical challenges. Localization noise at 

short lag times can artificially flatten MSD curves, leading to underestimation of diffusion 

coefficients [115]. This is particularly problematic for slowly moving or confined particles. 

At long lag times, trajectory truncation and statistical under sampling can introduce biases 

due to reduced averaging and increased variability. Additionally, cellular heterogeneity, 

such as organelle crowding or local viscosity differences, complicated interpretation and 

necessitate large datasets for statistically robust conclusions [116, 117].     

1.3.2.2 Change-point method 

Change-point based methods is a powerful approach for elucidating mechanistic 

differences between experimental conditions. For example, in the analysis of protein-

substrate interactions, elevated binding rates may suggest an increase in available binding 

sites, whereas reduced unbinding rates are indicative of enhanced complex stability [118]. 

Figure 1.19 Types of diffusive motion (a) Brownian (b) Continous time random walk. (c) 

Subdiffusive (d) Superdiffusive.[112]
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Change-point detection methods identify these transitions by analyzing molecular 

trajectories within a sliding temporal window to find significant shifts in a locally 

computed metric, such as the slope of the mean squared displacement or the radius of 

gyration [119, 120]. While pronounced changes in motion can be identified using a simple 

threshold, a more rigorous strategy involves a statistical framework that quantifies the 

confidence level for each putative transition. A fundamental challenge in this approach is 

the inherent trade-off between detection sensitivity and specificity. Setting a high 

confidence threshold minimizes the detection of spurious, non-physical transitions but 

consequently increases the probability of failing to identify genuine transitions, which leads 

to an underestimation of their rates [121, 122]. Conversely, a low confidence threshold can 

result in the erroneous detection of transitions. Generally, change-point methodologies are 

most effective when applied to long trajectories containing hundreds of data points and 

exhibiting transition frequencies that are low relative to the analysis window size [123]. A 

principal advantage of these methods is their adaptability, as they do not presuppose a 

specific underlying model for the different types of motion. However, their reliance on 

user-specified tuning parameters remains a significant limitation. 

1.3.2.3 Jump distance and HMM models 

The creation of advanced computational tools, including Hidden Markov Models 

(HMMs) and machine learning algorithms to classify motion types and quantify state 

transitions has become a popular method for SPT (Figure 1.19). While MSD analysis 

remains a widely used and intuitive method for interpreting single-particle tracking data, it 

often fails to capture the full complexity of intracellular motion. MSD is limited in its 

ability to resolve transitions between different transport regimes that occur over time within 

a single trajectory. To overcome these limitations, HMMs offers a more sophisticated and 

statistically grounded framework. A HMM is a probabilistic model that describes a system 

which transitions between a finite set of hidden states over time [124]. Each hidden state 

corresponds to an observable output governed by a specific probability distribution. In the 

context of particle tracking, the hidden states represent distinct modes of motion (e.g., 

confined diffusion, free diffusion, active transport), and the observed outputs are the 

displacements between successive time points [122]. In the case of HMM, it is especially 

useful for detecting latent biological processes that cannot be directly observed from raw 
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position data alone. These may include switching between vesicle-associated movement 

and free cytosolic diffusion, or transitions between confined and actively transported states. 

The identification of discrete motility states and the dynamic switch between captures the 

stochastic nature of nanoparticle transport in the crowded and heterogeneous intracellular 

environment. The likelihood of a sequence of observed displacements is calculated by 

marginalizing over all possible hidden state sequences. This is typically done using the 

forward-backward algorithm, which computes the probability of each state at each point 

given the full observation sequence [124]. Parameter estimation (e.g., diffusion coefficients, 

velocities, transition rates) is achieved using algorithms such as Expectation-Maximization 

(EM) or Bayesian inference [125]. Similarly, machine learning algorithms can produce 

more accurate state transitions, however, understanding the framework behind these 

classifications can be limited by the black box problem [126]. 

Figure 1.19 Jump distance-based methods for SPT. (a) Hidden Markov model. (b) 

vbSPT. (c) anaDNA.[108] 
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Nonetheless, the implementation of HMM poses several challenges. Accurate model fitting 

depends on sufficient trajectory length and quality, and short or noisy tracks may yield 

unreliable state assignments. Choosing the correct number of hidden states requires careful 

validation, as overfitting can produce spurious interpretations while underfitting can mask 

important biological phenomena [127]. Moreover, the computational cost of fitting HMMs 

to large datasets can become substantial, particularly when analyzing hundreds to thousands 

of trajectories [124]. Despite these limitations, HMM remains one of the most effective 

tools for dissecting complex intracellular transport dynamics. When used in conjunction 

with other analytical techniques and experimental insights, it provides a robust framework 

for understanding the stochastic and state-dependent behavior of nanoparticles in living 

systems. 

1.3.3 Applications 

Understanding the intracellular dynamics of nanoparticles is essential for the 

rational design and optimization of nanomaterials for biomedical applications. SPT 

provides a means of following the trajectory of individual nanoparticles with high spatial 

and temporal resolution. This approach allows researchers to dissect dynamic behaviors 

that would be obscured in ensemble-averaged measurements, revealing subpopulations of 

particles with distinct motion profiles. Applications of intracellular tracking include 

evaluating nanoparticle targeting, mapping vesicle transport pathways, assessing the impact 

of particle surface chemistry on cellular processing, and probing intracellular barriers that 

influence therapeutic efficacy. 

1.3.3.1 Membrane Protein Diffusion  

The lateral translocation of proteins within the plasma membrane is a biophysical process 

integral to numerous cellular phenomena, including signal transduction and intercellular 

communication. Membrane protein diffusion is the lateral movement of proteins within the 

fluid, two-dimensional environment of the cell's plasma membrane [128-130]. The mobility 

of membrane proteins is intricately modulated by a confluence of factors, including steric 

hindrance from macromolecular crowding, dynamic associations with other protein 

complexes, transient confinement within specialized membrane microdomains, and 

interactions with the underlying cytoskeletal meshwork [128]. These constraints 

collectively give rise to complex motional patterns, most notably anomalous subdiffusion, 
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where the mean squared displacement of a particle scales non-linearly with time, often due 

to transient trapping or caging effects [131, 132]. 

The methodology for studying membrane proteins using SPT typically involves the 

conjugation of a photostable fluorophore to the protein of interest, followed by time-lapse 

microscopy to record the molecule's position over time [133]. The sequential localization 

data are then algorithmically linked to reconstruct spatiotemporal trajectories. Afterwards, 

subsequent quantitative interrogation of these trajectories allows for the classification of 

motion types revealing the kinetic parameters of transitions between different diffusive 

states, such as bound versus unbound which decipher the underlying kinetics of molecular 

interactions directly within their native cellular environment. 

Figure 1.20 SPT for lipid membrane interactions. (a) Schematic illustration of SPT 

trajectories at a lipid bilayer. (b) Fluorescent spots on the lipid membrane (c) 

Coordination graph of single molecules.[134] 
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By tracking single molecules, SPT deconvolutes population averages to reveal co-existing 

subpopulations with distinct motional properties, such as immobile, confined, and freely 

diffusing fractions. This capability is crucial for discriminating between different 

mechanistic models, as multiple distinct biophysical scenarios can produce identical 

ensemble-averaged behavior. SPT allows for the direct characterization of transient events, 

such as a receptor entering and exiting a signaling microdomain, providing direct evidence 

for the "hop diffusion" model where proteins are temporarily corralled by cytoskeletal 

barriers [135, 136]. Furthermore, the collection of numerous trajectories enables the 

generation of high-resolution maps of the membrane's biophysical landscape, delineating 

domains of altered mobility or potential energy [137] (Figure 1.20). Consequently, SPT 

offers an unprecedented level of mechanistic resolution for investigating the dynamic 

architecture of the plasma membrane and its regulatory role in protein function.  

1.3.3.2 DNA Transcription dynamics 

 SPT additionally offers a window into millisecond-scale events that constitute transcription 

initiation and regulation. By observing individual fluorescently labeled transcription factors 

(TF) or polymerases, single molecule transcription regulation can be observed at a 

millisecond-level [138, 139]. This approach makes it possible to quantitatively distinguish 

between the different motional states that define the target search process, as periods of 

rapid, free diffusion in the nucleoplasm can be clearly separated from segments of slower, 

constrained motion indicative of non-specific associations with DNA [140, 141]. Crucially, 
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SPT can capture the moment of specific binding, identifying molecules that become 

transiently immobile upon engaging their cognate DNA target [142]. The direct 

measurement of the duration and frequency of these key binding events provides a kinetic 

fingerprint of how these proteins navigate the complex nuclear landscape to execute their 

function. Furthermore, analysis of DNA transcription dynamics at a single molecular level 

via FISH can be achieved to observe binding between ssDNA and dsDNA through 

fluorescence bursts after quencher and fluorophore separation during transcription (Figure 

1.21). 

1.3.3.3 Cytoplasmic diffusion 

The cytoplasmic diffusion of nanomaterials describes the movement of engineered 

particles, such as quantum dots or drug-delivery vehicles, through the cell's interior which 

have significant applications for the fields of nanotoxicology [144, 145]. The cytoplasm, 

which possess a crowded and viscoelastic medium, densely packed with organelles, protein 

complexes, and a meshwork of cytoskeletal filaments facilitates unique interactions with 

nanomaterials which can be described and detected via SPT [146-148]. The physical 

properties of this environment, which can exhibit glass-like characteristics, are actively 

modulated by the cell's metabolic state [149, 150]. Consequently, the transport of 

exogenous nanomaterials is often severely hindered , resulting in restricted and sub 

diffusive motion that reflects upon the physical characteristics present within a living cell 

[146].  

The foremost benefit of using SPT for this purpose is its ability to perform spatially 

resolved mechanical measurements within a single, living cell, which is impossible with 

bulk methods that require cell lysis [117, 151]. For example, Zahid, et al. demonstrated 

differences in diffusive states across different nanoparticle surface modifications through 

single particle tracking [146]. Coating dependent behavior after osmotic pinosome lysis 

depicted different interactions between the cytoplasmic region of the cell and the surface of 

quantum dots (Figure 1.21). SPT can also generate high-resolution maps of the cytoplasm's 

Figure 1.21 Real time tracking of dsDNA transcription (a) Schematic representation. (b) 

3D trajectory of dsDNA (c) Intensity of transcription burst between dsDNA (bottom), 

ssDNA top. (d) Transcription bursts (e) Photon counts of the mRNA channel.[143] 



34 

physical architecture, identifying regions of higher or lower restriction to movement, which 

is critical for understanding intracellular transport phenomena [152]. Furthermore, the 

technique is sensitive enough to detect non-thermal, active fluctuations driven by molecular 

motors, which contribute significantly to particle motion and reveal the cytoplasm as an 

active fluid rather than a passive one [153, 154].  

1.3.3.4 Live cell intracellular dynamics 

The successful application of nanotechnology in medicine hinges on understanding the live 

intracellular dynamics of nanomaterials. Once internalized, an engineered particle is 

separated from the typical cytoplasm and reserved within the endomembrane systems, 

where its fate is determined by a complex interplay of physical barriers and active 

biological processes [94, 155]. The nanoparticles are subject to constant interaction with 

cytoskeletal filaments, which is perpetually agitated by ATP-driven forces from molecular 

motors, creating a non-equilibrium setting that is fundamentally different from a passive 

fluid, which dictates its ultimate efficacy, localization or potential toxicity [156, 157].  

SPT provides an unparalleled method for deciphering a nanoparticle's behavior in real-time 

as it traverses the cell's interior. Separate from cytoplasmic studies, which involve 

Figure 1.21 Intracellular dynamics and coating differences in quantum dots (a) 

Diffusion coefficient heat maps. (b) Diffusion coefficient compared to MSD slope 

α.[146] 
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nanoparticle escape from endosomal systems, this technique fundamentally observes 

different modes of transport at the single particle level. SPT can capture moments of 

sequestration, where a particle's movement abruptly ceases for a prolonged period, which 

may signify its entrapment within an endosome or lysosome for degradation [158, 159]. By 

dissecting the trajectory into these distinct behavioral states, SPT reveals the precise 

mechanisms governing a nanoparticle's intracellular trafficking. For example, DNA-

decorated gold nanoparticles allowed dark-field microscopy, which enabled long term 

observation of gold nanoparticle localization, revealing that localization across different 

endosomal compartments was dependent on time exposed (Figure 1.22).  

The critical contribution of SPT in this field lies in its power to inform the rational design 

and safety assessment of novel nanomaterials [160]. By directly visualizing how surface 

modifications alter a particle's mobility and cellular interactions, researchers can iteratively 

engineer nanocarriers that more effectively evade clearance mechanisms and reach their 
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intended subcellular targets [161-163]. This approach moves beyond static endpoint assays 

to provide dynamic, mechanistic feedback. Moreover, SPT serves as a sensitive tool for 

nanotoxicology by revealing aberrant particle behaviors, such as aggregation within the 

cytoplasm or disruption of normal organelle transport [164, 165]. Observing these events in 

live cells offers an early warning of potential cytotoxicity, enabling a more proactive 

approach to ensuring the biocompatibility of next-generation nanotechnologies. 

1.4 Aims and Objectives 

With the considerations previously discussed, this thesis will explore the intracellular 

dynamics and fates using lanthanide doped nanocrystals through the detection and 

quantification of vesicle dynamics to uncover the molecular mechanisms associated with 

the long-term distribution and fate of nanoparticles at a subcellular level. As such, the aims 

of this thesis are 1) The design, synthesis and optimization of up-conversion nanocrystals 

through lanthanide doping and surface modifications 2) The creation of a home-built 

microscopy system for optical nanoparticle characterization and cell imaging. 3) the 

analysis of nanoparticles and their interactions in a cellular environment, with focus on 

intracellular distribution and dynamics. These studies will demonstrate the plausible and 

immense potential of lanthanide nanocrystals as tools for multiplexed biological tracking, 

probing and for understanding the intracellular fate of nanoparticles as well as a potential 

method for studying long-term subcellular dynamics.  

Firstly, the analysis of UCNPs with a focus on emitter and sensitizer concentration with 

ideal volumetric scaling will be explored. The optical properties of UCNPs without the 

consideration of surface defects through ideal volumetric scaling, as well as core-shell 

surface passivation will be observed to understand the intricate mechanism behind the 

energy transfer at a single nanoparticle level.  

Figure 1.22 Live nanoparticle localization. (a)schematic representation. (b) TEM 

imaging (c) Early endosome colocalization. (d) Late endosome colocalization. (e) 

Lysosome colocalization. (f) Early endosome localization over time. (g) Late endosome 

localization over time. (h) Lysosome localization over time.[166] 
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Subsequently, the development of a novel method for the detection and quantification of 

vesicle dynamics will be explored. Using advanced optical methods and novel luminescent 

nanomaterials, this project seeks to unravel how nanoparticle transportation can be used to 

explore the cargo dynamics within the cell. The research will offer new insights for future 

researchers to develop improved biomedical materials for subcellular targeting. 

Additionally, it provides a novel approach to studying cellular dysfunction at a molecular 

level through the detection and quantification of vesicle dynamics using luminescent up 

conversion nanomaterial.  

Figure 1.22 Schematic outline of thesis. 
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Chapter 2. Review of current applications for 

luminescent materials 

The contents of this chapter adapted with permission form: 

Tang W, et al. Design principles and biomedical applications of endoplasmic reticulum-

targeting luminescent nanoparticles. Nano Research, 2025, 18(6): 

94907356. https://doi.org/10.26599/NR.2025.94907356  

2.1 Preamble 

The previous chapter highlighted the basic mechanisms of up-conversion materials, the 

relationship between nanomaterials and living systems as well as a basic outline of the 

following thesis. However, the significance and importance of developing nanomaterials 

which can be used to study the movement of cargo at a single cell level is not explored. The 

following chapter highlights the current application of luminescent nanomaterials and their 

immense potential for therapeutic and diagnostic tools at a subcellular level. In a context 

which involves highly specific nanoparticle intracellular targeting, the importance in 

understanding how intracellular cargo is processed in the cell becomes of vital importance. 

The presentation of numerous applications and designs for nanoparticles for intracellular 

applications in this published review article should highlight the importance of 

understanding the nature and complex mechanisms behind the transportation and 

intracellular dynamics of nanomaterials.  

2.2 Abstract 

Luminescent nanoparticles (LNPs) have emerged as a promising approach for enhanced 

cell labelling and disease diagnosis by leveraging their unique photophysical and surface 

characteristics. Advanced generations of LNPs, such as quantum dots, dye-loaded 

nanoparticles and up-converting nanoparticles, exhibit distinct properties and advantages 

tailored for specialised applications. Consequently, there is a growing focus and demand to 

develop organelle-specific LNPs to identify, treat and elucidate disease mechanisms. The 

endoplasmic reticulum (ER) represents one such organelle, playing crucial roles in protein 

synthesis and modification, calcium homeostasis, lipid trafficking, and regulation of 

cellular stress. The unfolded protein response, regulated by ER stress, is a clinically 

https://doi.org/10.26599/NR.2025.94907356
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significant pathway within the ER, implicated in cellular dysfunction and disease. The 

growing understanding of ER stress and the unfolded protein response has led to a rapid 

emergence of endoplasmic reticulum-targeting LNPs (ER-LNPs) for precise intracellular 

diagnosis and therapy. This review discusses current advancements and design principles of 

ER-LNPs, highlights current achievements and applications, and discusses the challenges 

and interdisciplinarity needed for future development. 

KEYWORDS: luminescent nanomaterials; endoplasmic reticulum-targeting; cell labelling; 

bio-imaging, photodynamic therapy

2.3 Introduction 

Rapid progress in nanotechnology has yielded promising improvements in detection 

limits, drug efficacy, and biocompatibility compared to conventional therapeutics. Precise 

subcellular delivery of luminescent nanomaterials not only enhances detection capabilities 

but also increases the precision of drug delivery, making these materials valuable tools in 

diagnostics and drug efficacy enhancement for preclinical research. Luminescent 

nanoparticles, or LNPs, have facilitated groundbreaking discoveries, advancing our 

understanding of complex biological systems at a molecular level [1-6]. In contrast to 

conventional fluorescent dyes, LNPs are designed to overcome limitations such as low 

stability, biocompatibility, and monofunctionality by enhancing surface and photophysical 

properties [7, 8]. The potential for developing advanced therapies and deepening the 

understanding of intracellular organelle dynamics drives the development of endoplasmic-

reticulum targeting LNPs (ER-LNPs). The advancement in particle synthesis and 

modification have led to the creation of both organic and inorganic-derived LNPs that 

exhibit precise subcellular localization in vivo and in vitro (Figure 2.1)[9, 10]. These LNPs 

offer extensive flexibility, often coupled with enhanced stability, high yield, and the 

potential for synergistic or combination therapy [11].  

Given its numerous functions and substantial localization within the intracellular space, 

the ER has become one of the key targets for drug therapy. As one of the most prominent 

membrane-bound organelles in all eukaryotic cells, ER plays a crucial role in cellular 

functioning and survival [12]. However, the entry and subcellular localization of 

nanoparticles are influenced by various factors due to complex pathways and mechanisms 

involved in endocytosis. A collection of nanomaterials with substantially differences sizes 
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and photophysical properties present new challenges and opportunities for achieving 

precise subcellular delivery compared to conventional dyes [9, 13, 14]. Currently, the 

accumulation of nanoparticles in early endosomes and lysosomes significantly hampers 

intracellular detection and drug delivery efficiency [15, 16]. 

Typically, the design and selection of nanomaterials for ER-LNPs are developed and 

optimized based on their biomedical applications such as imaging, diagnosis or therapy. 

These nanocarriers are engineered to incorporate ligands, protein or genetic material, which 

help overcome challenges related to instability, non-specificity and insolubility [17]. 

Further development of many subcellular-specific nanocarrier systems aims to further 

enhance their efficacy and minimize the drawbacks associated with traditional nanocarrier-

based methods for therapy and diagnosis. 

Figure 2.1 Schematic diagram on the design principle and applications of ER-LNPs.  

The choice of functional materials offers different physical and chemical characteristics 

appropriate for different applications. Photo-responsive nanomaterials initiate various 

strategies for intracellular detection and delivery to facilitate combination therapies and 

diagnostics. ER specifically precisely delivers drugs, treatments and probes a subcellular 

level for enhanced treatment and diagnosis. 
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 Numerous strategies have been explored to elucidate the mechanism behind precise 

subcellular delivery. This review will systematically explore the design principles of ER-

LNPs, focusing on how these nanomaterials can influence various cellular functions 

through their distinctive properties to optimize processes for drug delivery, therapy and 

detection. The clinical implications of ER-associated pathways underscore the significance 

of current advances in cell imaging, disease diagnostics, and therapy using ER-LNPs. A 

classification based on composition, structural properties, luminescence and targeting 

strategies will be discussed, emphasizing the current capabilities of ER-LNPs as candidates 

for imaging, sensing, and therapeutic applications. 

2.4 ER: Cellular Functions and Interactions 

The desire for subcellular targeting arises from the need to precisely target specific 

cellular pathways and functions to maximize efficacy and minimize side effects. As our 

understanding of individual organelle functionality advances, the specificity required for 

molecular therapeutics and diagnosis necessitates precision following material entry into 

the cell. Given its crucial role in regulating cellular stress and protein synthesis essential for 

cellular survival and proliferation, the ER remains one of the most important yet elusive 

targets. In essence, ER-specific nanomaterials could manipulate and monitor various 

cellular functions and pathways, serving as pivotal nanocarriers for specific molecular 

drugs and probes (Figure 2.2). 

Calcium signaling is a ubiquitous cellular response that influences many intracellular 

interactions through the regulation of cytosolic calcium, involving the storage of 

intracellular calcium ions within the ER lumen [18]. As ER homeostasis is vital for the 

regulation of intracellular ions, the ER plays a significant role in managing inflammation-

associated cellular dysfunction through to apoptosis in motor neurons. The regulation of 

intracellular calcium is mediated by a G protein-coupled receptor pathway, which activates 

inositol 1,4,5-triphosphate receptors through the production of inositol 1,4,5-triphosopahte, 

with the activation and regulation of intraluminal calcium channels playing a key role 

during the cell’s response to a redox environment [19]. In neuron or muscle cells, the 

release of calcium into the cytosol functions as an action potential to enable synaptic 

transmission or muscle contractions, with dysfunction implicated in different neurological 

diseases. Upon release into the cytoplasm, calmodulin activation through calcium binding 
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facilitates kinase and phosphatase activity, which are crucial for other metabolic pathways 

[20]. Furthermore, many ER-associated enzymes, such as binding immunoglobulin protein 

and calreticulin require calcium binding to activate their function as molecular chaperones. 

The significance of calcium fluctuations within the cell underscores the utility of 

luminescent nanomaterials, which can be used to detect and modulate the distribution and 

fluctuation of intracellular ions through interactions with ER-associated proteins [21]. 

Interactions with the plasma membrane, along with different ion, voltage, or receptor 

channels, can lead to significant fluctuations in cytosolic calcium within neuronal cells 

[22]. Consequently, nanoparticle-based delivery systems can overcome the instability and 

insolubility of ion sensitive probes within an intracellular environment to detect or predict 

cellular stress and survival [23].   
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Due to the sensitive nature of proteins, even minute changes in conditions such as pH and 

temperature can significantly influence their molecular structure and activity. In 

environments rich in oxygen radicals, reactive oxygen species (ROS) can accumulate and 

severely damage proteins through the cleavage and oxidation of peptides and amino acid 

residues, leading to ER stress and activation of the unfolded protein response (UPR) to 

restore cellular functions [24]. Since ROS generation can induce ER-stressed based 

programmed cell death, current research focuses on controlling intracellular oxygen levels 

to prevent hypoxia. Utilizing ER-specific nanoparticles to reduce ROS has shown great 

therapeutic potential for treating conditions like pulmonary fibrosis, renal dysfunction, 

neurological diseases, and cancer [25-28]. ER-stress also influences the polarization of M2 

macrophages into different subtypes, which can either alleviate or aggravate tissue fibrosis 

and inflammation [28]. For example, M2a macrophages might promote the progression of 

renal fibrosis via myofibroblast transition during elevated TGF-B stimulation, whereas M2c 

subtypes can suppress renal fibrosis by reducing inflammation and enhancing tissue repair. 

Conversely, damaged proteins can trigger programmed cell death in tumor cells. ER-stress 

induced apoptosis through ROS presents significant potential for tumor therapy, potentially 

reducing side effects, overcoming drug resistance, and enhancing tumor elimination. 

However, with a half-life of less than 50ns, a limited diffusion capabilities not exceeding 20 

nm, ROS undergo rapid dissipation in the cellular environment [29]. This limitation makes 

the ER a critical site for ROS activation due to its protein-rich environment. ER-specific 

photodynamic strategies have therefore developed to maximize tumor elimination and 

minimize adverse effects. The classical pathway ROS generation involves two types of 

reactions: Type I reactions release electrons to a substrate, and Type II reactions transfer 

electrons to oxygen molecules, both leading to ROS production [30]. ROS generated 

through photodynamic therapy (PDT) activates ER-stress pathways such as IRE1, ATF6 

and PERK which, through protein-induced oxidative damage, can lead to CHOP-activated 

apoptosis and autophagy through IRE-1 and PERK pathway [24, 31]. Additionally, these 

Figure 2.2 Cellular interactions and potential responses. ER-nanoparticle based 

interactions can trigger and influence several cellular functions, such as intracellular 

calcium signaling, organelle crosstalk, ER-stress pathway and gene transcription and 

translation. Ultimately, these interactions can lead to cellular fates and responses that 

have significant clinical implications 
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ER stress pathways can induce immunogenic cell death (ICD) through the release of 

damage-associated molecular patterns (DAMPs), such as calreticulin [32]. A potential in-

situ tumor vaccine using ER-targeting nanoparticles has been explored, with studies such as 

those by Liu et al. demonstrating how ER-targeting PDT can induce an antitumor immune 

response through the generation of tumor antigens (TAAs) and DAMPs, facilitating 

enhanced dendritic cell maturation [33]. 

The proximity of the ER to the nucleus also facilitates the delivery of transcription 

factors activated by specific signal transduction pathways. Transcribed mRNAs are rapidly 

transported, translated and modified within the ER. Given its strategic location adjacent to 

the nucleus and the inherent selectivity of nuclear pore complexes, targeting the ER 

enhances the performance of therapeutic agents aimed at the nucleus or genetic material. 

Numerous studies have demonstrated that ER-specific nanoparticles possess superior gene 

silencing, transfection, and gene delivery therapy capabilities compared to traditional 

lipofectamine [28, 34-38]. Aside from indirect interactions with the nucleus, the ER also 

organizes a complex distribution network using the cytoskeleton to interact with other 

organelles such as the lysosomes and mitochondria [39]. Therefore, interactions at protein-

protein and lipid-protein contact sites between the ER and other organelles are crucial for 

maintaining cellular homeostasis and signaling, regulating lipid and ion dynamics [40]. 

Super-resolution has become an important technique for understanding and imaging 

cellular and sub-cellular structure so developing nanoprobes capable of breaking the 

diffraction limit to achieve super-resolved detection of live-cell organelle interactions is a 

significant research objective. Subcellular-specific biosensing holds immense potential for 

revealing physiological mechanisms underlying cell growth, metabolism, and disease at the 

molecular level. For example, cellular stress and dysregulated calcium signaling of 

Parkinson's Disease have been linked to slower oscillations of calcium concentrations 

between cytoplasm and ER in neuron cells [41]. Conversely, breast cancer metastasis has 

been associated with an influx of intra-organelle calcium in the ER via the ORAI-1 

pathway [42]. Additionally, environmental factors such as polarity and pH are critical 

hallmarks of intracellular and oxidative stress that affect cell proliferation and metabolism 

[43]. ER-specific biosensors are therefore essential for diagnosing and elucidating the 

intracellular mechanism of various diseases.  
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While the cellular function of the ER and its relationship with nanomaterials have been 

studied extensively in vitro and in vivo, there is currently a lack of understanding of how 

ER specific nanomaterials can influence an individual’s overall health and metabolism in a 

clinical setting. Furthermore, the formation of a protein corona when nanomaterials enter 

the biological environment triggers an immune response that increases non-specific 

localization and accelerates clearance, potentially reducing therapeutic and diagnostic 

effectiveness [44]. While the kidney liver and spleen are key organs that play a role in the 

filtration and circulation of foreign particles, our limited understanding of the long-term 

effects of nanomaterials remains a key bottleneck that limits potential clinical application. 

Currently, nanomaterial biocompatibility and stability have been achieved through complex 

surface modifications without sub-cellular specificity, however, more research is required 

to understand on how subcellular specificity in nanomaterials differ in circulation or 

filtration compared to non-organelle specific foreign particles [45].  

2.5 Design and Functionality of Nanocarrier Surface 

Modification  

Precise and subcellular delivery of nanoparticles significantly influences their diagnostic 

and therapeutic potential, improving diagnostic accuracy and drug efficacy while 

minimizing adverse effects for future clinical applications.

Organelle-specific nanotechnology not only lowers detection limits but also enables 

synergistic therapy and precise observations, thereby deepening our understanding of 

molecular interactions at the subcellar level. However, the cell’s natural processing systems 

present major obstacles to developing superior nano-drug delivery systems. The innate 

physical and chemical barriers within the cell naturally prevent the entry of foreign and 

invasive materials. Therefore, the entry and intracellular localization of nanoparticles 

become critical factors determining their therapeutic and diagnostic efficacy. While some 

viral particles can passively and directly fuse into the cytoplasm through the bilayer of the 

cell membrane, the internalization of nanomaterials is predominantly processed through 

various energy-dependent endocytic pathways (Figure 2.3) [45]. Both selective and non-

selective uptake of nanoparticles through these pathways occur as the cell naturally engulfs 

materials from the external environment to receive essential nutrients and signals [45]. 

Consequently, the cell attempts to eliminate the potentially hazardous nature of foreign 
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particles by accumulating them in places like the acidic endo-lysosomal system. 

Endosomes—naturally acidic compartments—physically and chemically prevent foreign 

material from entering other regions of the cell. These endosomes mature into lysosomes, 

which process and eliminate potentially hazardous foreign nanomaterials through catalytic 

enzymes such as lipases, nuclease, and proteases. Nanoparticles delivering drugs often 

traverse the endosomal and lysosomal pathway, leading to therapeutic degradation under 

the acidic conditions of late endosomes and lysosomes, which diminished the effectiveness 

of nanomaterial diagnostics, probing, and drug delivery systems [16 7]. The mechanism 

underlying the ER-specific targeting through surface modifications and ligands remains 

elusive. With current theories suggesting three primary strategies (Figure 2.3): receptor-

based trafficking, caveolae-mediated endocytosis, and endosomal escape. ER retention via 

KDEL peptide modification involves COPI and COPII trafficking, where KDEL receptors 

help transport KDEL materials into the ER lumen. Caveolae and lipid raft-mediated 

endocytosis can directly target the ER [37, 46, 47], although recent studies suggest that 

caveosomes may be a byproduct of over-expressed caveolin proteins rather than functional 

trafficking organelles [48]. 

 Endosomal escape strategies facilitate nanoparticle expulsion from the endosome via 

mechanisms like membrane fusion, osmosis or the 'proton sponge' effect, which involve 

manipulating charge and energy on the nanoparticle surface to facilitate varying degrees of 

lysosomal escape through electrostatic repulsion or membrane fusion in the acidic 

lysosomal environment [49]. Positively charged nanoparticles have been suggested to be 

more effective at lysosomal escape compared to their neutrally or negatively charged 

counterparts [50]. Additionally, the influence of the protein corona on particle targeting and 

localization post-endocytosis is critically underexplored. Once nanoparticles escape the 

lysosomal, ER-targeted, surface-modified particles can bind to specific targets as they 

freely diffuse within the cytoplasm [51-54]. In essence, achieving precise intracellular 

localization of nanoparticles necessitates surface modifications with ligands such as 

polymer and peptide, establishing a robust ER localization strategy. Research focusing on 

subcellular localization outside of lysosomal compartments has become fundamental in 

enhancing therapeutic delivery and subcellular diagnostics. Particularly, nanoparticle 

localization in the ER has profound implications for cell biology and medicine, driving 

significant advances in these fields. The functionality, structure and location of organelle 
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must be strategically aligned with their intended applications to improve efficacy. 

Extensive research has been undertaken to comprehend the interactions of nanoparticles 

within a subcellular environment for precise particle delivery. However, the specific fate of 

nanomaterials at the subcellar level remains uncertain due to the diverse pathways affecting 

their localization and retention [15]. The physical and chemical properties of nanoparticle 

surfaces play a pivotal role in how they are absorbed and transported within the cell (figure 

2.4). Surface modifications alter endocytosis and intracellular trafficking pathways to 

achieve subcellular localization [55]. The composition and internal structure of the 

nanoparticle also affect organelle retention [56, 57].Additionally, factors such as shape and 

core composition significantly influencing organelle-specific retention [16, 51]. A recent 

Figure 2.3 Current strategies for ER localization and targeting and their proposed 

mechanisms. (a) The sulfonyl urea receptor (SUR) receptor is heavily localized on the 

lipid raft membranes on the surface of the cell membrane; as such, surface 

modifications with affinity towards proteins such as SUR can induce caveolae-mediated 

endocytosis for direct uptake into the endoplasmic reticulum. (b) Lysosomal and 

endosomal escape after non-specific endocytosis facilitates sub-cellular localization. 

Surface modifications, such as polymer modifications, can induce a change in ion 

concentration gradient between the endosome and cytoplasm, resulting in membrane 

rupture, nanoparticle escape and subsequent localization. (c) Some modifications, such 

as KDEL and cell membrane coatings, can exploit the natural trafficking system of the 

cell to directly transport nanoparticles into the ER via the COPI/COPII pathway. 
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study by Shuang et al. underscored the significance of carbon nanodot shape for ER 

localization and targeting [58]. By altering precursors to create tunable shapes with 

differing aspect ratios, rod-like carbon nanodots exhibited enhanced cellular uptake and ER 

localization through active transport. This improved uptake of rod-shaped nanomaterials 

has been extensively documented, highlighting the critical role of nanoparticle surface 

aspect ratio in cellular studies [59, 60].  

2.5.1 Polymer Modifications 

Stability, biocompatibility, and dispersion are critical for nanomaterials within a 

biological environment. Lipophilic surfactants, typically used during synthesis to maintain 

the shape and size of inorganic nanoparticles, are often replaced with organic polymers to 

ensure particle dispersion in an aqueous environment [61]. Polymer-based surface 

modifications are often the most common methods used to enhance and alter nanoparticle 

functionality due to the simplicity of surface modification protocols methods through either 

ligand exchange or organic chemistry linkage such as click or carbodiimide chemistry [62]. 

Subsequently, one of the earliest approaches for subcellular localization involved polymer-

based surface modifications, with the hydrophilic nature of specific polymers facilitating 

ER-specificity through caveolae-mediated endocytosis [63]. Additionally, it has been 

recognized that organic polymers introduce superior colloidal stability and biocompatibility 

which enhances cellular uptake and reduces cytotoxicity facilitated by the polar functional 

groups within these polymers. Water-soluble  

polymers such as PEG, PLA, PAA and other polar co-block polymers enhance nanoparticle 

dispersion by replacing hydrophobic surfactants used during synthesis [61]. Notably, the 

length of polymer coatings and their terminal functional groups—carboxylic and primary 

amine—impact cellular  

uptake and viability but also offer opportunities for surface modifications of 

photosensitizers, dyes and therapeutic agents through click and carbonamide chemistry [64, 

65].  

The potential and viability of intracellular ER localization through commercially 

available polymers that provided enhanced intracellular uptake paved the way for simplistic 

ligand exchange methods. Among these, Diblock and triblock polyether polymers and 

copolymers like PEG, PEG-PE and Pluronic 127 were among the first to demonstrate live 
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cell ER localization. Studies in cancerous and non-cancerous A549, MRC and HEK293T 

cells showed that PEG-PE diblock copolymer micelles specifically localized to the ER [66]. 

The inhibition of pinocytosis decreased the uptake of PEG micelle but did not affect PEG-

PE micelle accumulation highlighting different pathways of entry. Evidence suggesting that 

difference in entry pathways was dictated by differences in nanoparticle surface chemistry 

reveals the complex interactions between nanoparticle surface and cellular entry are still not 

fully understood today.  
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One of the leading theories suggests that the accumulation and formation of different 

protein coronas caused by differences in electrostatic charge and protein affinity of different 

polymers on the surface of the nanoparticle results in different endocytic pathways [67]. 

However, non-protein based cellular interactions may also play an important role in the 

localization of nanomaterials. Pollock et al. designed pH-sensitive phospholipids that 

complemented the composition of the ER membrane [68], synthesizing liposomes with 

concentrations of ER membrane phospholipids like phosphatidylcholine, 

phosphatidylethanolamine, phosphatidylinositol, phosphatidylserine, and cholesterol, which 

resulted in precise ER delivery. Nanomaterial specificity achieved through complementing 

lipid-based modifications presents evidence that trafficking of intracellular components is 

not solely a result of protein-protein based interactions. Instead, intracellular trafficking, 

and thus intracellular specificity, can be regulated via non-protein-based trafficking through 

physical and chemical characteristics present in nanomaterials. Subsequently, other 

properties of polymeric materials, such as lipophilicity and electrophilicity, also enhance 

ER retention. For instance, Chen Et al. demonstrated that carbon dots synthesized with o-

phenylene-diamine (OPD) and lysine facilitated lipid raft-mediated endocytosis for ER 

retention [69]. Similarly, Shuang et al. synthesized 3 nm laurylamine functionalized quasi-

spherical carbon dots that distributed in the ER via lipid raft-mediated and caveolae 

endocytosis in MCF-7 cells [70]. These studies present evidence that initial endocytosis is 

one of the critical steps that can influence the intracellular fate of nanoparticles. Active 

targeting towards the ER via caveolin-mediated endocytosis has been demonstrated to 

occur via movement along the cytoskeleton via intracellular active transport along the 

microfilaments. However, localization through passive chemical affinity has also been 

exploited for enhanced ER localization. Wan et al. utilized comb-like poly(aspartic acid) 

grafted on PEG polymer micelles, which displayed ER retention facilitated by passive 

transportation, hypothesizing that the negatively charged carboxyl groups could increase 

Figure 2.4 The classification and structure of molecular targeting agents and their main 

characteristics. (a) Polar polymers facilitate endocytosis but possess weak ER retention, 

however cationic polymers can result in charge induced endosomal escape. (b) Cationic 

cell penetrating peptides (CPP) facilitate charge induced endosomal rupture, while 

signaling peptides follow intrinsic pathways through intracellular vesicle trafficking. (c) 

Molecular binding is facilitated via the binding of the sulfonyl urea receptor (SUR) on 

the ER through receptor mediated affinity. 
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ER targeting based on the coordination interaction with ER abundant Ca(II) ions [71]. 

While ER-localization in nanoparticles can be achieved via surface-based modifications, 

achieving complete ER localization through polymer-based modifications has not yet been 

realized due to our lack of understanding of the intracellular dynamics and trafficking of 

nanomaterials. Namely, non-specific endocytosis and interactions which results in 

localization to the lysosome and recycling endosome are often presented due to the random 

Brownian motion particles undergo before entering the cell, which influences the time and 

duration in which the particles are in contact with the cell. As such, Non-specific 

presentation in mitochondria, lysosomes, and ER suggest that non-specific PEG-induced 

endocytosis may not be ER-specific but targets membrane-bound organelles more broadly 

[72]. 

Inorganic nanoparticles, such as silica quantum dots, modified with the propylene oxide 

and the PEG-based polymer Pluronic F127, achieved lysosomal evasion and ER 

localization through caveolae-mediated endocytosis in umbilical vein endothelial cells [63]. 

Liu et al. suggested that multi-pathway endocytosis could deliver biotinylated dextran 

amine-conjugated carbonized polymer dots into lysosomes and the ER via endosomes in 

PC12 and RSC96 neurons, leading to increased non-specific localization [73]. Whilst these 

strategies suggest that evasion of clathrin-mediated endocytosis might facilitate ER 

targeting, challenges remain in maintaining ER retention and reducing non-specific or 

multi-organelle targeting. Evidence indicates that non-specific polymer coating are 

insufficient for reliable long-term ER retention as intracellular fluctuations can alter particle 

localization without strong specific binding [74]. Enhanced subcellular targeting thus 

required receptor-specific binding to enhance long-term ER retention and decrease non-

specificity. 

2.5.2 Peptide Modifications 

Peptide based modifications take inspiration from naturally occurring peptides which 

offer higher specificity and decrease in non-specific interactions. Furthermore, exploiting 

the natural pathway and interactions between specific peptides and receptors can result in 

highly specific, and most importantly, understood pathways to predict and alter the 

intracellular dynamics and fate of peptide-modified nanoparticles. As such, a majority of 

current peptides-based modifications for enhanced subcellular specificity originate from 
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motifs that can be pathological in nature or produced for metabolic or immunological 

purposes. Peptide conjugation on both organic and inorganic nanomaterials can facilitate 

ER retention through electrostatic interactions during endocytosis and specific peptide or 

protein-specific interactions during intracellular trafficking [36, 75]. Precisely controlling 

the fate of nanoparticles within the cell through naturally occurring pathways using peptide-

based interactions can significantly improve therapeutic efficiency and ensure controlled 

drug release whilst simultaneously reducing immune system activation and inhibiting 

antagonistic signaling pathways [76]. 

One such mechanism for peptide-based cellular entry is achieved through the escape of 

the endomembrane system via the usage of naturally occurring peptides which possess 

membrane breaking capabilities. Bypassing the acidic compartments of the late endosome 

and lysosome through escape during the early endosome as well as recycling endosomes 

can significantly improve therapeutic efficiency by preventing drug and molecular 

degradation. For example, naturally occurring signal sequences of cell-penetrating peptides 

(CPPs) which utilize their hydrophobicity, amphipathicity, and cationic nature for achieve 

high, non-specific cell penetration that can result in ER retention [53, 54, 77-79]. 

Penetratin, a CPP peptide derived from the first 16 amino acids of the third-alpha helix of 

the Antennapedia protein homeodomain, was conjugated on lipid polymer hybrid 

nanovesicles and displayed substantial accumulation in the ER lumen of HEK-293T cells 

via ATP-dependent endocytosis —a mechanism not achieved by Arg7 and Tat CPPs [80]. 

While the exact mechanism is currently unknown, it is suggested that the hydrophobic 

amino acid cores (Met, Trp, Iso, Phe) of the peptide facilitates ER membrane penetration 

and enable early local disruptions of endosomal membrane structures which interact 

favourably due to large hydrophobic side chains of tryptophan and phenylalanine amino 

acids. This ATP-dependent endocytosis suggests that penetratin facilitated ER retention 

through non-peptide specific, physical interactions. 

Precise controlling of nanoparticle fate within the cell is achieved highly specific 

signaling peptides which induce naturally occurring trafficking pathways. For example, 

KKXX and KDEL peptides, consisting of lysine-aspartate-glutamate-leucine or lysine-

lysine-x-x sequences respectively, specifically target the COPI pathway which enables the 

retrograde transport from the Golgi apparatus to the ER 

through COPI vesicles. KKXX and peptides KDEL bind to pH-dependent KDEL receptors 
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to form COPI vesicles that deactivate in the neutral pH of the ER [81]. These receptors are 

activated in the lysosome and Golgi apparatus sub-compartments due to their lower pH, 

facilitating the formation of COPI vesicle which degrades upon reaching the ER’s neutral 

environment. As such, the usage of KDEL based localization strategies significantly 

decreases potential localization and storage of nanoparticles inside the lysosome as well as 

forgoing the requirement for lysosomal escape through exploiting naturally occurring 

trafficking pathways.  

However, the size of the nanoparticle also appears to significantly affect ER retention. 

For instance, 20 nm gold nanoparticles facilitated ER retention within an hour via KDEL 

peptides, a feat not replicated with KKXX peptide in 350nm lipid nanoparticles [36, 82]. 

Acharya et al. demonstrated that ER-targeting nanoparticles exhibited superior gene 

silencing compared to conventional lipofectamine delivery [36]. Directed retrograde 

transport through the KDEL motif enhanced silencing of NADPH Oxidase 4 (Nox4) in 

C2C12 cells, owing to the enhanced uptake and delivery of siRNA. Similarly, a pivotal 

study showed superior transfection efficacy through virus-like entry mechanisms [37]. 

Surprisingly, control peptide such as KAAAAK exhibited higher ER retention and lower 

endosomal retention than KKXX peptide (AAKKAA) after two hours. A plausible 

explanation for the differing retention level is the size of the PLGA nanoparticles, as the 

activation of the KDEL receptor via KKXX and KDEL peptides typically mediate the 

formation of 60 nm COPI vesicles, which was unachievable in the study. Thus, the size of 

the PLGA nanoparticles might have only facilitated KDEL receptor binding but not the 

formation of COPI vesicles, disrupting ER retention and increasing endosome 

accumulation. KDEL-modified PLGA NPs probably accumulated in the ER via a non-

specific binding or a non-specific pathway. Smaller KDEL-conjugated gold nanoparticles at 

20 nm contributed to rapid ER retention, achieving COPI-mediated endocytosis in Sol8 

cells within 60 minutes [83]. Alternative studies utilized KDEL-modified 50 nm up-

converting nanoparticles targeting the ER to activate the natural antioxidant defense, 

including apoptosis in cancer cells [84]. Conflicting research on the intracellular fate of 

nanoparticles with different physical properties demonstrates more research is required in 

understanding the indirect and direct effects of size during the nanoparticle transportation 

via the COPI pathway.  

Instead of using generalized peptide sequences, exploiting the cell’s own trafficking 
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network can also be achieved using specific protein sequences which naturally located in 

specific organelles. Organelle-targeting peptides are proposed to enhance the transport of 

nanoparticles by increasing their directed delivery to specific organelles [54]. For example, 

the initial 18 amino acid sequences of human serum albumin (MKWVTFISLLFLFSSAYS) 

were utilized as a serum albumin signal sequence in 250 nm mesoporous silica 

nanoparticles (MSNs), which accumulated in the ER of liver macrophages [85]. As integral 

components of proteins with strong organelle specificity, serum albumin signal sequence 

enabled targeted trafficking through the natural compartmentalization and transport 

processes within the cell.  

While current prospects on peptide-based localization display immense potential, one of 

the most poorly understood mechanisms in ER-based localization lies in the ER specificity 

through the caveolae-mediated endocytosis. Conflicting evidence on caveolae-mediated 

endocytosis and its subsequent mechanisms due to the misunderstandings on the 

caveosome has resulted in literature with conflicting and outdated theories for ER based 

specificity. With only 5% of all endosomes containing caveolae, caveolae-mediated 

endocytosis only facilitates a minimal amount of endocytosis and membrane trafficking, yet 

observations through drug-mediated inhibition demonstrates it accounting for higher 

amounts of nanoparticle intake with specific surface modifications [86]. For example, 

Pardaxin facilitated the localization of nanoparticles larger than 100 nm within the ER of 

CT-26 colon carcinoma and B16 melanoma cells [32]. Pardaxin is a 33-amino-acid cationic 

peptide, originally recognized for its antimicrobial properties through the disruption of 

zwitterionic lipids in lipid bilayers [87]. Sourced from the Red Sea and Pacific Peacock 

sole, Pardaxin has recently been shown to induce apoptosis and selectively target the ER 

[88]. Poly(g-glutamic) lipid nanoparticles modified with Pardaxin demonstrated enhanced 

ER localization through a caveolae-mediated, virus-like entry that evades lysosomal 

pathways in CD8 T cells. Without pardaxin surface modifications, these nanoparticles 

entered cells predominately via micropinocytosis and phagocytosis trafficking. Inspired by 

the cellular uptake of viral particles, Yuan et al. further explored this phenomenon, showing 

that virus-like entry along the cytoskeleton, facilitated by caveolin-mediated endocytosis, 

enhanced transfection efficacy. These studies demonstrate an increase in transfection 

efficacy when nanoparticles with pardaxin surface modification, perhaps due to the 

reduction of potential degradation of genetic material via DNAses due to the avoidance of 
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lysosomal systems due to pardaxin based interactions. While poorly understood, these 

studies do suggest that the pardaxin cationic polypeptide facilitates critical intracellular 

interactions that may facilitate trafficking between the endomembrane system towards the 

ER membrane and the nuclear envelope, thereby increasing transfection efficacy.  

Overall, these studies highlight our current lack of understanding of how intrinsic 

nanomaterial properties such as size can influence the fate and dynamics within the cell. 

While size, shape and surface chemistry can significantly influence the method and 

mechanism of initial cellular entry, how these characteristics influence subcellular 

trafficking and dynamics are still elusive, with misunderstanding and conflicting studies 

significantly hampering progress in ER-specific localization [45]. Future developments on 

the influence of physical and chemical characteristics of nanoparticles as well as better 

understanding of the proposed pathways for subcellar localization are critical for 

developing effective therapeutic and diagnostic nanomaterials. However, further studies 

need to address the complex and labor-intensive procedures during synthesis, conjugation 

and storage of peptides, as well as the effects of the protein corona and the potential for 

decreased stability in biological environment for future clinical applications.  

2.5.3 Ligand Modifications 

ER-targeting nanoparticles functionalized by small molecule moieties leverage specific 

ligand-receptors interactions localized on the ER [89]. ER-specific moieties, first 

introduced through medication such as glibenclamide, form the base structure for 

fluorescent dyes such as ER-tracker, which utilize the sulfonamide moiety for localization 

[90]. Initially utilized as functional groups for fluorescent probes, sulfonamide and its 

derivatives have become prevalent ER-targeting moieties for both fluorescent probes and 

nanomaterials. Sulfonamide shows a strong affinity for the subunit of the ATP-sensitive 

potassium channel, selectively interacting with the sulfonylurea receptor (SUR), which is 

predominantly located in the ER. Utilizing interactions between SUR receptors and 

sulphonamide derivatives, various nanoparticle types, including polymer dots, polymeric 

nanoparticles, and lipid-based nanoparticles, have demonstrated remarkable ER retention 

using a variety of sulfonamide derivatives [23, 47, 91].  

Caveolae-mediated endocytosis is suggested to play a critical role in sulfonamide-based 

ER specificity, though the precise mechanism remains elusive. It has been shown in cardiac 
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myocytes that surface Kir 6.2 channels are recycled via caveolae-mediated endocytosis, 

facilitated by interactions between caveolin three and the SUR receptor [92-94]. A plausible 

explanation for the increased caveolae-mediated endocytosis and ER specificity of 

sulphonamide-conjugated nanoparticles is the binding of sulphonamide to SUR within 

caveolae. For instance, polymeric nanoparticles functionalized with N-tosyl 

ethylenediamine displayed strong ER retention within one hour but were inhibited by 

genistein, a caveolar endocytosis inhibitor [91]. Furthermore, 150 nm dodecyl amine-based 

lipid nanoparticle lipids have succeeded in toluenesulfonyl-derived ER retention within 3 

hours via caveolin-controlled endocytosis in HeLa cells [47]. The dansyl moiety, a notable 

sulfonamide derivative, particularly interesting due to its dual ability to target the ER and 

provide fluorescence. Studies utilizing dansyl moieties have shown lysosomal escape via 

electrostatic repulsion, maintaining a positive surface charge under the acidic conditions of 

the lysosomes [52, 95]. For example, amiloride, an inhibitor of micropinocytosis in HeLa 

cells, indicated that lysosomal escape was the primary mechanism of ER retention for 

dansyl-functionalized supramolecular self-assembling nanomaterials [47]. Similarly, 

dansyl-modified ER-targeting graphene oxide nanoparticles (ER-GO-NPs) and oleic acid-

based lipid nanoparticles depicted robust lysosomal localization before achieving ER 

retention after six hours [95, 96]. Overall, Sulfonamides offers a cheaper alternative with 

strong localization capabilities compared to polymers and biological materials thus 

becoming an attractive strategy for ER targeting. Importantly, sulfonamides as smaller 

moieties offer much higher stability in biological medium without the risk of degradation 

via proteases, which may lead to decreased localization efficiency in peptides. However, 

the potential side effects due to the blocking of SUR receptor need to be further studied to 

understand and enhance ER specificity for increased efficacy [97].  

2.5.4 Cell and Organelle Membrane Coatings 

Cell and organelle membrane coatings are one of the most advanced methods for clinical 

camouflage and facilitate highly specific intracellular trafficking. In most conditions, 

nanoparticles quickly form a protein corona once arriving in a biological environment, 

which can significantly alter the targeting capabilities through increased non-specific 

binding and decreasing its ability to escape the endomembrane system and arrive at the ER 

[98]. Subsequently, cell and membrane coating this address obstacle by forming a pre-
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determined protein corona with organelle specific proteins to ensure strong specificity to its 

targeted intracellular localization. As such, cell and organelle membrane-coated 

nanoparticles are designed to camouflage and evade immunogenic and intracellular 

pathways that are unfavorable for therapeutic application. Different coatings on 

nanoparticles can trigger specific pathways to achieve these desirable outcomes, with 

cancer cell membrane-coated nanoparticles and ER-coated nanoparticles showing success 

in ER retention through distinct mechanisms [99, 100]. For instance, Chen et al. designed 

cancer cell membrane-coated PLAG nanoparticles loaded with Brefeldin A (BFA) to 

facilitate lysosomal evasion and enhanced ER retention [99]. The cancer cell membrane 

coating is thought to promote caveolae-related endocytosis, while the use of BFA inhibits 

vesicle trafficking, reducing nanoparticle escape. Similarly, Zhang et al. explored the 

subcellar localization of cancer-coated mesoporous silica nanoparticles (MSNs), finding 

that uptake pathways were shape-dependent [101]. Silica nanorods, which underwent 

caveolin-mediated endocytosis, demonstrated stronger ER retention compared to 

nanospheres that entered cells via clathrin-mediated endocytosis in HPSC and BxPC-3 

cells. The authors suggested that the preference for different nanomaterial shapes during 

various endocytosis events might be related to the differences in energic costs associated to 

structural change of proteins and the cytoskeletons. Additionally, cancer cell coatings on 50 

nm hybrid nanoplates promoted COPI-mediated retrograde transportation, resulting in 

evasion of the lysosomal pathway and strong retention within the ER in MCF-7 cells [100]. 

However, cell and organelle membrane coatings struggle with stability and can degrade 

quickly in suboptimal conditions due to their biological nature [102]. Furthermore, exact 

proteins and coatings between particles with different surface chemistry may significantly 

impact on the type and quantity of coating due to random protein corona formation, which 

can ultimately influence its subcellular localization. Whilst membrane coated nanomaterials 

display immense potential, the storage, design and stability of these coatings as well as 

understanding their role in intracellular trafficking are still some of the major challenges 

that will need to be addressed for future clinical applications.  

2.6 Nanomaterials: Properties, Functionality and Application 

The design and targeting of specific ER-related pathways hinge on the physical and 

chemical characteristics most suited to a specific application. Nanomaterial luminescence is 
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 desirable for nanoscale tracking, detection, therapy, and super-resolution imaging [103, 

104]. Similarly, achieving biological specificity at both cellular and intracellular level is 

crucial for enhancing therapeutic treatment [105, 106]. The localization of nanoparticles in 

subcellular compartments like the mitochondria, ER nucleus, and lysosome has shown 

significant potential for improved tumor therapy, drug delivery and bio detection [106-109]. 

Current colocalization studies primarily employ light-based optical methods for their 

simplicity and ease of use. Particle luminescence allows researchers to visualize and 

confirm the localization of nanoparticles and ensure the delivery of bioactive materials like 

proteins, nucleic acids, and therapeutics with subcellular precision. Given the importance of 

nanomaterial luminescence, varying optical characteristics such as quantum yield, emission 

wavelength and photostability are tailored to specific applications (Table 1). Dye-

conjugation and material-based photoluminescence represent two main strategies developed 

to achieve photosensitivity or photoluminescence in nanomaterials. Fluorescent dyes offer a 

simple, commercially available strategy with high quantum yield, often with broad spectra 

and high absorbance. The large surface area and encapsulating capabilities of nanoparticles 

make the nanoparticle-dye conjugation system a versatile and effective method for creating 

LNPs suitable for diverse applications [118]. Common conjugation methods utilize 

EDC/NHS carbodiimide crosslinking chemistry to form covalent bonds between amine and 

carboxylate functional groups. Organic fluorescent and photosensitive molecules provide a 

large range of optical and physical characteristics that can both induce and detect chemical 

changes within the cellular environment for therapeutic and diagnostic applications. As 

such, they have been frequently used as photosensitizers, biosensors and well organelle 

probes in vivo and in Vitro. However, organic fluorescent dyes are prone to photobleaching 

and possess overlapping emission and excitation wavelengths, rendering them less suitable 

for long-term exposure in physiological conditions.  
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Table 1 Summary of fluorescent dyes or photosensitive materials and their properties 

Fluorescent 

Class 

Excitation 

Wavelength 

Emission 

Wavelength 

Solubility Advantages Application Ref 

Cyanine dyes 500-800nm 550-850nm Hydrophilic or 

Lipophilic 

NIR excitation, wide range of excitation and emission 

wavelengths, clinically approved (ICG)  

PDT, PTT, Co-localization, deep tissue 

imaging  

[32, 37] 

Doxorubicin 480nm 590nm Hydrophilic Chemotherapeutic, clinically approved Chemotherapy [96] 

Dansyl 340nm 550nm Lipophilic ER-specificity Colocalization and ER targeting [52] 

Fluorescein 500-600nm 500-600nm Lipophilic High quantum yield Colocalization and cell labelling [80, 110] 

Naphthalimide ~445nm 533nm Lipophilic Photo-inducible DNA damage, pH and metal 

sensitivity 

PDT, Biosensing [47, 111] 

Luminol N/A  425nm Hydrophilic Chemiluminescence with oxidising agent PDT [112] 

Porphyrin 670nm ~700nm Lipophilic NIR excitation, ROS generation, good photostability, 

variable functionality 

PDT, Biosensing [113-115] 

CS NIR ~690nm ~716nm Hydrophilic or 

Lipophilic 

Optically tuneable hydroxyl group PDT, deep tissue imaging [116, 117] 

PTT: Photothermal therapy; PDT: Photodynamic therapy; NIR: Near-Infrared; DiD: 1,1'-Dioctadecyl-3,3,3',3'-

Tetramethylindodicarbocyanine Perchlorate; ROS: Reactive oxygen species; CS NIR: Chang Shang Near-Infrared Dye. 
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The host material for ER-LNPs is one of the critical factors that can dictate the 

efficacy and effectiveness for the desired application. A plethora of materials have 

demonstrated that unique physical and chemical characteristics dictate the application and 

efficiency of different nanomaterial hosts (Table 2). In cases where photostability and 

photobleaching are critical detriments that need to be avoided, often in long-term laser 

excitation for biosensing or phototherapy, non-organic fluorescence has become an 

attractive approach to avoid such obstacles. Often, non-organic material fluorescence stems 

from optical properties in non-organic host materials, where photo-induced degradation 

cannot disrupt the inorganic bonds of the material [119]. As such, non-organic, host-based 

luminescence offers differing applications given its higher stability. For example, sub-

diffraction microscopy relies on unique, yet tunable optical properties, the instability and 

rapid photobleaching typical of traditional fluorescent dyes make them poor candidates for 

sub-diffraction microscopy. Conversely, there is immense potential for LNPs as probes for 

super-resolution microscopy and intracellular detection due to their enhanced 

photostability, optical non-linearity and tunable optical switching [120, 121]. 

Photoluminescent materials like up-converting nanoparticles and quantum dots emit light 

through physical phenomena such as photon up-conversion and quantum confinement, 

avoiding photochemical degradation and thus offering significant resistance to 

photobleaching [122, 123]. These inorganic materials possess innate and unique 

luminescent properties ideal for phototherapy, bioimaging, labelling and detection [120]. 

While photoluminescent materials forgo the requirement of dye conjugation, they are 

limited in size and composition, with less material flexibility and lower carrying capacity, 

and typically exhibit lower quantum yield.  

Besides the use in imaging and diagnosing cellular structures and functions, luminescent 

nanoparticles also possess exceptional therapeutic potential due to non-invasive and non-

hazardous nature of photo-based therapy. The controlled release and activation of 

therapeutic molecules, facilitated through either photo-stimulated drug release or PDT, are 

subject of intense research due to their significant clinical potential [124]. Nanomaterials 

that are inherently responsive to external environment changes, with or without light 

stimulation, can facilitate the controlled release of therapeutic drugs for tumor therapy [80, 

125]. PDT utilizes photosensitizers to generate oxygen radicals that induce oxidative stress 

at an intracellular level, leading to tumor elimination through apoptosis or ICD [126]. 
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Conversely, the reduction of ROS via light-stimulated therapy can lessen cellular 

dysfunction and enhance overall cell survival [25]. Thus, photo-triggered therapy has 

emerged as a compelling research field, offering synergistic, minimally invasive, selective, 

and versatile strategies for clinical applications. 

Photothermal therapy (PTT) features a simple yet precise approach to supplement current 

clinical cancer therapies through light-induced heat generation. NIR-responsive materials, 

which penetrate deeper and exhibit lower phototoxicity compared to visible and UV light, 

enhance the efficacy of photothermal therapy. Unlike conventional radiative heat transfer 

methods, which feature thermal energy across targeted areas potentially damaging 

surrounding healthy tissue, laser-generated phototherapy induces non-specific 

hyperthermia, minimizing damage to adjacent healthy [127]. While the specificity of laser-

based PTT minimizes damage towards surrounding healthy tissue, ER-targeting 

phototherapy aims to maximize intracellular photothermal damage by exploiting its large 

surface [128-130]. Considering the inflammation-induced angiogenesis and reduced anti-

tumor effects following high-temperature photothermal therapy, lower-temperature PTT 

can induce apoptosis and ICD through ER-stress-based pathways. The temperature-

sensitive nature of enzymes, which rapidly unfold and denature at temperatures above 

40°C, mean nanoparticle-based ER-specific PTT can trigger heat shock proteins to initiate 

the unfolded protein response, without precipitating rapid cell death through necrosis [131-

133]. Consequently, the necrotic effects of PTT have led to advancements in synergistic 

PDT and PTT. Synergistic phototherapy is increasingly recognized for its enhanced tumor 

elimination potential by targeting multiple pathways to facilitate ER-stress induced 

apoptosis and ICD [32, 134-136]
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Table 2 Summary ER targeting nanomaterials and their advantages 

Host Size Highlights Application Ref 

Carbon dots 2-10nm Fluorescent, tunable emissions, Responsive to environmental changes Imaging, intracellular 

detection  

[137, 

138] 

Polymer dots 5-50nm Fluorescent, tunable emissions, Responsive to environmental changes Imaging, intracellular 

detection 

[139, 

140] 

Graphene 

nanoparticles 

10-

200nm 

Complete spectrum absorption for phototherapy PDT/PTT, combinational 

therapy  

[141] 

Quantum dots 2-10nm High quantum yield, non-bleaching emissions, narrow emission

spectrum 

Super-resolution imaging, 

detection, sensing  

[1, 

142] 

Metallic 

nanoparticles 

10-

100nm 

Strong stability, full spectrum absorption, can facilitate photocatalytic 

reactions, NIR absorption, potential magnetic properties  

PDT/PTT, combinational 

therapy, imaging  

[61] 

Lanthanide 

doped 

nanoparticles 

10-

100nm 

Up-conversion luminescence for deep tissue penetration, non-blinking 

and non-photobleaching emissions, multiplexing capabilities, X-ray 

induced persistent imaging  

PDT, super-resolution 

imaging, nano-

thermometry, multiplex 

imaging  

[5, 

143, 

144]
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Silica 

nanoparticles 

10-

300nm 

High drug loading, good biocompatibility Drug delivery, 

combinational therapy, 

photo-responsive drug 

delivery, immunotherapy 

[145] 

Polymeric 

nanoparticles 

50-

500nm 

Strong solubility, easy lysosomal escape, good biocompatibility, 

biodegradable 

Drug delivery, 

immunotherapy, 

combinational therapy, 

nanoprobe encapsulation 

[85] 

Lipid 

nanoparticles 

50-

200nm 

Biodegradable, strong biocompatibility, efficient delivery of 

hydrophobic and hydrophilic materials 

Drug delivery, 

immunotherapy, 

combinational therapy 

[79, 

146, 

147] 

Peptide and 

nucleic acid 

nanostructures 

5-

200nm 

Biodegradable, strong biocompatibility, precise and organized 

assembly,  

Drug delivery and gene 

delivery  

[148, 

149] 

MOFs 30nm-

500nm 

Stable encapsulation of enzymes, strong biocompatibility, high surface 

area  

Drug delivery [150, 

151] 

PDT: photodynamic therapy; PTT: photothermal therapy; MOFs: Metal  organic frameworks 
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2.6.1 Non-metallic Nanomaterials 

Non-metallic nanomaterials encompass a diverse class of compounds with varied 

physical and chemical properties, presenting potential across multiple domains. For 

example, carbon-based nanomaterials, including graphene-based nanomaterials, 

nanodiamonds, and semiconducting polymer dots, are suitable candidates for drug delivery 

and PDT due to their biocompatibility and stability (Figure 2.5a). An emerging area of 

development involves sub-20 nm fluorescent carbon-based nanomaterials, which exhibit 

unique optical properties such as size independence, shorter lifetimes and broader 

emissions spectra [138]. The synthetic approaches for graphene quantum dots and carbon 

dots differ significantly, each leading to distinctive features suitable for specific 

applications. For example, the top-down approach in creating graphene quantum dots 

allows for scalable production of materials with anisotropic structures [152, 153]. 

Conversely, the bottom-up synthesis of carbon dots typically yields spherical nanoparticles 

with varied surface functional groups, enhancing their surface chemistry for better cellular 

sensing, detection, and therapeutic functions [140, 154]. Anisotropy and high chemical 

reactivity of aromatics and conjugated alkenes can lead to changes in luminescent intensity 

or emission wavelength due to fluctuations in energy transfer pathways, triggered by 

variations in the interaction between the analyte and the nanomaterial's surface. For 

example, the amination of lauryl amine on carbon dots surfaces allows for pH detection 

between 6.2 and 7.2 by altering luminescent intensity, a phenomenon influenced by the 

concentration of lauryl amine [70].Changes in luminescent intensity result from surface 

quenching through alternative energy transfer pathways, activated by interactions between 

hydrogen ions and the carboxyl and amine surface groups. Similarly, another study 

observed shifts in emission wavelength at pH levels ranging from 3.3 to 4.4, attributing 

these changes to variations in chemical bonds such as C-C/C=C and O-C=O [155]. Direct 

and real-time observations of precise subcellular stress and hypoxia can be crucial for early 

disease diagnosis. For instance, tunable carbon dots synthesized using o-phenylenediamine 

(OPD) and lysine have been employed to detect changes in ER polarity through fluctuating 

wavelength emissions (figure 2.5b)[69]. In this design, increasing the amount of lysine 

facilitated n-π* transitions of C=N and C=O, enhancing absorbance at 315 nm and thereby 

increasing blue emissions. The addition of lysine is thought to reduce carbonisation, 

decrease the sp2 domain within the carbogenic core, and increase OPD polymerization, 
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leading to a blue-shifted green emission. The fluorescent behavior of these carbon dots is 

significantly affected by environmental polarity, characterized by a decrease in green 

emissions and a red shift in emission wavelength. Remarkably, these carbon dots are 

insensitive to pH or solvent polarity, making them particularly useful in diverse biological 

environments. They have been utilized to monitor tunicamycin-induced ER stress through 

altered green/blue fluorescence in hypoxic conditions, which can provide valuable insights 

into cellular responses to stress. Future studies must further explore the long-term 

interactions of carbon dots with cells before utilizing them for real-time intracellular 

chemistry detection [156].  

Another class of carbon-based nanoparticles photoluminescent semiconductor 

nanoparticles consisting of π-conjugated organic polymers termed polymer dots. While they 

share some similarities with polymeric nanoparticles, namely consisting of organic 

polymers, polymer dots utilize hydrophilic polymers, resulting in semiconducting 
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properties and photoluminescence at the expense of insolubility in water before surface 

modification. As such, they do not act as effective strategies for drug encapsulation or 

payload delivery like polymeric nanoparticles and are instead frequently used for 

bioimaging and biosensing [140]. The luminescent properties of polymer dots are a result 

of core and surface hybridization via π-conjugated polymers, a phenomenon known as 

cross-linked-enhanced emission (CEE) [139, 157, 158], which make polymer dots natural 

candidates as sensor and detectors in biological environments. Their sensitivity to external 

environment changes, as detected by a shift in luminescent intensity or emission 

wavelength, rises from fluctuations in energy transfer pathways influenced by interactions 

between the analyte and the nanoparticle surface. For example, detectable changes in 

emission intensity due to pH shifts result from surface quenching processes driven by 

alternative energy transfer pathways. The manipulation of lone pair interactions between 

carbon double bonds and nitrogen or oxygen can result in different emission wavelengths 

for carbon-based quantum dots. Huang et al. developed NIR carbon dots encapsulated by 

polymer dots for in vivo copper detection, with the detection of copper ions being 

observable within 120 seconds and ranging between 0.25 – 9 μM, with a detection limit of 

13nM [23]. The chelation of carboxyl groups in the carbon dots with copper ions led to a 

noticeable decrease in fluorescence intensity, detectable in live cells, zebrafish, and mice 

models. Polymer dots, which are generally larger in size compared to carbon dots, are 

limited by the variation of materials that they can detect in a biological environment which 

Figure 2.5 Non-metallic nanomaterials and their applications. (a) Schematic 

representation of carbon dots with tunable emissions dependent on lysine and o-

phenylenediamine precursor ratios. Polymer dot fluorescence with different mixtures of 

water and 1,4-dioxane under 360nm excitation.[69] (b) Depiction of sulphur-doped 

carbon dots and their intracellular interactions. Fluorescence emission spectra of 

sulphur-doped carbon dots at differing concentrations of glutathione and its normalized 

relationship.[159] (c) A representation of the design of self-assembled carbon dot 

encapsulated polymer dots and the detection of copper in mice injected intraperitoneally 

with (a) PBS (b) polymer dots (100µg ml-1, 50µL) (c)polymer dots with copper ions 

(50µM 50µL) [23] (c) Schematic of environmentally responsive ER targeting 

mesoporous silica nanoparticles. H&E staining depicts the effects of H2O2-responsive 

mesoporous silica nanoparticles releasing melittin (MEL) during pathogen infections. 

Cal represents cells infected with C. albicans, MSN and MSNE represent non-targeting 

and targeting nanoparticles, respectively, and TPB represents bromobenzyl acid 

linker.[80] 
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are triggered by ion or molecule specific chemical interactions. 

Graphene-based nanomaterials, consisting of a two-dimensional sheet of hexagonally 

arranged carbon lattices, demonstrate unique physical and chemical characteristics, 

including a high surface area. These properties confer intrinsic anti-tumor characteristics by 

increasing oxidative stress and enhancing tumor sensitivity to drug delivery and 

chemotherapy. Additionally, the energy band gaps of graphene-based nanomaterials allow 

for strong NIR absorption, facilitating deep tissue penetration for photothermal therapy 

[137, 160]. However, pure graphene exhibits limited stability and poor solubility in 

physiological environments due to its lack of hydrophilic functional groups. As such, 

graphene oxide has become an alternative in nanomedicine applications due to the 

abundance of hydrophilic functional groups introduced through Hummer’s method [141]. 

The stacking of π bonds in graphene oxide nanoparticles significantly increases drug 

loading, due to an increased surface area to volume ratio. Moreover, graphene oxide-based 

nanomaterials can be further reduced to alter their carbon and oxide ratio, enhancing their 

photothermal properties by increasing NIR absorbance while simultaneously reducing 

toxicity at the expense of decreased stability in physiological conditions [161]. Metal-doped 

carbon nanoparticles, as demonstrated by Bao et al., can rapidly elevate tumor temperatures 

to 60.2 °C, leading to significant tumor volume reduction through necrosis and apoptosis 

[158, 162]. The NIR photothermal properties, facilitated by the first or second van Hove 

singularities formed by metal-ion conjugation, enable deep tissue tumor ablation. However, 

high-temperature, ER-specific PTT has its drawbacks as rapid and non-specific cellular 

thermal damage can quickly trigger the release of potassium ions from tumor necrosis, 

reducing anti-tumor activity due to increased CD4 and CD8 T cell dysfunction [163, 164]. 

Additionally, the inflammatory response of tumor cells during hyperthermia can enhance 

tumor growth and recurrence through angiogenesis and metastasis [165, 166]. Luminescent 

graphene nanomaterials also serve as nanocarriers for the delivery of chemotherapeutic 

drugs, owing to their high stability in intracellular environment. For example an increased 

expression of ER-stress and apoptosis-associated proteins CHOP and LC3B demonstrated 

ER-specific delivery of doxorubicin and cisplatin through luminescent graphene 

nanoparticles, enhancing ER stress-associated apoptosis in lung and triple-negative breast 

cancer cells [96]. Overall, graphene based nanoparticles possess many physical 

characteristics attractive for both diagnostic and therapeutic applications, but are limited 
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due their difficult functionalization as well as to their instability in biological environments 

that may lead to potential cytotoxicity [167].  

Mesoporous silica nanoparticles (MSN) are biodegradable nanomaterials which feature a 

large surface area to volume ratio, with tunable porosity and size to augment their drug 

loading capacity [145]. MSN can incorporate additional nanomaterials to create 

multifunctional nanocomposites with superior biocompatibility across various applications. 

For instance, Zhao et al. utilized ER-targeting mesoporous silica nanoparticles to combat 

systemic infection both in vivo and in vitro [80]. This innovative design facilitated the rapid 

release of therapeutic peptides upon H2O2 exposure by incorporating a peroxide-sensitive 

bromobenzyl acid linker, making the nanoparticles inherently responsive to pathogen-

macrophage interactions. With strong localization in macrophages, the release of melittin 

peptides inhibited pathogen growth and mitigated cellular dysfunction by reducing pro-

inflammatory cytokine production and ER stress, which in turn decreased kidney 

dysfunction and mortality in mice from systemic fungal infections. With many clinical 

investigations exploring the immense potential of silica nanoparticles, they remain one of 

the most promising materials for clinical use due to their biocompatibility, non-toxicity and 

degradation in a clinical setting [168].  

Alternatively, numerous inorganic nanomaterials possess optical properties that are 

highly applicable to diagnostics and phototherapy. Quantum dots, one of the earliest classes 

of optical nanomaterials, typically range in size from 1-10 nm. They have become a 

commercially viable option due to their remarkable optical properties, including high 

quantum yield, size-tunable and narrow emission spectra, and strong resistance to 

photobleaching. However, the toxicity of certain quantum dots, particularly those 

containing heavy metals like cadmium and zinc (e.g., Cadmium-selenium (CdSe) and Zinc-

selenium (ZnSe)), can induce cell death through mechanisms like ROS generation and lipid 

peroxidation. In contrast, silicon quantum dots present a lower toxicity alternative, making 

them suitable for live cell labelling. The luminescence of quantum dots originates from 

changes in confinement energy when the band gap of semiconductor materials becomes 

smaller than their de Broglie wavelength, leading to size-dependent tunable absorption and 

excitation emissions [157, 169, 170]. This quantum confinement effect facilitates 

remarkable optical properties, enhancing their utility in super-resolution imaging 

techniques such as Stimulated Emission Depletion (STED) and Structured Illumination 
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Microscopy (SIM). Despite their advantages, the broad absorption and blinking properties 

of quantum dots pose challenges for further development [142]. Interestingly, the stochastic 

blinking nature of quantum dots facilitates super-resolution imaging by allowing 

independent and statistical analysis of quantum dot emission states through time-averaging 

frames over specific period [171]. The optical properties of quantum dots make them 

excellent probes for studying and observing transportation and interactions between the ER 

and cytoskeleton in cellular studies, however, the potential toxicity due to heavy metal 

doping makes them difficult to applied in a clinical setting [172].  

The demand for detection and sensing applications emphasizes the need for candidates 

that are photostable, biocompatible, and highly sensitive to environmental changes. 

Photoluminescent carbon-based nanomaterials are widely favored for biosensing 

applications due to their specific optical properties. However, apart from silica 

nanoparticles, the long-term effects of many non-metallic nanoparticles, as well as potential 

cytotoxicity during degradation are some of the critical factors that need to be investigated 

before their translation to clinical applications.  

2.6.2 Metallic Nanoparticles 

Metallic nanomaterials are remarkably uniform and stable under most biological 

conditions, boasting unique physical properties that make them suitable for a variety of 

novel applications. The lattice structure of metallic material significantly influences their 

physical and chemical properties. While some metallic nanomaterials possess optical 

properties, most inorganic materials, such as copper NPs, iron oxide NPs, and silica NPs 

are non-luminescent materials but possess fundamental physical and chemical properties 

desirable for different applications (Figure 2.6). For instance, magnetic iron nanoparticles 

are widely used in biomedical imaging due to their paramagnetic properties. Surface-

modified iron nanoparticles can accumulate specifically at targeted sites, enhancing their 

potential for diagnostic and therapeutic purposes. They serve as contrast agents in magnetic 

resonance imaging (MRI) by reducing the longitudinal spin-lattice relaxation time, which 

improves image clarity [173]. Moreover, iron nanoparticles facilitate the stimuli-responsive 

release of therapeutic agents. Given the multi-oxidation state of iron ions, these 

nanoparticles can be engineered to response to external stimuli such as temperature, 

magnetic field, or pH changes [174, 175].  
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The Fenton reaction exploits the naturally acidic conditions in tumor microenvironments 

to control drug release and produce ROS. Iron nanoparticles provide exogenous iron ions 

Figure 2.6 Application of ER-specific metallic nanoparticles (a) Representation of the 

intracellular maladaptation through NIR photodynamic reductive damage of proteins 

facilitated by electronic interference. H&E staining of tumour cells under different 

treatments after 14 days. Flow cytometry analysis of 4T1 cells apoptosis through 

annexin V-FITC.[84] (b) Dual laser synergistic photothermal and photodynamic therapy 

of gold nanorods with mesoporous silica, tosyl ethylenediamine, cancer membrane 

coating and porphine in gelatin microgel and surface catalase (Au@MSN-

Ter/THPP@CM@GelMA/CAT) for ER stress-activated ICD. Confocal microscopy for 

SKOV3 cell death analysis (Red: PI, Green: Calcein-AM). Apoptosis analysis through 

flow cytometry post-treatment and irradiation. Treatment conditions were 48 hours after 

laser irradiation of 650nm (0.4W/cm2, 5min) and/or 980nm (1W/Cm2, 10 min).[135] 

(c) Schematic of ACFeNPs and its inhibition of organelle crosstalk to enhance tumor

elimination through induced ER stress without alleviation from autophagy using pre-

established lysosome impairment. Immunohistochemical staining after three days of

ACFeNP exposure in human hepatoma tumors reveals enhanced expression of ER

stress and apoptosis markers.[125]
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that react with naturally occurring hydrogen peroxide from glucose metabolism, facilitating 

the Fenton reaction. This reaction produces hydroxyl radicals and hydroxide ions, enabling 

site-specific drug release and targeted organelle damage PDT can employ the Fenton 

reaction to generate hydroxyl radicals that induce ER stress [125, 176]. The acidic tumor 

microenvironment and the overexpression of peroxide enhance the selectivity and efficacy 

of Fenton-based treatments.  

Approaches in phototherapy often favor the usage of near-infrared (NIR) wavelengths 

due to their low phototoxicity and deeper penetration, making luminescent materials such 

as up-converting nanoparticles and NIR dyes popular choices for photodynamic therapy. 

For instance, NIR-responsive, ER-targeting PEG polymeric nanoparticles can induce ICD 

through PDT [114]. The generation of ROS via the conjugated photosensitizer triggered 

downstream activation of ER stress and UPR. The low half-life of oxygen required high 

selectivity to enable rapid ROS diffusion across the ER membrane, enhancing the 

effectiveness of cancer immunotherapy. Yet, other luminescent materials like up-converted 

nanoparticles also hold potential for future biosensors due to their photostability, deep 

penetration and low background fluorescence afforded by NIR absorption bands [177, 

178].Given the vast potential application of ER-specific PDT, current research aims to 

further enhance PDT-induced ICD and apoptosis through strategies like starvation therapy 

[112], autophagy modulation [179], increasing oxygen levels by decreasing oxygen 

consumption154 or allowing for oxygen delivery [32, 113]. Considering their close 

interactions with the endo-lysosomal system, Li et al. demonstrated that disruptions 

between subcellar interactions could enhance ER-stress-mediated apoptosis [125]. They 

achieved lysosome destruction using hydroxy radicals generated by the Fenton reaction 

through ER-specific amorphous core-shell iron nanoparticles. The AMPK/mTOR pathway 

could not mitigate the resulting ER stress due to lysosomal destruction, which  

impaired autophagosome and lysosome interactions. This resulted in fully activated 

apoptosis via the ER stress-induced IRE/JNK pathway without autophagy alleviation.  

Copper nanoparticles, facilitate a copper-dependent pathway of programmed cell death 

deemed knowns as kurtosis [180]. As an essential co-factor for many proteins, excessive 

copper accumulation within cell disrupts mitochondrial metabolic function through protein-

aggregated proteomic stress, leading to ‘cure ptosis’. This mechanism has been exploited to 

enhance cancer immunotherapy [181]. In related research, Wan et al. developed a 
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photothermal approach to treat triple-negative breast cancer cells (TNBC) by circumventing 

the common challenges associated with photothermal therapy [134]. They utilized ER-

specific, photothermal, and thermal responsive copper disulphide nanoconstructs to enable 

the photo-thermally regulated release of the anti-inflammatory agent celecoxib, reducing 

vascular inflammation while inducing ER stress-mediated ICD. The ER specificity of these 

nanoconstructs enhanced immune cell recruitment, and the synergistic combination of 

photothermal therapy and PDT reduced TNBC recurrence and tumor metastasis under NIR-

II irradiation.  

While typically not luminescence, gold nanoparticles exhibit NIR absorbance optical 

properties through the surface plasmon resonance effect. This surface effect arises from the 

matching oscillations between the electronic vibration of gold nanoparticles with NIR 

wavelengths, which facilitates stronger absorption and scattering intensities. Inert in 

biological systems, gold nanoparticles possess conduction band electrons that match and 

resonate with photons to exhibit surface plasmon resonance applicable for dark field 

plasmonic imaging and NIR photothermal therapy [182, 183]. The aggregation state of gold 

nanoparticles influences their optical scattering properties, which result in distinct color 

changes and scattering wavelengths [182]. The optical stability of plasmonic gold 

nanoparticles (low blinking and photobleaching) makes them suitable for intracellular 

labelling and detection [184]. ER-targeting plasmonic gold nanoparticles have 

demonstrated remarkable capabilities for tracing molecular stress during electrical 

stimulation through surface-enhanced Raman spectroscopy (SERS)[110]. Changes in SERS 

peaks and Raman spectra, detected by plasmonic nanoparticles, were complementary to 

protein degradation, cytochrome C release and formational changes in protein structure 

during electrical stimulation-induced ER stress. Furthermore, plasmonic gold nanoparticles 

detected fluctuation in tyrosine and tryptophan amino acid Raman spectra during 

electrically stimulation ER stress. The absorption of light from gold nanoparticles comes 

with both benefits and challenges, as overheating in non-photothermal applications may 

damage in influence the detection and results of intracellular plasmonic nanoparticle 

tracking and detection [185].  

Up-converting nanoparticles are lanthanide-doped nanocrystals known for their photon 

up-conversion capabilities. Consisting of thousands of lanthanide ions in the crystal lattice, 

these nanocrystals matrix of sensitizer and activator ions enable an anti-stoke shift through 
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multiphoton absorption. As a result of lanthanide-based photon up-conversion, these 

nanocrystals do not exhibit photobleaching or blinking. The 4fn electronic configuration of 

lanthanide ions allows multi-photon excitation through various processes, allowing for the 

emission of higher energy visible photons after the absorption of multiple NIR photons 

[186]. Up-converting nanoparticles possess dopant and concentration-dependent tunable 

emissions and absorption wavelengths, which can be further enhanced through dye 

sensitization and optical engineering [187-190]. Their nonlinear, nonbleaching and 

nonblinking emission properties minimize background fluorescence for super-resolution 

imaging, single particle tracking and in vivo deep tissue imaging [191]. Furthermore, 

core/shell up-converting nanoparticles can enhance luminescence by reducing surface 

quenching, as well as introduce multiplexing capabilities in both the NIR-I and NIR-II 

window through lifetime and luminescence alterations [144, 178, 192-194]. Matching 

emission and excitation wavelengths between up-converting nanoparticles and 

photosensitizers enable NIR-based photothermal and PDT through luminescent resonance 

energy transfer (LRET) [195-199]. In one such study, NIR-responsive up-converting 

nanoparticles provided a counterintuitive approach to induce apoptosis by reducing ER 

oxidation and leveraging reductive damage for cancer cell death [84]. Utilizing electronic 

interference therapy, NIR up-converting nanoparticles facilitated NIR to UV conversion, 

allowing for the separation of electrons from tin oxide into ER for reductive damage that 

induced the breakdown of protein disulphide bonds. Photogenerated electrons from the 

reduction of Sn2+ to Sn4+ produced an ~190 ps excited-state relaxation process, observed 

via transient absorption spectroscopy as the protein disulphide bonds were reduced within 

the ER. The upregulation of the intracellular redox homeostasis regulator NRF factor 

demonstrated that the accumulation of misfolded proteins within the ER and subsequent 

cell apoptosis was a result of nanoparticle-based light-induced ER maladaptation. Future 

applications can potentially apply lanthanide doped nanocrystals with multiplexing or 

persistent luminescence properties for direct, long term intracellular tracking in order to 

eliminate phototoxicity and autofluorescence and to study the inner trafficking and 

distribution of inorganic nanocrystals [200, 201].  

Metal-organic frameworks (MOF), popular for their high surface area and tunable size 

and porosity, are another class of metallic nanomaterials that enable precise enzyme 

delivery to targeted sites, reducing enzyme aggregation, degradation, and enhancing 
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specificity. These frameworks protect enzymes from harsh external environments, such as 

lysosomes and proteases, and promote cellular uptake and endosomal escape for improved 

delivery [150, 151]. Furthermore, MOFs show potential as contrasting agents and 

biosensors due to their ability to carry metallic ions with paramagnetic properties. The 

delivery of metallic ions into the cellular environment can act as catalytic artificial enzymes 

which interact with the intracellular ions to reduce oxidative stress. For example, 

Ruthenium nanozyme carrying MOFs demonstrated reduced oxidative stress in brain 

tissues after ER localization, with a reduction of neuroinflammation and MMPs expression 

after a one-time intravenous administration [27]. The biological applications of MOF 

remain critically understudied due difficulties in maintaining stability in biological 

environments, as well as the potential to contain trace heavy metals after degradation which 

can induce cytotoxicity [202, 203].  

2.6.3 Organic Nanoparticles 

Organic nanoparticles and their respective derivatives have become a class of 

nanomaterials that have already been approved by the American Food and Drug 

Administration (FDA) for use as vaccines and drug carriers [204]. Exhibiting superior 

biocompatibility compared to inorganic counterparts, organic nanoparticles possess fewer 

unique physical and chemical properties and are typically less stable in biological 

conditions. Despite these challenges, lipid nanoparticles have emerged as highly successful 

nanomaterials for clinical and therapeutic applications (Figure 2.7). Their success in a 

clinical setting is attributed to their self-assembling nature and the diverse array of designs 

developed over the past decade. Their biocompatibility, low toxicity, and ability to 

encapsulate hydrophobic drugs make lipid and polymeric nanoparticles favored candidates 

for drug and gene delivery [146]. As a central role player for signaling, homeostasis, 

protein transcription and intracellular quality control, precise ER delivery enhances the 

therapeutic efficacy of drugs and genetic materials directly occurring within the ER. 

Additionally, lipid-based nanoparticles facilitate endosomal escape through endocytosis 

once they enter the cell to enhance biocompatibility. Endosomal escape can occur through 

lysosomal degradation due to the ionizability of lipids at low pH or through endosomal 

fusion, which is modulated by the energic costs and topological transformation of the 

endosomal membrane during the fusion and fusion-pore formation [49, 147].  
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Advances in lipid design and synthesis have introduced unique structural features such as 

chain length, saturation, and head group, which dictates the morphology and functional 

Figure 2.7 Organic nanoparticle applications (a) Schematic of renal fibrosis 

alleviation through Ceapin 7 and Dexamethasone delivery to the ER for TGF-B1/Smad 

3 for controlled macrophage polarisation. Immunofluorescent staining of M2c 

macrophages in left (top) and right (bottom) kidney (b) ER-specific immunogenic cell 

death is enhanced through autophagy activation through elevated Ca2+ release. CLSM 

depicts LC3 expression in different treatment groups, Api:3-methyadenine, Ape: 

rapamycin, ED: p-toluene sulfonyl modified doxorubicin. Loaded in PLGA 

nanoparticles. Flow cytometry analysis of CD3+ and CD8+ T cell maturation after 

treatment.[179] (c) Synergistic photodynamic and PTT through simultaneous exposure 

of hollow gold nanoparticles (ICG-HAuNS) and haemoglobin-encapsulated lipid 

nanoparticles (Hb-lipo). Flow cytometry of activated and regulated T cells after 

treatment with and without ER targeting moiety pardaxin (FAL). Immunofluorescent 

staining of CD8+ T cells, interferon (IFN)-γ, Foxp3+ T cells after treatment. Scale bar 

50 µm.[32] 
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properties of the assembled nanoparticle. Lipid nanoparticle self-assembly is driven by the 

undesirable interactions between the aqueous environment and the non-polar domain of 

lipid molecules [205]. The non-polar domains of lipid molecules will assemble and 

encapsulate non-polar domains to avoid unfavorable interactions and form a surface layer 

based on the domains that are more favored in an aqueous environment. Different classes of 

lipid nanoparticles are defined by their internal structure. To enhance the solubility and 

delivery of lipophilic hydrophobic molecules, liposomes were one of the first approaches to 

enhance the delivery of unstable drug molecules. Typically composed of phospholipids and 

emulsifiers, liposomes possess a lipid bilayer to encapsulate hydrophilic molecules in the 

aqueous interior and localized hydrophobic drugs in its membrane sections, with sizes 

varying greatly depending on the application [206]. On the other hand, solid lipid 

nanoparticles represent a new generation composed of solid lipids, offering enhanced 

stability, higher loading capacity, and higher biocompatibility. Possessing a solid lipid core 

matrix for enhanced loading capacity, solid lipid nanoparticles can offer controlled release 

and higher compatibility but are unable to deliver hydrophilic drugs without an aqueous 

interior.  

 For instance, a pivotal study by Li et al. designed ER-selective PDT and PTT to 

precisely target pathways inducing ICD and apoptosis, without facilitating necrosis [32]. 

This approach involved the simultaneous delivery of indocyanine green-modified hollow 

gold nanoparticles and hemoglobin-encapsulated liposomes, providing sufficient oxygen 

supply for ROS production and inducing a persistent imbalance of intracellular calcium 

between the ER and cytoplasm, thereby perpetuating ER stress. The sustained ER stress led 

to the continuous release of damage-associated molecular patterns (DAMPs), triggering 

ICD as evidenced by the increased expression of multiple ER stress protein markers. 

Increased fluorescence of surface-exposed calreticulin (CRT) and enhanced HMGB1 

translocation from the nucleus were attributed to the DAMP-promoted ICD effect from 

PDT. CHOP and CRT translocation induced dendritic cell maturation, which resulted in the 

production of CD8+ T cells, increasing TNF-α and INF-γ proteins for an enhanced anti-

tumor effect. By minimizing the obstacles from the physical characteristics of both organic 

and inorganic material, combinational therapy utilizing the advantages of both inorganic 

and organic nanomaterials has immense potential for future clinical applications.  

Organic polymer-based nanoparticles are flexible in physical and chemical properties, 
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providing superior solubility and strong shielding capabilities [85]. Composed of 

copolymers, these nanoparticles introduce diverse physical and chemical characteristics. 

They are highly biocompatibility due to their solubility, low toxicity, chemical inertness and 

non- immunogenic nature. Notably, their effective lysosomal escape makes them highly 

desirable for precise intracellular drug delivery. Several mechanisms facilitate the 

lysosomal escape of polymeric nanoparticles. The ‘proton sponge’ effect, for instance, 

involves the rupturing of endosomal and lysosomal membranes during osmolysis as the 

polymers experience varying pH levels. Protonation of the polymers, as they move to more 

acidic cellular compartments, induces the transport of negative ions to maintain charge 

balance, leading to osmotic swelling and membrane rupture for particle escape. 

Alternatively, membrane destabilization is attributed to membrane damages at localized 

regions of contact, which facilitates endosomal escape [207]. Like lipid nanoparticles, the 

assembly of polymers is thermodynamically favored in specific environments, enhancing 

drug loading capacity and efficiency [205]. Electrostatic interactions between negatively 

charged molecules such as nucleic acids and positively charged polymers enhance delivery 

and particle stability in biological environments. Increasing the drug delivery efficiency of 

non-soluble molecules through enhanced solubility, as well as avoiding the degradation of 

drugs through polymer coating are the critical advantages of polymeric nanoparticles that 

make them appealing for future clinical use.  

Lipid-polymer hybrid nanoparticles have become a novel approach that features 

advantages from both materials. Luo et al. derived a therapeutic approach by modulating 

TFG-B1 and Smad 3 using stress inhibitors and glucocorticoids delivered directly to the ER 

using nanoemulsions [28]. The M2c subtype macrophages inhibited cytokines production 

and reduced disease progression by suppressing the macrophage-to-myofibroblast 

transition. Furthermore, stress-induced macrophage polarization has been shown to regulate 

pulmonary fibrosis through chronic inflammation, potentially leading to irreversible lung 

damage or death [208, 209]. Their loaded ER-targeting micelles are responsive to high ROS 

levels with the ER stress inhibitor KIRA6 and the anti-inflammatory drug Dexamethasone, 

which reduced cytokine storms and restored ER homeostasis to prevent acute lung injury 

and pulmonary fibrosis (Figure 2.6). The repolarization of macrophages through inhibiting 

oxidative and ER stress can also enhance tumor immunotherapy [210]. KIRA6 inhibition of 

the IRE-XBP1 pathway reprogramed M2-tumour-associated macrophages in hypoxic 
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conditions by increasing glycolysis and decreasing fatty acid oxidation, facilitating the 

sensitization of anti-PD1 immunotherapy. Overall, while lipid-polymer hybrid 

nanoparticles are more complex in nature in comparison to polymeric or lipid 

nanoparticles, making them more difficult to manufacture, the polymeric characteristics of 

the particles increase structural integrity and drug delivery efficacy and capacity, while the 

outer lipid layer significantly enhances biocompatibility makes them a compelling 

advancement over conventional lipid and polymer nanoparticles [211].  

Degradation of organic nanoparticles after cell entry avoids potential toxicity from 

bioaccumulation as well reducing damaging during kidney and liver accumulation, which 

apart from silica nanoparticles, are characteristics that have not been vigorously studied in 

non-organic nanoparticles [44]. Due to high biocompatibility and their organic nature, 

understanding the long-term effects of organic nanoparticles are significantly less difficult 

compared to non-organic nanoparticles that may contain heavy metals or materials which 

are extremely non-reactive. Furthermore, controlled drug release during the degradation of 

organic nanoparticles makes them suitable candidates of highly specific therapeutic 

applications. As such, organic nanoparticles and silica nanoparticles remain as some of the 

most promising candidates for future clinical applications, supported by numerous clinical 

trials demonstrating their safety and efficacy, as well as FDA approved treatments such as 

the COVID vaccine. The circulation and degradation of non-organic particles must be 

further understood to facilitate potential clinical use.  

Innovative nanostructures utilizing peptides, nucleic acids, and organic frameworks have 

also emerged as novel strategies for a variety of applications [148, 150, 212]. The inherent 

stability and compatibility of these biologically derived materials in intracellular 

environments, along with the dynamic properties of peptides and nucleic acids, allow for 

the creation of highly precise nanostructures with tailored functionalities. From primary to 

quaternary structures, the self-assembly process of nucleic acids and peptides follows 

similar classifications, albeit with vastly different properties. The complementation of 

nucleic acid base pairs through hydrogen bonding modulates the structure of primary and 

secondary structures, while steric and geometrical hindrance dictates the tertiary and 

quaternary structures of nucleic acids [149]. Similarly, hydrogen bonding contributes to the 

secondary structure of peptides, while disulphide bonds and steric hindrance contribute to 

the tertiary and quaternary structure of peptide nanostructures [213]. The biocompatibility 
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and controllable nature of peptide and protein self-assembly have made them novel 

strategies for developing nanomaterials for biomedical applications. However, the 

complexity, stability and manufacturing of  biological nanostructures requires further 

investigation before potential clinical translation.  

2.7 Closing Remarks and Future Directions 

This review outlines the current prospects and applications of ER-LNPs for precise 

intracellular diagnostics and disease treatment. The innovations in ER-LNPs largely stem 

from their potential to enhance drug delivery, phototherapy, and specific intracellular 

labelling and detection. The design principles behind these nanoparticles show that core 

characteristics, such as material composition, luminescence, and targeting strategies, are 

interchangeable yet tailored to meet specific application needs. The stringency of optical 

properties such as photostability, absorption, and emission wavelengths vary greatly 

depending on the optical method and material.  

Present strategies highlight three mechanisms for achieving ER-specificity: lysosomal 

escape, lysosomal evasion via caveolae-mediated endocytosis, and direct endosomal 

trafficking through peptide signaling. However, many areas remain critically unexplored, 

such as the formation of a protein corona on the outer surface of nanomaterials within 

biological environments. Nonetheless, the applications for ER-LNPs are highly diverse, 

depending on the nanomaterial composition. The differing properties with various 

luminescent nanomaterials allowed ER-LNPs to act as tools for in vivo and in vitro sensors 

and vessels for ER-specific PDT and drug delivery. ER-specific intracellular detection 

showcases the potential for disease diagnostics through minor subcellular fluctuations. 

Furthermore, ER-specific PDT and drug delivery revealed increased therapeutic 

effectiveness, significantly influenced by nanoparticle luminescence which ensures that 

drug efficacy and delivery are enhanced by selective ER targeting.  

While in vivo and in vitro studies demonstrate immense potential of ER-LNPs, major 

challenges still need to be addressed in the future for effective clinical applications. 

Namely, combinational targeting through dual cell and organelle specific targeting will 

require more complex surface modifications to reduce non-specific cell targeting in clinical 

trials. Furthermore, it is currently uncertain how subcellular specificity can influence 

nanoparticle degradation and circulation. Currently, the relationship between ER stress 
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pathways and the localization of nanoparticles inside or surrounding the membrane of the 

ER has also not been elucidated. With changes in circulation and degradation due to 

lysosomal escape and enhanced ER localization, long term cytotoxicity within clinical trials 

needs to be addressed. Furthermore, as the major organs for the filtration of foreign 

materials, toxicity due to kidney and liver accumulation is one of the critical bottlenecks for 

advanced clinical applications. Subsequently, how ER specificity can induce kidney or liver 

damage needs to be further investigated. With an abundance of endoplasmic reticulum in 

hepatocytes involved in hormone and lipid synthesis as well as detoxification, the effects of 

ER-LNPs on normal liver metabolism and function need to be further investigated. As such, 

The accumulation of nanoparticles within the liver is one of the major bottlenecks that need 

to be addressed before advanced clinical applications [214].  

Advancements in biotechnology, chemistry, and pharmacology promise a bright future 

for LNPs in ER-specific applications. Although current strategies show immense potential 

for ER-specific therapeutics, there remains a vast untapped potential within the detection 

and observation of subcellular interactions using luminescent nanoprobes. Furthermore, 

understanding the distribution, degradation, and ultimate fate of nanomaterials are crucial 

factors that currently bottleneck the clinical viability of nanotherapeutics. The future 

clinical viability of these therapies will hinge on a deeper understanding of the core 

interactions between cellular systems and foreign nanomaterials, underscoring the 

importance of studying the localization and trafficking of intracellular materials through 

advanced optical methods.  
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Chapter 3. Materials and Methods 

This chapter will explore the experimental methods; characterization procedures and sample 

preparation performed in this thesis. Materials, as well as commercial instruments will be 

listed with their respective experimental procedures. Furthermore, three sections separated 

by the chemical, optical and biological experimental procedures performed by the author will 

be highlighted in this section.  

3.1 Chemicals, reagents and consumables 

Reagents and chemicals used in this thesis were purchased via Sigma-Aldrich unless 

specified. Reagents used include: Yttrium (III) chloride hexahydrate (YCl3·6H2O, 

99.99%), Ytterbium (III) chloride hexahydrate (YbCl3·6H2O, 99.9%), Thulium (III) 

chloride hexahydrate (TmCl3·6H2O, 99.99%), Erbium (III) chloride hexahydrate 

(ErCl3·6H2O, 99.9%),Sodium Hydroxide (NaOH, 99%), NaF (99%), Oleic Acid (OA, 

Technical grade 90%), 1-Octadecene (Technical grade 90%), Ammonium fluoride (NH4F, 

98% ), Methanol (99.9%), Cyclohexane (97%), Tetrahydrofuran (THF, 99.9%), Poly-L-

lysine (PLL) solution, Rhodamine B (95%) , Sulfo-n-hydroxysulfosuccinimide (Sulfo-

NHS, 98%), 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC, 97%), MES buffer 

(99%), Borate buffer (Powder pack). Ethanol (99.5%) was purchased from Chemsupply. All 

chemical reagents were used without additional purification. The author acknowledges Dr. 

Jiayan Liao for providing RAFT polymer B12, which represents triblock terpolymers, 

poly(poly (ethylene glycol) methyl ether methacrylate)-block-polymethacrylic acid-block-

polyethylene glycol methacrylate phosphate (PPEGMEMA15-b-PMAA12-b-PEGMP3).  

Consumables and Miscellaneous include: Pipettes, Pipette tips, TEM copper grids, Glass 

slides, Cover slips, Centrifuge test tubes, (1.5ml, 2ml, 15ml), Freezer, Teflon rare-earth stir 

bars, Argon gas tank, Glass bottles.  

3.2 Commercial Instruments 

Instrumentation and consumables used for the preparation and characterization of 

nanomaterials described in this thesis are listed below: Malvern Zetasizer Nano ZS90 ATA 
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Scientific, Nicolet FT-IR 6700 ATR-FTIR, JEOL F2000 TEM, Heating mantle (Room 

temperature to 400 ℃), Two-neck Round Bottom Flask, Three-neck Round Bottom Flask, 

Eppendorf Bench top Centrifuge 5424, LSE Vortex mixer, Thermometer, Ultra-sonic bath, 

Schlenk line, Analytical scale, Vacuum oven, Teflon-lined Autoclave, Fume hood.  

3.3 Synthesis, functionalization and characterization of UCNPs 

3.3.1 Nanoparticle synthesis  

3.3.1.1 Coprecipitation  

The co-precipitation of lanthanide UCNPs was performed according to previous literature 

[1, 2]. In a typical coprecipitation procedure, 1 mmol of combined RECl3 (RE = Y, Yb, Er, 

Tm), where the amount of rare earth chlorides adds up to 1 mmol total is mixed thoroughly 

with 6 ml of oleic acid and 15 ml of 1-octadecence in a 50 ml two-neck round-bottom flask. 

Under a fume hood, lanthanide oleate complexes were formed after the solution became 

transparent after vigorous stirring 160°C with argon gas pumping. The solution was then 

cooled to room temperature before adding a solution of 100 mg NaOH and 148mg of 

NH4Cl dissolved in methanol. Remaining precipitates in the container were flushed again 

with methanol into the mixture. The solution was then stirred for 20 minutes at 50°C under 

inert conditions through argon gas pumping. The mixture was then heated to 100°C to 

facilitate the evaporation of residual water and methanol for 30 minutes. Additionally, the 

solution underwent vacuum pump to ensure the complete removal of water and methanol 

for 10 minutes. The mixture was then heated rapidly to 300°C under slow stirring for 90 

minutes before rapid cooling to room temperature.  

The removal of excess unreacted reagents was achieved through centrifugation. For 6ml of 

UCNP solution after synthesis, the supernatant was discarded after centrifugation at 8500 

rpm for 8 minutes. The nanocrystals were then washed by adding 3 ml of cyclohexane and 

sonicated for 2 minutes. 1 ml of oleic acid was then added into the washed nanocrystals and 

further sonicated before adding 10ml of ethanol. The solution was sonicated again for 2 

minutes before centrifugation. The washing step was repeated three times in total before 

redispersing in cyclohexane and frozen at -20°C.  
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3.3.1.2 Shell Pre-cursor  

Shell Pre-cursor was synthesized with a similar method as co-precipitation. Shell precursor 

synthesis followed the steps for co-precipitation expect the removal of water and methanol 

was performed at 130°C for 40 minutes to ensure complete removal of water and methanol. 

Vacuum pumping was performed for an additional 10 minutes before rapid cooling to room 

temperature.  

3.3.1.3 Core-shell synthesis  

Epitaxial growth method was achieved with 3 ml of oleic acid, 8 ml of 1-octadecene and 

0.2 mmol of washed nanoparticles. Using a three-neck round-bottom flask, the above 

mixture was heated to 150°C for 30 minutes to remove residual water, methanol and 

cyclohexane before rising the temperature to 300°C under argon atmosphere. Afterwards, a 

0.15 ml shell-precursor solution was injected into the mixture at 300°C every two minutes. 

The thickness of the shell was determined by the amount and duration of pre-cursor 

injected into the solvent, which could be calculated using quantity, volume, and surface 

area of the nanoparticles as well as the volume of the desired core-shell structure. After the 

injection, the reaction was left at 300°C for 10 minutes before rapidly cooling down to 

room temperature. Core-shell nanoparticles were washed using the same procedure as 

stated above and stored at -20°C.  

3.3.3 Sample preparation 

3.3.3.1 Glass slide sample preparation  

Washed UCNPs dispersed in cyclohexane were sonicated before carefully dropped onto a 

cover slide with differing concentrations based on experiments. The cover slide was then 

placed onto a microscope slide using scotch tape or by covering the sides with nail polish to 

ensure no leakage of immersion oil. Nanoparticle samples did not degrade over 2 years and 

were stored at room temperature.  

3.3.3.2 TEM  

10 µL of prepared nanoparticles (100 ug/mL) were dropped onto a copper grid and dried 

before being examined under a transmission electron microscope.  
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3.4 Optics setup and software design 

Optical microscopy remains a cornerstone of the investigation of sub-micron structures and 

nanoscale luminescence, with its versatility extending across various imaging modalities. 

Among the many configurations, widefield and confocal microscopy represent two 

principal approaches, each offering distinct advantages depending on the imaging 

requirements and sample characteristics. This section outlines the foundational concepts of 

optical microscopy and details the specific optical pathways, illumination schemes, and 

detection strategies involved in both widefield and confocal systems, with emphasis on 

their relevance to UCNP imaging. 

3.4.1 Optical Components 

Optical components include: 976 nm butterfly laser (BL976-PAG900- 976nm), temperature 

controller (Thorlabs CLD1015), data acquisition device (DAQ) (National instruments NI 

USB-6353), 10X objective lens (Olympus PLN 10X objective), 100X objective lens 

(Olympus PLN 100X objective 1.4A), charged coupled device (CCD) (Manta MG-809C 

IRC), 950 nm long pass dichroic mirror (DML950R), single photon avalanche diode 

(SPAD) (Excelcitas SPCM-AQRH), spectrometer (Ocean optics QE Pro) , pizeo controller 

(BPC303), Concave lens kit (LSB04-B), 800 nm bandpass (FBH800-40), 950 nm long pass 

(FEL0950). PM100D Energy Meter was used for power measurements.  

Components for microscope assembly were purchased from Thorlabs. Components include: 

kinematic mirror mounts (KM100), pedestal posts (RS1P), clamping forks (CF125,CF175), 

lens tubes (SM30L10), XY translation mounts (ST1XY-S,CXY1A), cage plates (CP35, 

CP36) , cage cubes (C6WR), kinematic platform (B4C), Optic mounts (FFM1), 

construction rods (ER series)), Z-Axis translation mount (SM1ZA), motorized stage 

(MDT630B), manual stage (MT1), screws (SH6M series), post, post holders and post 

clamps (MSP, PH RA and TR series).   

3.4.2 Setup outline Custom multi-purpose optical instrumentation 

The custom microscope system is depicted in figure 3.1 and figure 3.2. The polarize 

maintaining laser 976 nm butterfly laser utilized a temperature controller which was 

controlled via a DAQ, which was further controlled using custom LABVIEW software with 
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a personal computer. The laser was spatially filtered using a pinhole and collimated with a 

10X objective lens. A 950 nm LP was used to filter out any residual lasing. A 950 nm long 

pass dichroic mirror was used to reflect the laser into the objective lens and pass photons 

between 300 nm to 850 nm into the SPAD or spectrometer. A focusing lens was used to 

focus the photons into the CCD, SPAD or spectrometer, which was determined using a flip 

mirror. Piezo controller outputs were used to find the sample and SPAD inputs were both 

received and processed by the DAQ device. Finally, a brightfield illuminator with a phase 

ring and focusing lens was used to focus the sample using the CCD.  

Figure 3.1 Panoramic view of home-built optical characterization device. (a) Laser 

controller. (b) 10x objective lens for collimation. (c) 900 nm filter. (d) Neutral density filter. 

(e), (f), (g) Silver mirror. (h) Dichotic mirror. (i) Stage and objective lens. (j) Flip mirror. 

(k) CCD. (L)Acquisition panel with pinhole (m) personal computer.
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Figure 3.2 Schematic illustration of the home-built characterization device. 
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3.4.2 Widefield microscopy 

Widefield microscopy is characterized by the uniform illumination of the entire sample 

area, typically achieved through Koehler illumination, which produces a collimated beam 

incident on the specimen. In this configuration, the condenser lens system is aligned such 

that the light source is imaged at the back focal plane of the objective, resulting in evenly 

distributed excitation across the field of view. For coherent laser excitation, such as in the 

case of UCNP excitation, the Gaussian intensity distribution of the laser remains unchanged 

unless modified by a beam-shaping element [3]. While a top-hat or flat-top beam shaper 

can be employed to homogenize the intensity profile, in this system such diffusers were 

intentionally omitted to preserve maximal laser power. Instead, control over the laser spot 

size was achieved using a defocusing lens placed at the phase conjugate plane. Adjusting 

the axial position of this lens introduced controlled divergence or convergence of the beam, 

thereby modifying the illumination profile at the sample plane (Figure 3.3). This flexibility 

proved particularly advantageous for bulk UCNP characterization, where a broader 

excitation area was desirable to maximize signal integration without the need for raster 

scanning. Although widefield imaging lacks optical sectioning capability and is susceptible 

to out-of-focus background, it offers superior acquisition speed and simplicity, making it 

well-suited for rapid screening, spectral measurements, and static single-particle analyses 

[4]. 

Figure 3.3 Gaussian beam expansion and field of view observation with home-built 

microscope. An increase in beam spot results in an increase in field of view at the expense 

of decreased power density.  
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3.4.3 Confocal microscopy 

Confocal microscopy provides optical sectioning by rejecting out-of-focus light through the 

use of a spatial pinhole in the detection pathway. Unlike widefield systems, confocal 

microscopy utilizes point illumination and spatially filters the emitted light, enabling high-

resolution imaging with enhanced axial discrimination. In the standard configuration, a 

laser beam is focused on a diffraction-limited spot on the sample by a high numerical 

aperture objective. The fluorescence or upconversion emission from the focal volume is 

collected by the same objective and directed through a pinhole aperture before reaching the 

detector [5, 6]. This pinhole eliminates light originating from planes above and below the 

focal plane, thus enhancing contrast and resolution in thick or heterogeneous samples. 

In this project, confocal imaging was essential for high-fidelity single-particle 

measurements of UCNPs. The point-scanning mechanism enabled isolation of individual 

particles while suppressing background signals from aggregates or the substrate. Due to the 

non-linear nature of upconversion luminescence, where emission intensity is dependent on 

excitation power density, the confocal configuration offered an additional advantage, as the 

laser beam’s tight focus naturally increased the power density at the focal point, thereby 

enhancing upconversion efficiency and signal detectability at the single-particle level [7]. 

Moreover, the integration of precise scanning stages and programmable laser modulation 

allowed for flexible control over spatial and temporal parameters, including excitation 

dwell time and pixel resolution. Together, these features enabled quantitative mapping of 

luminescence intensity, saturation behavior, and photostability across individual particles. 

Confocal microscopy thus served as a critical tool in evaluating the intrinsic optical 

properties of UCNPs, resolving heterogeneities otherwise obscured in ensemble 

measurements. 
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Figure 3.4 Widefield and confocal microscopy. (a) Widefield imaging of UCNPs 

(20%Tm,40%Yb NaYF4), scale bar: 500 nm. (b) Widefield imaging of 5 um Microbeads, 

scale bar: 500 nm. (c) Confocal imaging of UCNPs (20%Tm,40%Yb NaYF4), scale bar: 

250 nm (d) Confocal scanning imaging of 5 um microbeads. Scale bar: 500 nm.  

3.4.4 Principles and implementation for programmable optical 

instrumentation  

The precise control of optical instrumentation is critical for accurate and reproducible 

characterization of upconversion nanoparticles, particularly when measuring parameters 

such as luminescence intensity and lifetime. Unlike commercially available microscope 

systems with fixed or proprietary control architectures, the system developed in this project 

was designed to be modular, fully programmable, and highly customizable to accommodate 
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the unique requirements of UCNP characterization. Central to this system is the integration 

of hardware control and data acquisition via a LabVIEW based graphical programming 

environment, interfaced with a National Instruments DAQmx system for real-time analog 

and digital signal generation and synchronization. 

At the core of the system is a principle of time and event resolved control over both 

excitation and detection pathways (Figure 3.5). The DAQ device serves as a bridge 

between the LabVIEW interface and the physical components of the optical setup, which 

are mainly the laser, piezo motor, and photodetector. Analog output channels from the DAQ 

device are used to modulate laser intensity, while digital output lines are employed for 

synchronized timing pulses for pulse laser modulation and initiate data acquisition 

windows. 

Figure 3.5 Schematic illustration of hardware and software interface interactions. A closed 

loop of control, acquisition, and analysis. The laser controller and stage motor generate 

optical signals from UCNPs, and the resulting luminescence signals are detected by the 

single photon avalanche diode. This signal is transferred to the data acquisition hardware, 

which interfaces with the computer, which deals with data processing. 

LabVIEW provides a high-level programming interface that enables precise sequencing of 

experimental routines, including the control of excitation pulse durations, dwell times at 

specific scanning coordinates, or synchronization of laser excitation with photon detection 

(Figure 3.6). LabVIEW software is designed to control DAQ devices designed by National 

Instruments and is a graphical programming language that facilitates automated data 
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acquisition and instrument control. LabVIEW programs contain a virtual instrument that 

consists of two interfaces, a front panel (Figure 3.7) with controls and indicators, which the 

user controls when the program is running, and a block diagram where functions and 

structures are wired together to form the executable code (Figure 3.8 & Figure 3.9). Using a 

producer-consumer architecture, data acquisition and control processes can be decoupled, 

allowing for real-time streaming and analysis of photon counts, fluorescence decay curves, 

or spatial emission patterns. This architecture is particularly valuable when acquiring high 

temporal resolution data, such as single-particle luminescence traces or time-resolved 

emission profiles, where latency and timing jitter can degrade measurement fidelity. 

Figure 3.6 Illustration of LabVIEW logic. LabVIEW logic is built from interconnected 

functional blocks featuring physical and virtual channels. Each block performs a specific 

task, and it executes only when all required input data becomes available. Once a block 

finishes its operation, the resulting output data flows to the next connected block, allowing 

the entire program to run as a network of data driven operations. 

The system's flexibility also allows for dynamic protocol switching and feedback-based 

control. For example, laser scanning parameters can be altered in real-time based on 

incoming signal intensity, or acquisition can be paused and resumed based on signal 

thresholds or external triggers. This programmability enables complex experimental 

protocols such as saturation curve measurements, repeated excitation-recovery cycles, or 

lifetime mapping, all of which are critical for fully characterizing the nonlinear and long-

lived photophysical behavior of UCNPs [8]. 

Through the combined use of LabVIEW and DAQmx, this custom-built optical system 

offers a robust and extensible platform for high-precision control and measurement in 

optical nanomaterial research. It enables seamless integration of diverse hardware 
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components, allowing for tailored experimental design, and provides the temporal and 

spatial control necessary for probing UCNPs at both the bulk and single-particle level. 

Figure 3.7 Front Panel of LabVIEW software for single particle photon counting. The front 

panel in LabVIEW serves as the graphical user interface of a virtual instrument and 

functions as the space where users interact with the program yet is directly to the 

underlying block diagram. It contains controls and indicators that allow users to provide 

input, adjust parameters, and observe outputs generated during execution.  

3.4.5 Single particle photon counting 

Single particle photon counting was achieved with custom LabVIEW code, which dictates 

the positioning of the sample, single photon counting through SPAD, as well as laser 

intensity control for power dependence experiments. The first function within the 

LabVIEW software enables laser control which outputs the laser intensity by changing the 

voltage given to the laser which is placed within a sub-VI (Figure 3.8). Duration of the laser 

is programmed in a case structure which allows tunable duration on the front panel. 
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The second function designed within a while structure receives signals from the SPAD at a 

given rate and accumulates photon counts in each interval depending on exposure time, 

which is then exported to a text file (Figure 3.9). The main purpose behind single particle 

photon counting instead of ensemble or powder-based counting is a result of the Gaussian 

distribution of the laser. In a normal microscope setup, regardless of whether the laser is 

collimated or convergent at the back focal plane, the Gaussian distribution of a laser will 

result in disproportionate values caused by surrounding nanoparticles absorbing laser 

intensities lower than the maximum laser intensity received in the middle. Given that 

UCNPs can display non-linear optical responses and saturate at higher laser intensities, 

outer nanoparticles can result in inaccurate data measurements. In circumstances like this, 

the only way to ensure that particle luminescent recants are accurate is to guarantee that 

either the quantity of particles remains the same and are distributed evenly during data 

acquisition, or that only a single particle receives the maximum laser intensity (which is 

calibrated by hand using the piezo controller). Single particle photon counting was 

therefore done with a collimated laser at the back focal plane to form a small focused 

gaussian laser spot on the sample. 

Figure 3.8 Laser intensity and timing control. In a closed loop system, a change in laser 

power occurs with changing voltage, which changes based on the increments “n”, which 

represents the loop number. The orange boxes represent tunable values available on the 

front panel of the LabVIEW program.  
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Figure 3.9 Hardware timing, sequential timing and data acquisition. In addition to tunable 

values for controlling laser on off time, photon counts and the waveform graph in the front 

panel and are saved within the computer.  

3.4.6 Single nanoparticle lifetime measurements 

Similar to single particle photon counting, nanoparticle lifetime measurements were 

acquired using the same methodology with modified programs to control data acquisition. 

However, differing from the previous program, where some data points are omitted for the 

sake of speed and processing, every photon is counted during lifetime measurements given 

the required sensitivity for single particle lifetime experiments. To ensure that the 

measurements are accurate, the lifetime experiment is repeated and observed with a pulsed 

laser in mind. These lifetime measurements are then fitted using a custom MATLAB code 

to illustrate the lifetime fitting across multiple lifetime measurements.  

3.4.7 Up-conversion spectroscopy 

Up-conversion spectroscopy was performed using QEpro, to ensure that the focusing lens 

remains aligned with the optic fiber, the outer optic fiber (Fiber not connected to a pinhole) 

was switched between photon counting and spectrophotometer experiments. Furthermore, 
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given the limited sensitivity of the spectrometer, nanoparticle ensembles were prepared for 

spectrophotometer experiments.   

3.5 UCNPs under biological conditions – Methods and 

procedures   

3.3.2 Surface modification of nanoparticles 

3.3.2.1. Ligand exchange  

Hydrophilic nanoparticles were obtained through ligand exchange with PEG di-block 

copolymer. 10 mg of nanoparticles were redispersed in 1 mL of THF with 15 mg of 

polymer and shaken for 12 hours at room temperature. The polymer coated UCNPs were 

washed using a mixture of THF and water three times, with the ratio of THF gradually 

reduced in subsequent washing cycles until the particles were completely dispersed in 

water. The final solution was stored at 4°C in 0.2 ml of de-ionized water [9].  

3.3.2.2. PLL and Rhodamine bioconjugation  

The formation of positively charged nanoparticles was achieved through the conjugation of 

poly-lysine. 0.5 ml of 0.1% PLL solution was added along with 0.3 ml of de-ionized water 

and sonicated for 2 minutes. Afterwards, the solution was shaken at room temperature for 

40 minutes before being washed twice with DI water via centrifugation.  

Rhodamine B conjugation was achieved via EDC-NHS carbonamide linking (Figure 3.10). 

Carbonamide activation was achieved when 0.5 mg of Rhodamine B was added in 1 ml of 

MES buffer with 5 mg of EDC and 5 mg of NHS and shaken at 4°C for 15 minutes under 

darkness to prevent photodegradation. PLL conjugated UCNPs were then added into the 

solution and further shaken for 2 hours at 4°C. The Rhodamine-PLL-UCNP was then 

washed at least three times with DI water via centrifugation and stored in dark conditions at 

4°C [10].  
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Figure 3.10 Schematic illustration of surface modification of UCNPs. UCNPs first undergo 

ligand exchange from Oleic Acid-UCNPs with the polymer triblock terpolymers, poly(poly 

(ethylene glycol) methyl ether methacrylate)-block-polymethacrylic acid-block-

polyethylene glycol methacrylate phosphate (PPEGMEMA15-b-PMAA12-b-PEGMP3 

(provided by Dr. Jiayan Liao). Afterwards, electrostatic attraction between carboxylic acid 

groups with poly-l-lysine facilitates a PLL coating. Rhodamine dye is then conjugated 

using EDC NHS.  

3.3.2.3. Protein Corona formation 

Hydrophilic UCNPs were incubated in sterile RPMI with 10% FBS for 30 minutes. The 

particles were then recovered via slow-speed centrifugation and used immediately for 

further experiments [11]. 

3.3.3.3 DLS & Zeta potential  

Dynamic light scattering and zeta potential experiments were performed on a Malvern 

Zetasizer. Hydrodynamic size, and zeta potential experiments were performed with 

nanoparticles in a solution de-ionized water (100 ug/ml) using a quartz Zetasizer cuvette. 

3.3.3.4. ATR-FTIR 

Attenuated total reflectance – Fourier transform infrared spectroscopy (ATR-FTIR) was 

performed using a Nicolet FT-IR 6700. After centrifugation at 15000 rpm for 30 minutes 

for UCNPs, supernatant was removed and dried using a vacuum dehydrator. Approximately 

10 mg of dehydrated powder UCNPs was used for FTIR analysis.  
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3.5.1 Cell culture 

Experimental investigations for nanoparticle interactions with living cells involved HeLa, 

BV2, A549 and COLO-794 cell lines under the same conditions. Cell culture was 

performed in a T25 flask grown in RPMI 1640 cell culture medium with 10% fetal bovine 

serum (FBS) and 1% Penicillin-Streptomycin (PS). When stored, cell lines were stored in -

80°C until being thawed for usage. Cell lines were warmed in a 37c bath incubator before 

being centrifuged for 1500 RPM for 5 minutes. The supernatant was removed to remove all 

DMSO, leaving behind the cell pellet. 5ml of RPMI containing the previous materials were 

added and mixed thoroughly before placing into the T25 flask and placed inside a 37°C 

incubator. Medium was replaced every 72 hours and checked for confluency. Under 

confluent conditions, medium was removed and washed with PBS before 1ml of trypsin 

was added for 5 minutes before RPMI containing FBS was added to neutralize the 

remaining trypsin. Most of the medium containing the cell suspension was removed for 

experiments from the flask before adding fresh medium to culture cells. For long term 

storage, 100uL DMSO was added into 1mL of medium containing 1 x 106
 cells before 

being frozen at -80°C.  

3.5.2 Fixed cell UCNP imaging 

50,000 cells were seeded in a 35 mm imaging dish (CG 1.0, sterile) incubated in 1 mL 

RPMI containing 10% FBS and 1% PS overnight. Afterwards, PBS was used three times to 

wash and remove the medium before fixing cells in a 4% paraformaldehyde solution. 

UCNPs were added and incubated for 4 hours to observe fixed particle localization. 

Afterwards, UCNPs were washed using TRIS buffer gently three times to remove excess 

nanoparticles. Nanoparticle and cell microscopy was performed using the home-built 

widefield microscope [12].  

3.5.3 Cytotoxic Assays 

2,500 cells were seeded in a 96-well plate for cytotoxicity assays. After 24 hours, 

nanoparticles with differing conditions and concentrations were added to each well. After 

72 hours, 10 µL of Alamar blue stock solution was added to each well and kept in the 
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incubator for 4 more hours. A microplate reader was then used to read the absorbance at 

560 nm to determine the cell viability compared with the control.  

3.5.4 Co-localization studies 

Colocalization studies were conducted using a Tie2 widefield microscope with Rhodamine 

conjugated UCNPs for fluorescent widefield imaging and lysotracker Deep Red. 50,000 

cells were seeded in a 35 mm imaging dish (CG 1.0, sterile) incubated in 1 mL RPMI 

containing 10% FBS and 1% PS overnight. Afterwards, sterilized UCNPs (50 ug/ml) were 

added into the medium and incubated for 4 hours. HEPES was then used three times to 

wash and remove the excess UCNPs. Afterwards, 200 nM Lysotracker was added for 30 

minutes prior to imaging and washed three times using HEPES.  

3.5.5 Cell TEM imaging 

Cell plating procedure was similar to colocalization studies, with an increase to 500,000 

cells being seeded in a 6 well plate in 1mL RPMI with 10% FBS and 1% PS overnight. The 

nanoparticle incubation procedure (200ug/ml) was identical to co-localization studies. After 

washing with HEPES, cells were fixed in a 2.5% glutaraldehyde solution in 0.1M 

Sorensen’s phosphate buffer. Afterwards, cells were further fixed in 0.5% osmium tetroxide 

carefully washed with Sorenson’s buffer, and then further fixed in a 2% uranyl acetate 50% 

ethanol solution. The solution was then washed 3 times with Sorenson’s buffer to remove 

all previous solutions and reduce artifacts. Cells were then scraped using a rubber-

policemen and pelleted at 3000 RPM for 5 minutes. The supernatant was then removed, and 

2% melted agar was added into the tube to form a small gel, before being cut and placed 

into 70% ethanol for dehydration. Dehydration from 70%, 90%, 95% and 100% ethanol 

was done twice for 10 minutes before being embedded in epoxy resin. Capsules were first 

further dehydrated in a 50% propylene oxide and 50% Epoxy resin solution for 2hours 

before transferring the pellet into 100% epoxy resin solution. After polymerization, sections 

were cut using an ultramicrotome (Leica ultraacut microtome) and placed onto copper TEM 

grids before being examined under TEM.  
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3.5.6 Intracellular cargo tracking 

Intracellular cargo tracking was performed with cells seeded in the procedure, the same as 

co-localization studies omitting the addition of Lysotracker. Co-localization analysis used 

ImageJ Plugin JaCoP [13]. Nanoparticle tracking was performed using home-built 

microscope system. Tracking analysis was performed using ImageJ Trackmate Plugin 

[14].MSD analysis used custom Matlab software as well as software MSDanalyzer [15]. In 

this thesis, HMM was applied to single-particle trajectories of UCNPs tracked within live 

cells using the package HMM-Bayes [16]. Each trajectory was modeled as a time series of 

two-dimensional displacements, with the goal of inferring underlying dynamic states and 

their temporal transitions. The number of hidden states was determined empirically using a 

Bayesian Information Criterion (BIC) and were optimally modeled using two to four 

motility states. 
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Chapter 4 Synthesis, characterization and 

investigation of optical characteristics of single 

UCNPs with ideal volumetric scaling 

4.1 Introduction 

The application of luminescent materials as therapeutic and diagnostic materials in recent 

years has been thoroughly explored in previous chapters. With high photostability, no 

photobleaching, and no background autofluorescence via infrared lasing, lanthanide-doped 

nanocrystals are one such material with incredible clinical and diagnostic potential due to 

the rising demand for advanced tools for point-of-care diagnostics, super-resolution 

imaging, optical probing and sensing [1-3]. While growing interest in UCNPs ranging from 

10-40 nm have been studied extensively for their potential for single-molecule level

imaging and super-resolution imaging, surface-related losses in smaller UCNPs result in 

significantly darker nanoparticles due to intense surface quenching [4, 5]. However, 

surface-related losses can be mitigated in larger UCNPs through a reduction of surface area 

to volume ratio. Reports have demonstrated that ideal volumetric scaling for single UCNPs 

significantly enhances volume-normalized single particle brightness because of reduced 

surface quenching [6].  
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Figure 4.1 Single UCNP intensity normalized with ideal volumetric scaling with size 

considerations [6]. 

In an ideal particle, the saturation and emission intensity of a single UCNP should scale 

linearly with an increase in volume due to a proportional increase in emitter and sensitizer 

ions as volume increases. However, previous research performed by Garagas et al. 

demonstrated that ideal volumetric scaling only approaches a linear increase in optical 

properties for UCNPs with diameters at approximately 100 nm [6]. This is a result of a 

“dark” surface layer, where surface quenching results in a decrease in luminescence 

efficiency. However, the surface quenching dark layer remains the same regardless of 

UCNP volume as it is a surface-localized phenomenon, and an increase in UCNP size 

gradually minimizes the influence of a surface dark layer. As such, UCNPs with ideal 

volumetric scaling must approach a size at around 100 nm to mitigate the potential surface-

related losses.  

Despite evidence that larger up conversion nanoparticles can display enhanced single 

particle brightness due to diminished surface quenching, their optical properties have not 

been systematically explored at the single particle level. This gap in knowledge persists in 

part because the synthesis of lanthanide doped nanoparticles above 100 nm remains 

challenging using traditional coprecipitation methods. In this chapter, these limitations are 

addressed through a refined coprecipitation strategy that enables the controlled growth of 

large UCNPs by adjusting precursor concentrations during the Ostwald ripening process, 

thereby producing nanocrystals that approach volumetrically ideal dimensions. This 

advancement provides a foundation for examining their intrinsic optical behavior with 

single particle precision. While erbium doped systems have been thoroughly studied in 

previous research, thulium doped UCNPs demand further investigation due to their strong 

optical nonlinearity, which arises from fundamental differences in their electronic structure 

and energy transfer pathways. Given the potential of thulium-based nanoparticles for near 

infrared super resolution and other biomedical imaging applications, a deeper 

understanding of their photophysical mechanisms is essential. As such, this chapter 

investigates large volumetrically ideal UCNPs across varying sensitizer and thulium 

concentrations, revealing how these factors shape excited state populations, emission 
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efficiency and nonlinear behavior. Together, these developments contribute to the design of 

brighter and more efficient nanoprobes and establish a conceptual framework for future 

biological and optical applications. 

The synthesis of UCNPs larger than 100 nm using the coprecipitation method has not been 

comprehensively documented in the current literature. Existing approaches capable of 

producing UCNPs in this size regime, including hydrothermal and thermal decomposition 

methods, each present notable limitation [30]. Hydrothermal synthesis requires extended 

reaction times in sealed and pressurized autoclave vessels, raising practical and safety 

concerns for routine or large scale production. This method also introduces hydroxyl groups 

into the reaction environment, which can generate structural defects that severely diminish 

luminescence efficiency. Thermal decomposition routes that rely on metal trifluoroacetates 

offer improved size control but pose significant hazards due to the possible release of 

hydrogen fluoride, trifluoroacetic acid and other corrosive fluorinated vapors under 

improper conditions. 

In contrast, coprecipitation is widely regarded as a safer and more accessible technique that 

reliably produces highly uniform UCNPs within the 10 – 60 nm range. However, extending 

particle sizes beyond this range is inherently challenging because the rapid supersaturation 

characteristic of coprecipitation generates a large number of nuclei, depleting monomers 

and restricting subsequent particle growth. To address these limitations, this chapter 

introduces a modified coprecipitation strategy based on controlled adjustment of precursor 

concentrations to suppress excessive nucleation and promote sustained crystal growth. This 

approach enables the formation of larger UCNPs suitable for optical characterization under 

ideal volumetric conditions, thereby reducing the influence of surface related quenching. 

Instead of investigating particle ensembles, this study aims to investigate single 

nanoparticle brightness to reveal the key up-conversion transfer mechanisms. The Gaussian 

point spread function of the widefield imaging system and the extreme optical sensitivity of 

UCNPs would result in data that does not correctly reflect on the optical properties of 

UCNPs during ensemble measurements, which is why an optical system for single particle 

imaging was constructed and designed in the first place. Additionally, a comparison 

between the optical properties at different sensitizers and emitter doping in nanoparticles 
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ensembles becomes inaccurate as the number of UCNPs is unknown due to the diffraction 

limit, and ensemble counting can only be achieved using electron microscopy. 

In this chapter, our results demonstrate changes in optical properties based on differing 

emitter and sensitizer concentrations in a Yb3+/Tm3+ co-doped system based on changes in 

excited electron occupation in single nanocrystals. The population distribution of excited 

electrons and energy transfer up-conversion processes are dictated via sensitizer and emitter 

concentrations which can result in tunable rise times and lifetimes with a range of two 

orders of magnitude dependent on sensitizer and emitter concentration. Highly Tm3+ doped 

UCNPs demonstrate a significant increase in cross relaxation and nonradiative transitions, 

as well as an increase in optical non-linearity as a result of the photon avalanche effect. 

These optical characteristics observed in single nanoparticles with ideal volumetric scaling 

provide further insight into the optical mechanism of lanthanide up-conversion.  

4.2 Results and Discussion 

4.2.1 Synthesis and morphological characterization of 

volumetrically ideal UCNPs 

Morphological control of lanthanide-doped materials can significantly influence particle 

luminescence for enhanced sensitivity diagnostic applications [7, 8]. The luminescence 

mechanisms behind smaller lanthanide doped nanocrystals with higher emitter 

concentrations have been thoroughly explored in previous research [9-11]. Critically, in 

highly doped lanthanide nanocrystals, emission intensity scales linearly with particle 

volumes (>40 nm) at larger sizes due to decreasing effects based on surface-related losses 

[6, 12]. However, luminescent properties of super-large (>100 nm), differently doped 

lanthanide nanocrystals has not been explored. A reduction of surface-related losses, as well 

as an increase in emitter and sensitizer quantity within a single nanoparticle, makes 100 nm 

+ nanoparticles significantly brighter while still being under resolution limit for

conventional light microscopy techniques. As such, lanthanide-doped nanoparticles over 

100 nm have been suggested to possess ideal volumetric scaling [6]. However, synthesis of 

lanthanide-doped materials with ideal-volumetric scaling have not been explored due to 

difficulties in synthesis procedures. The hydrothermal method was omitted due to the 

excess addition of hydroxyl defect groups with the addition of water. As shown in figure 
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4.2, our results demonstrate the production of 100+ nm nanoparticles via coprecipitation 

was a host dependent process that could be altered during the nucleation and crystallization 

process by changing the chemical equilibrium through precursor concentrations. An 

increase in size was therefore the result of reduced nucleation under lower precursor 

concentrations during the coprecipitation process. 

Figure 4.2 Synthesis of volumetrically ideal UCNPs via coprecipitation (a) Nanoparticle 

coalescence (b) Oswald ripening (c) Nanoparticle completion  

The first step of coprecipitation involves the dissolution of lanthanide chloride-based salts 

and the formation of lanthanide oleate precursor complexes, which can be described as: 

The formation of lanthanide-oleate complexes facilitates uniform precursor distribution and 

suppression of premature nucleation as lanthanide ions are solubilized in the nonpolar 

organic solution which allows for homogeneous mixing of metal ions throughout the 

reaction volume [13]. Afterwards, the addition of a methanol solution containing NaOH and 

NH4F is added into the reaction for the dissolution of NH4F and NaOH. This solution 

introduces both fluoride and hydroxide ions necessary for the formation of the fluoride 

crystal lattice [14]. The reaction mixture is heated to 110–150 °C under vacuum or inert gas 

flow to remove excess methanol and water. Following solvent removal, the reaction 

mixture is heated to approximately 300 °C to initiate nucleation and crystal growth. 

Nanoparticle formation is understood through the classical LaMer model, which separates 

the nucleation and growth phases into distinct time domains [15]. For the formation of 

nanocrystals, nucleation can be explained via the Lamer model: 
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With this model, nucleation begins once the concentration of dissolved solutes surpasses 

the critical supersaturation threshold, where super saturation (s) occurs when the actual 

concentration of the solute C is greater than the equilibrium solubility Ce, which is defined 

by the maximum amount of solute that can be dissolved under certain conditions. 

Therefore, nucleation occurs in conditions where over saturation occurs in the solution. In 

the case involving NaYF4, the dissolution of NH4F occurs at higher temperatures seen with 

the reaction equation: 

For the formation of NaYF₄ UCNPs, the decomposition and dissolution of NH₄F at elevated 

temperatures release free fluoride ions into the system [16]. The availability of fluoride and 

rare-earth cations leads to the precipitation of NaYF₄ crystals, as described by the overall 

reaction: 

As such, facilitating the dissolution of NH4F through changes in temperature or increased 

NH4F concentration can increase nucleation formation. Indeed, results demonstrate that a 

decrease of NH4F ions resulted in an increase of UCNP size under identical synthesis 

conditions [17]. Our results demonstrate that after the rapid depletion of free ions through 

nucleation, the reduction in system supersaturation in the reaction results into a kinetically 

slower growth phase dominated by monomer deposition onto existing nuclei (Figure 4.2). 

Following nucleation, Oswald ripening of smaller nanocrystals and nuclei enables the 

formation of larger nanocrystals. In cases where nucleation is less due to reaction 

conditions, nanoparticles increase in size as monomers are deposited into a smaller quantity 

of nanoparticle nuclei. A simple model for nanoparticle growth can be explained by 

Lifshitz-Slyozov-Wagner Theory (LSW theory) where:  
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Related to the curvature effect of the Gibbs-Thomson rule, LSW theory depicts the size of 

the particle at time “t” compared to the initial time is dependent on a rate constant which is 

determined by the concentration of continuous phase molecules C(P), the interface energy 

(γ) as well as the diffusion coefficient (D) and volume of the occupied molecules in the 

solution V̄2. LSW theory further predicts a narrow size distribution as smaller particles 

equilibrate and diffuse into the local solution which are redeposited onto larger 

nanoparticles [18, 19]. Greater surface energy due to a higher surface area to volume ratio 

along with the curvature effect of the Gibbs-Thomson rule results in higher solubility of 

smaller nanoparticles which facilitates its deposition.  

The ability to modulate particle morphology during coprecipitation is fundamentally 

governed by how reaction parameters shape the balance between nucleation and growth. 

Precursor concentration is one of the most critical determinants, as it directly sets the 

degree of supersaturation in the reaction mixture. High precursor concentrations rapidly 

push the system beyond the critical supersaturation threshold, resulting in a burst of 

homogeneous nucleation that produces numerous small nuclei and quickly depletes 

available monomers. Under these conditions, growth becomes severely limited, and particle 

sizes remain small. Conversely, lowering precursor concentrations suppresses excessive 

nucleation and permits a reduced number of nuclei to form. This shift enables sustained 

monomer availability during the subsequent ripening stage, promoting continued particle 

growth and ultimately yielding larger nanocrystals. 

Temperature also plays a decisive role in shaping nucleation behavior by altering the 

solubility and diffusion kinetics of both rare earth and fluoride ions. Heating the reaction 

mixture accelerates the decomposition of ammonium fluoride, increases the mobility of 

ionic species and enhances ligand exchange between lanthanide oleate complexes and free 

ions. Rapid temperature ramps can therefore trigger intense nucleation, while slower or 

staged heating provides more controlled ion release and a prolonged growth period that 

favours the formation of larger particles. The solvent composition, particularly the ratio of 
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oleic acid to octadecene, further influences these dynamics by regulating the coordination 

strength of lanthanide ions and modifying surface energies of forming nuclei. Higher oleic 

acid content stabilizes smaller particles by strongly passivating their surfaces, whereas a 

reduced amount of coordinating ligands decreases surface passivation and enhances particle 

coalescence and Ostwald ripening. 

Collectively, these parameters define the thermodynamic and kinetic landscape of the 

coprecipitation reaction. By precisely tuning precursor concentration, temperature profile 

and solvent composition, it is possible to suppress rapid nucleation, extend the growth 

phase and shift the system towards producing larger, more uniform nanocrystals. These 

mechanistic insights provide a clear rationale for the observed morphological control in this 

study and demonstrate how deliberate manipulation of reaction conditions enables the 

synthesis of volumetrically ideal UCNPs that would not otherwise emerge from 

conventional coprecipitation conditions. 

Lattice fringes observed in the high-resolution TEM images correspond to the (100) planes 

of hexagonal NaYF4, confirming that the synthesized nanoparticles possess the expected 

hexagonal crystal phase (Figure 4.3). The clear and well defined spacing of these fringes 

reflects the high crystallinity of the nanocrystals and verifies that the coprecipitation 

method successfully produced phase pure hexagonal NaYF4. This structural confirmation 

is essential, as the hexagonal phase is known to support more efficient upconversion 

processes compared with the cubic counterpart, thereby validating the suitability of the 

synthesized nanoparticles for subsequent optical characterization and applications. 
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Figure 4.3 High Resolution TEM image of lattice fringes for NaYF4 40% Yb3+/20%Tm3+ 

UCNPs. Scale bar:10 nm.  

Afterwards, a series of hexagonal NaYF4:Yb3+/Tm3+ nanocrystals were synthesized 

following the method above. Size and morphology of UCNPs at different Tm3+ (40%Yb) 

via TEM imaging are displayed in figure 4.4. Tm3+ concentration ranging from 2% to 40% 

were synthesized and demonstrated possible ideal volumetric scaling regardless of Tm3+ 

doping via the coprecipitation method. The batches of these core nanoparticles were all 

above 90 nm, which is well over the ideal volumetric scaling reported in previous research 

[6].  

Figure 4.4 TEM images of NaYF4:40% Yb3+ / x% Tm3+ UCNPs. (a-e) 2%, 4%, 8%, 20%, 

40% Tm3+. Scale Bar 200 nm.  

Similarly, a series of hexagonal NaYF4:Yb3+/Tm3+ nanocrystals with different Yb3+ 

concentrations were synthesized with ideal volumetric scaling. A highly doped Tm3+ (20%) 

concentration was selected across all Yb3+ concentrations to ensure that populating the 

excited energy levels of Tm3+ ions could be observed at a greater scale with differing 

sensitizer concentrations. 
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Figure 4.5 TEM images of NaYF4:x% Yb3+ / 20% Tm3+ UCNPs. (a-d) 2%, 4%, 10%, 20% 

Yb3+. Scale Bar 200 nm.  

To determine if single nanoparticles with ideal volumetric scaling depict changes in optical 

characteristics after the addition of a core-shell structure, an inert NaYF4 core-shell 

structure was synthesized onto the core nanoparticles. As illustrated in figure 4.6, the 

addition of a NaYF4 layer on NaYF4:40% Yb3+ / 20% Tm3+ resulted in an increase of 

average single nanoparticle size from 96 nm to 112 nm. Single nanoparticle power 

dependence measurements of 800 nm emissions under 980 nm laser excitation 

demonstrated that addition of an inert shell layer resulted in an increase in single particle 

luminescence as well as a left-ward shift of power dependence which can be attributed to a 

reduction of surface defects.  
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Figure 4.6 Core and core-shell nanoparticles and their power dependence. (a) NaYF4:40% 

Yb3+ / 20% Tm3+ size and distribution. (b) NaYF4:40% Yb3+ / 20% Tm3+@NaYF4
 size and 

distribution. (c) 800nm power dependence emission of single UCNP. Scale bar 200 nm.  

Given that core-shell structure improved the single particle brightness, a series of core-shell 

nanoparticles with differing sensitizer and emitter concentrations were synthesized using 

previous UCNPs with an inert NaYF4 shell (Figure 4.7 & Figure 4.8). 
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Figure 4.7 Core-shell nanoparticles (a) 2%Tm (b) 4%Tm (c) 8%Tm (d) 40% Tm. Scale bar 

200 nm.  

Figure 4.8 Core-shell nanoparticles (a) 2%Yb (b) 4%Yb (c) 10%Yb (d) 20% Tm. Scale bar 

200 nm. 
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4.2.2 Optical properties of UCNPs with ideal volumetric scaling 

Using the home-built optical characterization system and custom LABVIEW coding, the 

800 nm emission intensity and power dependence of single nanoparticles across differing 

Tm3+ ion concentrations were measured under laser excitation using a 980 nm laser. As 

illustrated in figure 4.9, lower concentrations of Tm3+ resulted in earlier population 

saturation under 980 nm excitations. A decrease in single particle luminescence intensity at 

higher power for lower concentration single UCNPs is a result of the population of higher 

energy states, which is facilitated by cross relaxation between 3H4 →
3F4 and 1G4 → 1D2 

transitions [20]. At higher Tm3+ concentrations, a decrease in 800 nm emissions is not 

observed due to cross relaxation occurring at lower energy levels between 3H4 →
3F4 and 

3H6→
3H4 [21].This is further evident via the emission spectrum in Figure 4.9b, where 

vastly lower 1D2 →
3F4 emissions were observed at 20% Tm3+ concentration in comparison 

to 8% Tm3+.  
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Figure 4.9 Optical characteristics of single core-shell UCNPs with Tm3+ doping. (a) Power 

dependence with changing Tm3+. (b) Emission spectrum of 8% and 20% doped Tm3+

UCNPs. (c) Proposed schematic and excited population pathway under different Tm3+ 

concentrations.  

Taking into account the potential difference in luminescence intensity due to slight size 

variation and Tm3+ concentration, a normalized power dependence graph illustrates an 

increase in saturation power as Tm3+ concentration increased as seen in figure 4.9. 

Furthermore, a decrease to up to 40% in 800 nm emissions are observed at lower 

concentrations of Tm3+, further suggesting that excitation at higher energy levels is a result 

of internal energy transfer across emitter ions in single nanoparticles [22]. Additionally, an 

increase in optical non-linearity with a rise in Tm3+ concentration suggests a photon 

avalanche-based energy loop may occur in Tm3+/Yb3+ systems with higher Tm3+ 

concentration under 980 nm excitation [23].  

A decrease in saturation curve dynamics with increasing Tm3+ concentration further 

suggests that cross relaxation at lower energy levels significantly influences photon 

emission dynamics in single UCNPs. While the increase of luminescent intensity scales at 

higher nonlinearity, an increase in lasing power is required in order to facilitate single 

particle saturation at higher Tm3+ concentrations [21, 23]. 

 Figure 4.9 Normalized Optical characteristics of single core-shell UCNPs with Tm3+ 

doping. (a) Normalized power dependence with changing Tm3+. (b) Optical non-linearity 

with changing Tm3+. (c) Normalized intensity at power ranging 0 – 30 mW. (d) Normalized 

intensity at power ranging 0 – 0.6 mW.  
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We next sought to uncover the population dynamics of single UCNPs through rise-time and 

lifetime measurements. As expected, a decrease in Tm3+ concentration depicted an increase 

in rise-time, with a rise time between 30-300 us across different Tm3+ concentrations. The 

massive difference in rise-time dynamics further suggests that higher Tm3+ (40%) 

concentrations facilitated a photon-avalanche like effect, which has been previously 

reported in Tm3+ ions [24]. The increase in rise-time, optical nonlinearity as well as 

threshold for luminescence (because of undetectable photon signals at lower thresholds 

observed in figure 4.9a), suggests that extremely high Tm3+ concentrations in Tm3+/Yb3+ 

can facilitate a photon-avalanche effect in 980 nm lasing systems, which has immense 

potential for super-resolution imaging and bio diagnostic applications [25, 26].  

Figure 4.10 Rise-time and lifetime of single UCNPs (differing Tm3+). (a) Rise-time (b) 

Lifetime.  

An increase in luminescence lifetime was observed at lower Tm3+ concentrations. These 

results further suggests an increase in energy migration related quenching through cross-

relaxation and non-radiative interactions [27]. As Tm3+ ions transfer energy to nearby Tm3+ 

ions, non-radiative depopulation of excited states results in lower lifetimes, which can also 

occur via multi-phonon relaxations [28].  

Figure 4.11 Optical characteristics of single UCNPs with different Yb3+. (a) Power 

dependence with differing Yb3+ concentrations. (b) Schematic proposing pathway and 

dynamics of energy up-conversion under 980 nm excitation in single UCNPs.  
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We next observed the saturation dynamics of UCNPs with differing sensitizer 

concentrations to unveil excitation dynamics related to sensitizer concentrations. Our 

results in Figure 4.11 demonstrate that lower Yb3+ concentrations result in an increase in 

single particle saturation requirements. However, while single particle saturation almost 

exhibits an almost linear rate of power saturation with increasing Yb3+ concentrations as a 
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result of sensitizer cross-section absorption under 980 nm emission, saturation efficiency 

plateaus between 20% and 40% Yb3+ concentration. Saturation efficiency is indeed the 

result of more efficient excited energy level population with an increase of sensitizers as 

depicted in the schematic 4.11b.  

Our normalized power-dependence results further illustrate the role of Yb3+ concentrations 

in populating the Tm3+ energy levels by omitting potential differences caused by size 

variation. At lower lasing intensities, a 20-fold difference in Yb3+ concentrations can affect 

up-conversion efficiency up to 300-fold. These results suggest that excited Tm3+ 

populations are likely to de-populated before photon emissions due to the lack of Yb3+ ion 

induced up-conversion energy transfer. Furthermore, Yb3+ concentrations do not 

significantly influence the non-linearity in Tm3+/Yb3+ systems, suggesting that non-linearity 

is solely an emitter/Tm3+ dependent process.  

Figure 4.12 Normalized UCNPs properties with Yb3+ difference. (a) Normalized power 

dependence of single UCNPs with different Yb3+. (b) Power dependence between the range 

of 0 – 1.5 mW. (c) Optical non-linearity with Yb3+ concentration.  
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Rise-time results further illustrate a catch-up process at low Yb3+ concentrations as Tm3+ 

ions de-populate during laser excitation. In Figure 4.13a, results illustrate an extreme 

increase in single particle luminescent rise time 2% Yb3+ concentration, and a decrease in 

rise-time as Yb3+ concentrations increase. Interestingly, decrease in Yb3+ concentration 

resulted in an increase in luminescent lifetime, which suggests that energy transfer between 

Tm3+ and Yb3+
 can result in non-radiative interactions with an increased probability of 

multi-phonon relaxation [29].  

Figure 4.13 Rise-time and lifetime of single UCNPs (differing Yb3+). (a) Rise-time (b) 

Lifetime.  

4.3 Conclusion 

In summary, the chapter investigated the optical characteristics of UCNPs with ideal 

volumetric scaling. By tuning single particle sizes via altering precursor composition, the 

method successfully altered nanoparticle growth kinetics to generate lanthanide-doped 

NaYF4 at around ~100 nm via reduced nucleation rates. After the formation of core-shell 

structures via a precursor injection method, these nanoparticles depicted uniform size and 

morphological characteristics after TEM imaging. Furthermore, this chapter demonstrated 

the characterization capabilities of a home-built optical characterization setup which 

facilitated widefield and confocal scanning microscopy imaging, emission spectroscopy as 

well as single photon counting and lifetime measurement capabilities at a single 

nanoparticle level. Characterization of single UCNPs with ideal volumetric scaling and 

thulium doping reveals a wide range of differing optical properties dependent on both 
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emitter and sensitizer concentration, which are facilitated by the populating energy levels of 

both emitter and sensitizer ions. An increase of emitter ion Tm3+ reveals an increase of laser 

saturation power, as well as optical non-linearity as a result of the photon avalanche effect, 

which is evident by the increase of optical non-linearity as well as rise-time kinetics. These 

effects were not evident increase of sensitizer ion Yb3+ in single nanoparticles. However, 

changes in Yb3+ ions did significantly influence rise time and lifetime dynamics, where the 

rise time of single UCNPs differed over two orders of magnitudes as a result of less 

efficient up-conversion energy transfer. Future works using differing emitter ions will 

advance our understanding of energy transfer mechanisms in UCNPs.  
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Chapter 5 Investigation of UCNPs in biological 

systems 

5.1 Preamble 

Previous chapters have focused on the advanced medical applications with subcellular 

endoplasmic reticulum targeting nanomaterials. While these materials display immense 

potential, our current lack of understanding of the mechanisms dictating the trafficking of 

nanomaterials within the cell has become a major challenge for developing more efficient 

drug delivery systems. While existing ER targeted systems provide valuable insights into 

organelle specific delivery, they do not fully resolve how nanomaterials navigate the 

complex intracellular environment before reaching any organelle. The stochastic nature of 

endocytosis, the diversity of vesicular pathways, and the dynamic interactions within the 

endomembrane system represent major bottlenecks in our understanding of intracellular 

nanoparticle fate. Current luminescent probes often lack photostability, signal duration, and 

single particle brightness required to accurately monitor these early trafficking events over 

extended periods. As a result, the field still lacks a robust method for elucidating the 

mechanisms that govern vesicular transport, sorting, and retention prior to organelle level 

interactions. 

These gaps directly motivate the work undertaken in this thesis, which focuses on the 

rational design and synthesis of stable and optically reliable up conversion nanoparticles 

that overcome the limitations associated with conventional luminescent probes. Building on 

these optimized materials, integrating the dynamic behavior of nanoparticles within the live 

cell environment, with a specific focus on cargo transport through the endomembrane 

system, provides an essential tool for observing how intracellular cargo moves, transforms, 

and interacts with the cytoskeleton and intracellular transport machinery. As such, this 

chapter aims to provide insights between fundamental nanoparticle movements and cellular 

metabolism for future biomedical applications.  
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5.2 Introduction 

The previous chapters have demonstrated the unique optical properties of UCNPs and have 

highlighted immense potential for biological imaging due to their photostability, high 

brightness and chemical stability. Subsequently, this chapter will explore UCNPs as 

potential probes for understanding the intracellular dynamics within living cells. Near-

infrared light (such as 976 nm), which are significantly less toxic due to minimal ROS 

generation, are much less capable of damaging critical biomolecules within the living cell 

such as DNA or amino acids [1, 2]. As such, NIR based up-conversion microscopy using 

non-photobleaching UCNPs can be an effective method for the long term live cell tracking 

due to a reduction in phototoxicity[3, 4]. The findings of lanthanide doping and particle 

brightness are taken into account in this chapter towards a method that reliably produces 

UCNPs for intracellular tracking using core-shell UCNPs. This chapter will first explore 

how surface modified UCNPs interact with living systems at a single cell level and their 

overall fate within cellular systems. Through the analysis of surface proteins via TEM and 

zeta potential, this section will also uncover the dynamic surface interactions of the protein 

corona before and after endocytosis and exocytosis to reveal nanoparticle fate at a single 

cellular level. Following the analysis of nanoparticle fate in living systems, this section will 

continue to observe the localization of nanoparticles in live cells via colocalization studies 

to understand nanoparticles are distributed in the cell. Finally, nanoparticle dynamics via 

SPT are performed to reveal distinct cargo populations through MSD and other methods, 

thereby providing a complete framework for the overall fate and dynamics of nanoparticles 

within living systems. This section therefore introduces a complete framework of the 

beginning, intermediate and final stages of nanoparticle fate through the analysis of particle 

surface chemistry and living cell cargo dynamics using transdisciplinary sciences, with a 

goal of gaining new insights into nanoparticles and cell interactions for future research.  
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5.3 Characterization of surface-modified UCNPs 

The surfactant plays a critical role in maintaining the size, shape and uniformity of the 

particle during synthesis and particle coalescence [5, 6]. Oleic acid has been one of the 

most common surfactants to maintain uniformity across many nanomaterials [7]. However, 

oleic acid results in an extremely hydrophobic surface which results in severe nanoparticle 

aggregation in polar solutions such as water, which makes them difficult to be applied for 

biological applications. As such, ligand exchange from hydrophobic to hydrophilic PEG-

based polymers are required to improve the biocompatibility and stability of nanoparticles 

in polar solvents, namely water [8, 9]. Given the quantity of UCNPs needed for numerous 

biological experiments, a new batch of UCNPs (Figure 5.3) were synthesized for surface-

modification experiments. To facilitate biocompatibility for UCNPs, polymer-based surface 

exchange was conducted to coat the surface of UCNPs. As shown in figure 5.1, ligand 

exchange with polymers containing carboxylic acid groups (B12) and PLL depicted distinct 

peaks visible in FTIR spectroscopy. The addition of hydroxyl groups were visible via the 

absorbance between 3200 – 3500 nm, which are evident of polymer-based ligand exchange. 

These peaks were significantly decreased after electrostatic addition of PLL, resulting in a 

decrease in carboxyl groups due to electrostatic attraction [10]. Following PLL 

modification, new carbonyl bands become evident at 1730 nm, together with alkyl bands at 

2900 nm and 2850 nm, confirming successful PLL coating of the nanoparticle surface [10]. 
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Figure 5.1 Ligand exchange for UCNPs. (a) Schematic for UCNPs surface modification 

(b) FTIR for surface-modified UCNPs.

Afterwards, the zeta potential of UCNPs were measured and compared between DI water 

and a biological state through RPMI and serum addition. As expected, UCNPs with 

carboxylic polymer-based modification (B12) possessed negative zeta potential as a result 

of deprotonation in water and the formation of carboxylate anions, while a positive surface 

potential after PLL surface modification was formed via ion protonation in water [11, 12]. 

Our results demonstrate a negative zeta potential for UCNPs regardless of carboxylic or 

amine polymer addition, which is likely the result of the formation of a protein corona 

within a biological environment [13, 14]. 

Figure 5.2 Zeta potential of UCNPs.  COOH represents UCNPs with carboxylic acid 

surface modifications (PPEGMEMA15-b-PMAA12-b-PEGMP3). COOH MED represents 

COOH-UCNPs after incubation with RPMI medium. Similarly, PLL and PLL-MED 

represent UCNPs with Poly-l-lysine surface modifications and UCNPs with PLL 

modification after RPMI incubation.  

Results demonstrate that regardless of zeta potential or polymer surface, nanoparticles after 

FBS incubation resulted in negatively charged zeta potential, which can be attributed to the 

net negative charge albumin proteins contain at neutral pH presented in medium [15]. 

Similar zeta potential of both polymer and PLL surface modified nanoparticles further 

suggests that the binding affinity of the proteins arrives at an equilibrium when the surface 

of the nanoparticle equilibrates with the proteins in the external environment. To further 

demonstrate that protein corona formation is one of the critical interactions between 
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nanomaterials and the biological environment, TEM imaging experiments were performed 

with nanoparticles incubated with the RPMI containing protein corona. Indeed, TEM 

imaging reveals the formation of a protein corona at the surface of the nanoparticle that 

aligns with previous reports (Figure 5.3) [16, 17]. Furthermore, additional experiments 

were performed to observe the potential change in UCNP protein corona after cellular 

exocytosis. Our results demonstrate a vast change in UCNP structure and shape after cell 

exocytosis, which is attributed to the changes in pH via lysosomal storage within the cell, 

causing changes in polymer, protein corona and nanoparticle stability [18]. 

Figure 5.3 Biocompatible UCNPs in biological systems. (a) Schematic of experimental 

procedure. (b) UCNPs before entering a biological system in DI water. (c) Incubation of 

UCNPs in RPMI and FBS. (c) UCNPs observed after exocytosis.  

Given that the nanoparticle state was vastly different after biological incubation, we next 

sought to determine if live cell endocytosis was the primary contributor to these 

interactions. Endocytosis is an active mechanism that occurs only in live cells, and has been 

generally recognized to be the primary method for nanoparticle entry into the cell [13]. To 

demonstrate that UCNP entry is indeed facilitated by an active pathway, cell fixation and 

permeation experiments were performed using Tm/Yb UCNPs and Er/Yb UCNPs (Figure 
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5.4). As expected, the widefield microscopy demonstrated that nanoparticle entry was not 

achieved under fixed cell conditions. Instead, the majority of nanoparticles were localized 

in the outer membrane of the cell, likely due to non-specific electrostatic interactions 

between the nanoparticle and the phospholipid bilayer of the cell [19, 20]. Given that fixed 

cells could not facilitate intracellular entry, live cell viability and imaging experiments were 

performed to determine the particle entry pathway and dynamics.  

Figure 5.4 Biocompatible UCNPs and fixed cell interactions (a) Brightfield (b) 

Widefield under 980 nm excitation (c) merged. Scale bar 5 µm.  

Before continuing further experiments to understand UCNPs and their biological 

interactions, an Alamar blue based cell viability test was conducted in order to determine 

the cytotoxicity and viability of surface-modified UCNPs within cells. Both B12 and PLL 

surface-modified UCNPs demonstrated no significant cytotoxicity at concentrations up to 

200 µg/ml. The cell viability test via Alamar blue was conducted using both a normal cell 

line BV2 and cancer cell line A549. Given that our results implied no significant 

cytotoxicity of UCNPs in normal conditions, we next sought to determine if UCNPs after 

exocytosis can significantly influence the cellular viability.  

As demonstrated via our schematic in 5.6a, UCNPs after exocytosis were incubated with a 

fresh batch of seeded A549 or BV2 cells. UCNPs exocytosed from cells (BV2, A549, Colo-

794) previously incubated with B12-modified or PLL-modified nanoparticles were again

incubated with fresh A549 and BV2 cells. Our results indicate an increase in overall cell 

viability across all UCNPs after exocytosis, which was similar to our results when cells 

were incubated with leftover control medium without UCNP exocytosis. These results 

suggest that UCNPs after exocytosis have no significant effect during live cell growth and 
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proliferation, and the increase in cell viability is attributed to growth factors potentially 

carried by the surface corona of nanoparticles [21-23].  

Figure 5.5 Cytotoxicity of UCNPs in biological systems. (a) Cell viability of UCNPs in 

BV2 cells. (b) Cell viability of UCNPs in A549 cells.  

When UCNPs lose surface modification and the associated stabilizing interactions, strong 

van der Waals attraction in the absence of sufficient steric hindrance or surface charge leads 

to pronounced nanoparticle aggregation, which is readily observed in TEM images. In 

contrast, as shown in Figure 5.6, the UCNPs examined after exocytosis retain a well 

dispersed morphology, indicating that the surface modified particles remain stable and 

resist aggregation even following extended incubation in the cellular environment. 
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Figure 5.6 Cytotoxicity of UCNPs in biological systems after exocytosis. (a) Schematic 

of experimental procedure. (b) Cell viability of UCNPs in BV2 cells. (b) Cell viability of 

UCNPs in A549 cells.  

To demonstrate that UCNPs were localized within the lysosome, a colocalization 

experiment was performed with Lysotracker dye to confirm the distribution of UCNPs as 

cargo within the lysosome. Indeed, our experiments demonstrate a significantly high 

Pearson value of 0.948, signifying strong localization within the lysosomes because of 

endocytosis. This is further reinforced by cell TEM images, which depict the localization of 

UCNPs both in the perinuclear region and cytoplasmic region. Furthermore, TEM images 

display the formation of tubular structures around nanoparticles at the surface of the cell, 

suggesting that UCNPs undergo active cellular transportation within live cells [24, 25]. 
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Figure 5.7 Colocalization of UCNPs and lysosome (a) UCNPs. (b) Lysotracker. (c) 

Merged (d) Pearson’s coefficient value scale bar 30 µm.  
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Figure 5.8 TEM images of UCNP endocytosis. Tubulation signifying active endocytosis 

are observed, as well as UCNPs surrounding the perinuclear region.  

5.3 Live cell SPT using UCNPs

With evidence demonstrating the biocompatible nature of UCNPs within living cells, we 

next investigated the potential use for polymer-coated (B12) UCNPs for long term live cell 

tracking using the home-built widefield microscopy setup. Figure 5.8 illustrates the 

movement of UCNPs under 980nm excitation. With previous colocalization studies 

demonstrating strong co-localization within the lysosomes, movement observed under 

widefield microscopy is likely to be vesicles part of the lysosomal system after endocytosis. 

The MSD was computed for each trajectory over increasing lag times (Δt), with ensemble 

averaging performed across all valid trajectories to generate an average MSD curve. To 

improve tracking accuracy and suppress noise, trajectories shorter than a minimum frame 

threshold (e.g., 20 frames) were excluded. As expected, the MSD curve depicted an overall 

large standard deviation as the observed diffusion coefficients of singular tracks within the 

cell varied significantly, reflecting the diverse environments experienced by UCNPs once 

internalized.  
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Figure 5.8 Live cell cargo tracking using UCNPs (a) Widefield imaging of HeLa cells 

under 980nm lasing under widefield microscopy. Scale bar: 10 µm (b) Dynamic tracks after 

30 seconds of image recording. Scale bar: 10 µm (c) Coordination graph of (b). (d) Average 

MSD all tracked cargo and the standard deviation.  

 Next, a measurement of particle displacement relative to cell position was calculated with 

estimated nucleus locations based on widefield images. As seen in figure 5.9, a statistically 

significant difference (p < 0.05) between the total particle displacement and the nuclear 

region and cytoplasmic region was observed. The difference between total particle 

displacement was attributed to lysosomal tethering occurring at the endoplasmic reticulum 

region surrounding the nucleus, resulting in decreased cargo motility [26]. On the other 

hand, an increase in total particle displacement at the cytoplasmic region was a result of 

active cargo transport along the cytoskeletal network of the cell which can be observed in 

figure 5.9a [27].  
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Figure 5.9 Cargo movements relative to intracellular position (a) Single cell cargo 

tracks with yellow oval representing perinuclear separation. Scale bar: 10 µm (b) Total 

cargo displacement between nuclear and cytoplasmic region.  
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Following the observation of the population of cargo within a cell, singular cargo dynamics 

were observed to highlight the distinct cargo states in a live cell using UCNPs. As seen in 

figure 5.10b, the MSD of singular cargo varied significantly depending on the total 

movement and displacement of the cargo. A rapid rise of the MSD for the blue track in 

figure 5.10b was a result of a rapid change between particle movement, likely the result of 

changing cargo states due to cellular signaling [4]. While rapid changes between confined 

and active movement can be detected via rapid changes in MSD, subtle changes between 

particle trafficking dynamics required further analysis. Using a Hidden Markov Model, a 

singular cargo track seen in figure 5.10c depicted changes between Brownian motion and 

active transport likely result of inner cellular trafficking [28]. The HMM-Bayes package 

was applied to single-particle UCNP trajectories in live cells, modeling each as a time 
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series of two-dimensional displacements and empirically determining, via the Bayesian 

Information Criterion, that the data were best described by two to four underlying motility 

states [28]. Active transport of the single particle mostly occurred between 0–11 seconds, 

while slower movement due to inner cellular tethering occurred between 11–17 seconds as 

well as 19–30 seconds. Fast movement between 17–19 seconds is suggested to be a brief 

re-engagement of motor-protein transport as a result of actin–microtubule handoff or a 

transient tug-of-war resolution [29, 30]. After the slow segment from 11–18 seconds, 

reattachment to the microtubule and produced a short, directed run between 18–19 seconds 

before detaching again which enabled the motion to return to a slow/diffusive from 19–30 

seconds.  

Afterwards, classification across a population of cargo within the cell was described via a 

non-linear relationship between the MSD and time, which can be depicted by: 

Brownian motion, which can be classified as a random walk with no memory, should result 

in statistically independent steps which result in linear MSD. In the equation above, Ka is 

generalized coefficient, while τ represents time. Described via the power law, classification 

between different movements via MSD is defined by α, where a nonlinear relationship 

between the MSD and time can therefore be classified as non-Brownian motion, which is 

the result of external factors such as motor proteins or a crowded environment within an 

organelle. 

 To further elucidate the intracellular dynamics within the cell, over 800 cargo tracks over 

multiple cells were observed using MSD analysis. Further computed MSD curves revealed 

multiple distinct motion regimes among intracellular UCNPs (Figure 5.11).  A subset of 

particles exhibited linear MSD curves on a log–log scale with slopes (α) close to 1 (± 0.2), 

indicative of normal Brownian diffusion which were likely loosely bound lysosome 

vesicles containing UCNPs. Other particles showed sublinear growth (slope < 1), consistent 

Figure 5.10 Single particle tracking within live cells (a) Selected single cargo vesicles 

over 30 seconds. Scale bar: 10 µm (b) MSD of single tracks (color-coded) seen in (a). 

(c) hidden Markov modeling for single track.
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with confined or anomalous diffusion typically observed in vesicle-bound or cytoskeletal-

restricted motion. Particles displaying confined diffusion were likely sequestered in 

endosomes or lysosomes while tethered to the endoplasmic reticulum or other organelles, 

while superdiffusive tracks (slope > 1) aligned with directed motion along microtubules, 

suggesting motor protein involvement [31, 32]. 

Figure 5.11 MSD analysis over a population of cargo tracks (a) active transport/super 

diffusive transport. (b) Brownian motion (c) Confine cargo/anomalous diffusion.  

Importantly, the presence of multimodal distributions suggested the coexistence of multiple 

transport regimes rather than a uniform motion profile. These observations were 

reproducible across different cells and experimental replicates, confirming their biological 

relevance rather than noise artifacts.  

To evaluate if UCNPs within live cells could be used to detect a change in cargo 

displacement as a result of changing conditions, a population-level analysis was performed 

under differing conditions. Three conditions along with a control were selected including 

hydrogen peroxide for inducing cellular stress, palmitate for inducing endoplasmic 

reticulum stress, as well as ammonium chloride (AC) for its effects on enlarging endosomal 
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organelles [33-35]. Our results demonstrated only a difference in cargo displacement after 

hydrogen peroxide addition in live cells (Figure 5.12). Furthermore, a recovery of single 

cargo displacement was observed after 2 hours of hydrogen peroxide addition. Increased 

cargo displacement after 2 hours of hydrogen peroxide suggests that the recovery of 

oxidative stress was possible after extended time periods, but further investigations are 

required to reveal the mechanisms utilized to combat oxidative stress in single cells [36, 

37]. Although H₂O₂ is rapidly degraded in cell culture media by catalase, glutathione 

peroxidase and peroxiredoxins, giving it a half-life on the order of minutes, our results 

indicate that H₂O₂ can still drive long term cellular responses despite its brief stability [42]. 

The re-emergence of active transport approximately two hours after hydrogen peroxide 

treatment suggests that intracellular trafficking is restored once cells initiate compensatory 

antioxidant pathways that reverse the earlier oxidative suppression of motility. Hydrogen 

peroxide is rapidly buffered in the cytosol by enzymatic systems including catalase, 

glutathione peroxidases, and peroxiredoxins, each of which reduces H₂O₂ to water while 

undergoing catalytic turnover [43]. Notably, the timescale of transport recovery aligns with 

the expected kinetics of glutathione replenishment, where oxidative stress transiently 

depletes reduced GSH pools, and de novo GSH synthesis via glutamate–cysteine ligase 

(GCL) typically restores intracellular redox balance quickly following moderate oxidative 

stress [44]. This synthesis window coincides with the observed recovery of cargo 

displacement, suggesting that restoration of the GSH:GSSG ratio may be a key threshold 

enabling motor protein activity and cytoskeletal reorganization to resume. 
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Figure 5.12 Complete population displacement after hydrogen peroxide treatment 

across 2 hours. Population level analysis in Hela cells on cargo displacement in 30 

seconds. H2O2, concentration at 100 µM. (n>5). (* < 0.05, ***<0.0005) 

Analysis on the population distribution of single cargo trajectories under different 

conditions through MSD slope α. Trajectories were classified into three categories based on 

their α values: subdiffusive motion (α < 0.8), consistent with constrained or hindered 

movement; normal diffusion (0.8 ≤ α ≤ 1.2), indicative of Brownian motion; and 

superdiffusive or active transport (α > 1.2), typically associated with motor-driven 

movement along cytoskeletal tracks. Results (Figure 5.13) reveal a substantial decrease in 

active transport after hydrogen peroxide addition, which is replaced by subdiffusive 

trajectories within the cell. Aligning with previous research, it is evident that oxidative 

stress through hydrogen peroxide addition results in decreased active transport across live 

cells as a result of protein oxidation, which generates aggregates, stress granules, and 

swollen organelles, all of which increase macromolecular crowding and reduce cargo 

trafficking [38]. Furthermore, oxidation of motor proteins, tubulin networks, actin and actin 

binding proteins affect cytoskeletal stability, resulting in reduced vesicle binding for 

effective cargo transport [27, 39-41]. 
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Figure 5.13 Population distribution of single cargo across different conditions.  Single 

cargo analysis with different treatment options, including H2O2, (100 µM) Palmitate (200 

µM) and Ammonium Chloride (20 mM) (n>5). After treatment, cells were observed after 1 

hour, with cargo dynamics classified based on MSD to Subdiffusive, active and normal 

transport.  

5.4 Conclusion 

In conclusion, we applied UCNPs with surface modified polymers for enhanced 

biocompatibility to enable intracellular cargo tracking under NIR lasing with a homebuilt 

widefield microscopy system. This chapter thoroughly evaluated the biological interactions 

between biocompatible UCNPs under biological conditions. Results demonstrate that 

surface-modified UCNPs are significantly influenced by the protein corona in biological 

conditions, and cellular endocytosis results in UCNPs localization within the lysosomal 

system. With no photobleaching and strong photostability and good biocompatibility, 

UCNPs proved to be useful tools for single cargo tracking in live cells, with trajectory 

analysis through MSD and HMM modelling demonstrating distinct diffusion states within 

the live cell cargo trafficking. Furthermore, under different chemical stimuli, differences in 

complete population displacement were observed, which is attributed towards a natural 

cellular reaction against external factors.  

These results highlight the immense potential of UCNPs as potential tools for further 

understanding of intracellular dynamics and interactions, which could greatly benefit 

clinical diagnostics and therapeutic applications. Future investigations using UCNPs can 

study the intricate mechanisms of organelle-based interactions, such as lysosomal tethering, 

ER and mitochondrial crosstalk as well as organelle kiss-and-run interactions. 
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Chapter 6. Conclusion, perspectives and future 

work 

6.1 Conclusions 

This thesis aims to utilize UCNPs to reveal cargo dynamics within single cells. The project 

involved many aspects of the physical and biological sciences, demonstrating the 

importance of transdisciplinary sciences for future research (Figure 6.1). The synthesis of 

inorganic nanoparticles and their modification with organic polymers to enable 

hydrophilicity and biocompatibility involved many chemical aspects. Similarly, the setup of 

a home-built optical characterization device, and the optical characterization of UCNPs was 

used to study the photonic and physical properties of singular nanoparticles. Finally, 

utilizing the optical properties of biocompatible UCNPs and the home-built optical system, 

live cell dynamics were investigated under different physiological conditions.  

As such, the outcomes of this thesis include: 

Synthesis of UCNPs with ideal volumetric scaling. The key to synthesizing UCNPs at 100 

nm involved the delicate management of precursor concentration in order to decrease 

nucleation and promote Ostwald ripening for larger uniform nanocrystals.  

The design and setup of a characterization system, which enabled both widefield and 

confocal scanning microscopy using a flip mirror between a CCD and SPAD. Additionally, 

UCNP emission spectroscopy was achieved by switching the optical fiber to a spectrometer. 

Other optical characteristics such as power dependence, luminescence rise-time and 

lifetime were achieved with custom LabVIEW and MATLAB programming using SPAD.  

Optical characterization of UCNPs at a single particle level. The power dependence of 

single nanoparticles was significantly influenced by the emitter and sensitizer 

concentration, which facilitated differences in excited state population under different 

lasing conditions. Single particle characterization of UCNPs with ideal volumetric scaling 

also revealed tunable rise-time dynamics that ranged up to two orders of magnitudes (20 µs 

to 2 ms).  
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Interactions between single nanoparticles and a biological environment revealed the 

significance of the protein corona. Additionally, nanoparticle exocytosis revealed 

significant changes in nanoparticle surface chemistry due to lysosomal acidification. 

Single cargo tracking within live cells reveals dynamic trajectories localized within the 

lysosomal compartments. Cargo that acted as confined, Brownian and super diffusive 

motion could be interpreted as tethered, loosely bound and active transport within the live 

cell. Further analysis with the MSD and HMM model reveals constant changes in singular 

trajectories, as well as changes in the population of diffusive states under different chemical 

conditions.  

Overall, this thesis demonstrates the remarkable potential of UCNPs by developing and 

studying the optical characteristics of ideally volumetric UCNPs, as well as the potential for 

UCNPs as tools for studying cargo trafficking in live cells, which can be key to solving key 

issues such as:  

(1) The morphological control and design of different nanomaterials.

(2) The development of further luminescent materials and probes for bio-imaging and

super-resolution applications.

(3) Understanding the transportation and localization of nanotherapeutics for cancer

therapy and diagnostics.

(4) Studying cargo dynamics and organelle tethering for metabolic or motor neuron

diseases.

Specifically, key and novel outcomes of this study include: 

(1) The design of an optical platform with widefield and scanning functionalities.

(2) Synthesizing 100 nm UCNPs through a coprecipitation method through precursor

modulation.

(3) Single-particle optical characterization of volumetrically optimized thulium-based

UCNPs, designed to suppress surface-defect contributions, demonstrated lifetimes

that varied by two orders of magnitude with different sensitizer concentrations.

(4) A novel method for the analysis of intracellular state using UCNPs, which revealed

distinct changes in cargo population based on trajectory classification.



160 

6.2 Perspectives and future work 

Given the immense potential and optical properties of UCNPs explored throughout this 

thesis, this section will describe the potential of future work, as well as additional 

investigations carried out during this thesis.  

6.2.1 Single layer nano-ensembles using UCNPs 

Advances in the synthesis and directed assembly of monodisperse colloidal nanocrystals 

have immense utility in electronics, optics and information technology [1-3]. Beyond 

immediate applications, superlattices offer a clean platform for fundamental studies that 

bridge single particle physics and condensed matter. They allow systematic variation of 

dimensionality, coupling strength, and anisotropy while holding disorder and defect density 

low, which enables rigorous tests of theory and clear identification of structure–property 

relationships. Superlattice films with well-defined size, shape, and surface chemistry also 

provide a controlled context for evaluating biological interactions and environmental safety, 

addressing an important prerequisite for responsible development and use of nanoscale 

materials. Using the solvent evaporation deposition method (Figure 6.2), single layer nano-

ensembles of UCNPs could be produced [4, 5]. These single layer ensembles of UCNPs 

have immense potential for the fabrication of highly sensitive optical devices, such as 

Figure 6.1 Chemical, Physical and biological aspects of this project. 
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charged devices, avalanche-diodes and spectrometers, as well as energy-related 

biotechnological applications.  

6.2.2 Simulation of power dependence in single UCNPs 

The design of UCNPs with ideal volumetric scaling should theoretically eliminate the loss 

of luminescence intensity in single nanoparticles [6]. Furthermore, a core-shell structure 

should further eliminate the loss of energy due to surface defects. As such, ideally 

volumetric UCNPs should approach theoretical simulations due to elimination of defects.  

As expected, custom MATLAB code reveals similar simulated values of 800 nm emission 

under 980 nm excitation (Figure 6.3) for the experimental power dependence for 

40%Yb/20%Tm NaYF4 Core-shell structure. Therefore, future experiments and 

Figure 6.2 Single layer nano ensembles using UCNPs (a)(b) Cyclohexane drying over 

di-ethylene glycol (c)(d) Drying over ethylene glycol. (e)(f) Cyclohexane individual

drying. (g)(h) Drying over water. (i) Schematic representation of self-assemby at liquid

air interface
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investigations dedicated to comparing the experimental and simulated optical luminescence 

of UCNPs under different emitter and sensitizer concentrations should reveal key insights 

into the energy transfer mechanisms in lanthanide doped nanoparticles. Additionally, a 

comparison between the optical properties of different sized UCNPs that share the same 

sensitizer and emitter concentration at a single particle level may reveal further insights 

towards the naturally occurring surface defects in UCNPs. Future work with quantitative 

measurements of emission intensity and lifetime, under different lasing conditions with 

normalized optical luminescence can reveal how power saturation through the up-

conversion pathway is influenced via size.  

Figure 6.3 Simulated power dependence and experimental power dependence for 

40%Yb/20%Tm NaYF4 Core-shell structure. 
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6.2.3 Intracellular directionality through multi-color UCNP cargo 

tracking.  

While studying the generalized population and trajectory of cargo within a live cell, the 

vector coordinates and trajectories of a single cell require further investigation. As 

demonstrated in figure 6.4, a key factor not investigated in current trajectory studies 

involves cargo directionality. The anterograde and retrograde transport of cargo within the 

live cell depict two opposite functions within the cell corresponding to the export and 

import of cellular cargo. Once placed on a vector graph, the position of the nanoparticle 

which could originate from either the cytoplasmic or perinuclear region is not considered. 

Therefore, the import and export of cargo cannot be effectively studied.  

Figure 6.4 Schematic explanation of the directionality of cargo transport.  

A solution to this type of conundrum could be achieved via pulse chase experiments with 

different emitters and emission UCNPs. Forgoing the requirement of multiple lasers for 

different emission wavelengths, 980 nm excitations of UCNPs can facilitate different 

emission wavelengths, which can also be tuned depending on emitter concentration (figure 

6.5). As such, future experiments involve a pulse chase procedure (in order to separate the 

cargo) can further investigate the directionality of nanoparticles by observing the different 

color emissions and their respective cargo dynamics at different time periods (Figure 6.6). 
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Figure 6.5 Different emission spectrums based on emitter concentration for 

40%Yb/X%ER UCNPs.  

Figure 6.6 Different coloured UCNPs in live cell (a)10% ER-UCNP (b) 4% ER-UCNP 

(c) 2% TM-UCNP
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