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x ABSTRACT 

EVALUATION OF THE BIOPHYSICAL 
CHARACTERISTICS OF UPCONVERSION 

NANOPARTICLE-BASED NANO-BIO HYBRIDS FOR 
BLOOD-BRAIN BARRIER CROSSING  

Abstract:   

Brain diseases including Alzheimer’s disease, Huntington’s disease and amyotrophic 

lateral sclerosis (ALS) are fatal diseases without effective treatments. In past decades, 

some potentially effective therapeutics have been developed and demonstrated promising 

effects for brain diseases in pre-clinical cell culture and animal model evaluation. 

However, most of these developed drugs cannot reach the brain for therapy due to their 

inability to cross the blood-brain barrier (BBB). To overcome the BBB, nanotechnology 

is emerging as a promising approach to mediate and increase BBB penetration of drugs 

to the specific site of the brain. However, the efficiency of nanoparticle-based BBB 

penetration is still very low (<1%), with much to learn about how the biophysical 

properties of nanoparticles such as which size, surface, shape of nanoparticles facilitate 

BBB penetration.  This project takes advantage of the specific properties of upconversion 

nanoparticles (UCNPs) including low auto-fluorescence, non-photobleaching, deep tissue 

penetration and adjustable size and shape, to develop a versatile platform to 

systematically evaluate the effects of nanoparticle surface, shape on BBB crossing in vitro 

and in vivo for future construction of multifunctional nano-carrier for theranostic 

applications in neurodegenerative diseases.  

In the first chapter, this thesis introduced the BBB and currently understood mechanisms 

of BBB penetration, and reviewed recent advances in nanoparticle-based BBB 

penetration strategies and approaches for brain disease therapy.  

In the second chapter, I described the key experimental methods that were developed and 

optimized for use in this project. Typically, the UCNPs employed in this project were 

fabricated via modified and optimized standard protocols for specific application as 

required. Importantly, the approaches of zebrafish imaging and microinjection were 

developed brand new in this project.  



ABSTRACT xi 

In the third chapter, a UCNPs-based evaluation platform was synthesized for bio-nano 

surface selection in vitro and in vivo to systemically evaluate the suitability of various 

surface modifications for theranostic applications in neurodegenerative diseases. First, 

high lanthanide-doped UCNPs was designed, which provide strong tissue penetrable 

emission at 800nm. Then, these as-prepared UCNPs were further modified with four 

popular surfaces (OA-free, DNA-modified, silica coated and PEG-COOH capped) for 

comparison. The result showed that PEG-COOH performed superior cell internalization 

and excellent uptake capability into spinal motor neurons in zebrafish. Our work provides 

a versatile strategy via systemically surface evaluation for future construction of 

multifunctional nano-systems for therapeutic delivery to the central nervous system. 

In the fourth chapter, the effect of nanoparticle shape upon cell uptake and BBB 

penetration was further studied in vivo and in vitro. Firstly, a series of UCNPs with 

different shapes (including spherical, rod, disk and dumbbell) which retained similar size 

with each other were fabricated. Thereafter, these UCNPs were further modified with 

transferrin to make them specifically target the BBB. The results revealed that rod - 

shaped Tf - UCNPs displayed excellent brain endothelial cell uptake and brain 

accumulation in living zebrafish. Importantly, this study provides promising morphology 

information for design of efficient nano-carriers to cross the BBB for treatment of brain 

disease.  

In the fifth chapter, the optimal aspect ratio (AR, width/length) of upconversion nanorods 

(UCNRs) for BBB penetration were investigated.  A series of high-lanthanide doped 

UCNRs with various aspect ratios (1, 2, 3 and 4) were developed. Then those UCNRs 

were further modified with PEG-COOH, since PEG-COOH modification was found to 

have superior cell internalization and excellent uptake capability for central nervous 

system from the results of Chapter 3. It was found that the aspect ratio of 2 PEGylated 

UCNRs provides the best cell uptake efficiency in neuron cells (NSC-34 neuron like cells, 

primary neuron cells and glial cells) compared to nanoparticles with other aspect ratios. 

This study demonstrates that aspect ratio has a significant influence upon cell uptake of 

neuron cells, which provides an alternative opportunity for further design of nanoparticle-

based therapies for drug delivery of nanoparticles into the brain.          



xii ABSTRACT 

In the sixth chapter, result of this thesis was summarized and perspective for the future 

applications for UCNPs-based drug delivery across BBB for CNS diseases was presented. 

To summarise, a transferrin-coated UCNRs with respect ratio of 2 was investigated as a 

potential drug carrier for treatment of neurodegenerative disease. These nanoparticles 

were capable of readily crossing the BBB and accumulating within the brains of living 

zebrafish, highlighting the therapeutic potential of this specific nanoparticle design. 

Overall, this study demonstrated a novel method to identify preferable biophysical 

characteristics of upconversion nanoparticle-based nano-bio hybrids to increase targeted 

nanoparticle accumulation in the brain. 

Key Words: blood-brain barrier, lanthanides-doped upconversion nanoparticles, surface 

modification, morphology control, endothelial cells, living fli zebrafish 
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Chapter 1: Introduction 

During the first decade of the 21st century, heart disease (HD) and cancer, as the two 

leading causes of death in the United States, have declined due to advances and progress in 

prevention and therapy. [1] The age-adjusted mortality rate for cancer has decreased 15% 

between 2003 and 2013, while the death rate from HD has dropped dramatically by 28% 

over that same period.[2] However, chronic diseases of the central nervous system (CNS), 

such as the most common type named Alzheimer’s disease (AD), have not benefited 

similarly. To the contrary, the proportion of deaths from AD has increased 68% over the past 

decade [3], moving AD from outside the top ten in 1980 to the sixth highest cause of death 

in the United States in 2013.[2]  This dramatic increase is most likely a combination of many 

factors, including an ageing population, uncertainty on potential prevention strategies, and 

absence of effective therapies. With a rapidly ageing population across many parts of the 

world, there is an urgent need to identify novel therapeutic strategies with efficient treatment 

efficacy for neurodegenerative disorders. 

To develop pharmacological treatments for central nervous system (CNS) diseases, a 

major challenge is the efficient delivery of therapeutic agents across the blood-brain barrier 

(BBB). The BBB acts to protect the brain from harmful and poisonous agents, however it 

also significantly hinders most drugs from entering the brain. Recent cellular and molecular 

biology studies have shed important insight into the structure and function of the BBB. 

Accordingly, it is now recognized that the BBB is not only an anatomical barrier to diffusion 

of molecules directly from the blood and into the brain, but also a transport and metabolic 

barrier. Several approaches have been reported to enhance drug delivery to the CNS, 

although some of these methods may disrupt the structure and/or function of the BBB by 

forcibly opening it to increase the penetration of drugs (which may have detrimental effects 

by altering the movement of other molecules into or out of the brain. Therefore, there is great 

interest in identifying strategies for controlled drug delivery without causing structural 

damage to the BBB. 

Nanotechnology-based delivery approaches exhibit considerable promise to achieve this 

goal of delivery drug across BBB without inducing structural damage to the BBB. 



2                                                                                           CHAPTER 1 INTRODUCTION 
 
Nanoparticles are feasible to be transported across the BBB by vectors, also as carriers 

without any damage to the BBB.[4] The crucial advantage of nanoparticle-based delivery 

systems is that they can compensate for the BBB-limited characteristics of drug 

molecules.[5] In addition, this transport nano-system may prolong and the drug releasing 

into the brain to alleviate peripheral toxicity. However, there are numerous factors affecting 

drug transport, including surface modification, size, morphology and the mechanisms 

involved remain poorly understood. Because there is a lack of platforms to systematically 

study the interrelationship between these factors (ie. surface chemistry, size and shape) and 

BBB penetration.      

Lanthanide-doped upconversion nanoparticles (UCNPs) are a potential nanoparticle 

platform for systematic investigation of the influence of nanoparticle surface, size and shape 

on cellular uptake and BBB penetration. Recently, UCNPs have received considerable 

attention due to their unique optical properties. They convert near-infrared radiation (NIR) 

photons to visible or even near-infrared emissions, offering deep tissue imaging within the 

NIR spectrum (which is biologically safe). These optical properties provide UCNPs with a 

broad range of biological applications, such as tracking systems, imaging probes and 

optoelectronic devices.[6–9] In addition, the size, surface and shape of UCNPs are all 

amenable to modification.  

This Introductory Chapter will briefly summarize the current research on nanoparticle and 

in particularly UCNP-based drug delivery, and give a perspective on the potential 

applications of nanoparticle-based drug delivery platforms for treatment of 

neurodegenerative diseases.  
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1.1 Central Nervous System Diseases and the Challenges in 

Development of Therapies 

1.1.1 Nervous System             

In vertebrates, the structure of nervous system contains two key groups, the central nervous 

system (CNS) and the peripheral nervous system (PNS). (Figure 1) The CNS consists of the 

brain and spinal cord. The PNS includes numerous nerves which are long fibers, which 

connect the CNS to other parts of the body. The PNS can be further divided into three 

separate systems, which are the enteric, autonomic and somatic nervous system. Specifically, 

the enteric nervous system controls the gastrointestinal system. The autonomic nervous 

system can be further subdivided into the sympathetic and the parasympathetic nervous     

systems. The former is activated to mobilize energy in response to emergency or stressful 

situations (such as the freezing behaviour of scared rabbits), while the latter is active when 

the animal is in a relaxed state. The somatic nerves mediate voluntary movement. 

             Figure 1. Illustration of the nerve system in a human body. 
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Collectively, the nerves from the nervous system coordinate and cooperate with each other 

to control the movement and actions of the animal’s body.        

1.1.2 Central Nervous System       

The CNS integrates signals received from all parts of the bodies of bilaterally symmetric 

animals (all multicellular animals except sponges and radially symmetric animals. There are 

two classes of cells in the nervous system, containing neurons (process information) and glia 

(provide the neurons with mechanical and metabolic support). A single nerve cell is called a 

neuron. There are approximately a trillion neurons in the human nervous system. In addition, 

glial cells are also named neuroglia. Although they are not as popular as neurons, they make 

up about 90% of cells within the CNS. Unlike neurons, glial cells do not conduct nerve 

electrical signals. They serve to protect and nourish the neurons instead. Neurons depend on 

glial cells to grow, nourish themselves, and establish effective synapses. The glial cells of 

the CNS therefore support the neurons both physically and chemically via processes needed 

for cell survival. There are four major types of glial cells in the CNS, such 

as astrocytes, oligodendrocytes, microglia and ependymal cells.  

1.1.3 Central Nervous System Diseases, their Treatment Challenges and 

Prospects 

CNS diseases include neurodegenerative disorders (such as Alzheimer’s disease, 

Parkinson’s disease and Huntington’s disease), addiction, bipolar disorder, depression, 

multiple sclerosis and so on. Among these types of CNS diseases, Alzheimer’s disease (AD) 

is the most common, currently influencing the health of more than five million people from 

the United States (Figure 2), and is predicted to continually increase up to over thirteen 

million by 2050. [10] 

  The predicted total expense of health care in 2015 for people with AD was $216 billion and 

is estimated to increase to $1.2 trillion within the next thirty-five years in the United States 

(Figure 2).[10] To compare with that, the direct healthcare expenditure in 2010 for heart 

disease and cancer were predicted to be $109 billion and $77 billion, respectively[11]. 

Therefore, AD is one of the most financially costly diseases in the US. AD also places a high 

societal burden and there is currently a lack of effective therapies for AD and many other 

https://en.wikipedia.org/wiki/Bilaterian
https://en.wikipedia.org/wiki/Bilaterian
https://en.wikipedia.org/wiki/Sponge
https://en.wikipedia.org/wiki/Radiata
https://www.myvmc.com/medical-dictionary/astrocytes/
https://www.myvmc.com/medical-dictionary/oligodendrocytes/
https://www.myvmc.com/medical-dictionary/microglia/
https://www.myvmc.com/medical-dictionary/ependymal-cells/
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Figure 2 Illustration of the people with Alzheimer’s disease in USA and the Federal research 

funding. (Data is from ref. [10]) 

neurodegenerative diseases. Therefore, effective treatments for these diseases are urgently 

required.  

While there is enormous expenditure upon research and development towards new 

therapies for CNS diseases, this has generally not been successful.[12] A major challenge 

for the development of pharmaceutical treatments is the blood-brain barrier (BBB), which 

protects the CNS from noxious and harmful agents. However, it also hinders most 

therapeutic agents from being able to reach the brain. [13] Therefore, it is essential to 

understand the underlying mechanism of BBB penetration and therefore develop strategies 

that overcome the BBB to successfully deliver therapeutic molecules into the CNS. 

1.2 Blood-brain Barrier 

1.2.1 BBB Structure  

The BBB is a selectively permeable barrier that separates the brain from the peripheral 

blood flow.  In mammals, the BBB consists of brain capillary endothelial cells and astrocytes  
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(Figure 3).[14–16] The function of the BBB is regarded as a “biological barrier” due to the 

tight junctions between endothelial cells in brain capillaries, forming a water-tight barrier 

that requires molecules to be transported via transcellular pathways to cross the BBB.[17,18] 

(Figure 4) Secondly, brain cells (like astrocytes and pericytes) surrounding the endothelial 

cells form and maintain an enzymatic and physical barrier.  

1.2.2 Functions of the BBB  

Figure 3. Illustration of structure of the BBB at cellular level. The BBB consists of capillary 
endothelial cells, surrounded by a basal lamina and astrocytic perivascular end-feet. The 
astrocytes provide the cellular linkage with the neurons. Pericytes and microglial cells are also 
shown in this figure. a. Brain endothelial cell express numerous transporters and receptors, such 
as EAAT1–3 (excitatory amino acid transporters 1–3), GLUT1 (glucose transporter 1), LAT1 (L-
system for large neutral amino acids) and Pgp (P-glycoprotein). b. Examples of bidirectional 
endothelial-astroglial induction necessary to maintain the BBB. Some receptors and transporters 
are shown, such as 5-HT (5-hydroxytryptamine), ANG1 (angiopoetin 1), bFGF (basic fibroblast 
growth factor), ET1 (endothelin 1), GDNF (glial cell line-derived neurotrophic factor), LIF 
(leukaemia inhibitory factor), P2Y2 (purinergic receptor), TGFβ (transforming growth factor-β), 
TIE2 (endothelium-specific receptor tyrosine kinase 2) Data aquired from astroglial–endothelial 
co-cultures and the use of conditioned medium[15] [22] [23][24][187][188][189][190][191] 
Copyright with permission from ref. [21]. 
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    The BBB has several important roles in maintaining brain homeostasis.  Firstly, the 

endothelial cell layer of the BBB regulates the brain microenvironment, as well as the short 

diffusion distance between capillaries and neurons. Secondly, it provides crucial nutrients 

for the brain to grow and maintain, meanwhile mediating efflux of plenty of useless agents 

out of the brain. Importantly, the BBB effectively protects the brain from most pathogens, 

which is important since infections of the brain are very serious and hard to treat. Thirdly, 

the BBB restricts fluid and ionic flux between the blood and the brain, which creates an 

isolated interstitial fluid within the brain that supplies an optimal medium for neuron 

functions.[19] Fourthly, it separates the neuroactive agents (that act in the CNS, blood and 

peripheral tissues) and the pools of neurotransmitters, avoiding potential “crosstalk” of two 

similar agents that are utilized in these two systems. Lastly, continual turnover of 

cerebrospinal fluid and interstitial fluid via bulk flow helps the drainage of the brain 

metabolites. Collectively, BBB serve as an essential physical barrier for protecting brain, 

however also acts as a barrier to effective delivery of drugs to the CNS.     

1.2.3 Mechanisms that facilitate transport of molecules across the BBB 

    Molecules can be transported across the BBB (either into or out of the brain) by means of 

passive diffusion, active transport, receptor-mediated transport and adsorptive transcytosis 

(Figure 4).[20, 21] The BBB allows the crossing of water, some water soluble agents, such 

as O2, CO2 and polar drugs by passive diffusion through the junctions. Similarly, lipid-

soluble molecules including alcohol, caffeine, nicotine and drugs (like barbiturates) can pass 

through the BBB by passive diffusion via transcellular lipophilic pathway. Active transport 

mechanisms regulate the transport of glucose, amino acids, purine bases and choline that are 

crucial to neural function by special transport proteins. Furthermore, certain proteins (such 

as transferrin and insulin) attach to specific receptors on the surface of the brain endothelial 

cells and are internalised through receptor-mediated pathways. Lastly, the endocytosis of 

some native plasma proteins like albumin can be increased after cationization via interaction 

with the endothelial membrane (adsorptive transcytosis).    

1.2.4 Strategies for delivering therapeutic molecules through the BBB  

There are plenty of potentially effective drugs available for some CNS disorders, however 

few of them successfully enter the pharmaceutical market for clinical application, mainly

https://en.wikipedia.org/wiki/Passive_transport
https://en.wikipedia.org/wiki/Lipophilicity
https://en.wikipedia.org/wiki/Lipophilicity
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due to lack of highly efficient methods to deliver those therapeutic agents across the BBB. 

For instance, most of the drugs systematically designed for chemotherapy cannot penetrate 

the BBB at the concentration required for tumor treatment. It has been suggested that small 

molecules with molecule weight below 400 Da can directly cross the BBB via active efflux 

transporters (even if they are highly lipophilic). However, more than 98% of small molecules 

do not meet these requirements for BBB permeation. Furthermore, large molecules are 

generally unable to penetrate into the brain.  

Figure 4. Schematic demonstration of the mechanisms of transport endogenous 
molecules across the BBB. The key pathways for substance penetrate the BBB are 
shown. a. the tight junctions strictly restrict penetration of water-soluble agents; b. the 
lipid membranes of the endothelium provides an effective diffusive route for lipid-
soluble substance; c. the endothelium offers transport proteins as carriers for glucose, 
amino acids, nucleosides and so on. Some transporters are energy-dependent such as P-
glycoprotein, vinca alkaloids, cyclosporine A and azidothymidine (AZT); d. certain 
proteins like insulin and transferrin, are recognised by specific receptors via receptor-
mediated endocytosis and transcytosis. e. native plasma proteins such as albumin are 
poorly transported, but can increase their uptake by adsorptive-mediated endocytosis and 
transcytosis after cationization. Drug delivery across the BBB via pathways b–e; most 
CNS drugs enter via route b. Copyright with permission from ref. [21]. 
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There are approximately 1.5 billion people worldwide suffering from CNS diseases. Thus, 

there is growing need to develop a feasible strategy to deliver non-permeable drugs into the 

brain.[22–24] To overcome the BBB, numerous strategies have been applied to improve the 

penetration of effective therapeutic agents into the brain. Those strategies can be divided to 

two categories: invasive and non-invasive approaches. (Figure 5) Some special cases aimed 

at more effective delivery of drugs to the CNS were reviewed and discussed in the 

subsequent sections. 

 

 

1.2.4.1 Invasive Techniques 

    BBB modification. The tight junctions of the endothelial cells that form the BBB hinder 

most drugs from entering the brain. Therefore, strategies have been developed to “open” 

these tight junctions including: hyperosmoticity,[25] biochemical disruption[17, 26], 

alkylglycerols (AKG) [17, 27] or ultrasound[28, 29]. These approaches that can transiently 

open the tight junctions of the BBB have several drawbacks, such as unintended access of 

potentially toxic agents and decreased control of drug releasing and targeting functions.    

Figure 5. A schematic representation of current strategies to delivery drugs into the brain.  
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    Surgical approaches. One of the most direct and simplest ways to deliver drugs into the 

brain is by local drug infusion. However, this is usually employed only in emergency 

situations when the therapeutic agents must urgently reach the brain. The diffusion of the 

drug from the injection site relies upon the site of the drug administration, liposolubility, 

polarity, tissue affinity and molecular mass of the drug injected. There are various 

approaches for direct drug injection: including into the cerebrospinal fluid via 

intraventricular infusion (or intrathecal administration)[30] or to the brain parenchyma by 

interacerebral implant.(Figure 6)[31, 32]  

 

1.2.4.2 Non-invasive Techniques 

    Medicinal chemistry approach. This includes two directions: chemical drug 

modification and drug delivery via microspheres and biodegradable wafers. The chemical 

modification of drugs is a widely used method to change their structure to support their 

transport via active efflux transporters. [32, 33] It is carried out by increasing the 

lipophilicity of drugs to enhance their BBB permeability via passive transport. Another 

method is to mimic a nutrient that is known to cross the BBB, and therefore facilitates 

transport by one of the specific carriers in the brain. However, modification of a drug may 

dramatically increase its molecular weight to be over 400 Da. Moreover, improved drug 

lipophilicity can also increase its uptake by other organs, leading to rapid clearance from the 

blood before the drug can enter the brain.[34, 35] For drug delivery through microspheres 

Figure 6. Color photograph of the device (A) and a computer-aided design render of the liquid 
crystalline polymer LCP reservoir (B). The reservoir size is 3.7 by 3.2  2.2 mm. 10 mg of 
temozolomide is loaded in this device. The 200mm shelf is visible on the interior face of the 
reservoir walls. This shelf serves a seat for the chip and as an upper boundary for drug during the 
loading process. Copyright with permission from ref. [30].  
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and wafers, it is carried out by conjugation of water-soluble macromolecular therapeutic 

agents and tiny spheres or biodegradable wafers before it is inserted into the brain through 

stereotaxic surgery. However, the drawback of this approach is that some drugs have low 

diffusion in brain parenchyma, thus need administration close to the target (which can be 

difficult depending upon the location).  

    
Alternative methods. There are several alternative approaches, including intranasal 

administration, [30, 36] molecular Trojan horses,[35] genetic engineering[37, 38] and     

nanoparticles. Among these non-invasive methods to transport the drugs to the CNS, 

nanoparticle-based delivery systems are attracting increasing attention through their 

capability for versatile modification of the physicochemical properties of their composition. 

It was reported that a multifunctional nanostructure monosialotetrahexosylganglioside 

(GM1)-modified reconstituted lipoprotein with high density, loading with a neuroprotective 

Figure 7 (a). Schematically represents the procedures of fabrication of multi-functional 
nanostructure (αNAP - GM1 - rHDL) and their BBB penetration. (b) Schematic of PSiNP 
passing the BBB in vitro (bottom left) and in vivo (bottom right). Copyright permission of  
ref [40].  

http://www.baidu.com/link?url=aeTyi68vehYkZ2OL41WWR8VqGAIh63w9SoLTAIdPsBXY66koYK1O1Rwipb5q2MjtI9AnalezAcmKt0uWySAux21mvhQAPGW_IomhKR-Bkqm
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peptide (NAP, a neuroprotective peptide for the therapy of AD) possesses better ability to 

protect neurons via intranasal administration than GM1 in vitro. (Figure 7a)[39] Moreover, 

the size of PEGylated silica nanoparticles (PSiNPs) for BBB penetration in vitro and in vivo 

was also further investigated, the result showed that the PSiNPs were capable to pass the 

BBB, and the smaller size of PSiNPs exhibited better penetration efficiency. (Figure 7b)[40] 

Importantly, a series of nano-agonists (NAs) were designed by labelling various copies of 

A2AAR activating ligands on dendrimers, intending to temporarily increase the BBB 

permeation. The results demonstrated that NAs- A2AAR complex dramatically up-regulated 

the brain uptake of a macromolecular model drug (45kDa) after intravenous injection of 

NAs. (Figure 8)[41] Moreover, carmustine (BCNU)-loaded solid lipid nanoparticles (SLNs) 

were grafted with 83-14 monoclonal antibody (MAb) (83-14 Mab/BCNU-SLNs) and 

applied to the brain-targeting delivery system.[42] Ruan et al. developed a shrinkable nano-

system, G-AuNPs-DOX-PEG. The drug of DOX can be released via a PH- and time-

Figure 8 Schematic of brain drug delivery by NA-mediated A2AAR signaling, the permeability 
of BBB is increased by the signal transduction. Copyright with permission of ref. [41].    
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dependent manner. At Ph 5.0, the release of DOX was more rapid than at a high Ph value, 

with the release rate of DOX from G-AuNPs-DOX-PEG about 90.9%.[43] Although many 

studies on efficient targeting and delivery of nanoparticles have been reported, the effect of 

nanoparticle physicochemical properties (such as surface chemistry, size and shape, etc.) on 

brain permeation and targeting is still poorly understood. 

1.3 Biophysical parameters of nanoparticles influence their 

cellular uptake  

In recent years, numerous nanoparticle-based therapeutics have been evaluated for 

potential use in neurodegenerative disease therapy.[44–47] Notably, physicochemical 

characteristics (such as surface chemistry, size and shape etc.) of nanoparticles cause a 

significant impact on the cellular uptake, biological distribution, permeation across 

biological barriers such as the BBB, and the resulting treatment effect.[48–50] In this 

section, the current understanding of the different effects of surface chemistry, nanoparticle 

size and shape on their cellular uptake, bio-distribution, and clearance by macrophages will 

be summarised. A deep understanding of the role of physicochemical properties of 

nanoparticles on treatment efficacy may help to design an optimal nanoparticle-base 

therapeutic delivery system for the treatment of brain disorders. 

1.3.1 Effect of nanoparticle surface chemistry upon cellular uptake 

A wide variety of chemical and biological functionalization options are available to 

modify the surface of nanoparticles, with the goal of altering their bioavailability and cellular 

uptake properties. This includes surface modifications such as hydrophobicity and surface 

charge (including negative, positive and neutral) which have all been shown to influence the 

circulation, bio-distribution, phagocytosis and optimization of nanoparticles.[50, 51] 

Furthermore, surface chemistry also affects the stability of nanoparticles and their 

interactions with cell membranes.[52] Understanding the relationship between these 

nanoparticle surface characteristics and cellular uptake is important in guiding the design of 

drug delivery systems for therapeutic application. A summary of the physicochemical 

properties of nanoparticles that are commonly modified and the resultant impact upon 

cellular uptake is shown in Table 1 and described in further detail in the following sections. 
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Table 1. The summary of physicochemical properties of nanoparticles and their cellular uptake is 
shown in the Table 1.  

1.3.1.1 Negative surface charge 

Introduction of a negative surface charge to nanoparticles plays an important role in 

particle-cell interactions and therefore effects their cellular uptake, although this appears to 

often be in a non-specific manner that may not be suitable for all therapeutic applications. A 

challenge with this approach is that the cell membrane is negatively charged, and therefore 

negatively-charged nanoparticles can’t immediately interact with the cell membrane.  For 

instance, it has been  reported that carboxymethyl-substituted dextran-coated nanoparticles 

within size-range from 33-45nm (−50 to 5 mV net surface charge) display increased 

internalization in CaCo-2 human colon cancer cells in a charge-dependent manner via non-

specific uptake.[60] Oligonucleotide-functionalized gold nanoparticles with negative 

surface charge exhibit greater than 99% cellular uptake (far superior to that of conventional 

transfection agents such as lipophilic drugs) without toxicity to cells. It is proposed that the 

oligonucleotide shell introduces a negative charge that binds extracellular proteins and can 

Physicochemica
l characteristics 

Influence Surface agents Particles Refs. 

 
Size 

Effect the cellular 
uptake efficiency and 

subcellular distribution of 
nanoparticles 

 

N/A 

 

Gold NPs, polyeric 
nanoparticles 

 

[53], [83], [84]  

 

Negative 
surface charge 

Increase cellular uptake 
for gene delivery 

Oligonucleotide, 
lipoplexes 

Gold NPs, quantum 
dots, iron oxide, 

Gadolinium 
nanoparticles 

[54], [56] 

 
Positive surface 

charge 

Positive charge induces 
the interaction between 

particles and membranes 

positive amine-
polyamidoamine 

(PAMAM) dendrimers 

fluorescein-doped 
magnetic mesoporous 

silica nanoparticles 
(FMNPs) 

[54], [55], [60]  

 
Natural surface 

charge 

Higher steric stability 
and hinders the 

interaction with cell and 
phagocytic system 

 

PEG chain, polymer, 
silica 

Silica, polymers, 
quantum dots or 

upconversion NPs 

 

[56], [57], [64] 
 

 

 
Shape 

Rod shaped particles 
with higher aspect ratio 

(AR) exhibit more 
efficient cellular uptake 

fluorescein 
isothiocyanate (FITC) 

and rhodamine B 
isothiocyanate (RITC) 

Mesoporous silica 
nanoparticles, 

radioactive 198Au – 
doped nanostructures 

[58],[59],[98], [99],  
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therefore facilitate the interaction of nanoparticles directly with the cell membrane. (Figure 

9a)[61] Similarly, it is also suggested that the uptake of oligonucleotide-loaded gold 

nanoparticles (ASNP) is influenced by the density of the oligonucleotide loading on the 

surface of ASNP. The higher densities of ASNP can absorb a large amount of proteins on 

the surface, resulting in greater cellular uptake. (Figure 9b)[62] Furthermore, it has been 

reported that lipid nanoparticles with surface-coating of polyanionic-like aromatic sulfonic 

acid (negative charged) showed a specific affinity for caveolae of endothelial cells, 

consequently leading to effective uptake. (Figure 10)[63] 

 

 

Figure 9 (a). Preparation of antisense gold nanoparticle A and B (13nm). (b). Illustration of the 
interaction of cell membrane and oligonucleotide-loaded gold nanoparticles (ASNP) with 
various protein adsorption. Copyright with permission of ref. [61]  and ref. [62]. 
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   Recently, a wide variety of proteins and peptides, cell penetration peptides or cell-

fusogenic peptides have been developed to transport therapeutic agents into their target sites 

with fewer side effects and have great potential to cure diseases. They are ideal for cellular 

uptake[64] and they are drug-delivery platforms due to their biocompatibility and 

biodegradability coupled with low toxicity. A variety of proteins have been used and 

characterized for drug-delivery systems, including the ferritin/apoferritin protein cage, plant-

derived viral capsids, the small Heat shock protein (sHsp) cage, albumin, soy and whey 

protein, collagen, and gelatin. There are many different types and shapes that have been 

prepared to deliver drug molecules using protein-based platforms, including various protein 

cages, microspheres, nanoparticles, hydrogels, films, minirods, and minipellets. The protein 

cage is the most newly developed biomaterial for drug delivery and therapeutic applications. 

The uniform size, multifunctionality, and biodegradability push it to the frontier of drug 

delivery. 

 

1.3.1.2 Positive surface charge 

The positively charged surface of nanoparticles induces electrostatic interactions with the 

negatively charged cell membrane.[62, 63] Therefore, nanoparticles with positively charged 

groups on their surface exhibit higher cellular uptake than negatively charged ones, primarily 

through endocytosis routes. For instance, the permeability of chitosan-cyclosporine-A 

(chitosan-Cy-A, +31.2±1.6 mV) coated nanoparticles to the gastrointestinal mucous barrier 

is higher than negatively (sodium glycocholate) and neutral (Gelatin-A) charged 

Figure 10. Illustration of the interaction of a positively charged nanoparticles (left) and lipophilic 
lipid nanoparticles (right) with cell membranes. Copyright with permission of ref. [63]. 
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nanoparticles because of the presence of the negatively charged protein in the outer surface 

of gastrointestinal epithelial cells.[65] Furthermore, introduction of positively charged 

amine-polyamidoamine (PAMAM) dendrimers onto the surface of fluorescein-doped 

magnetic mesoporous silica nanoparticles (FMNPs) improves their cellular uptake by glioma 

cells (Figure 11)[66] versus FMNPs that are coated with neutral-charged ester-terminated 

PAMAM.  

1.3.1.3 Neutral surface charge 

    The modification of nanoparticles with nonionic polymers can improve nanoparticle 

stability through steric stabilization that reduces phagocytic and immunological clearance 

pathways.[67] Polyethylene glycol (PEG) is one of the most commonly utilized neutral 

polymers to modify nanoparticles and prevent them from activating the immune 

system.(Figure 12)[68] Numerous types of nanoparticles have been coated with PEG and its 

analogue (such as poloxamer and poloxamine series) to increase the blood circulation and 

enhance the accumulation of nanoparticles in tumor by exerting the enhanced permeability 

and retention (EPR) effect, such as single-walled carbon nanotube,[68, 69] gold 

nanorod,[70] fluorescent silica,[71] quantum dots,[72] poly(hexadecylcyanoacrylate), 

liposomes.[72, 73] For instance, the cellular uptake capability of polyethylenimine (PEI)-

modified gold nanorods by Hela cells have been increased by avoiding the formation of 

aggregation of nanoparticles.  

1.3.2 Nanoparticle size  

Figure 11. Illustration of the preparation of surface functionalized magnetic silica 
nanoparticles. Copyright with permission of ref. [66]. 
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The size of nanoparticles significantly affects their cellular uptake, bio-distribution and 

clearance through phagocytic pathways. (Figure 13)[48] There are numerous studies on the 

effect of nanoparticle size upon the circulation and bio-distribution of a range of different 

types of nanoparticles, such as silica,[74] silver,[75] quantum dots[76] and titanium 

Figure 12. PEG prohibits uptake by the reticuloendothelial system. (A) Nanoparticles, (A1) 
nanoparticles coated with opsonin protein, (A2) macrophage of opsonin protein-coated 
nanoparticles, (A4) liver sequesters nanoparticles; (B1) PEGylated nanoparticles, (B2) 
PEGylated nanoparticles reduces opsonin association with nanoparticles, (B3) PEGylation 
deceases the liver accumulation of nanoparticles. Copyright with permission from ref. [68]. 

 

Figure 13. Illustration of the size-dependent mechanism and rate of clearance. The smallest 
nanoparticles within 20 nm are readily penetration the tight junctions, leading to a quick 
clearance from the blood circulation. The largest nanoparticles above 1 um are likely to dominate 
and wall collisions, inducing fast uptake by the mononuclear phagocytic system. The 
nanoparticles with size between 20 nm and 1 um process longer circulation time. Modified with 
permission of ref. [48]. 
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dioxide[77] nanoparticles. Small nanoparticles with 10 - 20 nm exhibit wide diffusion in 

various organs and are readily excreted by the kidney.[78] Conversely, large nanoparticles 

(above 1um) do not readily distribute to most organs, easily aggregate in the biological 

environment and can become stuck within smaller capillaries. Finally, most of the large 

nanoparticles accumulate in the liver, spleen andfew spread into the bone marrow.[79] 

However, when the nanoparticles with a size of 20 nm to 1 um remain to a greater extent in 

blood circulation compare to other sized nanoparticles.[64, 76] 

 

Furthermore, the cellular uptake efficiency and subcellular distribution of nanoparticles is 

strongly influenced by the size of nanoparticles. (Figure 14) [80–82] For instance, 

Chithrani’s group investigated the size effect of gold nanoparticles (with various sizes, such 

as  14 nm, 50 nm, and 74 nm) upon cellular uptake by Hela cells.[83, 84] The results showed 

that the cellular uptake of gold nanoparticles varied with the different sized gold 

nanoparticles that were tested, with 50 nm nanoparticles exhibiting the maximum cellular 

uptake efficiency compared to other two sized gold nanoparticles. (14nm and 74 nm). 

Moreover, the kinetics of cellular uptake of gold nanoparticles was also size dependent, with 

Figure 14. Illustration of the size-dependent pathways for nanoparticles. Large 
nanoparticles are internalized via phagocytosis (A). Smaller nanoparticles are uptake 
through non-phagocytic endocytosis, such as clathrin-mediated endocytosis (a), caveolar-
mediated endocytosis (b), micropinocytosis (c), and clathrin-independent and caveolin-
independent endocytosis. Copyright with permission of ref. [48]. 
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uptake half-life of 14, 50 and 74 nm-sized gold nanoparticles being 2.10, 1.90 and 2.24 h, 

respectively. Further, a wide range of dye-functionalized mesoporous silica nanoparticles 

(FITC-MSNs) with size ranging from 30 to 280nm have been tested for their size-dependent 

cellular uptake in HeLa cells. Cellular uptake was found to be strongly influenced by 

nanoparticle size, with cellular uptake efficiency in the order 50>30>110>280>170 nm. 

Furthermore, the concentration of 50 nm-sized FITC-MSN that were internalized was almost 

2.5 folds greater than that of 30 nm-sized particles.(Figure 15)[74]  

 

Finally, it has been suggested that nanoparticle size has a significant impact on the binding 

and activation of receptors on the cell membrane, and subsequently influences uptake by 

cells via non-phagocytic endocytosis.[84] For example, a series of fluorescent latex beads 

with various size (50 - 1000nm) were utilized to investigate the size effect on the cellular 

uptake pathways in B16 cells. Microspheres with a diameter below 200 nm were found to 

Figure 15. Transmission electron microscope (TEM) images of mesoporous silica particles with 
a range of average sizes: a) 280nm; inset: FFT analysis of the TEM image; b) 170, c) 110, d) 50, 
e) 30 nm. f) High-resolution TEM image of a single particle. Copyright with permission of 
ref.[74]. 
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enter the cells through clathrin-mediated endocytosis. With increasing size, the uptake 

mechanism changed to caveolae-mediated internalization, which became the predominant 

pathway of uptake for 500 nm-sized particles.  

In summary, nanoparticle size is one of the most significant physicochemical properties to 

consider for designing an efficient nanoparticles-based drug delivery system for cell delivery 

applications.    

1.3.3 Nanoparticle shape 

Shape is an important physicochemical property of nanoparticles that influences their use 

as a drug delivery system for biological and medical applications.[58, 84] A wide variety of 

nanoparticle shapes have been reported, including rod, disk cubic, cylinder and other 

uncommon shapes such as red cell-like bi-concave discoids, filamentous and filovirus-

mimicking particles. These different-shaped particles were employed to investigate the steric 

morphology effect on the cellular endocytosis,[85] circulation half-life,[86] targeting 

functions[87] and intracellular transport[87, 88].  

In the case of circulation half-life in the blood, nanoparticle shape greatly influences their 

interaction with and clearance by macrophages [89] Specifically, studies suggest that it is 

the geometry of the nanoparticles at the touch point with macrophages rather than the entire 

nanoparticle shape that determines whether the nanoparticle is internalized by these 

phagocytic cells. (Figure 16)[48, 90]Accordingly, Ω is defined as the angle between the 

Figure 16. Illustration the relationship of Ω and cell membrane velocity. a). Ω > 45℃; b) Ω < 45
℃ and c) Ω = 45℃; when Ω > 45℃, there is no internalization, while Ω ≤ 45℃ means cell can 
uptake the nanoparticles. Modification with permission of ref. [48]. 
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membrane at the touching point with the cell. When Ω ≤ 45°, particles can be uptake by 

macrophages successfully. However, when Ω > 45°, nanoparticles can temporarily adhere 

onto the surface of macrophages but fail to be internalised. Therefore, generating 

nanoparticles with a shape that results in Ω > 45° can be utilized to “hide” and protect 

nanoparticles from macrophage phagocytosis. For example, filomicelles (polymer micelles 

assemblies that resemble thin rod shapes) that have an angle > 45 exhibited long circulation 

times within the blood of up to a week after intravenous injection, which was about 10 fold-

longer than similar sized spherical assemblies.[86] Furthermore, it suggested that increasing 

aspect ratio even over 20 inhibits internalization by macrophages due to low curvature of 

long worm-like particles. Moreover, the non-specific particles exhibit a deviating 

hydrodynamic action compared with spherical nanoparticles, resulting in prolonging 

circulation time through aligning with blood flow. (Figure 17)[47, 91]  

    Cellular uptake of nanoparticles is also strongly affected by the shape of a wide variety of 

nanoparticles (such as gold nanoparticles, silica nanoparticles and polymers). For example, 

rod-shaped nanoparticles exhibit higher adhering ability and lower non-specific 

accumulation under flow with the targeted cells than their spherical counterparts, 

presumably because the curvature of spheres limits their binding efficiency with the target 

cell. (Figure 18)[92] Similarly, prolate ellipsoid stretched from ellipsoid spheres provide 

higher cell attachment to the macrophages than an oblate and spherical ellipsoid. However, 

the internalisation of particles followed another ranking: oblate ellipsoids » spheres > prolate 

ellipsoids.[89] However, the rod-liked nanoparticles with a higher surface area also induce 

Figure 17. Illustration of the shape effects on circulation. Modification with permission of 
ref.[48]. 
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multivalent interactions between cell membrane and nanorods. Therefore, the mammalian 

epithelial and immune cells preferentially uptake disc-shaped hydrophilic nanoparticles 

compared with the nanorods.[93] Apart from that, mesoporous silica particles with a larger 

aspect ratio (AR = 4) were internalised by A375 human melanoma cells to a great extent and 

even faster than the particles with lower AR (AR = 1, 2). (Figure 19)[94] The process of 

MSN endocytosis is as following (Figure 22G-I): different shaped MSNs are firstly entered 

into the A375 cells through nonspecific endocytosis pathways and then merge with 

endosomes. Next, the MSN particles escape from the endosomes and get into the cytoplasm. 

It indicated that the cell uptake entries depend on the shape of particles. Collectively, the 

shape-mediated enhancement of endothelial targeting receptors provides a promising 

application in vascular targeting for medical therapy.      

    Besides, the cellular uptake of the rod-5 with high-aspect-ratio nanoparticles (150 nm  

450nm) provides more rapidly and efficiently than other symmetric low-aspect-ratio 

particles with similar size by human cervical carcinoma epithelial (Hela) cells. However, 

1um cubic particles showed difficult to enter Hela cells.[95] Moreover, 198Au-incorporated 

nanospheres provide longest circulation time with negligible clearanceby the 

Figure 18. Illustration of the behavior of nanoparticles under flow. (A) Schematic of 
nanoparticles binding a wall in the blood flow. (B) Scanning electron microscope (SEM) images 
of polystyrene spheres and (C) worm-shaped particles stretched from 200 nm-sized spheres. Scale 
bar is l um. (D) Rat brain endothelial cells (RBE4) were plated in the synthetic microvascular 
networks (SMNs) Copyright with permission of ref. [92].  
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reticuloendothelial system and highest tumor uptake compared to nanodisks, nanorods and 

nanocages. However, nanorods and nanocages could enter the core of tumors, nanospheres 

and nanodisks only found staying on the surface of the tumors. It indicated that 

there is an optimal geometry of nano-drug delivery system for efficient treatment of tumors 

or another disease.[96]  

1.4 Lanthanide-doped upconversion nanoparticles (UCNPs) 

The lanthanide series of chemical elements consists of fifteen metallic chemical elements 

with atomic numbers range from 57 (lanthanum) to 71 (lutetium) located at the lllB group 

Figure 19. Transmission electron microscopy and scanning electron microscopy images of three 
different lengths MSNs and the illustration of their endocytosis pathways. (A, C, E) TEM images 
of sphere-shaped particles (A), short rod-shaped particles (C) and long rod-shaped particles (E). 
(B, D, F) SEM images of sphere-shaped particles (B), short rod-shaped particles (D) and long rod-
shaped particles (F). Illustration of endocytosis pathways for cellular uptake of spherical 
nanoparticles (G), short nanorods (E) and long nanorods (I). Copyright with permission of ref. 
[94]. 
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and sixth period in the periodic table (Table 2). These fifteen lanthanide elements and the 

chemically similar elements (scandium and yttrium both located at the lllB group labelled 

with blue dotted square) are identified as rare earth elements. The studies on lanthanides 

chemistry has been more than two centuries, finding a wealth of applications in chemical 

industry, agriculture, military and biology. The term "lanthanide" was introduced by Victor 

Goldschmidt in 1925.[97] All of the lanthanide elements have a +3 oxidation state (Ln2O3), 

and can also form +2 complexes in solution.[98] Additionally, the lanthanides are attractive 

for optical applications due to their large quantum numbers (n = 4, l = 3) in spectroscopic 
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terms.[99] This feature provides advantages including excellent photo-stability, large 

Stokes/anti-long luminescent lifetimes, Stokes shifts and narrow-band emissions for Ln3+ 

activated materials as outstanding optical materials.[100–102] Thus, Ln3+ are regarded as 

potential luminescent supporters for applications such as sensing,[103] bioimaging,[104] 

therapy[104, 105] and photovoltaic devices.[106] Furthermore, the luminescence of Ln3+ 

can be divided to down-shifting, quantum-cutting (also known as downconversion), and 

upconversion according to the transition pathways. Both downshifting and downconversion 

processes requires high-energy photon to excite, whereas upconversion needs lower energy 

photons to trigger, specifically near-infrared (NIR) light, for frequency upconverting.[107]  

In recent years, a novel library of nanomaterials called high-performance lanthanide-doped 

upconversion nanoparticles (UCNPs) have been extensively investigated for bioimaging and 

therapeutic applications. With the rapid development of nanotechnology, a variety of 

nanomaterials, such as silica, gold, quantum dots, magnetic and polymeric nanoparticles 

have been developed for biological applications based on their various physical or chemical 

properties. As compared to these conventional nanomaterials, UCNPs exhibit unique 

properties including negligible photobleaching for long-term tracking, minimum 

photodamage to living organisms, low auto-fluorescence and high signal-to-noise for 

sensitive bioimaging, and near infrared (NIR) excitation nature for deeper penetration into 

biological tissues (while most of traditional bioimaging probes requires visible/ UV 

excitation). In this section, the properties of UCNPs are described, including surface 

modification and the recent progress achieved in bioimaging and therapeutic applications 

using UCNPs. Finally, the challenges and future perspective of Ln3+ -based upconversion 

materials are discussed.                

1.4.1 Optical properties of Ln3+-UCNPs 

There are abundant energy levels of 4f electron configurations for lanthanides, leading to 

various electronic transitions.(Figure 21)[108] The mechanism of Ln3+-UCNPs processes 

can be divided into the following classes: excited-state absorption (ESA), energy transfer 

upconversion (ETU), cooperative energy transfer (CET) and energy migration-mediated 

upconversion.    
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The ESA is an appropriate pumping mechanism for singly-doped upnconversion materials, 

involving successive two-photon absorption in one single Ln3+ ion.  Under suitable 

excitation conditions, the excitation energy is resonant with the transition from the ground 

state to the excited metastable level, then the excited state of middle-level successively 

absorbs another photon with energy that is resonant with the transition from middle level to 

high-lying excited state. The photon drops from the highly-excited level to the ground level 

and induces upconversion emission. In this ETU processes, there are two luminescent 

centres including sensitizer and activator. Energy can be absorbed by sensitizer and 

transferred to activator from sensitizer to form upconversion emission. A low active ion 

concentration in the Ln3+-UCNPs (Figure 21) is necessary to avoid transfer losses through 

cross-relaxation between the luminescent centres (sensitizer and activator) and to increase 

the gain in the excited-state absorption process.[107] The key difference between ETU and 

Figure 20. Principal mechanisms of Ln3+ related upconversion emissions: excited-state 
absorption (ESA, a), energy transfer upconversion (ETU, b), ETU-based Yb3+-Er3+ pair (c), ETU-
based Yb3+-Ho3+ pair (d), ETU-based Yb3+-Tm3+ pair (e), cooperative energy transfer (CET, f) 
and energy migration-mediated upconversion (EMU, g). Copyright with permission from 
ref.[108].  
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CET is the absence of a long-lived middle energy state of the activator, leading to very low 

efficiency. Furthermore, a broad range of gadolinium-based core/shell nanostructure with 

the EMU process was developed to tune energy migration. It was found that the efficiency 

of upconversion emission can be increased through gadolinium sublattice-mediated energy 

migration for a wide range of lanthanide activators without long-lived intermediary energy 

states. This demonstrates that this effect enables fine-tuning of upconversion emission 

through trapping of the migrating energy by the activators. [109] Totally, there are four types 

of luminescent centres, which are sensitizer, accumulator, migrator, and activator 

incorporated into various parts with precisely defined concentration. The energy is finally 

trapped by the activator via sequential energy transfer through the core/shell interface. 

The ETU process is the most efficient upconversion process. Most Ln3+-UCNPs achieve 

efficient upconversion emission through an ETU processes. Three most commonly ETU-

based Ln3+ pairs are shown in Figure 20c-e. Typically, Yb3+ firstly absorbs near infrared 

(NIR) light and then transfers the acquired energy to adjacent Ln3+ (Ln= Er, Ho and Tm). In 

Yb3+-Er3+ co-doped UCNPs (Figure 20c), the energy is transferred from the level 2F5/2Yb3+ 

to the 2H9/2, 2H11/2, 4S3/2, and 4F9/2 states, forming three-photon violet (415 nm, 2H9/2 → 
4I15/2), two-photon green (525 nm, 2H11/2 → 4I15/2; 545 nm, 4S3/2 → 4I15/2) and red (655 nm, 
4F9/2 → 4I15/2) emissions. Moreover, in Yb3+-Ho3+ pair, two-photon upconversion can also 

Figure 21. Schematic illustration of the Ln3+-UCNPs structure and random energy migration 
among lanthanide ions in the structure.     
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occur to generate green (545 nm, 5F4, 5S2 → 5I8) and red (650 nm, 5F5 → 5I8) emissions, 

while the three-photon process generates blue (485 nm, 5F3 → 5I8) emission (Figure 20d). 

To compare the energy state diagram of Yb3+-Ho3+ pairs and Yb3+-Er3+ pairs, it is obvious 

that the energy levels of Yb3+-Ho3+ pairs are inferior to that of Yb3+-Er3+ pairs, therefore the 

upconversion efficiency in Yb3+-Er3+ is higher than that of Yb3+-Ho3+ pairs. On the contrary, 

multiphoton upconversion emissions can be measured in blue and UV regions from Yb3+-

Tm3+ co-doped UCNPs (Figure 20e). It is resulted from the simple and discretely arranged 

energy states of Tm3+, decreasing the non-radiative relaxations and multiphoton cross 

relaxations within activators. After getting the energy transferred from Yb3+, Tm3+ can 

release two-photon NIR (800 nm, 3H4 → 3H6) and red (695 nm, 3F3 → 3H6) emissions, 

three-photon red (645 nm, 1G4 → 3F4) and blue (475 nm, 1G4 → 3H6) emissions, four-photon 

blue (450 nm, 1D2 → 3F4) and UV (365 nm, 1D2 → 3H6) emissions, and five-photon UV 

(345 nm, 1I6 → 3F4; 290 nm, 1I6 → 3H6) emissions. 

1.4.2 Efficient Enhancement of Upconversion Emission  

The Ln3+ -UCNPs can convert near infrared (NIR) radiation to various visible 

luminescence spectra, and are promising for applications in diagnosis,[110–112] 

bioimaging[8, 112] and three-dimensional display technologies[106, 113]. The efficacy of 

bio-applications calls for adequate upconversion emission efficiency. However, it is well 

known that the intra-configurational transitions of Ln3+ are parity-forbidden, leading to low 

upconversion emission efficiency due to the small absorption cross-section of Ln3+. 

Moreover, when the size of the particle is down to nanoscale, the upconversion nanoparticles 

face a profound quenching effect from their surface. During past decades, the design of 

suitable nanocrystals has improved the performance of upconversion nanocrystals, with 

several methods being proposed to improve upconversion efficiency. The most common and 

effective approaches are adjusting the dopant concentration, and surface passivation with 

core-shell structure.  

1.4.2.1 Adjusting the Dopant Concentration 

Lanthanide-doped UCNPs are typically doped with ytterbium (Yb3+) as a sensitizer to 

absorb near infrared light and transfer to an activator such as erbium (Er3+), holmium (Ho3+) 

and thulium (Tm3+) for upconversion emission. However, there is a main limitation for the 
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emission efficiency of UCNPs called concentration quenching, which leads to the decreased 

brightness of UCNPs with increasing dopant density beyond the optimal 

concentration.[114,115] The optimal concentration of Tm3+ in NaYF4 host lattices is as 

low as ~0.2-0.5mol% at excitation power below 100Wcm-2 (with ~20-40 mol% Yb3+).[116] 

[117] Such nanocrystals have small numbers of activators and therefore produce weak 

upconversion emission. In 2013, this limitation was solved by increasing activator 

concentration (Tm3+) up to 8.0mol% in NaYF4 to dramatically enhance the upconversion 

emission efficiency by up to a factor of 70 under the high excitation irradiation.(Figure 

22)[118] This represents a significantly improved sensitivity of three orders of magnitude 

over benchmark nanocrystals such as quantum dots. [119] Apart from this, there are 

numerous studies using high-radiation excitation to alleviate concentration quenching for 

orders of magnitude increase in upconversion emission, where the activator concentration of 

Tm3+ and Er3+ in NaYF4 increase from 0.5mol% to 8mol%, and from 2mol% up to more 

than 10mol %, respectively.[120–122]  

1.4.2.2 Surface Passivation with Core-shell Structure 

Surface passivation with core-shell structure is a typical strategy to alleviate the quenching 

effect caused by surface defects. Furthermore, this strategy also utilizes various lanthanide 

activators to generate multi-color luminescence via fabrication of an appropriate core-shell 

structure. This yields a range of high-efficiency tunable emission by removing deleterious 

Figure 22. Highly Tm3+-doped NaYF4 upconversion nanoparticles provide enhanced 
upconversion emission in a suspended-core fibre. Copyright with permission from ref. [118].       
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cross relaxations between the lanthanide activators and suppresses surface-related quenching 

mechanism in the core nanoparticles. It was reported that hexagonal-phase 

NaYF4:Yb3+/Tm3+@NaYF4:Yb3+/Er3+ with core-shell structure and NaYF4:Yb3+/Tm3+@ 

NaYF4:Yb3+/Er3+@NaYF4:Yb3+/Tm3+ nanoparticles with a sandwich structure were 

fabricated and both of them generate multiple emission peaks.[123] Both Tm3+ and Er3+ 

emissions were found from the core-shell structured and sandwich-structured nanoparticles, 

which is different from the Tm3+/Er3+-co-doped NaYF4 nanoparticles (Tm3+ emission was 

quenched). Furthermore, it was reported on sandwich-structured multicolored 

core/shell/shell nanoparticles of NaYF4:Yb3+/Er3+@NaYbF4: Tm3+@NaYF4:Yb3+/Tm3+, 

NaYF4:Yb3+/Tm3+@NaYbF4:Er3+@NaYF4:Yb3+/Er3+, and NaYF4:Yb3+/ Tm3+@ 

NaYbF4:Er3+@ NaYF4:Yb3+/Tm3+, for multicolour cellular imaging with just a single NIR 

excitation source. This sandwich structure enables upconversion nanoparticles for multiplex 

detection of three subcellular targets with minimally toxic NIR light excitation and low 

background fluorescence.[124]  

1.4.3 Surface engineering of UCNPs 

Figure 23. Schematic illustration of general strategies used for surface engineering of UCNPs. 
Copyright with permission from ref. [130]. 
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The Ln3+-UCNPs are generally fabricated with oleic acid (OA), oleylamine (OM) or 

trioctylphosphine oxide (TOPO) that are not water-soluble before surface modification and 

functionalization. However, the biocompatibility of nanomaterials in vitro and in vivo is 

crucial before they can be further applied for bioimaging and therapeutic application. 

Therefore, it is essential to modify and functionalize Ln3+-UCNPs to make them water 

soluble, biocompatible and with functional groups available for further bioconjugation for 

targeting functions. There are numerous surface modification approaches, including ligand 

removal, ligand oxidation, ligand exchange, amphiphilic polymer coating, layer-by-layer 

assembly and silanization for transferring nanoparticles from hydrophobic into hydrophilic 

surface. (Figure 23)[125] Ligand removal, ligand exchange and silanization are the most 

commonly utilized for surface modification, and are discussed in the following sections. 

1.4.3.1 Ligand Removal 

Ligand removal from the surface of nanoparticles is an easy and simple approach to make 

nanoparticles disperse well into aqueous solutions. This method removes the OA on the 

surface of UCNPs via treatment with acid. Typically, it was reported that the water-soluble 

ligand-free upconverting lanthanide-doped NaYF4:Yb,3+Er3+ can be acquired by using a 

simple acid treatment procedure. (Figure 30) [126] The Ln3+-OA on the surface is replaced 

by Ln3+-OH whose state of charge can be further adjusted by pH and the efficiency of 

upconversion luminescence can even be improved by replacing OH with OD. Furthermore, 

it has been suggested that an easier way to eliminate OA on the surface of NaYF4:Yb3+,Er3+ 

nanoparticles is by ultrasonic separation. This study demonstrated that the OA-free 

NaYF4:Yb3+,Er3+ nanoparticles readily disperse in water and ethanol.[127] The purified 

OA-free nanoparticles can directly conjugate to biocompatible molecules via functional 

groups (such as -COOH,-NH2, -OH) in water solution due to their abundant metallic ions on 

the surface. It has been demonstrated that biomolecules such as heparin can be attached to 

the surface of ligand-free NaGdF4:Yb3+/Er3+ nanoparticles to allow their use in targeting and 

delivery of heparin-binding growth factors and imaging of cancer cells.[128] 

1.4.3.2 Ligand Exchange 

Ligand exchange is the most popular and common approach to modify the surface of 

UCNPs. In this process, the original ligand on the surface of UCNPs can be exchanged by 
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other hydrophilic ligands including poly(ethyleneglycol) (PEG) phosphate,[129] 

poly(acrylic acid) (PAA)[130] and poly(amidoamine) (PAMAM).[131] Typically, it has 

reported that [129] PEG-phosphated ligand can efficiently replace the OA on the surface of 

UCNPs and form water-dispersible particles without obvious quenching compared to the 

original particles. Furthermore, PEG-phosphate-coated upconverting NPs have been used to 

image a line of ovarian cancer cells (CaOV3) to reveal their potential in biological 

application.  

In additional, the OA can be removed by nitrosonium tetrafluoroborate (NOBF4) for 

further use.[132] Specifically, a facile ligand-exchange approach was presented to replace 

the original organic ligands (like OA) on the surface of inorganic nanocrystals(NCs) with 

NOBF4. Furthermore, the BF4
- anion attached on the positive charged UCNPs and enabled 

the UCNPs to disperse in various media such as N,N-dimethylformamide (DMF) and 

dimethyl sulfoxide (DMSO). The BF4
--attached NCs can be easily functionalized by 

hydrophobic ligands such as hexylamine or tetradecylphosphonic acid, or with hydrophilic 

polymers such as polyvinylpyrrolidone (PVP). (Figure 24)    

 

Figure 24. Illustration of the ligand exchange processes of inorganic nanocrystals (NCs). 
The original oleate ligands capped on the surface of the NCs are firstly exchanged by 
NOBF4, followed by secondly exchanged by various capping molecules. The right column 
represents the corresponding FTIR spectra. Copyright with permission from ref. [132]. 
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1.4.3.3 Generation of a Silica Shell on the Surface of UCNPs 

Silica is also one of the most commonly used materials for growing a bioavailable shell on 

the surface of UCNPs. However, the silica layer slightly decreases the luminescence of 

UCNPs due to the scattering of excitation light and emission light by the silica 

layer.[132,133] Apart from that, the biocompatible and non-toxic properties of silica make 

them a popular surface choice. Moreover, the chemically active surface of silica is readily 

available to introduce various functional groups (such as carboxyl, amino and thiol groups) 

via silanization, presenting a range of functionalization options for nanoparticles and bio-

conjugation. Thus, silica is also commonly used to coat the surface of other nanomaterials, 

including gold, iron oxide and quantum dots.[134–138] Furthermore, silica coating can 

enable nanoparticles to disperse well in aqueous solutions or biological buffers (such as cell 

culture media and PBS buffer).[139] Moreover, a mesoporous silica layer provides a large 

surface area and pore volume for adsorption as well as high loading of various therapeutic 

agents. Therefore, the combinations of UCNP and mesoporous silica shell will enable the 

development of multifunctional nanomedical platforms for biosensing, multimodal 

bioimaging and drug delivery. However, it is found that silica-coated UCNPs modified with 

amines are susceptible to aggregation due to the electrostatic attraction between positively 

charged amines and the negatively charged silicate surface in the biological pH. (Figure 34) 

Further functionalization with methyl-phosphonate is suitable to reduce this electrostatically 

induced aggregation.(Figure 25) [140] 

  

Figure 25. Schematically represents of the mechanism of amine-functionalized silica 
nanoparticles on the same nanoparticle (A) and the potential avoidance by a silanization 
with methyl phosphonate (B). Reprinted with permission from ref. [140]. 
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1.4.4 Shape Controlled Fabrication of UCNPs 

Controlled engineering of Ln3+-UCNP to modify their original physical and chemical 

properties, and to combine multiple functionalities into one particle with desired size, shape 

and surface properties, provides a huge potential for enabling new nanotechnologies, 

including multiplex bioimaging, targeted drug delivery, and ultra-sensitive diagnosis. 

Although a wide range of drug vectors have been developed, there is still a limited number 

of them that can be further employed for clinical treatment due to their low targeting 

efficiency and potential cytotoxicity. To overcome these challenges, it is essential to use 

nanomaterials as a delivery platform to improve drug transport in the body. Therefore, it is 

necessary to explore the possibilities to control the engineering of Ln3+-UCNPs in terms of 

their size, shape and surface properties for further biological application.  

In recent years, a variety of synthesis methods for high-quality Ln3+-UCNPs with tunable 

composition, crystalline phase, size and shape have been explored to adjust their chemical 

and optical properties for further potential applications in various fields. [141] This section 

describes three main nanochemistry approaches that have been utilized to produce 

Figure 26. Representative TEM images of Ln-doped (a) LuOF, (b) LaF3, (c) α-NaYF4, (d) 
NaYbF4, (e) β-NaEuF4, a-e fabricated by themolysis method; (f) α-NaYF4:Yb3+, Er3+, (g) β-
NaYF4:Yb3+, Er3+, (h) LaF3, (i) YF3, (j) α-NaYF4, f-j synthesized by the hydro(solvo)-
thermal method; (k−o) β-NaYF4 or CaF2 prepared by the Ostwald-ripening method. 
Reprinted with permission from ref. [144].  
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upconversion nanoparticles in a highly controlled manner including thermolysis, 

hydro(solvo)thermal, and Ostwald-ripening. This section mainly focuses on thermolysis, 

which is the most widely used method, as it can offer precise control over the phase, shape, 

size, and stoichiometric composition of the core only and/or the core/shell UCNPs. Figure26 

illustrates some examples of TEM images of UCNPs prepared by these methods.  

1.4.4.1 Thermolysis 

The thermolysis strategy commonly uitlizes organometallic compounds as precursors, 

which can decompose in an organic solvent (whose boiling point is high) due to their 

surfactants at an elevated temperature. The precursors commonly utilized include metallic

 

Figure 27. (a) The schematic morphology of a ß-NaYF4 nanocrystal; (b) The Y3+ 
arrangements and binding energies (see insert table) of OAH and OA- on the most stable 
(001) and (100) facets; (c) SEM images of submicron-sized nanocrystals (scale bar, 500nm); 
(d) TEM images of ß-NaYF4 core and homogeneous ß-NaYF4 after epitaxial growth into 
rod-shaped ß-NaYF4; (e) five-section and seven-section “bamboo-shaped” NaYF4/NaGdF4 
and  NaGdF4-NaYF4-NaGdF4 and (f) ß-NaYF4 core and heterogeneous NaYF4/NaGdF4 
after epitaxial growth of NaGdF4 in the transversal directions. Scale bar=50nm. Reprinted 
with permission from ref. [146].   
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trifluoacetate salts; the solvent commonly used is 1-octadecene (ODE); the surfactants used 

include oleic acid (OA), trioctylphosphine oxide (TOPO) or oleylamine (OM), which 

typically provide a functional capping group and a long hydrocarbon chain to prohibit 

nanoparticle aggregation. It is important to note that the rapid decomposition of metallic 

trifluoroacetate produces a burst of nucleation, which is necessary for forming 

monodispersed nanophosphors. Murray’s group prepared highly uniform hexagonal 

NaYF4:Yb3+/Er3+ nanoparticles with controlled sizes and morphologies (spheres, nanorods, 

and hexagonal prisms). The decomposition method has been extended to synthesize other 

rare earth fluorides, oxides, and oxyfluorides such as LiREF4,[142] NaScF4,[143] YF3,[144] 

and LnOF (Ln = Er, Tm, Yb, Lu, Tb, Dy, Ho, Y).[145] Importantly, our group recently found 

that OLEATE ANIONS (OA -) and the dissociated form of oleic acid molecules (OAH) 

have versatile dynamic roles in mediating the growth of AREF4 nanocrystals. It showed that 

the ratio change between OA and OAH could affect the interactions of these ligands with 

the particle surface and hence the resulting morphology.(Figure 27)[146] Through this 

thermolysis process, high-quality UCNPs with a narrow size distribution, good 

crystallization and exceptional optical properties can be prepared by tailoring the nature of 

the solvents, concentration of metal precursors, reaction temperature, and time. The 

drawback of the thermolysis strategy is that it involves a fast nucleation or growth process, 

which can lead to the production of more defects in the synthesized UCNPs, thus resulting 

in a relatively lower upconversion quantum yield.  

1.4.4.2 Hydro(solvo)thermal 

The Hydro(solvo)thermal method is a solution-based chemical preparation approach in 

which the reaction system is in a sealed environment under high pressure and temperature, 

generally more than the critical point of the solvent to enhance the solubility and reactivity 

of the inorganic substances. The unique advantages of this approach include forming highly 

crystalline phases at much lower temperatures and implementing a set of reactions at the 

same time. However, the disadvantages of this strategy include the need of a special reaction 

vessel called an autoclave and invisible growing process of nanoparticles. Surfactants such 

as ethylenediaminetetraacetic acid (EDTA),[147] polyethylenimine (PEI),[114] 

cetyltrimethylammonium bromide (CTAB)[148] and OA supply chelating ability with 

cationic ions to tune their reacting concentration,[149] which are crucial for the control of 
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the crystalline phase, size, and shape as well as the surface modified groups of as-prepared 

UCNPs.  

1.4.4.3 Ostwald-ripening 

The Ostwald ripening approach involves a process whereby larger sized particles are 

favored over less stable smaller particles, resulting in the growth of larger particles at the 

expense of smaller ones.[150] Zhang’s group developed highly uniform hexagonal phase 

NaYF4:Yb3+/Er3+ (or Tm3+) UCNPs with controllable sizes and shapes via employing OA 

as the capping ligand and ODE as the high-boiling solvent.[123] This fabrication approach 

was based on the formation of small amorphous sacrificial NaYF4 coprecipitates at room 

temperature (RT) followed by growing nanoparticles with the Ostwald-ripening process at 

elevated temperatures (300 °C). In comparison with the thermal decomposition method, this 

approach provides relatively mild reaction conditions, non-toxic byproducts, simple 

protocols, and short reaction time. A control of the ripening process through control of 

temperature and reaction time allows one to produce monodispersed nanoparticles, often 

hexagonal phase, with narrow size distribution. This method has been extensively used to 

prepare monodispersed Ln3+-doped LiYF4,[151] NaYF4,[114] NaGdF4,[152] and CaF2 

UCNPs.[153] The Ostwald-ripening strategy has also been utilized to produce hierarchical 

core/shell nanoparticles due to the ability to precisely control the shell thickness in the 

Ostwald-ripening process. Because it takes a relatively long time to nucleate and grow using 

the Ostwald-ripening approach, it generally can produce well-crystallized hexagonal UCNPs 

with decreased defect rate, and thus might have a relatively higher UC efficiency. While it 

hasn’t been undertaken previously, comparison of the absolute quantum yields of the same 

type of UCNPs that are produced by either thermolysis method, Ostwald-ripening approach, 

or hydrothermal strategy will be a direct method to evaluate the production embodiment of 

these synthetic methods. 

1.4.5 Biological Applications of Ln3+-UCNPs 

The upconversion luminescence (UCL) from Ln3+-UCNPs under 980nm laser excitation 

is a type a unique optical signal. UCL imaging is a noninvasive diagnostic approach for 

visualizing various biological processes for the investigation of pathogenesis and 

progression of many diseases. Furthermore, with the advantages of non-
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autofluorescence[154], low photobleaching,[155] nonblinking[155] and deep tissue 

penetration,[156–158] UCL imaging has been employed to measure the morphological and 

physiological details in tissues as well as the full range of biological species from cells to 

animals.[159–162] In this regard, UCNPs utilizing UCL are superior to conventional 

biomarkers, such as organic dyes and quantum dots, based upon relative differences in 

signal-to-noise ratio, wide emission bands (leading to cross-talk between emission spectra), 

poor photostability, low limited penetration depth and prominent biotoxicity prevent their 

application in bioimaging studies. In the contrary, Ln3+-doped UCNPs exhibit significant 

promise by overcoming those disavantages of organic dyes and quantum dots. 

1.4.5.1 Ln3+-UCNPs for Bioimaging 

    In vitro imaging. The in vitro imaging of Ln3+-UCNPs are mostly conducted with cell 

culture models. The cellular imaging of Ln3+-UCNPs is divided into three types: (1) 

physiological activity tracking; (2) non-specific endocytosis; (3) targeting cellular labelling 

or endocytosis. Cellular imaging can directly visualize the physiological processes at the 

cellular or subcellular level. It is reported that polyethylenimine (PEI) conjugated 

NaYbF4:Tm@CaF2 UCNPs was developed to label rat mesenchymal stem cells for tracking 

cell proliferation and differentiation. The result demonstrated that PEI-UCNPs labelled stem 

Figure 28. (a) Targeted imaging of cancer cells with aptamer-UCNPs bioconjugates. Confocal 
microscopy images of MCF-7 cells treated with (b) Apta-UCNPs and (c) Rdm-UCNPs under 
980nm laser excitation and emission wavelength range from 510 nm to 560 nm. Scale bar = 20um. 
Copy with permission of ref. [165]. 
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cells not only exhibited normal early proliferation, but were also able to undergo osteogenic 

and adipogenic differentiation upon in vitro induction. Moreover, Lee’s group monitored 

and observed the spatiotemporal distribution of UCNPs in single living HeLa cells.[163] It 

was confirmed that the UCNPs were internalized through endocytosis, transported by 

microtubule-dependent motor proteins (dyneins), accumulated at the perinuclear region, 

transported by another type of motor proteins (kinesins), and finally released out of the cells 

through exocytosis. Importantly, the non-bleaching property of Ln3+-UCNPs provides 

potential to unveil the temporal interaction between the UCNPs and biological systems at 

cell level or subcellular level. However, it has been noted that non-specific endocytosis 

usually occurs when hydrophilic Ln3+-UCNPs are exposed to cultured cells. Therefore, Ln3+-

UCNPs are often modified with polymers such as PEG, PEI, PAA and PVP to improve their 

hydrophilicity and biocompatibility for cell uptake. Importantly, targeted cellular labelling 

or uptake is the most commonly used method for bioimaging of Ln3+-UCNPs. It requires 

that the Ln3+-UCNPs be modified with various biological substances including peptides and 

antibodies for specific functions. NaGdF4:Yb,Er UCNPs modified with cyclin D-specific 

Figure 29. In vivo UCL-based animal imaging studies. PEG-UCNPs were injected into the (a, d, 
g) translucent foot, (b, e, h) below skin of back or (c, f, i) tight muscles of mice show effective 
luminescence. Images (a-c) represent Kunming mouse with 100 uL of 2.0 mg/mL PEG-UCNPs; 
images (d-f) represent Kunming mouse with 100 uL of 0.5mg/mL PEG-UCNPs and images (g-i) 
represent S. D. rat with 100 uL of 2.0 mg/mL PEG-UCNPs. Reprint with permission of[166]. 
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peptides (can specifically target the CDK4/cyclin D complex) can cause cancer cell cycle 

disruption.[164] Moreover, a DNA-modified NaYF4:18%Yb,2%Er UCNP was developed 

for DNA delivery and targeted binding to a breast cancer cell line MCF-7. (Figure 28)[165]  

In vivo imaging. Due to their remarkable penetration depth, high signal-to-noise ratio, and 

low toxicity, Ln3+-UCNPs are quite promising biomarkers for in vivo imaging.[159] There 

are various biological models that have been employed for in vivo imaging studies based on 

Ln3+-UCNPs, including mice, zebrafish, and some other uncommon models (such as 

bacteria, Caenorhabditis elegans, rabbits and even plants). Most Ln3+-UCNPs based animal 

in vivo imaging studies that have been conducted to date are in rats. For example, a 

PEGylated manganese ion (Mn2+) -doped NaYF4:Yb,Er UCNPs loaded with commonly 

used chemotherapeutic drug (doxorubicin, DOX) for cancer therapy. (Figure 29)[166] The 

results showed that DOX was effectively transported into cells by this PEG-UCNP drug 

delivery system. Furthermore, the as prepared PEG-UCNPs with Mn2+ doping not only 

exhibited enhanced upconversion luminescence (red emission), but also could be used as 

paramagnetic resonance (MR) imaging probes.[167–170] Thus, these UCNPs are promising 

to be utilized as multifunctional drug delivery platform for simultaneous diagnosis and 

therapy.  

1.4.5.2 Ln3+-UCNPs for Drug Delivery 

In past decades, the development of multifunctional Ln3+-UCNP-based drug delivery 

platforms is rapid and continually attracting intensive interest. The aim is to bridge the gap 

between materials science and clinical theranostics, combining disease diagnosis and therapy 

within a single nanocarrier. To meet this requirement, various UCNP-based nanocomposites 

have been developed as a drug delivery system for multifunctional upconversion 

fluorescence bioimaging, drug delivery, and monitoring of drugs by fluorescence imaging 

in real time. In this section, it mainly described recent progress in various chemical 

fabrication of Ln3+-UCNPs, with typical emphasis on their application in targeted drug 

release and subsequent therapy. Functional groups that are introduced for targeting 

processes, which can regulate the movement of the pharmaceutical cargo and release the 

drug at a desired region. This is significant to boost drug efficacy in CNS diseases while 

minimizing the side effects. Many multifunctional (upconversion luminescence/ 
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paramagnetic and porous shell) composite materials based on Ln3+ have been designed for 

targeted and controlled drug delivery.  

One of the key advantages of UCNP-based drug carriers is that UCNPs will enable tracking 

and efficient evaluation of drug release in real time due to their advantages of photo-stability 

and deep tissue penetration. A multifunctional core-shell structured nanocomposites 

Fe3O4@SiO2@mSiO2@NaYF4: Yb/Er loaded with ibuprofen (IBU) was fabricated to 

investigate the relationship between the cumulative release of IBU and the UC luminescence 

intensity of nanocomposites.[171] The result showed that with the increase in cumulative 

IBU release, luminescence intensity of nanocomposites increases as well due to a reduction 

in the quenching effect. Therefore, the drug release process could be monitored by the 

change in UC luminescence intensity.[172] There are several other Ln3+-UCNPs-based 

nanocarriers developed for multimodal bioimaging and in vivo drug delivery. This 

correlation between the extent of the drug release and the UC luminescence intensity can be 

potentially used as a probe for monitoring the drug release actions during disease therapy. 

However, this strategy is limited to certain drugs whose properties can affect the 

luminescence of Ln3+-UCNPs. 

Furthermore, a key challenge for efficient drug delivery system is to selectively release the 

therapeutic agents at specific sites. There are two main strategies to achieve site-specific 

drug transport: (a) magnetic field-guided for targeted drug delivery; (b) specific molecules 

attached onto the surface of nanoparticles for targeted drug delivery.  

    Magnetic field-guided for targeted drug delivery. The magnetic-field-guided drug 

delivery is a convenient and attractive method for delivering therapeutic agents to the area 

of interest. One of the most popular nanomaterials used in this strategy is iron oxide (Fe3O4) 

due to its prominent advantages such as being biocompatible, responsive and biodegradable. 

There are a variety of magneto-optical multifunctional nanocarriers by integrating Ln3+-

UCNPs and Fe3O4 into a single nanocomposite for simultaneous diagnosis and therapeutic 

purposes.[173–176] The targeted delivery of these magnetic-sensitive particles can be 

selectively localized to the target regions by exposure to a strong magnetic field. For 

instance, dual modal optical and magnetic resonance imaging of mice reveals that by placing 

a magnet nearby the tumor, multifunctional nanoparticles tend to migrate toward the tumor 
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after intravenous injection and show high tumor accumulation, which is ∼8 folds higher than 

that without magnetic targeting.[177]  

Specific molecule utilized to targeted drug delivery. Non-invasive target-specific 

recognition is an attractive and popular approach for targeted drug delivery with the aid of 

specific targeting ligands or biomolecules (such as transferrin,[178] 

peptide,[178,179]FA[180–185] and TAT[177, 185]. These ligand-combined nanocarriers 

can be specifically recognized by the appropriate receptors on the surface of the target cells. 

Therefore, a receptor-mediated endocytosis pathway is used in this site-specific drug 

delivery strategy. Typically, folic acid (FA) is an attractive agent for targeted anticancer drug 

release due to the overexpressed folate receptors (FR) in numerous types of human cancer 

Figure 30. Preparation and characterization of FASOC-UCNP-ZnPc nanoconstruct. (A) 
Schematic of the fabrication of FASOC-UCNP-ZnPc nanoconstruct and folate receptor-
mediated endocytosis of tumor cells; (B) particle size distribution of the 
prepared nanoconstruct by DLS and TEM imaging; (C) Fourier transform infrared (FTIR) 
spectra of OA-UCNP, SOC, and FASOC-UCNP; (D) photographs of FASOC-UCNP, and (E) 
ZnPc-loaded FASOC-UCNP in PBS under ambient light. Copy with permission from ref. [186].  
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cells but absent in normal cells, including cancers of the ovary, lung, breast, kidney, brain 

and colon. For example, Gu’s group developed a multifunctional nanoconstruct, FA-

chitosan-coated UCNPs (FASOCUCNPs) loaded with photosensitizer zinc ( Ⅱ ) 

phthalocyanine (ZnPc) as carriers for in vivo targeted deep-tissue imaging and 

photodynamic therapy.(Figure 31)[186] UCNPs in this nanocomposite not only transfer 

near-infrared (NIR) light to visible light, but also transfer energy to ZnPc. The result showed 

that the tumor-selectivity of the nanoconstructs to cancer cells that overexpressed folate 

receptor was enhanced. Furthermore, reactive oxygen species (ROS) generation in cancer 

cells under a 1cm tissue was higher upon excitation of UCNPs with the 980 nm light than 

that with 660 nm irradiation. Generally, this strategy for Ln3+-UCNPs based on specific 

ligands or biological molecules has the capability of selective recognition and imaging of 

cancer cells, controllable and effective activation of the photosensitizer, and increased 

therapeutic effect. 

1.5 Conclusions and Outlook 

In summary, Ln3+-UCNPs have attracted much interest for biomedical applications due to 

their high resistance to pohotobleaching, negligible photoblinking, cross-talked emission, 

low signal-to-noise ratio and deeper tissue penetration. Furthermore, their tunable size, 

morphology and surface chemistry support in vivo and in vitro studies. In addition, Ln3+-

UCNPs can serve as multifunctional platform for bioapplication through doping and surface 

functionalization. The recent progress of bioimaging and therapeutic applications of Ln3+-

UCNPs have been discussed in this introduction. Ln3+-UCNPs exhibit great promise for 

theranostics as they provide numerous advantages over conventional biomarkers due to their 

unique optical properties and biocompatibility with the aid of intrinsic merits of being a 

nanoscale substance. However, there are some important issues that need to be addressed to 

improve their future biomedical applications:  

(a) Higher luminescence efficiency is required. The upconversion emission of Ln3+ is 

indeed high, but their relatively low quantum yield hinders the wide application of 

Ln3+UCNPs, such as imaging to tissue depth of more than 2cm. 

(b) Improving the safety of bioimaging and therapy. Most UCNPs-based bioimaging and 

therapy investigations to date have utilized 980nm laser as the excitation source, which can 
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easily lead to an overheating effect in the tissue which can be damaging. This challenge can 

be overcome by replacing 980nm to 808nm NIR light for triggering Ln3+-based UCNPs, 

minimizing tissue absorption and therefore heat generation.  

(c) Monochromatic emissions. Ln3+-based UCNPs are promising for multicolor imaging 

and multiplexed detections due to their sharp emission bands. Currently, the protocols for 

encoding samples utilize the differences in their upconversion emission ratios. Nevertheless, 

the emission ratio depends on various factors such as the surface properties of the UCNPs 

and the solvents involved. UCNPs with monochromatic emissions may further afford more 

convenient encoding, but there is lack of general synthetic approaches. Meanwhile, 

minimization of deleterious cross-deleterious must be considered when investigate tailoring 

the local coordination structure and the incorporation of the proper activators.  

(d) Nanotoxicity of Ln3+-based UCNPs.  Nanotoxicity assessments of lanthanide UCNPs 

with tunable sizes, various surface coating species and different morphologies are essential 

before their further application. Typically, the development of smaller biocompatible Ln3+-

based UCNPs is needed to overcome nonspecific organ uptake and monocyte/macrophage 

system scavenging. Moreover, aggregation of Ln3+-based UCNPs in biological media is a 

major challenge (as it is for most nanoparticles) and the interaction between lanthanide 

UCNPs and proteins in the blood is still poorly understood. Importantly, a safe dose of Ln3+-

based UCNPs is urgently needed to lay the foundation for future theranostic applications. 

1.6 Thesis Aims 

The aim of this study was to demonstrate a new generation of upconversion nanparticles 

suitable for tracking the biological process (such as cellular uptake or BBB penetration) how 

the nanoparticles are selected to pass the BBB. The ultimate aim of this project is to 

discovery and control the key biophysical characteristic (like surface engineering, shape, 

aspect ratios) to produce a library of specific nanoparticles for nanoscale drug delivery. 

Specifically, this study has three objectives: 

1. To synthesize and functionalise the UCNPs with a variety of surface modification to 

improve their hydrophobicity and biocompatibility, ultimately identify the preferable 

surfaces for biological and therapeutic applications. (achieved in Chapter 3)   
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These surface modified nanoparticles should avoid the aggregation of nanoparticles and 

survive in the complicated body fluid. We will demonstrate the optimum surfaces for 

nanoparticles internalization by brain endothelial cells.  

2. To synthesize and identify the optimal nanoparticles with shape range that can efficiently 

pass the BBB. (studied in Chapter 4)   

Identification of the desired morphology that can rapidly achieve BBB penetration is 

particularly significant, since the larger penetrative nanoparticles tend to be more uniform, 

longer-lasting with stronger concentrations and specificity for delivery of drugs into the 

brain.  

3. To investigate whether the aspect ratios (ARs) of rod-shaped particles alters their 

biocompatibility and cellular uptake. (investigated in Chapter 5)    

 From the study at previous chapters, it was confirmed that rod-shaped UCNPs coated with 

transferrin tend to be the superior UCNPs for delivery into the brain. Typically, aspect ratios 

(ARs) seems a likely character profoundly influence the biocompatibility and cellular uptake 

of rod-shaped nanoparticles.  
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Chapter 2: Protocol Development and Optimization  

    This chapter described the main experimental approaches that were developed and 

optimized for use in this thesis. At the start of this project, there were numerous 

methodologies available in the laboratory for the generation of a standard set of 

lanthanide-doped upconversion nanoparticles with luminescent emission at 800nm. 

However, there were no procedures in place ready for the fabrication of high-lanthanide 

doped UCNPs (NaYF4:20%Yb,4%Tm) and the biophysical modification of these UCNPs.  

Therefore, in this project, a considerable amount of optimization was undertaken to 

prepared high lanthanide-doped UCNPs and modify the as-prepared UCNPs with various 

methods, such as acid treatment, one-step ligand exchange and reverse microemulsion to 

form UCNPs with different surface-modifications (OA-free, DNA-modified, silica-

coating and PEG capping). During the development of these controlled preparation of 

UCNPs, the methods reported previously were not feasible for directly employment. Thus, 

several experimental conditions were adjusted and tuned to controlled fabrication of 

UCNPs as required in this project (different shapes with similar size and various ARs of 

nanorods for systematic study). In addition, some technical challenges were encountered 

during the development of these surface-modification strategies. For example, it was 

difficult to control the ratio of silica precursor (tetraethyl orthosilicate, TEOS) and 

UCNPs to form a thin and uniform layer on the surface of UCNPs. Moreover, it was not 

easy to strictly control the longitudinal growth of UCNPs to generate nanorods of various 

aspect ratios (length/width, L/W) of 1，2，3 and 4. While published literature suggested 

that this can be achieved by step-by-step growth to produce longer rod-like UCNPs, 

however it is difficult to be reproduced or controlled. However, after optimization during 

this project, a new protocol was developed that supports nanorod growth to any desired 

length using a one-pot seed-mediated approach through hot injection. Furthermore, 

protocols were established in this project that allowed reproducibility and high purity 

production of UCNPs with various shapes.  
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    Furthermore, new techniques were established for nanoparticle microinjection into 

zebrafish (undertaken by Dr. Marco Morsch) and in vivo microscopy for UCNP-tracking 

in zebrafish. This project developed an integrated experimental workflow to evaluate the 

cellular uptake and bio-distribution capabilities of UCNPs, using cell culture and 

zebrafish experiments, bioimaging and analysis with confocal microscope and Imaris 

software. To the best of my knowledge, this is the first time that UCNPs have been 

injected into the spinal cord and blood vessels of zebrafish to evaluate their bioavailbility 

and biodistribution. The process of optimizing these techniques involved identification 

of appropriate concentrations of UCNPs for microinjection directly into the spinal cord, 

as well as optimizing the microscopy techniques for detection of the UCNPs.  

Furthermore, a technique was developed for administration into the bloodstream of 

zebrafish, to track their uptake across the BBB and into the brain.  To confidently confirm 

this occurred, transgenic zebrafish that express a fluorophore in the endothelial cells that 

line the blood vessels were used – and this required optimization of the imaging 

techniques to confidently confirm that UCNPs had indeed passed out of the blood vessel 

and into the brain. 

    In summary, this chapter presents data that demonstrates the optimization of the key 

experimental models and techniques that were used in this project.  Because this thesis is 

presented in a “thesis-by-publication” format, these data did not logically fit within the 

structure of the manuscript chapters, but are crucial for demonstrating the robustness of 

the assays that were used for this project.  
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2.1 Developing a production strategy to allow highly-controlled 

size and shape of high lanthanide-doped upconversion 

nanoparticles  

In this section, the synthesis conditions for production of unmodified OA-capped UCNPs 

to form high quality OA-UCNPs with uniform shape and size are presented. As 

upconversion luminescence can be significantly influenced by the shape and size of 

nanoparticles, the aim was to synthesise a series of OA-UCNPs with different shape and 

size through optimization of experimental conditions such as heating-up speed, 

temperature and argon (Ar) flow-speed.    

2.1.1 Synthesis of spherical OA-capped UCNPs  

Method  

The OA-capped high lanthanide ions-doped UCNPs (NaYF4:20%Yb,4%Tm, Ln3+-

UCNPs) were fabricated according to a modified oxygen-free approach based on the 

literature.[1] Specifically, 0.76 mmol YCl3 • 6H2O, 0.2 mmol YbCl3 • 6H2O and 0.04 

mmol TmCl3 • 6H2O 
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Result and Discussion: 

    In Figure 2, TEM images show representative examples of the OA-UCNRs prepared 

according to the above method at various steps, resulting in nanorod sizes of 23.4 nm  

Figure 2. TEM images of UCNRs (NaYF4:20%Yb,4%Tm). Images of a and b represent 
UCNRs at first step; images c and d mean the UCNRs synthesized at the second step; e 
and f represent UCNRs prepared at the third step. (Scale bar of image a and e is 200 nm, 
scale bar in image b, c, d and f is100 nm)  
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33.9nm, 33.1 nm  42.3 nm and 40.5 nm  55.2 nm, respectively (all aspect ratios of 

less than 1:2). The size of the original spherical UCNP core at the first step is ~20nm. 

These results indicated that both width and length of the core grow at the same time, 

despite it being hoped that only length would elongate. Therefore, the protocol that has 

been reported for production of NaYF4 nanorods does not appear to work for Ln3+-

UCNRs synthesis. Therefore, new techniques had to be developed for synthesis of Ln3+-

UCNRs with high ARs. 

Method (B): One-pot Hot-injection Approach  

    The NaYF4:20%Yb,4%Tm upconversion nanorods with various ARs were produced 

with a one-pot synthesis approach through successive layer-by-layer hot-injection 

modified and optimized from our previous work.[2, 3] First, the shell precursors were 

prepared. 0.76mmol YCl3·6H2O, 0.2mmol YbCl3 and 0.04mmol TmCl3·6H2O were 

added to a 50 mL-flask containing 6.5mL oleic acid and 15mL 1-octadecene. The mixture 

solution was heated to 160 ˚C for 30 min with protection of argon flow and then cooled 

down to room temperature (RT), followed by the addition of 4.0mmol NH4F, 2.5mmol 

NaOH and 2.0mmol KOH in 8 mL methanol. After stirring for 30 min at RT, the solution 

was heated to 80 ˚C with argon flow for 20 min to remove methanol, and then the react 

system was continually heated to 150 ˚C for another 30 min to remove water in the 

solution. Finally, the reaction solution was cooled down to room temperature and labeled 

as 1mmol NaYF4:Yb,Tm shell precursors for further use.  

For the longitudinal growth of NaYF4:Yb,Tm with AR=2, 0.2 mmol NaYF4:Yb,Tm 

core particles in cyclohexane were added to a 50 mL three-neck flask containing 1.3mL 

OA and 3 mL ODE. The mixture solution was heated to 160 ˚C under protection of argon 

flow for 30 min to remove cyclohexane, and then the solution was continually heated to 

310 ˚C. Followed with that, 0.2 mmol of as-prepared NaYF4:Yb,Tm shell precursors 

were injected into the reaction mixture at the speed of 0.1 mL per 10 min and followed 

by another 0.5 h reaction time at 310 ̊ C. Finally, the formed solution was gradually cooled 
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down to room temperature and the formed upconversion nanorods with AR=2 were 

purified according to the procedures employed for the purification of NaYF4:Yb,Tm core 

particles. For fabrication of UCNRs with other ARs (ARs= 3, 4), it was found that this 

could be controlled through the ratio of core and shell precursors to 1:2 and 1:3, 

respectively.

 

Result and Discussion 

   In Figure 3, TEM images showed the spherical OA-UCNPs that formed the core starting 

material, prepared according to the protocol described above (B). The diameter of the 

original core in this system was ~26 nm. In this synthesis procedure, the ratio of core and 

shell precursors was controlled to be 1:2. Therefore, the ARs of as-prepared OA-UCNRs 

is 3 with the size of 26 nm76.5 nm. It showed that the width of nanorods did not show 

any growth as expected. Therefore, it indicated that the ARs of nanorods could be 

precisely controlled for Ln3+-UCNRs-based drug delivery system design. The further 

study of Ln3+-UCNRs with various ARs is presented in the Chapter five.   

2.1.3 Synthesis of Upconversion Nanodisks 

Method 

Figure 3. TEM images of spherical UCNPs (NaYF4:20%Yb,4%Tm) as the core (a) and the as-
prepared UCNR (ARs=3). (Scale bar of images is 200 nm)  
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The small disk-shaped UCNPs were fabricated using an modified and optimized 

oxygen-free protocol based on the literature[3]. Specifically, 3.5 mL of methanol solution 

(containing 0.76mmol YCl3, 0.2mmol YbCl3 and 0.04mmol Tm) was magnetically 

mixed with 15 mL OA and 16 mL ODE in a 100mL flask. The mixture was degassed 

under Ar flow and heated to 150 ̊ C for 30 min, then cooled to room temperature. 3.8mmol 

NH4F and 2.5mmol NaOH in 5 mL of methanol solution was added into the reaction 

system and kept stirring for 30 min at room temperature. The methanol and water in the 

system were removed by keeping the mixture solution at 110 ˚C for 30 min. Then the 

formed mixture solution was slowly heated to reaction temperature 310˚C and remain for 

1.5 h. Ethanol was added to precipitate the nanocrystals after the solution cooled down to 

room temperature. Finally, the resultant nanoparticles were collected by centrifugation, 

washed with cyclohexane, ethanol and methanol for three times, the final disk-shaped 

NaYF4:20%Yb,4%Tm nanocrystals were re-dispersed in 10mL cyclohexane at 4°C for 

further experiment. 

 

Result and Discussion 

    As shown in Table 1, UCNP shape mainly depends upon the ratio between NaOH and 

NH4F. With the increasing ratio value of NH4F/NaOH, the size of as-prepared Ln3+-

UCNPs decreased from 105 nm280 nm to 23 nm 36 nm, turning the shape from big 

disk to small rod. Accordingly, in order to synthesize small disks within 50 nm, the ratio 

Table 1. Summary of the disk-shaped and rod-like Ln3+-UCNPs (NaYF4:20%Yb,4%Tm).  
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of NH4F/NaOH was adjusted to between 3.6/2.5 and 3.8/2.5. Furthermore, the size of as-

synthesized Ln3+-UCNPs was also significantly affected by the heating up speed, with 

lower heating up speed leading to the production of smaller size Ln3+-UCNPs. The disk-

shaped Ln3+-UCNPs with specific size were fabricated and used in Chapter four.     

2.2 Development of a standard protocol for surface modification of 

upconversion nanoparticles 

    To date, there are numerous published methods to modify Ln3+-UCNPs to improve 

their hydrophilicity and biocompatibility. However, some of these modified Ln3+-UCNPs 

are not stable in biological media and easily aggregate together to form clusters. Therefore, 

a Ln3+-UCNPs-based platform was presented to evaluate the surface effect characteristics 

and identify which type of surface modification is preferable for neuron cells uptake and 

ultimately internalized by neurons. The as-prepared Ln3+-UCNPs are generally coated 

with surfactants such as oleic acid or oleic acid molecules on the surface to avoid 

aggregation of Ln3+-UCNPs during synthesis process. Thus, in order to further utilize 

Ln3+-UCNPs for biological application, it is essential to increase the hydrophilicity of 

Ln3+-UCNPs. Several different methods were tested, including OA removal, DNA 

conjugation, silica coating and PEGylation. However, the most challenge modification 

method was silica coating with amino groups on the surface. In this section, the 

optimization for preparing silica coating and controlling the thickness of silica layer 

outside the Ln3+-UCNPs is presented. There are two popular methods (Stöber method and 

reverse microemultion) used for silica coating on the surface of Ln3+-UCNPs and the 

results have been compared with each other.      

2.2.1 Stöber Method for Silica Coating of Ln3+-UCNPs  

Method 

The Stöber method can be used to coat silica on the surface of hydrophilic Ln3+-
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UCNPs.[4] Accordingly, 1mL of 0.1mmol OA-capped Ln3+-UCNPs were mixed with 

1mL ethanol before separate via centrifugation. The pellet was sonicated with 1 mL 

hydrochloride (pH=2) and 1mL ethanol for 10min to remove the OA on the surface of 

Ln3+-UCNPs. Then the OA-free Ln3+-UCNPs were separated after centrifugation. Then 

0.2 g PVP-40 was added into a 50 mL flask with 4 mL MiliQ water before 1mL of 

0.1mmol OA-free Ln3+-UCNPs with sonication for 0.5h and kept stirring for 4h to make 

sure PVP complete covers all of Ln3+-UCNPs. Then 0.8 mL 30% NH4OH was added into 

the reaction system followed with sonication for 10 min. Finally, 200 uL TEOS was 

rapidly added into the solution and kept stirring for 12h. The as-prepared silica-coated 

Ln3+-UCNPs were washed by ethanol and MiliQ water for three time.    

 

Result and Discussion 

    As shown in Figure 4, images 4a and 4b are taken from the same batch of silica-coated 

Figure 4. TEM images of OA-coated Ln3+-UCNRs (NaYF4:20%Yb,4%Tm). Image a and b, 
c and d, e and f represent three batches of silica coating modification. (Scale bars of image a, 
d, e and f are200 nm, scale bar in image b and c are 100 nm and 500 nm, respectively.)  
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Ln3+-UCNPs following synthesis via the method above. The image showed that most 

UCNPs had aggregated together before being capped by silica. Modification of the 

synthesis procedure by removal of the OA from the surface prior to silica coating was 

able to reduce this aggregation (Figures 4c-f).  It was found that three rounds of OA 

removal resulted in the optimum batch of small silica-coated non-aggregated UCNPs 

(Figures 4e, 4f). A challenge with this method is that it is hard to confirm if the OA on 

the surface of Ln3+-UCNPs was removed completely or not. Therefore, an alternate 

approach was sought to achieve a uniform silica coating layer on the surface of each 

nanoparticle.           

2.2.2 Reverse Microemultion for Silica Coating of Ln3+-UCNPs  

Method 

    To fabricate SiO2-coated UCNPs, an optimized and facile water-in-cyclohexane (W/C) 

reverse microemulsion coating approach was used in this experiment.[4] Firstly, 1 mL 

cyclohexane dispersion of NaYF4:20%Yb,4%Tm nanocrystals (0.1 mmol mL-1), 1 mL 

IGPAL CO-520 and 20 mL cyclohexane was magnetically mixed in a glass flask for 30 

min. Then, 35 μL of ammonia (30 wt%) was injected into the solution and a transparent 

emulsion formed after sonicating for 40 minutes. Thereafter, 100 μL of TEOS was added 

as the silica shell precursor and the solution was kept under gentle stirring at the speed of 

600 rpm at room temperature for two days. After that, 10 ml acetone was added to 

precipitate the silica-coated UCNPs from the micro-emulsion. The nanoparticles were 

centrifugally washed with ethanol two times to remove the excess surfactant, and then 

washed with water to remove ethanol, and finally redispersed in water for use.  
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Result and Discussion 

    As shown in Figure 5, successful silica coating could be achieved via this reverse 

microemulsion protocol. Furthermore, the thickness of silica layer on the surface of Ln3+-

UCNPs could be tuned via precisely controlling the amount of TEOS in the reaction mix. 

Another factor that affects the thickness of the silica layer is the size of the nanoparticles 

themselves, as this directly determines the surface area at the same volume. It is essential 

Figure 5. TEM images of OA-coated Ln3+-UCNRs (NaYF4:20%Yb,4%Tm). Image a and b, c 
and d, e and f represent three batches of silica coating modification. (Scale bar of image a, c and 
e are 200 nm, scale bar in image b, d and f is 200 nm.)  
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to reduce the thickness of silica layer on the surface of Ln3+-UCNPs to as small as possible, 

as the thick silica layer significantly increases the size of each nanoparticles, which is 

likely to influence the cellular uptake of nanoparticles. The thickness of the silica coating 

layer is also likely to interfere with the optical properties of the Ln3+-UCNPs. The 

thickness of silica layer of these three samples are 9.8nm, 7.5nm and 12.7nm. The 

diameter of the core of those three samples are 35.4 nm, 29.3 nm and 26.5 nm. The 

comparison of second and third sample indicated that the smaller core of Ln3+-UCNPs, 

the thicker silica coating layer is when using the same amount of TEOS (silica precursors) 

to coat. Furthermore, when the core diameter of two samples is similar, the reducing 

TEOS used will decrease the thickness of silica coating layer. Actually, the thickness of 

silica layer can be controlled to be as low as ~6nm as shown in the Chapter three in this 

thesis.  

Therefore, it was found that the reverse microemultion method is most suitable to achieve 

silica coating on the hydrophobic Ln3+-UCNPs. An additional benefit is that it saved one 

step (and therefore reducing one variable in the production workflow) of having to 

remove the hydrophobic surfactant (OA) when using the Stöber Method for silica coating. 

Furthermore, the thickness of the silica layer using the reverse microemultion approach 

can be precisely controlled for further applications.  

2.3 Development of a methodology for high resolution fluorescent 

imaging of UCNPs in cultured cells 

    Traditionally, the quantitative measurement of intracellular uptake of nanoparticles is 

conducted with flow-cytometry for systematic measurement. However, this may not be 

able to accurately determine whether a nanoparticle is simply bound to the surface of the 

cell, or truly internalised.  Furthermore, because of the unique spectral properties of the 

UCNPs (ie: illumination with 980nm laser) a standard flow cytometer does not have the 

necessary laser line for detection.  Therefore, in order to get an accurate endocytosis 
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efficiency measurement of Ln3+-UCNPs, it is necessary to distinguish between 

nanoparticle attachment on the surface of the cell, and true uptake by the cells. To achieve 

this, methods were developed for high resolution fluorescent imaging and image analysis.  

Method 1 

Previously, silica-coated Ln3+-UCNPs were employed to do the cellular experiment. 

Firstly, hydrophilic Ln3+-UCNPs with silica coating were dispersed in cell culture media 

(DMEM + 10% FBS) to make the concentration about 50ug/mL. 1104 cells/well NSC-

34 neuron-like cells were seeded into the 12-well plate at 37 ˚C under 5% CO2 for 24h. 

Then 150uL 50ug/mL cell culture media suspension with silica-coated Ln3+-UCNPs was 

added  to each well and incubated for 4h in the 37˚C incubator with 5% CO2 according 

to the method in our previous report.[5] This was followed by washing with PBS three 

times, cells were fixed in 4% paraformaldehyde for 30 min at room temperature. The 

fixed cells were rinsed with PBS and mounted with Vector Vectashield mounting media 

(USA) before the coverslips were sealed. The imaging procedure was performed using 

the Olympus FV1200 confocal microscope with a custom-added 980 nm laser. The 

highest amplification objective (63× oil objective) was employed to observe the cell 

samples with silica-coated Ln3+-UCNPs. 

 

 

Figure 6. TEM images of silica-coated Ln3+-UCNPs (NaYF4:20%Yb,4%Tm) (a), bright field 
image of NSC-34 cells treated with 50ug/mL silica-coated Ln3+-UCNPs (b) and the merge of 
upconversion emission of silica-coated Ln3+-UCNPs and cells (nucleus stained with DAPI and 
membrane stained with deep red plasma membrane stain) under 980nm excitation.  
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Method 2 

During this project, a new microscope became available.  Therefore, subsequent 

experiments were performed using a Zeiss 880 confocal mincroscope which had a higher 

magnification oil objective (100 oil objective) with a factory-installed 980nm laser as 

one of its excitation resource. Furthermore, PEGylated Ln3+-UCNPs were utilized to 

perform the method optimisation of cellular uptake quantification due to their excellent 

hydrophilicity and outstanding biocompatibility in cell culture media. The following 

process is similar as “method 1” except for new additional cell membrane and cell 

nucleus-staining steps. Typically, the fixed cells were washed with PBS buffer and 

incubated with 1.5× deep red plasma membrane stain and 2 μM Hoechst 33342 for 10 

min at 37 °C. The labelled cells were rinsed with PBS and mounted with Vector 

Vectashield mounting media (USA) before the coverslips were sealed. 

 

Result and Discussion 

    As shown in the Figure 6, although the brightness of silica-coated Ln3+-UCNPs was 

strong enough to be detected. However, the bright field image of cells seemed too blurry. 

Compare with Figure 6, the Figure 7 demonstrated much higher resolution with aid of 

Figure 7. TEM images of PEGylated UCNPs (NaYF4:20%Yb,4%Tm) internalized by NSC-34 
neuron like cells. The concentration of PEG-UCNPs at 50ug/mL was used in this experiment 
under the excitation of a 980nm laser.  
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100× oil objective. Furthermore, the biodistribution of PEGylated Ln3+-UCNPs is much 

better than silica-coated ones. Moreover, I can precisely quantify the signal of UCNPs 

via Imaris software to do cell membrane rendering and nanoparticle rendering. Therefore, 

after the optimization of imaging conditions greatly improve the imaging quality and is 

available for further quantification analysis.     

  2.4 Development of a protocol for quantification analysis of UCNPs 

internalized by cultured cells 

Method 

    The high-resolution 3-D images of single cell treated with UCNPs are further 

employed to quantification of modified Ln3+-UCNPs internalized by cells. In this study, 

I employed 3-dimensional (3D) rendering to precisely analyse the distribution of the 

surface functionalized UNCPs in the neuron-like cells. Accordingly, the z-stack confocal 

images of individual NSC-34 cells were processed through Imaris (Bitplane) to generate 

individual 3D renderings of the cell membrane and UCNP distribution (Figure 8a). 

Typically, mask selection method was used to identify the nanoparticles inside the cell 

(Figure 8b). The main steps of mask selection protocol to separate the nanoparticles inside 

the cells or just close to the cell were shown in Figure 9 to Figure11. Firstly, I need to 

create a new surface rending for cell membrane, then use this whole cell as a base to do 

the mask selection of the signal from UCNPs. Ultimately, it will form a new signal 

channel that represents the signal of UCNPs just inside the cells. Additionally, main 

factors that significantly affect the output of rendering is the value of threshold. Therefore, 

I need to keep the threshold value consistent when do the membrane rendering of various 

cells. Only in this way, the value of calculated cellular uptake efficiency of various 

nanoparticles can be further compared.   

Result and Discussion 
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    After the rendering, the volume and intensity of the fluorescence signal of UCNPs 

inside or outside of a single cell were collected, analysed and 3D-rendered using Imaris 

software. Subsequently, the fluorescence signal of the cell membrane dye was 3D 

rendered and used as a mask within Imaris software, which allowed the determination of 

the volume of the UCNP signal that was either inside the cell, or outside of the cell 

membrane. This information was used to determine the volume ratio of UCNPs within 

NSC-34 cells (Vinside) versus the total distribution of UCNPs detected in proximity to 

the cell (Ventire). The value of Vinside and Ventire was acquired by calculating UCNP 

uptake in 6 individual cells from confocal microscopy images captured under the same 

conditions. The average volume of UCNPs identified in association with individual NSC-

34 cells (Ventire). Therefore, the value of Vinside/Ventire ratio was regarded as the 

cellular uptake efficiency of Ln3+-UCNPs. 

 

Figure 8. 3D rendering of confocal z-stacks to quantitate the cellular uptake of surface-modified 
UCNPs. These images represent 3D rendering using Imaris software of PEG-UCNP (green) 
distribution in an individual NSC-34 cell. Both UCNP and membrane signals were individually 
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3D-rendered (before, row a), and then the masks overlaid to isolate and exclude any UCNP signal 
(after, row b) that is outside of the cell membrane mask (and therefore outside of the cell).    

 

 

Figure 9. 3-D confocal microscope image of all UCNPs in or outside one single NSC-34 cell.  

 

Figure 10. 3-D confocal microscope image of cell membrane rendering used to mask selection 
for UCNPs inside one single NSC-34 cell.  
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Figure 11. 3-D confocal microscope image of all UCNPs inside one single NSC-34 cell after 
mask selection (ie: all UCNPs outside of the cell have been subtracted as per Figure 10).  

2.5 Development of a protocol for high resolution real-time confocal 

microscopy of UCNPs in zebrafish 

    Animal model studies are essential for nanoparticles ultimately applied for clinical 

application. The zebrafish model is regarded as one of the most suitable models for animal 

studies, particularly because of their transparent body when young (up to 5 days of age), 

that allows relatively easy microscopy evaluation of bio-distribution of administered 

UCNPs.  Note that all microinjections of UCNPs into living zebrafish were performed by 

Dr. Marco Morsch.  Imaging in fixed zebrafish was performed by myself. 

Method 1 – direct injection into the spinal cord 

A first set of optimisation experiments were conducted using 3mg/mL of PEGylated 
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rod-shaped UCNPs that were directly microinjected into the spinal cord of zebrafish. The 

biodistribution of UCNPs-PEG was then investigated in vivo using optically transparent 

zebrafish larvae. Five-day-old zebrafish larvae were mounted in 1% low melting agarose 

before microinjection and imaged as previously described.[6, 7] A suspension of 3 mg 

ml−1 UCNP was injected into the spinal cord (labelled with blue fluorescent protein; Tg(-

3mnx1:TagBFP)) of five-day-old zebrafish larvae. Approximately, 5 nL solution was 

injected into the spinal cord and luminescence images were acquired at 2 h after injection. 

Upon excitation at 980 nm, the distribution of the nanoparticles in the zebrafish could be 

clearly visualized by confocal microscopy.   

 

Method 2 – direct injection into the bloodstream 

To visualise UCNP in the blood stream and subsequently test our particles for uptake 

into the brain (through the BBB) I first tested different concentrations of UCNPs. To 

control for the correct uptake of UCNPs specifically into the blood vessels we used 

transgenic zebrafish (Tg(fli1a:EGFP)) that express GFP in the vasculature.[8] 5 day old 

Figure 12. Confocal microscope images of zebrafish injected with PEGylated UCNPs 
(NaYF4:20%Yb,4%Tm) into the spinal cord. The concentration of PEG-UCNPs at 3 mg/mL 
was used in this experiment under the excitation of a 980nm laser.  
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fish were mounted as described above and 3.0 & 1mg/mL injections performed. 5 nL 

solution was injected into the spinal cord and luminescence images were acquired at 6 h 

after injection (fed into the fish water in a 28 °C incubator). The concentrations were 

optimised to test for toxicity and distribution. Here I present the data for 3.0 & 1mg/mL 

injections. Furthermore, different injection sites were tested to ensure suitable circulation 

of nanoparticles in the blood stream. Specifically, injections into the dorsal aorta and the 

caudal vein of zebrafish were compared. Lastly, I compared the spherical and the rod-

liked Tf-UCNPs at the same concentration (1 mg/mL). 

  

Result and Discussion 

Figure 13. Confocal microscope images of zebrafish injected with rod-like and spherical Tf-
UCNPs (NaYF4:20%Yb,4%Tm) into the blood vessel and were observe after 6h. The 
concentration of Tf-UCNPs at 1mg/mL was used in this experiment under the excitation of a 
980nm laser.  
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    Upon excitation at 980 nm, the distribution of the nanoparticles in the zebrafish spinal 

cord and vasculature could be clearly visualized. In Figure 12, I present an unsuccessful 

injection of PEGylated UCNPs into the spinal cord. The image shows that the UCNP 

have diffused into the periphery including the gut (no overlap of blue fluorescence (spinal 

motor neurons) and red or yellow colours (UCNPs)). Further, a concentration of 3mg/mL 

of nanoparticles was too high and resulted in forming large clusters outside the spinal 

cord injection site. This was also true for blood vessel injection, 1mg/mL injections 

showed a far more homogeneous distribution throughout the vasculature. Successful 

examples of these injections are presented in Figure 8 from paper 1 (attached in Chapter 

3) and Figure 7 and Figure 8 from manuscript 2 (shown in Chapter 4). Comparison of 

injections into the dorsal aorta and caudal vein revealed a higher success rate of 

circulating NPs for the caudal vein injections and were the preferred method of vascular 

injection hereafter. (data not shown)   

Images in Figure 13 were all observed at 6h after microinjection. At the site of zebrafish 

belly, the negligible of green signal from both rod and spherical Tf-UCNPs remain in this 

injection site after 6h. However, the red signal from commercial mircrobeads which is 

employed to visual control the microinjection seemed still have quite a lot left at the site 

where injected. Compared with the spherical Tf-UCNPs observed in the brain, rod-shaped 

Tf-UCNPs seemed accumulated to be a greater extent than the spherical ones. It 

confirmed that the rod-shaped Tf-UCNPs exhibited superior BBB penetration capability 

compared to the spherical ones, and this result was consistent with the cellular experiment 

result. 

2.6 Conclusion 

In summary, the optimization of the methodologies and techniques were described and 

discussed in this chapter. It specifically figured out a standard approach to generate a set 

of high lanthanide-doped upconversion nanoparticles with uniform morphology. 

Moreover, it further studied the modification methods and investigated the appropriate 
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methods to fabricate upcoversion nanoparticles with various shapes. Furthermore, the 

techniques of upconversion nanoparticles detection in vivo and in vitro were established 

and optimized for first time this work. This chapter represents a significant support part 

of this project”.  
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Chapter 3: A Versatile Upconversion Surface 
Evaluation Platform for Bio-nano Surface Selection 
for the Nervous System  

This chapter addresses Aim 1 of this thesis, which was to identify a suitable surface 

modification of lanthanide ions-doped upconversion nanoparticles (Ln3+-UCNPs) to 

improve their hydrophobicity and biocompatibility for biological applications. The 

specific goal was to identify a suitably modified UCNP that could be internalized by 

neurons.  At the commencement of this project, the as-prepared unmodified UCNPs was 

coated with oleic acid on the surface to avoid aggregation, providing a hydrophobic 

surface that ensures good solubility in organic solvents (such as cyclohexane). However, 

it became immediately apparent that this surface was not suitable for biological 

applications, as these OA-capped UCNPs were found to rapidly aggregate in water or cell 

culture media. Therefore, this chapter describes the workflow that I developed to evaluate 

the effectiveness of several popular approaches for surface modification of nanoparticles 

for improving the bioavailabiity of UCNPs. It turned out that most of these surface 

modifications resulted in Ln3+-UCNPs readily aggregating and/or exhibiting low 

biocompatibility with cultured cells (either cytotoxicity or poor cell uptake). However, I 

was successful in identifying a superior surface modification protocol (PEGylation) 

which not only prevented UCNP aggregation, but also profoundly increased the 

biocompatibility of Ln3+-UCNPs with neurons.  

In this Chapter, I have presented the developed of a nano-bio surface evaluation 

platform to systematically evaluate the biophysical characteristics of Ln3+-UCNPs 

with various surface modifications (OA removal, DNA-conjugated, Silica coating 

and PEG capping), and the subsequent biocompatibility of these UCNPs with 

cultured neuron-like cells and within the living zebrafish. The results showed that 

PEG is a preferable surface modification for further applications of Ln3+-UCNPs in 
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vitro and in vivo. Furthermore, this study demonstrates that Ln3+-UCNPs provide a 

versatile platform for systematic evaluation of nanoparticle surface modifications, 

which may have future applications for selecting appropriate surfaces for 

nanoparticle-based theranostic applications in CNS disorders. 

The results generated from this body of research were reported in a first-author peer-

reviewed paper “A Versatile Upconversion Surface Evaluation Platform for Bio-nano 

Surface Selection for the Nervous System”.   

3.1  Contribution to Paper 1 

 L.F M.M B.S G.W A.L R.R Y.L D.J R.C 

Experiment 

Design 
•  •      • 

Sample 

Preparation 
• •  •      

Data 

Collection 
•         

Analysis •   •  • •   

Manuscript •  •  • • • • • 

I undertook the majority of work towards this publication (approximately 80%), 

demonstrating my capability and independence in conducting research from concept 

development, experimental design, sample preparations, data collections and analysis, to 

the final stage of publication preparation.  
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3.2 Paper 1 
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3.3 Remarks 

The key findings of this paper: (i) that PEGylation provides the superior surface for 

biocompatibility and neuronal cellular uptake properties of lanthanide ion-doped 

upconversion nanoparticles (NaYF4:20%Yb,4%Tm); (ii) that the spectral properties of 

these UCNPs supports high resolution in vivo imaging in zebrafish; (iii). Ln3+-UCNPs 

can be used as a platform for systematic surface evaluation and identification of suitable 

surface for nanoparticle-based drug delivery for the treatment of CNS diseases. 

Limitations and future directions: It is likely that other biophysical properties of 

UCNPs, in addition to surface, will influence the biocompatibility of UCNPs (such as 

size and shape etc.) - these will be studied in following chapters of this thesis, using the 

knowledge gained from this Chapter that PEGylation represents the superior surface 

modification.  

In this study, it was found that a protein corona was formed on the surface of all types of 

surface-modified Ln3+-UCNPs when incubated in cell culture media (see Figure X). It is 

likely that the composition of the protein corona may affect the biological properties of 

the UCNPs.  Attempts were made to evaluate the composition of the protein corona 

formed on the various surface of Ln3+-UCNPs using proteomic mass spectrometry 

approaches.  However, these were unsuccessful, because of the presence of detergents 

(such as PEG) that interfered with the mass spectrometry analysis (data not shown). 

Future studies will need to optimise this for improved proteomic characterisation of the 

composition of the protein corona. 
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Chapter 4: Evaluation of the Effect of Shape upon 

Endocytosis of Transferrin-coated Upconversion 

nanoparticles, and their Ability to cross the Blood-

brain Barrier  

The blood-brain barrier (BBB) is a major challenge for the treatment of central nervous 

system (CNS) diseases. The BBB strictly regulates the movement of molecules into and 

out of the brain, and therefore protects the brain from noxious agents. However, for this 

reason the BBB also acts as a major obstacle that prevents most therapeutic molecules 

from getting into the target site of the brain. Therefore, it is essential to develop an 

efficient and general approach to overcome the BBB and transport the drug to the targeted 

region. Nanoparticle-based drug delivery systems are emerging as a promising drug 

delivery platform, due to their distinct advantages of tunable biophysical properties such 

as surface chemistry, size and shape leading to various biological actions (like clearance, 

biodistribution and biocompatibility) in the body. Therefore, it was hypothesized that the 

shape of nanoparticles will influence their BBB permeation efficiency (Aim 2 of this 

thesis). 

In this report, a series of transferrin-coated upconversion nanoparticles (Tf-UCNPs) with 

various shapes were generated, including sphere, rod, disk and dumbbell. The cellular 

uptake ability, biodistribution and BBB penetration of those different-shaped Tf-UCNPs 

were assessed in cultured cells (brain endothelial cells, modeling the BBB) and in vivo. 

The results revealed that rod-shaped Tf-UCNPs were the superior shape to mediate low 

cytotoxicity and maximal cellular uptake among sphere-, disk- and dumbbell-like Tf-

UCNPs. Furthermore, transferrin profoundly improves the cellular uptake efficiency of 

the UCNPs in brain endothelial cells. Zebrafish were employed to study the BBB 

penetration ability of nanoparticles in vivo, where it was confirmed that rod-shaped 

UCNPs provide the most effective BBB permeation compared to other shapes (such as 

spherical, disc and dumbbell-like). In summary, this provides important information for 
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structure design of high-efficiency nanoparticle-based vector to delivery drugs across the 

BBB for neurodegenerative disorder therapy. 

The methodology that was developed and optimised during this project for reproducible 

synthesis of the various shapes of UCNPs is presented in Chapter 2.  Analysis of the 

biophysical and biocompatability of the UCNPs is presented in this Chapter in the form 

of a draft manuscript entitled “Evaluation of the Effect of Shape upon Endocytosis of 

Transferrin-coated UCNPs, and their Ability to cross the Blood-brain Barrier”.  This 

manuscript has been prepared for submission to ACS nano, with submission expected 

within several weeks after submission of this thesis. 

4.1  Contribution to Manuscript 2 

 L.F B.S M.M G.W Y.L D.J R.C 

Experiment 

Design 
• •     • 

Sample 

Preparation 
•  • •    

Data 

Collection 
•       

Analysis •   • •   

Manuscript • • •  • • • 
 

The experimental aspects of this project were mostly performed by myself (90%), 

except the microinjection of UCNPs into the zebrafish (performed by Dr. M. Morsch).  
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4.2 Manuscript 2 

Evaluation of the Effect of Shape upon Endocytosis of Transferrin-
coated UCNPs, and their Ability to cross the Blood-brain Barrier 

L. B. Fu 1, B. Y. Shi *1, M. Morsch 1, G. Y. Wang, 1 Y. Q. Lu 2, D. Y. Jin, 3 R. Chung*1 
1Department of Biomedical Sciences, Faculty of Medicine & Health Sciences, Macquarie University, 

Sydney, NSW 2109, Australia. Email: roger.chung@mq.edu.au, bingyang.shi@mq.edu.au 
2 Department of Physics and Astronomy, Macquarie University, Sydney, NSW 2109, Australia 

3Institute for Biomedical Materials and Devices (IBMD), Faculty of Science, University of Technology 
Sydney, Sydney, NSW 2007, Australia 

Abstract 

Sustained and effective delivery of therapeutic agents across the blood-brain barrier (BBB) 

remains a key bottleneck for successful therapeutic treatment of neurodegenerative 

diseases. Nanoparticles have become a popular choice for evaluation as drug carriers.  To 

design an efficient nanoparticle-based carrier, nanoparticle shape has emerged as a 

significant parameter that can influence the success of targeted drug delivery. In this study, 

we fabricated a series of transferrin-coated upconversion nanoparticles (Tf-UCNPs) with 

various shapes, including sphere, rod, disk and dumbbell. Thereafter, we systematically 

characterized the biophysical properties of these different-shaped Tf-UCNPs including 

their morphology, surface conjugation, cytotoxicity and cell uptake capability in 

biological solutions or with cultured hCMEC/D3 brain endothelial cells. Through these 

studies, rod-shaped Tf-UCNPs proved to be the superior morphology for greatest 

bioavailability and cell uptake capacity amongst sphere-, disk- and dumbbell-like UCNPs. 

To further investigate how nanoparticle shape influences BBB permeability, each shape 

of Tf-UCNPs was microinjected into the blood vessels of juvenile zebrafish. As predicted, 

rod-shaped Tf-UCNPs displayed excellent dispersal and uptake into the brain in living 

zebrafish, while other shapes of Tf-UCNPs were either aggregation prone and/or 

displayed poor uptake into the brain. Thus, NP shape plays a crucial role in mediating 

bioavailability and cellular endocytosis and transport of transferrin-coated UCNPs in vivo. 

Further, our data suggests that rod-shaped UCNPs might have potential future 

applications as a drug loading nano-system with high efficacy for use in delivering 

therapeutics into the brain. These results provide valuable information towards designing 

nanoparticle-based vectors for the delivery of drugs across the blood-brain barrier for 

mailto:roger.chung@mq.edu.au
mailto:bingyang.shi@mq.edu.au
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future theranostic applications in neurodegenerative disorders. 

Introduction 

Neurodegenerative diseases including dementia and motor neuron disease (MND) 

destroy the nerve cells that control cognitive and/or motor function, with no effective 

long-term therapies available. A major challenge is to develop strategies for effective and 

efficient systematic administration of therapeutic compounds across the blood brain 

barrier (BBB). The blood-brain barrier (BBB) is a unique physiological barrier between 

blood capillary and central nervous system (CNS) in the brain. It strictly regulates the 

passage of ions and molecules to maintain the homeostasis of the cellular environment 

within the brain.1 Therefore, the BBB represents a major hurdle to effective drug delivery 

via blood circulation to treat brain diseases, as it is well described that it excludes many 

therapeutic compounds from directly entering the brain. For example, a large-scale 

evaluation of over 7000 drugs measured in the Comprehensive Medicinal Chemistry 

(CMC) database, revealed that only 1% of these drugs can cross the BBB at detectable 

levels.2 To overcome this issue, an increasing number of strategies have been tested to 

overcome this hurdle, with two major approaches being either non-invasive or invasive 

delivery of drugs cross the BBB. The non-invasive method refers to the typical 

application of drug carriers via a receptor or adsorptive mediated transcytosis 

mechanism,3 or more recently through intranasal delivery.4 However, those methods are 

profoundly restricted by the chemical structure of the drug delivery vector and the 

presence of efflux pumps. 5, 6 Invasive strategies involve direct administration including 

intracranial injection such as convection-enhanced delivery (CED)7, 8 or directly injecting 

the drug through intraventricular or intracerebral administration. However invasive 

delivery techniques impose direct physical injury to the brain, and can have limitations 

on the spread of the injected compound.  Therefore, there is strong interest in identifying 

an effective and secure strategy to enhance brain delivery of drugs to the specific target 

site in the brain, and to control the delivery of the drug to the appropriate cellular, 

subcellular and temporal location for it to exert its therapeutic functions.    

In order to enhance BBB penetration, the drug delivery system should escape clearance 

through the reticuloendothelial system to ensure sustained presence at effective 

concentrations.9 In principle, there are three pathways that support delivery past the BBB. 
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Firstly, surface ligands of carrier-systems which bind to surface receptors abundant on 

the surface of endothelial cells that form the BBB facilitate binding and uptake into the 

brain.10–12 Specific peptides targeting certain receptors such as the transferrin receptor or 

lipoprotein receptors might help to deliver cargoes across the BBB via receptor-mediated 

endocytosis. Secondly, certain physicochemical characteristics of delivery systems are 

suitable for crossing BBB. For example, it was reported that gold nanoparticles (20nm) 

were found in the retina after intravenous injection.13 In addition, some pathological 

conditions in the brain (such as brain tumors, or injury to brain such as traumatic brain 

injury or stroke) lead to an abnormal increase in the permeability of the BBB vasculature. 

Thirdly, surface modification can improve the BBB permeability of therapeutic 

compounds. For instance, partial capping of delivery systems with polysorbate 80 or 

chitosan increased the targeting transport of drugs into the deep brain.14–16 This 

combination of characteristics of the delivery system and pathological vasculatures would 

make BBB more readily to drug-loaded delivery system penetration.    

Employing nanoparticles as carriers to transport drugs across the BBB is an emerging 

approach in the nanotechnology field. The distinct advantage of nano-enabled drug 

delivery systems is that the biophysical properties of nanoparticles can be readily 

modified based upon size, shape and surface, resulting in striking changes in the clearance, 

biodistribution and biocompatibility of nanoparticles in vivo.17 In terms of that, some 

studies have showed that the effect of size and surface modification of nanoparticles on 

biological actions in vivo18, 19 and in vitro.20, 21. For instance, Chan’s group reported the 

membrane receptor internalization of silver nanoparticles and Au particles with diameters 

range from 2 to 100 nm, and found the preferable efficient uptake was within 25-50nm 

size range. Moreover, Zuhorn et al. exploited uncoated, cationic polymer 

polyethyleneimine (PEI)-attached and prion proteins-functionalized 500 nm beads to 

investigate their intracellular processing in an in vitro BBB model. They demonstrated 

that surface modifications of nanoparticles (like charge and protein ligands) affect their 

mode of internalization by brain endothelial cells and further subcellular fate and 

transcytosis potential. Meanwhile, the shape is also most likely a key factor of NPs for 

BBB penetration. However, there are few reports related to the effect of nanoparticles 

shape on cellular internalization and subsequent intracellular transport across the BBB.22 

This might be because of the limited availability of approaches and the complexity to 
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synthesize nonspherical biocompatible nanoparticles.23 

Upconversion nanoparticles (UCNPs) consist of a crystalline host (like NaYF4 or 

NaGdF4) together with a low concentration metal-dopant (generally lanthanide ions). 

UCNPs processes unique optical properties, which can emit shorter visible light under 

near infrared long-wavelength excitation through a process known as the anti-Stokes 

principal. This is particularly valuable for biological applications, as long-wavelength 

excitation penetrates more deeply into tissue and yields lower phototoxicity than more 

common forms of excitation.  Moreover, UCNPs exhibit other technical advantages, 

including high photo-stability, low auto-fluorescence background, narrow emission 

bandwidths, high penetration depth and low toxicity.24–27 Therefore, recent decades have 

witnessed substantial growth in the UCNP field, particularly exploring the fabrication and 

bio-application of UCNPs as a new class of luminescent optical labels and drug delivery 

vehicles for therapeutic applications and biological imaging.28–30 Importantly, the size, 

lifetime and shape of UCNPs are adjustable via controlling the synthesis conditions 

(heating up speed, reaction temperature and chemical ratio) and composition parameters 

(percentage of host and lanthanide ions).  

In this study, we developed a library of UCNPs with various shapes as we have described 

previously. 31, to evaluate the effect of shape upon BBB penetration. First, we fabricated 

a batch of high-doped UCNPs (ß-NaYF4: 20%Yb, 4%Tm) with different shapes, such as 

sphere, rod, disk and dumbbells. And then we functionalized these UCNPs via transferrin 

bioconjugation, forming four types of different-shaped transferrin-modified UCNPs for 

morphology evaluation. (Scheme 1 and S1) Second, we compared the biophysical 

characteristics of the functionalized UCNPs, including particle size, surface charge, 

UVvis absorbance, cytotoxicity and brightness. Furthermore, we measured the cellular 

uptake and BBB penetration of these transferrin-UCNPs with cultured brain endothelial 

cells (BBB hCMEC/D3) and injection into the bloodstream of living zebrafish, utilizing 

confocal microscopy and Imaris software. This systematic evaluation identified that the 

shape priorities for brain endothelial cell is rod > disk > sphere > dumbbell in terms of 

low cytotoxicity, high cell uptake efficiency and BBB penetration. Further, we confirmed 

that rod-shaped Tf-UCNPs display the best ability to cross the BBB and enter the brain 
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following bloodstream injection. Our result therefore demonstrates that morphology of 

nanoparticles plays a crucial role in BBB penetration and cellular uptake properties.           

Results and Discussion 

Fabrication of UCNPs with Various Shapes. To provide superior luminescent 

nanoparticles as the nano-platform for shape evaluation, we synthesized a series of 

UCNPs (ß-NaYF4: 20%Yb, 4%Tm) with different shapes (including spheres, rods, disks 

and dumbbells) based on our prior studies.31, 32 The as-synthesized UCNPs were 

originally dispersed in the organic solvent (chloroform), capped with the unsaturated fatty 

acid (oleic acid) on the surface. The oleic acid is used as the surface ligand to control the 

growth of UCNPs and subsequently stabilize the resultant UCNPs against 

agglomeration.33 Transmission Electron Microscopy (TEM) results showed that we were 

able to generate highly consistent shapes of UCNPs such as spherical, rod, hexagonal 

prism and dumbbell-shaped with uniform size (details see Figure 1a-1d) and all well-

Scheme1. Illustration of microinjection of different-shaped Tf-UCNPs fabrication into 
the blood vessel of zebrafish. Tf-UCNPs with different shapes: sphere, rod, disk and 
dumbbell. Inset image of zebrafish represents the fli zebrafish with GFP labelled vessels (set 
to red in this image). (Scale bar = 0.5mm) 
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dispersed in cyclohexane (hydrophobic solvent). The calculated size of the as-prepared 

UCNPs was acquired with Image J by counting 100 particles from their corresponding 

TEM images. The size distribution images in Figure 1 suggested that the original UCNPs 

with various shapes were relatively uniform with narrow size variation.  

Tf Modification and Characterization of Tf-modified UCNPs. To transfer the 

hydrophobic OA-capped as-prepared UCNPs into a hydrophilic intermediate compatible 

for bio-application, we functionalized the UCNPs with PEG-COOH and modified them 

with a highly water-dispersible surface based upon a multi-step ligand exchange strategy. 

Figure 1. Transmission electron microscopy (TEM) images and size distribution of as-
prepared ß-NaYF4: 20%Yb,4%Tm nanoparticles (UCNPs) with different shapes, i.e., spheres 
(a), rods (b), disk (c) and dumbbell (d) dispersed in cyclohexane. 

Figure 2. The Z-potential of UCNPs-PEG versus UCNP-Tf (a) and comparison of 
absorbance of transferrin-capped UCNPs with different shapes, including: sphere-Tf, rods-
Tf, disk-Tf, dumbbell-Tf, PEG-rod and pure BSA (b).  
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Firstly, NOBF4
- was introduced to replace the OA on the surface of UCNPs, forming an 

intermediate of NOBF4-UCNPs.33, 34 Thereafter, we further replaced NOBF4
- with a PEG 

linker (PHOS-PEG3500-COOH), due to the NOBF4
- having a lower binding affinity than  

the phosphates. The PEG linker modification was used to provide a linker for biological 

functionalization. Finally, we conjugated the PEG-COOH modified UCNPs with 

transferrin (Tf) to facilitate transport across the BBB, as transferrin has been reported as 

a suitable substrate for this purpose. (as shown in S2) Furthermore, transferrin can also 

enhance the distinction among those Tf-modified UCNPs with various shapes. This 

conjugation was based upon EDC chemistry with the formation of amide bonds between 

the carboxyl groups of UCNP-PEG-COOH and primary amine groups of transferrin. The 

Z-potential change of this step was verified by dynamic light scattering (DLS).  

As shown in Figure 2a, the Z-potential of various shapes of UCNP-PEG-Tf all increased 

significantly compared to their corresponding UCNP-PEG-COOH, which is expected 

Figrue 3. In vitro cell viabilities of hCMEC/D3 cells after incubation with 10, 50, 100 and 
500ug/mL of 5 types of UCNPs (e.g. sphere-BSA, sphere-Tf, Rod-Tf, Disk-Tf and 
Dumbbell-Tf) for 24 h. A significant difference when compared to the sphere-Tf is indicated 
by “*P < 0.05 and **P < 0.01”, and “#” indicates a significant difference when compared to 
the sphere-BSA.   
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because of the reduction of carboxyl groups binding with amine groups of Tf. 

Furthermore, the confirmation of successful conjugation of Tf to the UCNP-PEG-Tf 

conjugates was further confirmed by measuring the OD280 absorbance peak with a 

Figure 4. Representative confocal microscopy images of UCNPs-Tf endocytosis on BBB 
endothelial cells after 4 h co-incubation at 37°C (at the concentration of 50ug/mL): spherical 
UCNP-BSA (a), spherical UCNP-Tf (b), rod UCNP-Tf (c), disk UCNPs-Tf (d) and dumbbell 
UCNPs-Tf (e). The images show the upconversion luminescence (green, 980/800nm), the 
corresponding hCMEC/D3 cells (red membrane labeled with deep red plasma membrane 
stain, 649/666nm; blue nuclear stained with DAPI, 405/461nm), the overlay of the 
upconversion luminescent images and the hCMEC/D3 cells. Each shape of UCNPs is labeled 
as a-e and their formulation are illustrated in the left column, respectively. 
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Nanodrop spectrophotometer (Figure 2b). Pure Tf shows strong ultraviolet (UV) 

absorption peak at 280nm, while spherical UCNP-PEG-COOH does not have such a 

typical absorbance. After conjugation, the absorbance peak of spherical UCNP-PEG-Tf 

displays an obvious increase in absorbance at 280nm. Similarly, the other shapes of 

UCNP-PEG-Tf showed a distinct absorbance peak at the wavelength of 280nm. The 

significant change of surface property (Z potential) and the UV absorbance spectra 

Figure 5. Luminescent microscopy images of five types of UCNPs internalized by 
hCMEC/D3 cells and their corresponding Imaris software processed 3D single-cell images 
after 4 h incubation at 37°C (at the concentration of 50ug/mL): spherical UCNP-BSA (a), 
spherical UCNP-Tf (b), rod UCNP-Tf (c), disk UCNPs-Tf (d) and dumbbell UCNPs-Tf (e). 
Specifically, the left two rows of images represent original 2D and their magnified 3D single 
cell images. The right three columns of images showed the luminescent signal of each types 
of UCNPs, the cell membranes and their overlay. The average cell uptake value can be 
analyzed by collecting the volume of UCNPs inside the cells. 
 

 



CHAPTER 4                                                                                                                125 
 

indicate the success of surface functionalization with Tf. 

 

Cytotoxicity: The cytotoxicity of the Tf-coated UCNPs with different shapes were firstly 

studied against hCMEC/D3 cells at a concentration range from 10 to 500ug/mL using the 

MTT assay (Figure 3). Treatment with most shapes of nanoparticles maintained cell 

survival above 75%, even at high concentration (500µg/mL) of Tf-modified UCNPs for 

24h, indicating the low cytotoxicity of these types of UCNPs in vitro. A direct comparison 

of the cytotoxicity of these three different shapes (rod, dumbbell and disk) of Tf-coated 

UCNPs and the spheres, it revealed that the dumbbell-shaped UCNPs-Tf both displayed 

the greatest degree of relative toxicity (*p < 0.05) than the spherical UCNPs-Tf, leading 

to 22% reduction in cell viability after 24h co-incubation with 100µg/mL UCNPs. In 

contrast, the rod-Tf demonstrated the least cytotoxicity (**p < 0.01) even at the highest 

concentration of 500µg/mL, indicating that rod-shaped UCNPs-Tf are the preferable 

shape for exposure to cultured cells.  

Figure 6. The cellular uptake of modified UCNP with various shapes, including sphere-BSA, 
sphere-Tf, rod-Tf, disk-Tf and dumbbell-Tf by brain endothelial cells after 4h incubation at 
37°C. The average uptake value corresponded to the mean value of ratio between NPs inside 
and entire (Vinside/Ventire) was normalized such that rod-Tf uptake was 100%. UCNPs were 
employed at a concentration of 50ug/mL. 
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  To confirm the successful conjugation of Tf and that this surface modification has 
improved the bioactivity of the UCNPs, we compared the cytotoxicity of BSA-capped 
spherical UCNPs against Tf-modified spherical UCNPs under the same experimental 
concentrations. We found that Tf-capped spherical UCNPs displayed less cytotoxicity 
than BSA-capped spherical UCNPs at all concentrations tested. (p < 0.01, Figure 3)  

UCNP-Tf Endocytosis by hCMEC/D3 cells: The targeting functionalized UCNPs-Tf 

with various shapes were further investigated for their cellular uptake capability and 

distribution with cultured brain endothelial cells (hCMEC/D3 cells). These cells were 

selected as they are the cells that form the BBB between blood vessels and the brain 

tissue, and therefore molecules must be internalized by these cells for them to be 

transported across the BBB and into the brain. First, as an experimental control to confirm 

bioactivity of transferrin conjugation onto the surface of UCNPs (we expect that it will 

Figure 7. Evaluation of different-shaped UCNP-Tf uptake in the brain of fli zebrafish. The 3-
D confocal microscope images ( columns from lef to right) represent the bright field images, 
commercial microbeads (red), GFP labelled blood vessel (green) and Tf-UCNPs (yellow) with 
various shapes, including spheres ( row a), rod (row b), disk (row c) and dumbbel (row d). 
Those images were captured at 2h after nanoparticle injection.  
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improve cellular uptake of UCNPs), we compared the uptake capacity of spherical 

UCNPs-Tf and spherical UCNPs-BSA (Figure 4a and b). The luminescent microscopy 

showed that UCNP-Tf present significantly higher uptake than UCNP-BSA. 

Subsequently, we compared the cellular uptake of UCNP-Tf with different shapes, such 

as sphere, rod, disk and dumbbells, finding that all displayed substantial uptake into the 

cultured endothelial cells (Figure 4b-e). Notably, different shapes of UCNP-Tf showed 

obvious differences in their endocytic capability. Specifically, the rod-shaped UCNP-Tf 

displayed the homogenous distribution of small UCNPs (presumably single 

nanoparticles) and good endocytosis by cultured endothelial cells in comparison to other 

shapes of UCNP-Tf. In contrast, disk and dumbbell shaped UCNP-Tf formed large 

aggregates, which often stuck to the surface of cultured endothelial cells. 

To quantitatively measure UCNPs uptake into cultured endothelial cells and distinguish 

from UCNPs that are stuck on the membrane of cells not actually endocytosed, 3D cell 

analysis was performed.  Accordingly, the cell membrane was stained with deep red 

membrane dye (red) and the nucleus labelled with DAPI (blue). High resolution z-stack 

Figure 8. Illustration of rod-shaped UCNP-Tf uptake in the brain of fli zebrafish. a. The bright 
field image of fli zebrfish; b. the merged 3-D confocal microscope images of zebrafish brain; 
c. GFP labelled green blood vessel; d. microbeeds in red; e. rod-shpaed Tf-UCNPs in yellow 
and the merged images of c, d and e. 
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confocal imaging and 3-dimensional (3D) rendering of the cells (membrane and 

nucleus) together with visualisation of the UCNPs (980nm excitation) was 

performed, and UCNP distribution calculated with Imaris (Bitplane) (Figure 5) to 

precisely analyse the subcellular distribution of UNCPs in the cultured endothelial 

cells. The 3D-rendering of UCNP (green) distribution in an individual hCMEC/D3 

cell was collected as the total volume of UCNPs associated with the cell (Ventire). 

The cellular uptake was determined by calculating the volume of UCNP localised 

within a single hCMEC/D3 cell (Vinside) as determined by masking of the cell 

membrane  versus Ventire. Using this approach, we found that all rod-shaped 

UCNP-Tf that were associated with an individual hCMEC/D3 cell were fully 

internalized and therefore the Vinside /Ventire ratio for rod UCNP-Tf was set to 100%. 

As shown in Figure 6, the endocytosis value of transferrin modified UCNPs was about 

2-fold greater than UCNPs-BSA. This confirms the successful bioavailability of the 

UCNP-Tf.  The cell uptake ratios of UCNP-Tf (sphere, disk and dumbbell) were 

38.7%, 48.4% and 9.7% respectively, which is substantially lower than the uptake 

capability of rod-shaped UCNP-Tf. These results demonstrate that the shape of UCNPs 

plays an important role in the biostability and cellular uptake properties of UCNP-Tf. 

Specifically, we show that  the preferable shape for bioavailability and cell uptake in brain 

endothelial cells is rod > disk > spherical > dumbbell.  

Evaluation of UCNP-Tf bioavailability and distribution in living zebrafish Our cell-

culture results indicated that rod-shaped UCNP-Tf displays the greatest likelihood for 

BBB crossing and imaging studies in living animals. To confirm this, we investigated the 

ability of UCNP-Tf to enter the brain following systemic administration into zebrafish 

larvae, taking advantage of the ability to readily image the brain of these animals as they 

are transparent during their first five days of life.(see S3 and S4) To confidently visualize 

the transport of UCNPs into the brain, we used transgenic zebrafish that specifically 

express green fluorescent protein (GFP) in blood vessels (fli-GFP zebrafish) – this allows 

us to confirm that the UCNPs are not in the small blood vessels in the brain or on the 

blood-side of the BBB. All four shapes of UCNP-Tf (sphere, rod, disk and dumbbell) 

were microinjected directly into the blood vessel of Fli-GFP-zebrafish larvae, followed 

by confocal imaging in zebrafish at 6h post-injection (Figure 7). In Figure 7a-d, we 

observed that all shapes of UCNP-Tf displayed some accumulation within the brain 
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region of zebrafish larva. Notably, rod-shaped UCNP-Tf showed the greatest 

accumulation, while spherical UCNP-Tf displayed the lowest amount of brain 

localization. The enlarged fluorescent images of rod-like UCNPs-Tf uptake by the brain 

is shown in the Figure 8. It showed that most of red microbeads remained in the blood 

vessels, because most of red-colour overlap with green blood vessels in Figure 8f. 

However, the yellow-colour of rod-like UCNPs-Tf were hardly observe in the green 

blood vessel, which means that nanorods may pass the BBB and accumulate in the brain. 

These results above were consistent with the cellular uptake capability of UCNP-Tf in 

cell culture medium studies. On the contrary, the fluorescent microbeads (FM, visual 

control for microinjection) still mainly remained in the blood vessel after injection for 6h, 

demonstrating more difficult to across BBB than UCNP-Tf. Due to the FMs without Tf 

targeting modification, FMs processed no specific BBB transport ability. The volume of 

those types of UCNPs-Tf accumulated in the brain were measured via the Imaris 

software. The accumulated volume of UCNP-Tf (sphere, disk and dumbbell) were 

152 ± 4 um3, 217 ± 6 um3 and 69 ± 2 um3 respectively, which is substantially lower 

than the uptake capability of rod-shaped UCNP-Tf (264 ± 8 um3). This result 

indicated that the BBB transport ability of various-shaped UCNPs-Tf was as the order 

rod > disk > dumbbell > spheres.  

Conclusions 

In this paper, we systemically investigated the effect of nanoparticle shape upon the 

biophysical properties of UCNPs, and the influence of this upon cellular uptake in 

cultured cells and brain uptake in vivo. Firstly, we synthesized a series of lanthanide-

doped β-NaYF4: 20%Yb, 4%Tm UCNPs with different shapes, such as sphere, disk, rod 

and dumbbell. Thereafter, those types of UCNPs were further modified with transferrin, 

which was demonstrated to enable significant nanoparticles transport across the BBB into 

the brain by Tf receptor-mediated endocytosis by the brain capillary endothelial cells 

(Jiang Chang et al. International Journal of Pharmaceutics 2009). Followed with that, we 

characterize the modification process and measured the internalization behaviour with 

hCMEC/D3 cells. The result showed that Tf was successfully modified on the surface of 

UCNPs by the Z-potential change on the surface and the typical absorbance peak at 

280nm of UCNPs-Tf. Furthermore, the Tf-modified spherical UCNPs showed higher cell 
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uptake efficiency compared to the BSA-capped UCNPs. This indicated that the 

transferrin-conjugation to the UCNPs facilitates improved uptake into the endothelial 

cells. We also investigated the transport efficiency of UCNPs-Tf with different shapes 

across the BBB in living zebrafish. Both cellular and zebrafish microinjection results 

suggested that all types of UCNP-Tf with different shapes can cross the BBB by receptor-

mediated transcytosis and subsequently accumulated in the brain. Moreover, we have 

found that the priorities are rod > disk > sphere > dumbbell. Therefore, those UCNPs-Tf 

has potential application as excellent carriers for the transport of drugs crossing the BBB. 

Materials and Methods:  

Chemicals. The following materials were obtained from Sigma-Aldrich (St. Louis, MO, 

USA): Yttrium chloride hexahydrate (YCl3·6H2O, 99.99%), gadolinium chloride 

hexahydrate (GdCl3·6H2O, 99.99%) ytterbium chloride hexahydrate (YbCl3·6H2O, 

99.99%), thulium chloride hexahydrate (TmCl3·6H2O, 99.99%), sodium hydroxide 

(NaOH, 99%), ammonium fluoride (NH4F, 99%), oleic acid (OA, 90%), 1-octadecene 

(ODE, 90%), cyclohexane, ethanol, ammonium hydroxide solution (NH4OH, 30%) and 

3-[4,5-dimeethylthiazol-2-yl]-2,5-diphenyl tetrazolium bromide (MTT). Fetal bovine 

serum (FBS), Hoechst 3342, and deep red plasma membrane stain were purchased from 

Invitrogen Life Technologies (Mulgrave, Australia). PHOS-PEG-COOH (MW3500) was 

synthesized by JenKem technology Co. Ltd (Beijing China).    

Synthesis of sphere-like UCNPs: The spherical UCNPs (β-NaYF4:20%Yb,4%Tm) 

were synthesized following a nominally oxygen-free protocol according to previously 

reported literature.31, 35  Generally, YCl3 (0.76 mmol), YbCl3 (0.2 mmol) and TmCl3 

(0.04 mmol) were mixed with 6 mL oleic acid (OA) and 15 mL octadecene (ODE) in a 

50 mL two-neck round-bottom flask. Thereafter, the above mixture was degassed under 

Ar flow and heated to 160 ˚C to form a homogeneous solution, then cooled down to room 

temperature. Five mL methanol solution containing NH4F (4 mmol) and NaOH (2.5 

mmol) was slowly added into the flask and stirred for 30 min at room temperature. 

Subsequently, the mixture solution was slowly heated up to 110 ˚C for 15min to remove 

methanol, and continually heated to 150 ˚C for 15 min to remove water completely. 

Finally, the mixture solution was quickly heated to 310˚C and maintained for 1.5 h under 

Ar protection. Followed with that, the solution was cooled down to room temperature 
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naturally, ethanol was added to precipitate the nanocrystals. After the product was washed 

with cyclohexane/ethanol/methanol (2:9:3 v/v/v) for three times, the final spherical 

NaYF4:20%Yb,4%Tm nanocrystals were stored in 2mL cyclohexane at 4°C. 

Synthesis of rod-like UCNPs: The longitudinal shell growth of UCNPs onto the core of 

spherical β-NaYF4:20%Yb,4%Tm NPs was conducted via a hot seed-injection 

protocol.36 Firstly, 2mL methanol ( containing 0.76 mmol YCl3, 0.2mmol YbCl3 and 

0.02mmol TmCl3)  were added to a 50 mL three-neck round-bottom flask containing 

3.25mL oleic acid and 7.5mL 1-octadecene. The mixture solution was heated to 150 °C 

under argon protection for 30 min to generate a clear solution and then cooled down 

naturally to below 50 °C (labeled as UCNPs shell precursors). Afterwards, 2.5mL 

methanol solution containing NH4F (2 mmol) and NaOH (1.25mmol) and two mL 

methanol solution of KOH (0.5mmol). After stirring for 30 min, the solution was heated 

to 80 °C under argon for 15 min to remove methanol, and then the reaction solution was 

further heated to 150 °C for another 20min. For the longitudinal shell growth of UCNPs, 

0.5 mmol as-prepared spherical NaYF4:20%Yb,4%Tm core particles were added to the 

50 mL-flask. The mixture was heated to 150 °C under argon for 20 min, and then the 

solution was quickly heated to 310 °C for 1h. Lastly, the solution was gradually cooled 

down to room temperature and the prepared UCNPs nanorods were washed via the 

procedures used for the purification of spherical β-NaYF4:Yb,Tm particles. 

The NaYF4:20%Yb,4%Tm upconversion nanorods with ARs = 2 were conducted with a 

one-pot hot-injection approach modified and optimized on the base of our previous 

work.31, 36First, shell precursors were prepared. 0.76mmol YCl3·6H2O, 0.2mmol YbCl3 

and 0.04mmol TmCl3·6H2O were mixed into a 50 mL-flask containing 6.5mL oleic acid 

and 15mL 1-octadecene. The mixture solution was heated to 160 ̊ C for 30 min with under 

argon flow and then cooled down to room temperature (RT), followed by the addition of 

4.0mmol NH4F, 2.5mmol NaOH and 2.0mmol KOH in 8 mL methanol. After stirring for 

30 min at RT, the solution was heated to 80 ˚C with argon flow for 20 min, and then the 

react system was continually heated to 150 ˚C for another 30 min. Finally, the reaction 

solution was cooled down to room temperature and labeled as 1mmol NaYF4:Yb,Tm 

shell precursors for further use.  

For the longitudinal growth of NaYF4:Yb,Tm with AR=2, 0.2 mmol spherical 
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NaYF4:Yb,Tm core particles in cyclohexane were added to a 50 mL three-neck flask 

containing 1.3mL OA and 3 mL ODE. The mixture solution was heated to 160 ˚C under 

argon flow for 30 min, and then the solution was continually heated to 310 ˚C. Followed 

with that, 0.2 mmol of as-prepared NaYF4:Yb,Tm shell precursors were injected into the 

reaction mixture at the speed of 0.1 mL per 10 min and followed by another 0.5 h reaction 

time at 310 ˚C. Finally, the formed solution was gradually cooled down to room 

temperature and the formed upconversion nanorods with AR=2 were purified according 

to the procedures employed for the purification of NaYF4:Yb,Tm core particles.  

Synthesis of disk-like UCNPs: The disk-shaped UCNPs were fabricated using an 

oxygen-free protocol described in the literature37. Specifically, 3.5 mL of methanol 

solution (containing 0.76mmol YCl3, 0.2mmol YbCl3 and 0.04mmol Tm) was 

magnetically mixed with 15 mL OA and 16 mL ODE in a 100 mL-flask. The resultant 

mixture was degassed under Ar flow and heated to 150 ˚C for 30 min to form a clear 

solution, then stopped heating and cooled to room temperature. 3.7mmol NH4F and 

2.5mmol NaOH in 5 mL of methanol solution was added into the reaction system and 

kept stirring for 30 min at room temperature. The methanol and water in the system were 

removed by keeping the mixture solution at 110 ˚C for 30 min. Then the formed mixture 

solution was slowly heated to reaction temperature 310˚C and remain for 1.5 h. Ethanol 

was added to precipitate the nanocrystals after the solution cooled down to room 

temperature. Finally, the resultant nanoparticles were collected by centrifugation, washed 

with cyclohexane, ethanol and methanol for three times, the final spherical 

NaYF4:20%Yb,4%Tm nanocrystals were re-dispersed in 10mL cyclohexane at 4°C for 

further experiment. 

Synthesis of dumbbell-like UCNPs: The dumbbell-shaped UCNPs were prepared 

according to an approach previously reported in the literature31. Typically, 1mL of 

methanol solution (containing 0.2mmol GdCl3) was magnetically mixed with 3.5 mL OA 

and 9 mL ODE in a 50 mL three-neck round-bottom flask. The reaction system was 

protected under Ar flow and heated to 150 ˚C for 30 min to generate a homogeneous 

solution before it was cooled down to room temperature naturally. Methanol solution 

(4mL) containing NH4F (0.8 mmol) and NaOH (0.5 mmol) was added into the solution 

of OA and ODE and kept stirring for 30 min at room temperature. Subsequently, the 
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formed solution was slowly heated up and kept at 110 ˚C for 30 min to remove methanol 

and the remaining water completely. Followed with that, 0.2mmol of nanorod UCNPs 

core in cyclohexane was injected into the reaction system. After keeping the reaction 

temperature at 110 ˚C for further 10 min to evaporate all cyclohexane, the mixture 

solution was quickly heated to reaction temperature 310˚C and kept for 1.5 h. After the 

formed solution cooled down to room temperature, ethanol was added to precipitate the 

as-prepared UCNPs. After the particles was washed with cyclohexane, ethanol and 

methanol for 3 times, the final dumbbell-like UCNPs were re-dispersed in 10mL 

cyclohexane for further application. 

Synthesis of PEGylated UCNPs with Various Shapes To functionalize UCNPs with 

carboxyl group, we employed PHOS-PEG-COOH (MW3500) to ligand exchange with 

OA on the surface of as-prepared UCNPs with various shapes. Firstly, dichloromethane 

solution of NOBF4 was used to transfer various-shaped UCNPs to hydrophilic according 

to the literatures.38–40 Typically, 5mL of cyclohexane (containing UCNPs ∼5 mg/mL) was 

added into 0.05mol NOBF4 in 5 mL dichloromethane (DCM) solution and kept 

vigorously shaking until UCNPs were transferred from the upper cyclohexane layer to 

the bottom DCM layer. The surface modified UCNPs were purified by precipitation with 

the addition of toluene and cyclohexane (1:1 by volume), then the precipitated PEGylated 

UCNPs with various shapes were re-dispersed in DMF at the concentration of 10 mg/mL, 

respectively. Furthermore, take 500 μL of solution (~5mg UCNPs) into a glass bottle. 

Followed with that, 25 mg PEG dispersed in 2.5 mL MiliQ water was added into the 

bottle, causing white precipitation on the bottom of the glass bottle. Then, 2mL absolute 

ethanol was also added into the mixture solution, leading to the solution becoming clear. 

The reaction system was kept stirring for 48 h. Finally, the UCNPs-PEG-COOH were 

washed by water for 5 times and stored at 4°C for further use. 

Bioconjugation of UCNPs with Various Shapes To conjugate transferrin or bovine 

serum albumin (BSA) to PEGylated UCNPs (spherical), primary amines of transferrin or 

BSA were linked with PEGylated UCNPs with carboxyl group via EDC/NHS 

chemistry.39 5 mg PEGylated UCNPs was suspended in 500 µ L MES buffer (500 mM, 

pH 5.5) to form a 10 mg/mL solution. The solution was mixed well with 25 mg/mL EDC 

and 90 mg/mL NHS in MES solution and left to react for 15 min at room temperature. 
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Ultrafiltration was performed by Vivaspin 20 (MWCO 3000) spin columns to remove 

excess EDC and NHS following buffer exchange into PBS (0.1 M, pH 8.0). The carboxyl 

activated solution was mixed with 1 mL of 2 mg/mL transferrin in PBS (transferrin: 

PEGylated UCNPs= 1:50) to react at room temperature for 2 h. The as-prepared 

Transferrin-functionalized UCNPs were collected by centrifugation and then washed 

three times with water. Finally, the formed spherical Transferrin-UCNPs were re-

dispersed in MiliQ water and stored at 4°C for further use. For the transferrin 

functionalization of other shapes of UCNPs (rod, disk and dumbbell), the same approach 

above was used for bioconjugation.   

Blood-Brain Barrier hCMEC/D3 Cell Culture: Bood-Brain Barrier (BBB) 

hCMEC/D3 cell line (purchased from Merck Millipore) were grown in EBM-2 medium 

(Lonza, Basel, Switzerland) supplemented with 5% ultralow IgG FBS, 10 mM HEPES, 

1 ng/ml basic FGF (bFGF), 1.4 μM hydrocortisone and1% penicillin–streptomycin.41 The 

cells were incubated at 37 °C, 5% CO2/saturated humidity according to established 

procedure. Cells were subcultured every 3-4 days. 

Cell Cytotoxicity Assay: To measure the cell cytotoxicity, 3-[4,5-dimethylthiazol-2-yl]-

2,5-diphenyltetrazolium-bromide (MTT) proliferation assay was used in this experiment. 

The MTT assay is based on the protocol firstly described by Mossmann (1983).42 The 

assay was optimized for the cell lines used in the experiments.  Briefly, 2.0 × 103 

hCMEC/D3 BBB cells in cell culture media introduced above were seeded into a 96-well 

microplate (200μL/well) and incubated for 24h at 37 °C. Followed with that, the growth 

media was replaced with 200uL fresh cell culture media containing increasing transferrin-

functionalized UCNPs concentrations (0, 1, 10, 20, 50 and 100mg/ml). The plates were 

incubated for 24 h before 10uL of the MTT (5.0 mg/mL in phosphate buffered saline 

solution) was added to each well for evaluation of cell viability. Cells were further 

incubated at 37 °C for four h to allow precipitation of insoluble purple formazan crystals. 

Subsequently, the supernatant was carefully removed, and 150uL dimethyl sulfoxide was 

added to each well and left for 2h in the dark at room temperature to dissolve the formed 

formazan crystals. Finally, the absorbance was measured using the Biotek Microplate 

Reader (Biotek, U.S.A.) at a wavelength of 570 nm.43, 44 The control wells were assumed 

to have 100% viability. Thus, the viable cells number was calculated based on the 

absorbance of the control cultures. For analysis, 3 wells per treatment were repeated in 

http://www.sciencedirect.com/science/article/pii/S0378427405001967#bib21
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this experiment. 

Size, Zeta Potential, Absorption Spectrum Measurements. The as-prepared UCNPs 

with various shapes (including sphere, rod, disk and dumbbell) were characterized 

with transmission electron microscopy (TEM). 8ul of an aqueous dispersion of 

UCNPs in cyclohexane was placed on a copper grid and measured with a Philips 

CM10 TEM with Olympus Sis Megaview G2 Digital Camera. ImageJ software 

was used for the UCNP size distribution analysis. Furthermore, the zeta-potentials 

of PEGylated UCNPs and transferrin-coated UCNPs were measured using a Zeta 

sizer Nano ZS (Malvern Instruments, U.K.) at 25 °C in cell culture media. Since 

transferrin has a typical absorption peak at 280nm, the Thermo Scientific 

Nanodrop 2000 Spectrophotometer was used to determine the transferrin 

conjugation with PEGylated UCNPs. Thus, the absorption of the PEGylated 

UCNPs, transferrin-modified UCNPs and the pure transferrin were obtained at 

1mg/ml in water, respectively. Two microliters of each sample were dipped on the 

lower measurement pedestal to generate the spectrum profiles. 

Cell and zebrafish imaging with confocal microscopy BBB hCMEC/D3 cells at 4104 

cells/well were cultured in glass chamber slide (8 chambers) for 24h. 200uL transferrin-

modified UCNPs with various shapes at the concentration of 50μg/mL was added into 

each chamber and incubated with hCMEC/D3 cells at 37 °C for four h under 5% CO2. 

After washing with PBS for three times, cells were further fixed in 4% paraformaldehyde 

in the dark for 30 min at room temperature. The fixed cells were washed with PBS for 

three times and labelled by 2 deep red plasma membrane stain and 2uM Hoechst 33342 

for 15min in the dark at 37°C. The stained cells were rinsed with PBS for three times and 

mounted with Vector Vectashield fluorescent mounting media (USA) before the 

coverslips were sealed with nail polish. The cultured cells without UCNPs served as the 

blank control. Furthermore, BSA-modified spherical UCNPs was employed as negative 

control compared with transferrin-functionalized spherical UCNPs in this process. Z-

stack imaging with a confocal microscope (ZEISS LSM 880 with Airyscan and 980nm 

laser) was performed in order to confirm internalization and quantification of the 

transferrin-functionalized UCNPs. The oil-immersions 40 objective was used for 

zebrafish imaging and 100 objective for cells imaging process to obtain high resolution 
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fluorescent images. The excitation intensity was set to 9.8107 W/cm2. For each cell 

culture, a minimum of three different cell areas was imaged to reduce noise. 

Zebrafish microinjection. The BBB penetration of Tf-UCNPs was then investigated in 

vivo using fli zebrafish that express GFP in the vasculature.45 Five-day-old zebrafish were 

mounted in 1% low melting agarose before microinjection and imaging as previously 

described. A suspension of Tf-UCNPs (1 mg ml−1) with various shapes mixed with 1 mg 

ml−1 microbeads (as visual control) was injected into the blood vessel (labelled with green 

fluorescent protein; Tg (fli1a:EGFP)) of five-day-old zebrafish. Approximately, 5 nL 

solution was injected into the blood stream and luminescence images were acquired at 6 

h after injection (fed into the fish water in a 28 °C incubator). Upon excitation at 980 nm, 

the transferrin-functionalized nanoparticles entered the zebrafish brain can be clearly 

visualized. 

Evaluation of internalized transferrin-modified UCNPs To evaluate the uptake 

capacity of transferrin-modified UCNPs with various shapes, Imaris software was used 

in this process for quantitative analyzation. For each cell culture slide chamber, a 

minimum of three different cell areas was observed. For the image analysis, the labelling 

of membranes and nuclear were used to outline single cells, cell clusters, or a monolayer 

region within the excitation spot. The obtained UCNP signals were quantified as a mean 

UCNP signal per cell, which was a measure of the mean cellular uptake of transferrin-

modified UCNPs. The relative intensity of PEGylated and transferrin-conjugated UCNPs 

signal were recorded and normalized with respect to the largest cellular uptake level 

observed (that of rod transferrin-functionalized UCNPs), which was set to 100%. 

Luminescent Intensity Comparison different-shaped transferrin-UCNPs To further 

confirm the optical property of each shape of UCNPs for quantification use, the 

comparison of the luminescent intensity of single transferrin-UCNPs with various 

morphology was conducted in this experiment. 100uL of 0.5mg/mL spherical (or rod, or 

disk, or dumbbell) transferrin-UCNPs in water were used to rinse the coverslip, then it 

was upside down attached (sealed with nail polish) on a glass slide after it dried. The 

luminescent intensity of each shape of transferrin-UCNPs was measured by homemade 

microscopy (built in 980nm laser). The intensity of each shape of transferrin-UCNPs was 

measured three times and the average value was obtained for comparison.   
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Figure. S1 The illustration of the internalization of UCNPs by hDMEC/D3 endothelial cells via 
receptor-mediated pathway.  

 
 

 
 
 

Fig S2. Confocal microscope images (emission at 800nm) and corresponding bright field 
images of spherical UCNPs-BSA, spherical UCNPs-Tf, rods-Tf, disk-Tf and dumbbell-Tf. 
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Fig S3. Confocal microscope images and corresponding bright field images of spherical 
UCNPs-Tf, rods-Tf, (emission at 800nm, green) and microbeads (red) after microinjection after 
0.5h. 

 

Fig S4. Confocal microscope images and corresponding bright field images of spherical 
UCNPs-Tf, rods-Tf, (emission at 800nm, green) and microbeads (red) after microinjection after 
6h. 
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4.3 Remarks of Manuscript 2 

The key findings of this manuscript: (i) A robust and reproducible UCNP fabrication 

protocol was developed that was able to achieve controlled epitaxial growth of the core-

shell structure of spherical UCNPs to form rod-, disk- and dumbbell-shaped nanoparticles; 

(ii) Conjugation of transferrin onto the surface of the UCNPs significantly improved their 

uptake by cultured brain endothelial cells; (iii) Transgenic zebrafish with Tg(fli1a:EGFP) 

that specifically express a genetic fluorophore in the blood vessels provides a valuable 

animal model for investigation of the BBB penetration.  Using this model, it was found 

that rod-shaped UCNPs display the most effective uptake by cultured brain endothelial 

cells, and the greatest uptake into the brain in zebrafish. 

Limitations and future directions: Even though the Tf-UCNPs were found to pass the 

BBB and enter the brain, it is not clear where the nanoparticles finally localized. 

Therefore, future studies are required to investigate the fate of those Tf-UCNPs entering 

the brain, and their interactions with cells in the brain. This can be conducted using 

immunohistochemical identification of different brain cell types (neurons, glia etc.) and 

determining co-localisation of UCNPs within these cells.  Alternatively, using 

genetically-modified zebrafish expressing fluorophores specifically in different cell types 

in the brain (neurons, glia etc.) could be used for studies to track the cellular fate of Tf-

UCNPs in the brain.     
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Chapter 5: The Effect of Modifying the Aspect 

Ratio of PEGylated UCNPs upon their Cellular 

Uptake 

Previous chapters of this thesis investigated the effect of manipulation of several 

physicochemical properties of UCNPs (such as surface charge, surface 

functionalization, size and shape) on their cellular uptake in cultured cells and following 

administration into zebrafish.  In these previous chapters, it was identified that rod-

shaped UCNPs coated with transferrin appear to be the superior UCNP for delivery into 

the brain and in vivo imaging applications.  This Chapter extends upon this work, by 

investigating whether the aspect ratio (AR) of rod-shaped particles alters their 

biocompatibility and cellular uptake (Aim 3 of this thesis).  

In this study, a series of PEGylated lanthanide-doped unpconversion nanorods (Ln3+-

UCNRs, NaYF4:20%Yb,4%Tm) with various aspect ratios (ARs = 2, 3 and 4) was 

generated (optimization of this fabrication process is described in Chapter 2), and their 

cell uptake capability evaluated in cultured hCMEC/D3 brain endothelial cells, NSC-34 

neurons-like cells and primary neurons. Nanorods with an AR of 2 displayed superior 

cellular uptake capability and lower cytotoxicity than nanorods with other ARs or 

spherical UCNPs. In particularly, UCNRs with greater length 75nm (AR=3) to 96nm 

(AR=4) showed decreased cellular uptake and increased cytotoxicity in all three types 

of cells. Furthermore, a protocol was developed and optimized to measure the 

luminescent intensity of single UCNPs- using this approach it was possible to confirm 

that the luminescent intensity significantly depends on the ARs of nanorods. 

Accordingly, higher ARs is associated with stronger luminescent intensity. Apart from 

that, the PEGylated UCNRs decreased a little bit compared to the unmodified UCNRs. 

This characterization protocol of single-nanoparticle also provide possibility to future 

single-nanoparticle tracking at cellular or subcellular level.    

 

The optimisation of nanorod fabrication is described in Chapter 2.  The experimental 
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results are presented in a draft manuscript format, entitled “The Effect of Modifying the 

Aspect Ratio of PEGylated UCNPs upon their Cellular Uptake”.  This manuscript has 

been prepared for submission to Biomaterials, and it is expected that it will be 

submitted for review soon after submission of this thesis for examination. 

5.1  Contribution to Manuscript 3 

 L.F B.S G.W D. L D.J R.C 

Experiment 

Design 
• • • •  • 

Sample 

Preparation 
•      

Data 

Collection 
•      

Analysis • •     

Manuscript • •  • • • 
I performed a majority of this study (90%) including fabrication of upconversion 

nanorods and their surface modification. Furthermore, I collected the experimental data 

of cell culture experiments, in vitro cytotoxicity measurement and microscopy 

characterization of nanoparticle cell uptake. Finally, I summarised the data and wrote 

the manuscript. 
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5.2  Manuscript 3 

The Effect of Aspect Ratio of PEGylated Upconversion Nanocrystals 

upon the Cellular Uptake  

Libing Fu, Bingyang Shi*, Guoying Wang, Deming Liu, Dayong Jin and Roger Chung* 
 
Department of Biomedical Sciences, Faculty of Medicine & Health Sciences, Macquarie University, 
Sydney, NSW, Australia 
Email: bingyang.shi@mq.edu.au; roger.chung@mq.edu.au 

Abstract 

The central nervous system (CNS) is protected by the blood-brain barrier (BBB), which 

acts as a physical barrier to regulate and/or prevent the uptake of endogenous 

metabolites and xenobiotics. However, the BBB also prevents most non-lipophilic drugs 

from reaching the CNS following systematic administration. Therefore, there is 

considerable interest in identifying drug carriers that can maintain the biostability of 

therapeutic molecules and target their transport across the BBB. In this regard, 

upconversion nanoparticles (UCNPs) have become popular as a nanoparticle-based 

solution to this problem, with the additional benefit that they display excellent 

properties for in vivo visualisation. The majority of studies to date has explored basic 

spherical UCNPs for drug delivery applications. However, the biophysical properties of 

UCNPs their cell uptake and BBB transport have not been fully explored.  Therefore, in 

this study we have systematically evaluated the effect of the physical aspect ratio of 

UCNPs on cellular uptake. We used a one-pot seed-mediated approach to precisely 

control longitudinal growth to produce bright upconversion nanorods (UCNRs) with 

various aspect ratios.  Then we PEGylated the as-prepared UCNRs to enhance their 

biostability and cell uptake capacity. We identify an optimal aspect ratio for UCNR 

uptake into several different types of cultured cells, finding that this is generally in the 

ratio of 2 (length/width). This data provides a crucial clue for further optimisation of 

UCNRs as a drug carrier to deliver therapeutic agents into the CNS.    

KEYWORDS: upconversion nanorod, aspect ratio, PEG modification, cellular uptake, 

primary neurons 
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Introduction 

Despite enormous development in brain research, central nervous system (CNS) 

diseases remain the world’s leading cause of disability. There is no effective therapy for 

most of these diseases, including neurodegenerative disorders such as Alzheimer’s 

disease and Huntington’s disease. A major challenge is that there is a lack of high-

performance carriers to deliver drugs across the blood-brain barrier (BBB). The BBB is 

crucial for maintaining the homeostasis of the CNS by regulating the flow of water and 

molecules into and out of the brain.  However, this hinders the successful transport of 

most therapeutic agents into the brain. This biological barrier consists of a cellular tight 

junction between the brain capillary endothelial cells that line the blood vessels that 

feed the brain, and therefore it is uptake and transport across the endothelial cell barrier 

and into the CNS that represents the major goal for identification of suitable drug 

carriers. Nanoparticles have become a popular method for developing drug carriers for 

the CNS, with considerable evidence demonstrating that the cell uptake properties of 

nanoparticles are strongly influenced by their physicochemical properties (ie. size,1–3  

shape,4, 5 and surface modification6–9 etc.).  

The aspect ratio (AR) of nanoparticles is regarded as a significant factor that can 

influence their cellular uptake.10–12 Therefore, adjusting the AR of nanoparticles is able 

to improve their bio-distribution13, 14 and tumor internalization.15 However, systematic 

evaluation of the impact of AR upon nanoparticle cell uptake is difficult because of the 

inherent challenges in controlling AR during the nanoparticle synthesis process. For 

instance, spherical (390 ± 40nm) disulfide-stabilized poly(methacrylic acid) hydrogel 

capsules (PMA HCs) being internalized faster and more than rod-like capsules with 

higher AR up to 3.8 (length 1290 ± 140 nm, width 340 ± 60 nm) in HeLa cells.16 To the 

contrary, the PRINT (Particle Replication In Non-wetting Templates) hydrogel rods 

consist of cross-linked poly(ethylene glycol) hydrogels with AR=3 (d = 150 nm, h = 

450 nm) occurs much more efficient and faster internalization than a spherical particles 

(d = 200 nm) counterpart, even though both particles are treated with HeLa cells at the 

same volume.16 Furthermore, PEGylated nucleoprotein rods made of tobacco mosaic 

virus (TMV) protein and various RNA scaffolds with lowest aspect ratio (d = 18 nm, h 
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= 60 nm, AR = 3.5) exhibit the most passive tumor-homing capability due to their high 

diffusion ability, whereas RGD-labeled rods with a medium aspect ratio (d = 18nm, h = 

130 nm, AR = 7) show more efficient at tumor targeting result from a balance between 

infusibility and ligand-receptor interactions.17 Compare those types of nanomaterials 

with upconversion nanoparticles, the aspect ratio of nanomaterials can just be controlled 

roughly like from 2.6 to 3.6.18 However, the aspect ratio of UCNPs can be strictly tuned 

exactly in a much wide range from 1 up to 4 or more. The different influence of ARs on 

cellular uptake found in those studies likely due to the different cellular uptake 

pathways administrating the response of various structure of particles. It indicates that 

the interaction between cellular endocytosis and particle shape (like ARs) is complexed 

and poor understood.    

In the past few decades, lanthanide-doped upconversion nanoparticles (UCNPs) have 

become popular as luminescent probes and drug carriers. This is due to their tunable 

physicochemical properties (ie. size, shape, lifetime, multiple-dopant and surface 

modification)19–21 and unique optical characteristics, such as low auto-fluorescence 

background, sharp emission bandwidths, negligible photobleaching, and high 

penetration depth under near-infrared radiation(NIR).22–25 With these modifiable 

features, UCNPs are a promising nano-platform to investigate interrelationship between 

the physicochemical properties of UCNPs (ie. size, shape and surface chemistry) and 

their cellular permeability.  

Herein, we describe the development of a protocol to produce NaYF4:20%Yb, 4%Tm 

UCNPs with a precise series of width/length aspect ratios (ie: ARs of 1:1, 1:2, 1:3 and 

1:4), and systematically evaluate their cellular uptake properties. We found that cellular 

endocytosis of UCNPs is significantly affected by their aspect ratio in a cultured 

neuronal cell line (NSC-34), endothelial cells (hCMEC/D3) and primary neurons. 

Notably, an aspect ratio of 1:2 consistently provided superior cellular uptake efficiency 

and lower cytotoxicity than other ARs. Through this study, we have identified that the 

aspect ratio of UCNPs provides substantial control over their cell uptake properties, 
providing crucial information for future optimization of UCNP-based drug carriers for 

use to treat CNS diseases.  
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Scheme1. Illustration of PEGylated UCNRs fabrication and cellular uptake 
evaluations. UCNRs with different ARs: 1:1, 1:2, 1:3 and 1:4 and confocal imaging 
(under 980nm laser excitation) after incubation with hCMEC/D3 endothelial cells, NSC-
34 neuron like cells and primary neurons for 4h at 37°C. The 3D confocal microscopy 
images of a-c are corresponding to endothelial cells, NSC-34 cells and primary treated 
with PEGylated UCNRs with ARs of 1:2, respectively. The nucleus (blue) of cells is 
stained with Hoechst 33342 for nuclear and deep red plasma for membrane. The UCNRs 
(been set to green) are excited by high power 980nm laser. (Scale bars = 5nm) 
 

Figure 1. Transmission electron microscopy (TEM) images of as-prepareed ß-NaYF4: 
20%Yb,4%Tm UCNRs with different ARs, including 1:1 (a), 1:2 (b), 1:3 (c) and 1:4 (d) 
dispersed in cyclohexane. The TEM images of corresponding PEGylated UCNRs 
suspended in MilliQ water were also showed in the images e-h.    
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Results and Discussion 

Production and biophysical characterization of UCNRs with various ARs We 

developed a highly reproducible protocol for generation of a series of UCNRs (ß-

NaYF4: 20%Yb, 4%Tm) with tightly controlled ARs (including 1:1, 1:2, 1:3 and 1:4) 

based upon modifications to our previously published protocols.20, 21, 26 Firstly, we 

synthesized spherical upconversion nanoparticles  (UCNPs) as the basic core (ie: 1:1 

AR ratio) according to our recent previous report.27 UCNPs were dispersed in 

cyclohexane, and capped with oleic acid molecules (OAH) and oleic acid ions (OA-) on 

their surface. Next, the UCNRs were prepared via a one-pot synthesis through a 

successive layer-by-layer hot-injection protocol. To generate and control longitudinal 

epitaxial growth of the UCNPs to the desired aspect ratios (ARs, which is width/length, 

W/L), we manipulated the ratio of OA- to OAH by adding KOH (to transfer more OAH 

Figure 2. Comparison of z-potential of original UCNPs with various ARs (including 1:1 
1:2, 1:3 and 1:4) suspended in cyclohexane and corresponding PEGylated UCNPs 
dispersed in MilliQ water at 1mg/mL. 
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into OA-) and together with alteration in synthesis time (is this correct, or was it only 

OA-/OAH ratio that was changed) this allowed us to generate UCNRs with tightly 

controlled ARs. Transmission Electron Microscopy (TEM) of these UCNRs (Figure 1a-

d) revealed UCNP cores (1:1 AR) of approximately ~26 nm diameter and UCNRs 

representing an ordered increase in AR (46nm, 75nm and 96nm). The size of the as-

prepared UCNPs was calculated using Image J software by randomly picking 100 

particles from their corresponding TEM images. The size distribution of UCNPs (see 

Figure S1) demonstrates that they all display relatively uniform size distribution.  

Next, we introduced a PEGylation surface modification to the UCNPs, to enhance the 

biostability of the nanoparticles.  Successful PEGylation was determined by measuring 

the Z-potential of the UCNPs in MilliQ water using a Zeta sizer (Nano ZS; Malvern 

Instruments, U.K.). The Z-potential measurements showed that the surface charge of 

unmodified UCNPs displayed a negative value (because of the presence of OA- ions) 

Figure 3. Comparison of the upconversion photoluminescent spectra of original 
upconversion nanoparticles, including spherical NPs, AR2 (W/L, 1:2), AR3 (W/L, 1:3) and 
AR4 (W/L, 1:2) in cyclohexane and their corresponding PEG-COOH functionalized 
UCNPs in water under excitation of a 980nm laser. (All nanoparticles are at the 
concentration of 1mg/mL)  
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and increased concordant with greater AR from -12.23mV (AR=1) to -6.01mV (AR=4). 

This may due to the decreased surface area of upconversion nanoparticles following the 

increase of ARs value at the same weight. Thus, the Z-potential increase along with the 

decrease of oleic acid ions (attached on the surface of original UCNPs) in the solution. 

Furthermore, the PEGylated UCNPs were negatively charged because of the carboxyl 

group at the terminal of grafted PEG on the surface of UCNPs. Specifically, the Z-

potential variation of UCNPs PEGylation with various ARs (including 1, 2, 3 and 4) 

were 9.75mV, 7.05mV, 5.48mV and 4.65mV. The decreased trend of PEGylated UCNPs 

Z-potential may also result from reduction of surface area of UCNPs with different ARs 

range from 1 to 4 at the same concentration (that means at the same volume). Therefore, 

these changes in the Z-potential demonstrated that the success of PEGylation to enhance 

the biocompatible (ie: water soluble) of UCNPs compared to original UCNPs with OA- 

on the surface.  

Evaluation of the effect of aspect ratio upon the photoluminescence spectral 

properties of UCNPs To verify the optical properties of UCNRs, the upconversion 

photoluminescence (UC PL) properties of UCNPs were detected under 1.6 W cm-2 

Figure 4. The emission intensity of single UCNPs of original AR2 with ARs of 1:2 (a) and 
PEGylated AR2 (b). Summary of single emission intension of spheres, AR2, AR3 and AR4 
under excitation of 980nm laser. Confocal microscopy quantitative measurement of whole 
spectrum luminescence emission of single  
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980nm laser excitation. As shown in Figure 3, the as-designed UCNPs showed emission 

at three distinct wavelengths at 475 nm, 700 nm and 800 nm, which correspond  to the 
1D → 3H , 46 3F2,3 → 3H6 and 3H4 → 3H6 transitions, respectively.(Figure 3)28 

Emission intensity was greatest at 800nm, indicating that the UNCPs have high tissue 

penetration spectral properties with low auto-fluorescence background (ie: minimal 

emission in the 350nm wavelength). Specifically, the emission at 800nm of AR1, AR2, 

AR3 and AR4 were 787774.5, 917590.7, 969811.3 and 1044412 (a.u.) respectively. 

Notably, the emission wavelengths were consistent for both PEGylated and non-

PEGylated UCNPS, the signal intensity was mildly reduced in PEGylated UCNPs, 

presumably because of the spectral interference caused by the PEG surface-coating. The 

reduction percentage of each type of UCNPs-PEG were 16.7%, 26.3%, 25.5% and 

28.6%, respectively. Importantly, the intensity of photoemission increased in a linear 

manner in accordance with the increase in AR of the UCNPs (from AR1 to AR4).  

Figure 5. Cytotoxicity evaluation of PEGylated UCNP (spheres), AR2 (ARs, 1:2), AR3 
(ARs, 1:3) and AR4 (ARs, 1:4) treated with NSC-34 neuron like cells across a broad 
concentration range (10, 50, 100 and 500 μg mL-1) for 24 h at 37 °C. A significant 
difference when compared to the most toxic AR4-PEG-COOH is indicated by “*P < 0.05 
and **P < 0.01”  



152    CHAPTER 5                                                                                                                 
 

Measurement of the photoluminescence intensity of single UCNPs We measured the 

brightness of individual UCNPs using a self-built confocal microscope (the illustration 

of system layout is shown in Figure S2). 19, 28 A 976 nm single mode diode laser was 

used as the excitation source, which focused onto the sample via a 100× objective lens   

(NA 1.4). The emission signal of the sample is collected by the same objective lens 

before being projected into an optical fiber. A Single Photon Counting Avalanche Diode 

(SPAD) detector connected to the collection optical fiber is employed to detect the 

emission intensity. As we expect there to be uniformity in the emission intensity for 

each individual UCNP from the same batch (based upon the tight consistency in UCNP 

Figure 6-1. Luminescent microscopy images of PEGylated UCNPs internalized by NSC-34 
cells and their corresponding Imaris software processed 3D single-cell images after 4 h 
incubation at 37°C (at the concentration of 50ug/mL): spheres (a), AR2 with ARs 1:2 (b), 
AR3 with ARs 1:3 (c) and AR4 with ARs 1:4 (d). Specifically, the left two rows of images 
represent original 2D and their magnified 3D single cell images. The right three columns of 
images showed the luminescent signal of each types of UCNPs, the cell membranes and 
their overlay. The average cell uptake value can be analyzed by collecting the volume of 
UCNPs inside the cells. 
 



CHAPTER 5                                                                                                                153 
 

size demonstrated in Figure S1), we can confirm the monodispersity of each sample. 

The brightness of each single particle was represented by a single Gaussian spot, with 

the maximum pixel value of each Gaussian spot representing the brightness of that 

individual nanoparticle. We found a linear increase in the brightness of individual 

UCNPs in accordance with the linear increase in their aspect ratio, providing an 

important baseline for subsequent visualization of individual UCNPs following cellular 

uptake. 

Cytotoxicity evaluation of PEGylated UCNPs with various ARs Prior to employing 

PEGylated UCNPs for in vitro imaging, the influence of the ARs on cytotoxicity against 

NSC-34 neuron like cells was observed at a concentration range from 10 to 500ug/mL 

via MTT (methyl thiazolyl tetrazolium) assay. Typically, the NSC-34 cells were not 

hindered by our spherical UCNP-PEG-COOH and AR2-PEG-COOH up to an extremely 

Figure 6-2. Luminescent microscopy images of PEGylated UCNPs internalized by 
hCMEC/D3 cells and their corresponding Imaris software processed 3D single-cell images 
after 4 h incubation at 37°C (at the concentration of 50ug/mL): spheres (a), AR2 with ARs 
1:2 (b), AR3 with ARs 1:3 (c) and AR4 with ARs 1:4 (d).  
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high concentration (500µg/mL) even after incubation for 24h, indicating the 

dramatically low cytotoxicity of spherical and short rod-like UCNPs in vitro compared 

to AR4-PEG-COOH (**P<0.01, Figure 5) However, AR3-PEG-COOH exhibited 

slightly more cytotoxic than AR4-PEG-COOH under the same concentrations due to the 

remarkably increasing length of rod up to 75nm (*P<0.05). Specifically, AR3-PEG-

COOH revealed a relatively high cytotoxicity at 500µg/mL concentration in NSC-34 

cells, leading to 25% decrease cell viability after 24h co-incubation in NSC-34 cells. In 

comparison of these four different ARs of PEGylated UCNPs, the longest AR4-PEG-

COOH showed most toxic, causing 30% reduction in cell viability after 24h incubation. 

Interestingly, the AR2-PEG-COOH revealed much less cytotoxicity (~90% cells 

survival) compared to AR4-PEG-COOH even at the highest concentration of 

500µg/mL(**P<0.01), indicating that ARs of 1:2 PEGylated UCNRs is a

 

Figure 6-3. Luminescent microscopy images of PEGylated UCNPs internalized by 
primary neurons and their corresponding Imaris software processed 3D single-cell images 
after 4 h incubation at 37°C (at the concentration of 50ug/mL): spheres (a), AR2 with ARs 
1:2 (b), AR3 with ARs 1:3 (c) and AR4 with ARs 1:4 (d).  
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preferable ARs for neuron like cellular internalization. In summary, the result of MTT 

assay suggested that the cytotoxicity reduced along with the ARs (from 1 to 2) of 

PEGylated UCNPs, while suddenly went up with ARs (from 3 to 4) of PEGylated 

UCNPs in NSC-34 cells. For the comparison, these different ARs of PEGylated UCNPs 

showing low to high cytotoxicity are in the order of AR2< AR1 < AR3 < AR4. 

Therefore, the result indicated that the ARs of 1:2 revealed the most readily and 

feasibility for NSC-34 neuron like cells uptake analysis and imaging investigation.    

Imaging of PEGylated UCNP uptake by NSC-34 cells, endothelial cells and 

primary neurons To investigate the influence of AR of PEGylated UCNPs on their 

cellular internalization, we acquired confocal microscope images of cellular uptake of 

the UCNPs in NSC-34 cells (neuron-like), hCMEC/D3 (endothelial cells) and primary

 

Figure 7. Optimization of incubation time of PEGylated UCNRs with various ARs 
(including 1:1, 1:2, 1:3 and 1:4) in NSC-34 cells and the quantification of cellular uptake. 
(a) 1h, 2h, 4h, 8h and 12h   Cell uptake analysis of PEGylated upconversion spheres and 
nanorods (AR2 with ARs 1:2, AR3 with ARs 1:3 and AR4 with ARs 1:4) incubated with 
NSC-34 cells across the time range (1h, 2h, 4h, 8h and 12h). A significant difference when 
compared to 1h-incubation time is indicated by “*P < 0.05, **P < 0.01 and ***P < 0.001”. 
(b) Relationship between cellular uptake of PEGylated UCNPs with various aspect ratio in 
NSC-34 cells, endothelial cells and primary neurons. A significant difference when 
compared to the UCNPs-PEG-COOH incubated with primary neurons is indicated by #P< 
0.05. (c) Summary of calculated PEGylated UCNPs internalized by NSC-34 cells, 
endothelial cells and primary neurons via Imaris software simulation.  
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neurons. (Figure 6-1, 6-2 and 6-3) The cultured cells were incubated with 50ug/mL of 

PEGylated UCNPs with varying ARs for 4h at 37 °C (5% CO2). (Figure 7a) Following 

fixation, the cell membrane was stained with deep red plasma membrane stain 

(excitation/emission 649/666 nm) and the nucleus was labelled with Hoechst dye 

(excitation/emission 350/461nm) and imaged by confocal microscopy (Zeiss 880). We 

identified that AR had a significant impact upon the endocytosis of PEGylated UCNPs. 

While the spherical UCNPs displayed some cellular uptake, AR2 UCNRs displayed a 

homogenous distribution and superior endocytosis by NSC-34 cells, hCMEC/D3 

endothelial cells compared to the spherical UCNPs and nanorods with different ARs (ie: 

AR3 and AR4). Furthermore, AR3 and AR4 UCNPs displayed substantial aggregation, 

leading to accumulation on the surface of cultured cells and lower uptake efficiency. 

Notably, all UCNPs displayed significantly lower uptake into cultured primary neurons, 

with AR2 UCNRs displaying the best uptake. As expected, PEG-coated UCNPs 

displayed superior uptake than unmodified UCNPs.   

Quantification of cellular uptake capability of the PEGylated UCNPs The 

incubation time was optimized respectively for further cellular uptake 

measurement.(Figure 7a) The cellular uptake efficiency of PEGylated UCNPs incubated 

with those three types of cells for 1 h is the least. Moreover, the 4 h-incubation time 

showed significantly different with 1 h-incubation treatment (***P < 0.001), indicating 

4 h incubation time gets much higher internalization efficiency compared with 1 h co-

incubation time. While, the incubation time of 8 h (**P < 0.01) and 12 h (*P < 0.05) 

demonstrated slightly better than 1 h. Therefore, 4h was chosen as incubation time in 

this experiment. To precisely quantify the uptake efficiency of PEGylated UCNPs with 

various ARs, we utilized high resolution z-stack confocal imaging and 3-dimensional 

(3D) rendering of their cellular distribution (Figure 7b and 7c) in NSC-34 cells, 

hCMEC/D3 brain endothelia cells and primary neurons. The volumetric 

rendering of PEGylated UCNP (green) internalized in an individual cell was 

regarded as the entire volume of UCNPs (Ventire). The cellular uptake efficiency 

was calculated by then specifically selecting the volume of PEGylated UCNP 

located within the single cell (Vinside) versus Ventire. With this protocol, we found 

that cellular uptake of PEGylated UCNPs by NSC-34 cells were obviously higher 

than the other two types of cells (endothelial cells and primary neurons). 
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Interestingly, PEGylated upconversion sphere, AR2 and AR4 revealed the 

cellular uptake efficiency in the order of NSC-34 cells > endothelial cells > 

primary neurons. However, PEGylated AR3 exhibited much higher cell 

internalization in NSC-34 cells than primary neurons and endothelial cells (AR3 

cellular uptake by in primary neurons is slightly higher than in endothelial cells). 

Typically, the endocytosis value of PEGylated AR2 was greater than spheres in these 

three types of cells. It demonstrated that the ARs (from 1 to 2) facilitated the 

internalization of PEGylated UCNPs.  However, the cellular uptake tended to 

decrease from ARs of 2 to 3. These results showed that AR2 display superior 

uptake capability to other ARs of PEGylated UCNPs. Totally, the ARs priority for 

cell bioavailability and cell uptake is AR2 > AR1 > AR3 > AR4. Thus, the result 

suggested that ARs of PEGylated UCNPs exhibited significantly impacts their cell 

internalization behavior. 

Conclusion 

In this study, we investigated the ARs influence during cellular internalization for 

further drug carrier design for neuron disease therapy. Specifically, we successfully 

fabricated a series of high lanthanide-doped β-NaYF4: 20%Yb, 4%Tm UCNRs with 

various ARs via one-pot hot-injection method, which enable the strictly control of 

longitudinal growth of UCNRs. These types of UCNRs were further modified with 

PEG-COOH, which was confirmed to be able to increase the biocompatibility of 

nanoparticles and their cellular uptake capability according to our previous work. 

Thereafter, we employed as model systems to investigate the effect of ARs on cellular 

uptake among endothelial cells, NSC-34 cells and primary neurons. The results showed 

that the ARs of PEGylated UCNRs play a significant role on cellular uptake capability. 

Specifically, the ARs of 2 is dramatically superior to other ARs for cellular 

internalization efficiency. In contrast, the highest ARs of 3.6 revealed the lowest cellular 

uptake capability and meanwhile provided the most toxic to the cells in this study. 

Importantly, the result also demonstrated that UCNRs with ARs of 2 process obvious 

higher cellular uptake efficiency than spherical upconversion nanoparticles with ARs of 

1. Therefore, the PEGylated UCNRs with aspect ratio of 2 have a bright future as a safe 

and high efficient drug carrier for further potential application in the therapy of 



158    CHAPTER 5                                                                                                                 
 

neurodegenerative diseases.      

Methods 

Reagents and materials Yttrium chloride hexahydrate (YCl3·6H2O), ytterbium 

chloride hexahydrate (YbCl3·6H2O), thulium chloride hexahydrate (TmCl3·6H2O), 

oleic acid (OA) and 1-octadecene (ODE), sodium hydroxide (NaOH), potassium 

hydroxide (KOH), ammonium fluoride (NH4F), 3-[4,5-dimeehylthiazol-2-yl]-2,5-

diphenyl tetrazolium bromide (MTT) and nitrosyl tetrafluoroborate (NOBF4) were all 

purchased from Sigma-Aldrich and used as received. Dulbecco's modified Eagle's 

medium (DMEM), EBM-2 basal medium, Hoechst 33342, Deep red plasma membrane 

stain, fetal bovine serum (FBS), penicillin-streptomycin, hydrocortisone, HEPES buffer 

and bFGF were obtained from Invitrogen Life Technologies (Mulgrave, 

Australia). PHSO-PEG3.5k-COOH was acquired from JenKem Co., Ltd. All reagents 

were of analytical grade and used without any further purification. 

Synthesis of Original NaYF4:20%Yb,4%Tm Upconversion Nanoparticle as the 

Core The core of high lanthanide-doped upconversion nanoparticles (spherical) were 

synthesized according to an oxygen-free protocol described in our previous work.29, 30 

Specifically, 0.76mmol YCl3·6H2O, 0.2mmol YbCl3 and 0.04mmol TmCl3·6H2O were 

added into a 100 mL two-neck round-bottom flask and was magnetically mixed with 

OA (6.5 mL) and ODE (15 mL). The mixture was protected with Ar flow and heated to 

150 ˚C for 30 min before cooling to room temperature (RT). 4mmol NH4F and 2.5mmol 

NaOH in 5 mL of methanol solution was added into the solution and kept stirring for 30 

min at RT. The reaction solution was slowly heated up to 110 ˚C and kept at 110˚C for 

30 min to remove methanol and water completely under the protection of Ar. Following 

with that, the mixture solution was quickly heated to 310˚C and reacted for 1.5 h. After 

the solution cooled down to RT, ethanol was added to precipitate the UCNPs. After the 

nanoparticles were washed with cyclohexane, ethanol and methanol (2:9:3, v:v:v) for 3 

times, the final NaYF4:20%Yb,4%Tm nanocrystals were re-dispersed in 10mL 

cyclohexane at 4°C for further use. 

Synthesis of the Original Upconversion Nanorod (UCNRs) with various ARs The 

longitudinal growth of NaYF4:Yb,Tm onto the core of NaYF4:Yb,Tm upconversion 
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nanoparticles was conducted with a one-pot through successive layer-by-layer hot-

injection approach modified from our previous work.31 In this work, to generate 

longitudinal epitaxial growth of upconversion nanoparticles, we increased the ratio of 

OA- to OAH by adding KOH to lead to the conversion of more OAH into OA- and to 

lead to form UCNRs with various aspect ratio (ARs, which is width/length, W/L). First, 

shell precursors were prepared. 0.76mmol YCl3·6H2O, 0.2mmol YbCl3 and 0.04mmol 

TmCl3·6H2O were added to a 50mL flask containing 6.5mL oleic acid and 15mL 1-

octadecene. The mixture solution was heated to 160 ˚C with protection of argon flow 

for 30 min to obtain a clear solution and then cooled down to room temperature (RT), 

followed by the addition of 4.0mmol NH4F, 2.5mmol NaOH and 2.0 mmol KOH in 8 

mL methanol. After stirring for 30 min at RT, the solution was heated to 80 ˚C with 

argon flow for 20 min to remove methanol, and then the react system was continually 

heated to 150 ˚C for another 30 min to remove water in the solution. Finally, the 

reaction solution was cooled down to room temperature and labeled as 1mmol 

NaYF4:Yb,Tm shell precursors for further use. For the longitudinal growth of 

NaYF4:Yb,Tm, 0.2 mmol NaYF4:Yb,Tm core particles in cyclohexane were added to a 

50 mL three-neck flask containing 1.3mL OA and 3 mL ODE. The mixture solution was 

heated to 160 ˚C under protection of argon flow for 30 min to remove cyclohexane, and 

then the solution was continually heated to 310 ˚C. Followed with that, 0.4 mmol of as-

prepared NaYF4:Yb,Tm shell precursors were injected into the reaction mixture at the 

speed of 0.1 mL per 10 min and followed by another 0.5 h reaction time at 310 ˚C. 

Finally, the formed solution was gradually cooled down to room temperature and the 

formed upconversion nanorods (AR=2) were purified according to the procedures 

employed for the purification of NaYF4:Yb,Tm core particles. For fabrication of 

UCNRs with other ARs, it can be conducted by controlling the ratio of shell precursors 

and seed, which is equally to the corresponding ARs value. 

PEGylation of as-prepared UCNRs with various ARs First, NOBF4 in 

dichloromethane solution was used to transfer each type of original UCNRs with 

various ARs from hydrophobic to hydrophilic via ligand exchange protocol 

according to the literatures.32, 33 Typically, 5 mL of 5mg/mL UCNPRs in 

cyclohexane was mixed with 5 mL of 0.01M NOBF4 in dichloromethane (DCM) 

solution at room temperature (RT). The mixture solution was shaken overnight to 
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transfer UCNPs from the upper cyclohexane layer to the bottom DCM layer. 

Then the formed intermediate of NOBF4-UCNRs were separated by 

centrifugation and were further purified by precipitation with toluene and 

cyclohexane (1:1 by volume). Thereafter, the purified NOBF4-UCNRs were re-

dispersed in DMF at the concentration of 10mg/mL. Then, take 200 μL of 

solution (~2mgUCNPs) into a glass bottle, adding 2mL absolute ethanol into the 

glass bottle. Followed by adding 10 mg PEG dispersed in 1 mL water. The 

mixture solution will become cloudy. Then add water (~3mL) until solution 

become clear and keep stirring for 48 h. Finally, the UCNRs-PEG-COOH were 

washed by water for 3 times. 

Size, Zeta Potential and Emission Spectrum Measurements The as-synthesized 

UCNRs were confirmed with transmission electron microscopy (TEM). 10ul of 

UCNRs in cyclohexane was added on a formvar-coated copper grids, and was 

determined with a Philips CM10 TEM with Olympus Sis Megaview G2 Digital 

Camera after it dried. Furthermore, ImageJ freeware was used for the UCNRs 

size distribution analysis. Moreover, the zeta-potentials of PEGylated UCNRs 

were measured using a Zeta sizer Nano ZS (Malvern Instruments, U.K.) at 25°C 

in MilliQ water (at the concentration of 1mg/mL). The HORIBA Scientific 

FluoroLog spectrofluorometer with the 980nm laser excitation was employed to 

measure the emission spectrum of the PEGylated UCNRs with various ARs.  

Cell imaging with confocal microscopy PEGylated UCNRs at the concentration of 

0, 20, 50, 100, 500μg/mL were incubated with endothelial cells, NSC-34 cells 

and primary neurons at 37 °C for 4 h under 5% CO2, respectively. After rinsing 

with PBS for three times, cells were further fixed in 4% paraformaldehyde for 0.5 

h at room temperature. Thereafter, the fixed cells were washed with PBS and then 

were stained with 2uM Hoechst 33342 and 1.5X deep red plasma membrane for 

10min at 37°C in dark. The stained cells were washed with PBS and mounted 

with mounting media before the coverslips were sealed with nail polish. The cells 

without UCNRs-PEG-COOH incubation served as the blank control. Confocal 

microscopy measurement was conducted to confirm the location and uptake 

efficiency of the UCNPs using a confocal microscope (ZEISS LSM 880 with 
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Airyscan) illuminated with a 980-nm laser module. The oil-immersions of 40 

and 100 objectives were employed in this measurement process. The excitation 

intensity of 980nm laser was set to 9.8107W/cm2. For each type of cell 

incubation with PEGylated UCNRs (including various ARs 1, 2, 3 and 4), a 

minimum of three different cell areas was imaged. 

Quantification of uploaded PEGylated UCNRs in cells The cellular uptake of 

PEGylated UCNRs with various ARs was quantitatively measured with the Imaris 

analysis software. For each cell-cultured glass slide, a minimum of three different 

cell regions was imaged. For the image analysis, the label of cell nuclear and 

membranes were used to distinguish single cell and cell cluster within the 

excitation spot. The resulting PEGylated UCNRs signals were quantified as a 

mean signal value per area, which was the measurement of the mean cellular 

uptake capability of PEGylated UCNRs. The relative intensity of PEGylated 

UCNRs photoluminescent signal was recorded and normalized with respect to the 

largest cellular uptake level observed (PEGylated UCNRs with ARs 1:2), which 

was set to 100%. 

Cell Cytotoxicity Assay To detect the cellular cytotoxicity of PEGylated UCNRs in 

endothelial cells, NSC-34 neuron like cells and primary neurons, 3-[4,5-

dimethylthiazol-2-yl]-2,5-diphenyltetrazolium-bromide (MTT) proliferation assay was 

employed in this study. The MTT assay is based on the approach firstly described 

by Mossmann (1983).34 The assay was modified for the cell lines used in the 

experiments.  Typically, 200μL of 1.0 × 104 cells/mL hCMEC/D3 endothelial cells (or 

NSC-34 cells or primary neurons) were seeded into each well of a 96-well microplate 

with cell cultured medium and incubated for totally 24h at 37 °C. Thereafter, the cell 

culture media was replaced with another 200uL fresh cell culture media containing 

increasing PEGylated UCNRs concentrations (0, 1, 10, 20, 50 and 100mg/ml). Then the 

plates were further incubated for another 24 h before 10uL of 5.0 mg/mL MTT in 

phosphate buffered saline was added into each well for detection of cell viability. 

Followed with that, the cells were incubated at 37 °C for 4 h to form the insoluble 

purple formazan crystals. Thereafter, the supernatant was carefully removed before 

150uL dimethyl sulfoxide was added into each well and incubated for 2h in the dark at 

http://www.sciencedirect.com/science/article/pii/S0378427405001967#bib21
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room temperature. Ultimately, the absorbance was recorded using the Biotek Microplate 

Reader (Biotek, U.S.A.) at a wavelength of 570 nm.34, 35 The cell wells without 

PEGylated UCNRs treatment as control were assumed have 100% viability. Therefore, 

the PEGylated UCNRs treated viable cells percentage was calculated based on the 

absorbance of the control cultures. 

Luminescent Intensity of Single PEGylated UCNRs To further confirm the optical 

property of each ARs of PEG-UCNRs for quantification use, the comparison of 

luminescent intensity of single PEG-UCNPs with various ARs was conducted in this 

study. 100uL of 0.5mg/mL PEG-UCNPs in water were used to rinse the coverslip, then 

it was upside down attached on a glass slide and sealed with nail polish after the 

coverslip was dried. The luminescent intensity of ARs of PEG-UCNRs were confirmed 

by homemade microscopy with a built-in 980nm laser. The intensity of each ARs of 

PEG-UCNRs were measured 3 times and the average value was obtained for 

comparison.          
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Figure. S1 The size distribution characterization of the unmodified UCNPs with various ARs. 
a) Sphere, b) AR2, c) AR3, d) AR4.  

 
 

 
 
 

Fig S2. Schematic illustration of the system setup for customized scanning confocal 
microscope.   
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5.3  Remarks of Manuscript 3 

The key findings of this manuscript: (i) A series of lanthanide ions-doped 

upconversion nanrods with various ARs (2, 3, and 4) were designed and fabricated via a 

one-pot hot-injection method that allowed for the precise control of longitudinal growth 

of core-shell structure from an original spherical UCNP; (ii) It was found that nanorods 

with an AR=2 displayed superior cellular uptake by NSC-34 neuron like cells, primary 

neurons and hCMEC/D3 brain endothelial cells; (iii) A confocal microscopy protocol 

was developed for single-nanoparticle characterization. 

Limitations and future directions: While it was clearly demonstrated that nanorods 

with an AR=2 displayed the best cell uptake capability in this study, it is recognised that 

altering AR significantly changes the size and volume of UCNPs. Therefore, it is 

difficult to separately study the effect of AR and volume/size upon cell uptake. In order 

to solve this problem, future studies will need to fabricate a variety of nanoparticles 

with different size but same shape (or same volume with different AR) to compare the 

influence extent of shape, size and ARs upon cellular uptake capability.  

Alternatively, another way to solve this challenge is to use coarse-grained molecular 

dynamic (CGMD) simulations to mimic the interaction of nanoparticles of various AR, 

size and shape with the cellular membrane. Such simulation studies can then be 

correlated with experimental cell culture studies.  

This Chapter presents a protocol for single-nanoparticle characterization, which can be 

used in future for studies that investigate the precise mechanisms that regulate 

individual UCNP cellular uptake. 
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Chapter 6: Summary and Future Scope 

6.1 Summary 

The mortality rate of Alzheimer’s disease, the most common type of the central nervous 

system(CNS) has increased 68% over last few years ,[1] leading to become the sixth 

highest cause of death in the United States five years ago.[2] Meanwhile other types of 

CNS disorders including Parkinson’s disease, strokes and brain cancer also desperately 

need an effective and noninvasive therapy.[3, 4] A key challenge to treat these CNS 

diseases is the existence of blood-brain barrier, which is supposed to protect the brain 

from noxious agents, however as a consequence also hinders about 99% of drugs from 

crossing the BBB to enter the CNS.  

Several strategies have been utilized to deliver drugs across this barrier, however some 

of these methods may damage the structure of the BBB by forcibly opening it to allow 

the uncontrolled passage of drugs. Therefore a preferable method is to transport drugs 

across the BBB in a controllable manner that does not damage the barrier. Nanoparticles-

based drug delivery strategies provide one approach to achieve this goal, because they 

have numerous advantages including tunable biophysical properties including surface 

engineering, size and shape leading to various biological response (like biodistribution, 

biocompatibility and clearance) in the biological environment.  

In recent years, lanthanide-doped upconversion nanoparticles (UCNPs) have received 

attention due to their unique and outstanding properties, including non-photobleaching, 

low auto-fluorescence and tunable size and shape. Furthermore, upconversion 

nanoparticles are photoactivatable in near-infrared (NIR) light to produce emission at 

multiple visible light wavelengths and even NIR light, leading to exhibit deep tissue 

penetration capability for tracking and bioimaging in deep tissues. Therefore, this thesis 

employed the Ln3+-UCNPs as a versatile platform to explore the roles of biophysical 

characteristics such as nanoparticle surface, shape on BBB penetration in vitro and in 

vivo for providing a guideline to future construction of multifunctional nano-carrier for 
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neurodegenerative diseases therapy. The main results of this PhD work can be 

summarized below: 

(I) An upconversion nano–bio surface evaluation platform was established for the first 

time, based upon the surface modification of a new generation of UCNPs, evaluated in 

vitro with cultured NSC-34 neuron-like cells and in vivo with living zebrafish, to 

systematically determine the optimal biophysical characteristics of UCNPs for future 

theranostic applications in the central nervous system (CNS)[Chapter 3]. First, I 

synthesized high lanthanide-doped UCNPs (β-NaYF4:20%Yb,4% Tm, Ln3+-UCNPs) 

with tissue penetrative emission at wavelength of 800 nm. New methodologies (described 

in Chapter 2) were developed to modify these Ln3+-UCNPs with various surface 

engineering strategies, leading to form four popular hydrophilic surfaces which are OA-

free, DNA, solid silica layer coating with amino group and PEG-COOH for systematic 

evaluation. Second, I compared the biophysical characteristics of the functionalized 

UCNPs such as luminescence spectral properties and brightness, size, surface charge, 

aqueous stability and cytotoxicity with cultured neuron-like cells. Subsequently, I 

evaluated cellular uptake by the cultured NSC-34 neuron-like cells and bio-distribution 

of the surface-modified Ln3+-UCNPs in living zebrafish by using confocal microscopy 

and Imaris software. Through this evaluation workflow, it was found that the surface 

priorities for NSC-34 cells are PEG-COOH > DNA > OA- free > silica-NH2 in terms of 

stability, low cytotoxicity and high cell uptake efficiency in vitro and in vivo. Finally, I 

confirmed that PEG is a preferable surface among other surface modification approaches 

for nanoparticle applications in the nervous system via evaluating the dispersion and 

bioavailability of those modified Ln3+-UCNPs in the spinal cord of living zebrafish. This 

provides significant information towards future design of nanoparticle-based 

theranostic applications in CNS disorders. 

(II) The second major outcome of this PhD study was that numerous types of transferrin-

coated upconversion nanoparticles (Tf-UCNPs) with various morphologies, such as 

sphere, rod, disk and dumbbell with similar size were designed to investigate the effect 

of nanoparticle shape upon cellular endocytosis and import across the blood-brain barrier 

and into the brain. I compared the biophysical characteristics of the functionalized UCNPs 

including particle morphology, surface conjugation, UVvis absorbance and cytotoxicity. 
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Furthermore, I investigated the cellular uptake and BBB penetration of these Tf-UCNPs 

with cultured hCMEC/D3 brain endothelial cells and microinjection into the bloodstream 

of living zebrafish, employing confocal microscopy and Imaris software to quantification 

analysis. The results revealed that rod-shaped Tf-UCNPs were the superior shape to 

mediate low cytotoxicity and maximal cellular uptake in comparison to three other shapes 

of UCNPs  namely sphere-, disk- and dumbbell-shapes. In addition, transferrin 

significantly improved the cellular uptake efficiency of the UCNPs by the brain 

endothelial cells. Zebrafish were employed to study the BBB penetration ability of 

nanoparticles in vivo, where it was identified that rod-shaped UCNPs are the most 

suitable and appropriate morphology for BBB permeation compared to other shapes (such 

as spherical, disc and dumbbell-like). In conclusion, this provides important information 

and guideline for structure design of high-efficiency nanoparticle-based vector to delivery 

drugs across the BBB for neurodegenerative disorder therapy. 

(III) The third key outcome is that a series of PEGylated lanthanide-doped unpconversion 

nanorods (Ln3+-UCNRs, NaYF4:20%Yb,4%Tm) with various length/ width aspect ratios 

(ARs = 2, 3 and 4) was generated with a modified protocol (optimization of this 

fabrication process is described in Chapter 2) and their cell uptake capability were 

systematically evaluated in the cultured hCMEC/D3 brain endothelial cells and neurons 

(NSC-34 neuron-like cells and primary neurons). Typically, nanorods with an AR = 2 

displayed superior cellular uptake ability and lower cytotoxicity than nanorods with other 

ARs or spherical PEGylated Ln3+-UCNPs. In particular, PEG-UCNRs with greater length 

75nm (AR=3) to 96nm (AR=4) showed decreased cellular uptake and increased 

cytotoxicity in all three types of cells. Furthermore, a protocol was developed and 

optimized to visualize single UCNPs within cultured cells - using this approach it was 

possible to confirm that while UCNRs with AR=2 do not appear to aggregate, UCNRs 

with AR=3 or 4 demonstrate significant aggregation. Through this study, I have identified 

that the ARs of UCNPs provides substantial control over their cellular uptake properties, 

providing significant information for future optimization of UCNP-based drug carriers 

for use to treat CNS diseases. 

6.2 Future Scope 
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I believe this work has presented a solid body of knowledge for understanding the effect 

of biophysical properties such as surface functionalization, shape and aspect ratios of bio-

nano hybrids on the BBB permeation properties of Ln3+-UCNPs. To the best of my 

knowledge, this is the first study that has been undertaken to systematically evaluate how 

the biophysical properties of high lanthanide-doped UCNPs effects their cellular uptake 

and BBB penetration. Importantly, the outstanding chemical and physical advantages of 

UCNPs including photo-stability, absence of auto-fluorescence and their excellent ability 

to penetrate light in tissue brought a lot of simplicity and convenience during this study. 

For instance, the optical properties of these UCNPs enables them to be used directly as 

an imaging probe without further functionalization, and their permanent photo-stability 

make it possible for long-term 3-D imaging without fear of photo-bleaching, which is 

quite superior to equivalent imaging probes that rely upon a fluorescent dye that rapidly 

bleaches. The results of this study provide significant guidance for future construction of 

UCNP-based nanocomposites for diagnosis and CNS disorders therapy. There are a 

number of future directions that can expand upon this knowledge. Here, I will provide 

opinions on future directions of UCNP-based drug delivery based on the outcome of this 

PhD study and extend to overcome the challenges remained for CNS diseases therapy. 

(i) Imaging Probe. Due to their unique optical properties, UCNPs have potential to 

achieve long-term real-time tracking of processes such as cellular endocytosis and BBB 

model penetration. Such applications require high luminescent intensity for the small-

sized Ln3+-UCNPs. However, luminescent intensity generally increases dramatically with 

the increasing size of nanoparticles, not only because of the surface quench, but also the 

smaller-sized UCNPs possess fewer photons in each particle. Therefore, it is a great 

challenge to fabricate high sensitivity but small (so that they are biocompatible) Ln3+-

UCNPs with dense photon nanocrystals. This thesis has developed a modified technique 

that can tightly control the size of nanoparticle through modification of the heating-up 

speed, making it possible to fabricate small-sized Ln3+-UCNPs with high quality and 

optical sensitivity for single nanoparticles tracking in the living endothelial cells for 

unveiling underlying mechanisms of interactions between BBB and nanoparticles. 

(ii) Drug delivery. The drug loading capability is a crucial factor for the efficacy of 

various pharmaceutical payload and improve the solubility, stability of the drugs.[5] 
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Combined with the finding from this study, I can further utilize PEGylated Ln3+-UCNRs 

with AR=2 (width = 26nm, length = 50 nm) as a vector to load drugs and test their drug 

delivery capability. In order to increase the drug loading efficiency, there are three 

methods:  

(a) “Hydrophobic pocket” is for loading hydrophobic therapeutic agents, the 

hydrophobic-hydrophobic interaction between the hydrophobic ligand on the particle 

surface and the drugs.[6]  

(b) Mesoporous silica layers. Drugs are deposited in the pores of mesoporous silica shells 

coated onto the surface of UCNPs. The mesoporous in the silica shell have a high surface 

area and large pore volume,[7, 8] enabling it to accommodate large amount of drugs.[9]  

(c) Hollow sphere with mesoporous surface. In the third method, drugs are loaded into a 

hollow UCNP with a mesoporous shell. The hollow structure enables adequate levels of 

drug loading while maintaining UC PL imaging ability.[10, 11] 

Future studies should investigate which method can most effectively improve the drug-

carrying capacity of Ln3+-UCNPs. 

(iii) Targeted Functionalization. Typically, the smaller biocompatible Ln3+-UCNPs 

(within 50nm) need to be targeted functionalized with “stealth” character and bypass the 

nonspecific organ uptake and monocyte- macrophage system scavenging for improving 

blood circulation and targeting efficiency in the body. Meanwhile, the sensitivity of 

measurement and analysis will profoundly benefit from the increasing targeted efficiency. 

Therefore, I can go deeper to localize the UCNPs when they passed the BBB and enter 

into the brain. 

(iv) Nanotoxicity of Lanthanide UCNPs. Nanotoxicology studies and safety assessment 

are significant and essential for developing UCNPs for clinical applications. This covers 

nanoparticle distribution and transformation, clearance and any induced changes of the 

organs or tissues both at macroscopic and microscopic levels. However, this part of study 

has not been investigated in this project. Therefore, in future studies, the biodistribution 

and clearance of Ln3+-UCNPs in zebrafish or rats needs to be investigated. In addition, it 

was found that aggregation of Ln3+-UCNPs in biological media was common and this 



SUMMARY AND FUTURE SCOPE                                                                           173 

affects cellular uptake capability. This is likely to be related to the interaction of Ln3+-

UCNPs with proteins to form a protein corona. Therefore future studies should seek to 

characterize the protein corona, and understand how it influences UCNP bioactivity.  
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