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This is a conventional thesis with five chapters (illustrated by the flow chart below).  

 

Chapter 1 is an introduction chapter, including a comprehensive literature review. The 

motivation, background, specific aims, and advances made in biomarker detection, optical 

sensors and upconversion nanoparticles are discussed in details within this chapter.  

 

Chapter 2 is the first result chapter to identify the most suitable ligand molecule for surface 

modification, and the result Chapters 3 and 4 are parallel investigations of optical 

biosensors for DNA and protein biomarker assays, and in progressive relation of Chapter 2. 

Each result chapter follows a paper-publication style, including introduction, experimental 

section, results and discussion.  

 

Chapter 5 first summarizes the key research outcomes of this thesis, followed by a 

discussion of the future prospects using upconversion biosensor in molecular biomarker 

testing. 
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Abstract 

 

Developing sensitive, specific and user-friendly biosensors in order to detect and quantify 

disease-related molecular biomarkers, is highly significant for early stage diagnosis in the 

clinic. Current optical biosensors have limitations due to high auto-fluorescent background 

noise, low detection sensitivity, and are labour intensive.  

  

This thesis explores the surface properties of upconversion nanoparticles (UCNPs), along 

with identification of a suitable surface modification ligand, which ultimately results in the 

development of a set of optical biosensors for use in the detection and quantification of 

both nucleic acid and protein molecular biomarkers for diagnostic purposes. This project 

has employed UCNPs as a new generation optical nanomaterial for biosensing applications, 

which have the distinct advantage of eliminating background interference arising from 

auto-fluorescence. This favourable advantage comes from the physicochemical properties 

of the UCNPs as they stepwise absorb near-infrared photons and emit anti-Stokes visible 

luminescence within a narrow spectral bandwidth. This project further explores the use of 

UCNPs in luminescence resonance energy transfer (LRET) to simplify biomolecular 

assays, as their distance-dependent energy transfer properties can be exploited to avoid 

tedious washing steps, resulting in simplicity by saving both labour and analytical time. To 

realize this, an enzyme-assisted signal amplification technique has been applied to further 

improve the detection sensitivity of trace amounts of nucleic acids. 

 

The research program reported herein involves three core projects with three key 
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techniques successfully implemented: the first project contains a systematic and 

comparative study on the colloidal stability and biocompatibility of hydrophilic UCNPs 

capped with four ligands. In this project, a newly designed polymer ligand have been 

identified to form highly water stable and biocompatible UCNPs (Chapter 2); the second 

project reports an Exonuclease III-assisted upconversion resonance energy transfer in a 

wash-free suspension DNA assay. Using this approach, an ultra-high sensitivity assay with 

a detection limit of 15 pM of DNA has been achieved. This assay has achieved one order of 

magnitude higher sensitivity compared to conventional LRET DNA assay systems using 

UCNPs (Chapter 3); the third project introduces UCNP based resonance energy transfer for 

immunoassay of glypican-1 (GPC-1), as a molecular biomarker for prostate cancer 

diagnosis. In this system, a rational core-shell structure of UCNPs was designed to increase 

the on/off ratio of detection, and a bispecific antibody was used to improve immune-affinity 

and simplicity. As a result, a labour-saving, specific and rapid optical biosensor to detect 

the prostate cancer-relevant GPC-1 biomarker has been demonstrated (Chapter 4).  

 

Several advances in biosensor development have been achieved and reported in this thesis, 

and further developments are still required towards real world applications. By the end of 

this thesis, the simplicity of detecting devices and exploitation in point-of-care application 

are further discussed, which present an array of new opportunities for biomarker assays 

(conclusions and perspectives Chapter 5).  

 

Key words: biomarker assay, upconversion nanoparticles, surface modification, 

luminescence resonance energy transfer, signal amplification. 
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CHAPTER 1 

 

Introduction 

 

This PhD thesis focuses on developing optical biosensors for application in disease 

diagnosis, using upconversion nanoparticles (UCNPs) as probes for molecular biomarker 

detection and quantification. This introductory chapter serves to provide a clear 

description about the motivation behind the plan. It includes the significance of 

biomarkers in diagnosis, challenges in current optical biosensor development, the current 

applications of UCNPs in luminescence resonance energy transfer (LRET) technique for 

molecular biomarkers detection and quantification, and the advantages of upconversion 

LRET in combination with advanced enzyme-assisted signal amplification technique and 

bispecific antibody technique for nucleic acid and protein biomarkers detection and 

quantification.  

 

1.1 Biomarkers 

1.1.1 Definition of Biomarkers 

‘Biomarker’, a term coined as a portmanteau of ‘biological marker’, has been defined by 

Hulka and colleagues1 in 1990 as ‘cellular, biochemical or molecular alterations that are 

measurable in biological media such as human tissues, cells, or fluids.’ As biomarker 

research has expanded over the past decades, so too did the ambiguity of naming and 

terminology within the biomarker literature. This uncertainty over the specific definition 

of a biomarker, prompted the National Institutes of Health to form the Biomarker 

Definitions Working Group to alleviate this growing confusion and provide clarity to 
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scientists within the field. Thus, in 2001, an authoritative definition for a biomarker was 

proposed by this special group which states that: ‘a biomarker is a characteristic that is 

objectively measured and evaluated as an indicator for normal biological process, 

pathogenic process, or pharmacologic response to a therapeutic intervention2’. More 

recently, the definition has been further extended to a broad subcategory of medical signs, 

which can be accurately and reproducibly measured as objective indications of a medical 

state observed from outside the patient3.  

 

1.1.2 Significance of Biomarkers 

Biomarkers play a critical role in deepening our understanding of both normal and healthy 

physiology as well as in improving the drug development process, so they are popular in 

epidemiological4 and therapeutic5 studies. Biomarkers can be considered as helpful tools 

or technologies aiding in understanding the prediction, cause, diagnosis, progression, 

regression, or outcome of treatment of diseases6. Particularly, the application of 

biomarkers in the diagnosis and management of major diseases are well known, such as 

cardiovascular disease5,7, infections8, immune disorders9 and cancers10. By monitoring 

biomarkers’ behaviours, it is possible to comprehend the entire progress of disease from 

very early manifestations to the terminal stages. What’s more, when used as outcomes in 

clinical trials, biomarkers are considered to be surrogate endpoints; that is, they act as 

surrogates or substitutes for clinically meaningful endpoints. It is advocated by the FDA 

that it is  necessary to use biomarkers in basic and clinical research as surrogate outcomes 

in large trials of major diseases11. Figure 1.1 shows an example of various biomarkers in 

clinical use for colorectal cancer (CRC)12. 
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Figure 1.1 Circulating biomarkers in CRC patient (A) and the clinical application of 

liquid biopsy (B). Reprinted from Ref.12. 

 

1.1.3 Classification of Biomarkers 

According to Perera and Weinstein, biomarkers can simply be classified into two major 

types based on the sequence of events from exposure to disease: biomarkers of exposure 

are used in risk prediction; biomarkers of disease are used in screening, diagnosis and 

monitoring of disease progression4. When a disease is suspected of resulting from a toxic 

exposure in an individual immediate environment, direct measurement of the degree of 

alleged toxin in air13, water14, soil15, or food16 can provide indicative value for estimating 

the individual susceptibility to disease. However, the external dose measured sometimes 

provides the basis to understand the relationship to the disease process. The measurement 

of internal dose from the tissues or body fluids of the suspected individuals, such as blood, 

urine and cerebrospinal fluids may provide more accurate information for screening, 

diagnosis and prognosis17-19. More recently, biomarkers have been defined into six 

categories in more detail in light of their contribution to clinical research20, namely: (1) 

biomarkers for risk-predicting whether an individual is predisposed to developing any 

physiological disorder; (2) biomarkers for diagnosis/trait-reflecting the possibility and 

presence of disease state; (3) biomarkers for state/acuity-reflecting the severity of a 
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particular disease process; (4) biomarkers for stage-reflecting extant staging classification 

allowing categorization of an individual’s present stage of illness; (5) biomarkers for 

treatment response-as an index and signal of certain treatment; (6) biomarkers for 

prognosis-predicting the likely course and outcome of an illness.  

 

On the other hand, based on their characteristics, biomarkers can also be classified into 

physiological biomarkers, like blood pressure or heart rate, and molecular biomarkers, 

like prostate specific antigen for prostate cancer. More recently, molecular biomarkers are 

becoming synonymous for the various biomarkers currently being pursued, including four 

major types - DNA, RNA, protein and small chemicals21 (Figure 1.2). 

 

 

Figure 1.2 Classification and examples of molecular biomarkers. Reprinted from Ref.21. 
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1.2 Current Biosensors of Molecular Biomarker Detection  

Development of reliable and practical techniques for biomarker monitoring is urgently 

needed in order to transfer laboratory-technique to clinic application. The rapid growth 

of molecular biology and laboratory technology has expanded to the point at which the 

application of technically advanced biomarkers will soon become even more feasible. As 

for the composition of biomarkers, it includes protein, nucleic acid, enzyme, heavy metal, 

cell and small chemical17,22-25. Among this group, protein and nucleic acid based 

biomarkers attract most popularity and attention. In this thesis, the focus will be mainly 

on development of optical biosensors for nucleic acid and protein based biomarkers 

detection. Thus, here, we emphasize current methods for these two molecular markers. 

 

1.2.1 Nucleic Acids 

ctDNA. Dating back to 1948, was the first time that Mandel and Metais reported the 

presence of cell-free nucleic acids (cfNA) circulating in blood plasma of healthy 

individuals and patients26. However, at that moment, due to the lack of clear 

understanding about cfNA, their work did not attract much attention. It was not until 1994 

that the importance of cfNA was recognized, when it firstly reported the presence of 

mutated oncogene products (K-ras) in the plasma of pancreatic cancer patients27. 

Nowadays, it is an agreed consensus that increased levels of cfNA circulating in patients’ 

blood can act as a useful indicator in diagnosis of various kinds of diseases, especially 

cancer. Over the past decade, increasing attention has been paid to cfNAs (such as DNA, 

mRNA and microRNA (miRNA)) whose presence at high concentration in the blood of 

cancer patients, and their potential values in clinical research was broadly highlighted28. 

Circulating tumour DNA (ctDNA) released by circulating tumour cells (CTCs) into the 

circulation and found in the plasma of cancer patients with increased quantities compared 
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with healthy people, is a potential biomarker to detect and monitor tumours in a non-

invasive way29,30. It has been fully considered that ctDNA contains oncogenes, and 

clinical data demonstrate that these oncogenes are identical to those found in the tumour 

tissue sample from the same patient31-33. However, at the early stage of cancer, the number 

of CTCs is very low, usually around one to ten CTCs together with several millions of 

blood cells34,35, that means the amount of ctDNA released from CTCs is extremely low. 

Thus, developing highly sensitive biosensor strategies are urgently needed for measuring 

ctDNA markers at ultralow levels during early stages of disease. 

 

Signal amplification. Conventional nucleic acid quantitative detection based on 

hybridization assays, usually provide insufficient sensitivity to detect target nucleic acid 

existing in low abundance below the picomolar level. To overcome this challenge, a 

variety of target-triggered signal amplification techniques have emerged recently, 

providing ultrahigh sensitive and quantitative performance for nucleic acid detection. 

They exploit repeated reaction cycles to duplicate the specific targets or target-dependent 

complexes for continuous signal generation.  

 

Polymerase chain reaction (PCR), developed by Kary Mullis in 198336, is a nucleic acid 

amplification technique, whereby a few copies or a small fraction of DNA are amplified 

in orders of magnitude, to generate thousands, or even millions of copies of the target 

DNA sequence to achieve substantially enhanced signal output. PCR methods rely on 

thermal cycling, with a heat-stable DNA polymerase necessarily employed. In addition, 

it needs highly experienced operator and very sophisticated temperature-controlled 

machine. Thus, as for this stringent reaction condition, PCR-driven techniques are not 

ideal for developing user-friendly point-of-care devices.  
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Other enzyme-assisted signal amplification techniques through amplifying the target 

DNA-dependent complexes at room temperature to generate substantial measurable 

signals can also achieve high detection sensitivity in nucleic acid assays37-39. Such 

isothermal approaches can avoid interferences from primer dims and cross-contamination 

as well as costly equipment for precise temperature control, in comparison with PCR. 

These methods rely on special approaches capable of releasing the target DNA sequence 

after hybridization, often through enzymes that can recognize and manipulate specific 

sites of DNA, such as exonuclease, endonuclease and polymerase. The released target 

DNA is then recycled to bind to other complementary DNA probes repeatedly, leading to 

the accumulation of signal over time. As for different enzymes’ functions, the strategies 

of processing the target DNA recycling are different: the strategy using exonucleases is 

to digest nucleotides in the binding sites from the end of the complementary DNA probe 

in a duplex without damaging the target DNA sequence; the strategy using endonucleases 

is to nick and remove a small part in the middle of the complementary DNA probe, 

resulting in reduced binding affinity with target DNA sequence; the strategy using 

polymerases is to produce a new DNA strand possessing stronger binding affinity with 

complementary DNA probe, to replace the target DNA sequence. Usually, the application 

of endonuclease is not a good option for developing general methods, for most of the time, 

it requires very specific sequences that matches the enzyme’s recognition quite well. 

However, most targeted sequences do not have that specific sequences. In comparison, 

using exonucleases is much more flexible, by adjusting the design of probe-DNA to meet 

the requirement of either 3’ or 5’ end of the formed duplex. 

 

Target DNA-triggered signal amplification assisted by Exonuclease III (Exo III) enzyme 
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for ultrasensitive quantitation of DNA has been extensively developed and applied37,40. 

Exo III has a double-strand specific, non-processive 3’-5’ exo-deoxyribonulease activity 

that produces a step-by-step mononucleotide removal from the 3’-end of DNA. However, 

if the 3’-end of the DNA overhangs by more than four bases in length, it can be protected 

from Exo III activity41. Typically, the mononucleotides of designed probe DNA can be 

stepwise removed without damaging the target DNA sequence. Like the assay shown in 

Figure 1.3, in addition of target DNA, the formed double stranded DNA are recognized 

by Exo III. Subsequently, only the probe DNA with 3’-end exposed outside can be 

digested by Exo III, and the modified dye at 3’-end are released from probe DNA during 

the digestion. The intact target DNA goes to the next probe DNA to form another duplex, 

triggering the cycle. In this case, many fluorescent dyes are released from probe DNA to 

be taken as the loss of signal just induced by one target DNA, and the signal amplification 

can be realized. In this thesis, this selective nucleotide digestion feature has been 

exploited in Chapter 3 to significantly enhance the limit of detection in upconversion 

LRET DNA assay. The obtained experimental LOD value is 15 pM, one order of 

magnitude enhanced sensitivity of DNA detection, compared to the conventional DNA-

DNA direct hybridization upconversion LRET assay42-45. 
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Figure 1.3 Scheme of Exo III based target recycling coupled to amplified flow cytometry 

DNA bead assay. Reprinted from Ref.40. 

 

1.2.2 Protein Antigens 

In the development of diagnostic tests, an alternate approach is based on a panel of protein 

biomarkers, those are detectable in body fluids and tissues and can be used to differentiate 

among diseases with population-wide robustness. Protein biomarkers play a significant 

role in the diagnosis of several major diseases, such as Alzheimer’s disease (AD)17,46, 

cancer47, and cardiovascular disease48.  

 

Immunoassays. Protein-based detection techniques, commonly referred to as 

immunoassays, determine the presence of a specific protein, or even the amount of protein 

in samples. The most crucial element of the detection strategy is a highly specific 

antibody-antigen interaction. Immunoassays used jointly with other techniques have 
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demonstrated excellent progress for the development and application of protein 

biosensors49. Protein biosensors are comprised of two closely associated elements: a 

biological recognition element (enzyme, antibody, receptor, microorganism, nucleic acids) 

and a transducer (electrochemical, mass, optical and thermal). This fabrication can realize 

the specific detection via specific binding affinity between target protein with recognition 

element, and also the conjunction of the signal transducer can provide a relatively high 

sensitive outcome50. The most famous immunoassay is enzyme-linked immunosorbent 

assay (ELISA)51. It is a plate-based technique designed for detecting and quantifying 

protein-structure based substances. In direct ELISA, target antigens should be pre-

immobilized onto a solid phase via high levels of physical absorption, and then antibodies 

conjugated with enzyme can be introduced in the liquid phase to produce a measurable 

product, due to specific affinity between antigen-antibody. 

 

Aptamer. The interactions between an antibody and an antigen, or a receptor and an 

antibody are well known to be very specific reactions. In the case of aptamers, more 

attention is placed on the selection of a certain nucleic acid sequence as the capture 

element, called “aptasensor”, which serves a similar function to that of the antibody52. 

These are RNA or DNA molecules (25-80 nucleotides) selected in vitro by an 

“evolutionary” method called SELEX (systematic evolution of ligands by exponential 

enrichment) from a vast population of random sequences that recognize specific ligands 

by forming binding pockets53,544. Usually, in the absence of the target protein, aptamers 

act as normal nucleic acids. The presence of target protein molecules results in a 

conformational change of the aptamers, this newly formed spatial structure can only allow 

target protein binding. DNA aptamers are more resistant to denaturation and degradation, 

and their binding affinities and specificities can easily be manipulated and improved by 
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rational design or by techniques of molecular evolution, and they can be modified with 

functional groups or tags that allow covalent, detected immobilization on biochips, 

resulting in highly ordered receptor layers55. In contrast, RNA aptamers are susceptible 

to degradation by the endogenous ribonucleases typically found in cell lysates and serum. 

 

BsAb. Antibodies containing two different antigen-binding sites in one molecule are 

called bispecific antibodies (BsAbs). BsAbs can be roughly divided into two categories: 

immunoglobulin G (IgG)-like molecules and non-IgG-like molecules56. Non-IgG-like 

antibodies lack an Fc region entirely, consisting of only the Fab regions, and various types 

of bivalent and trivalent single-chain variable fragments (scFvs). One scFvs BsAb, as one 

active domain can specifically recognize and bind to methoxyl polyethylene glycol 

(mPEG) molecules, have gained increased attention in the application of both diagnosis 

and therapy57-59 (Figure 1.4). Antibody fragments can be tethered to the mPEG-

functionalized nanomaterials through simple mixing, show advantages over the 

traditional chemical conjugation as the chemical conjugation may alter the structure of 

nanomaterials encapsulated drugs, and deactivate the antibodies. In this thesis, this kind 

of scFvs- structured BsAb has been applied in joint with upconversion LRET for the 

protein antigen assay.  
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Figure 1.4 Scheme of one-step mixing with humanized anti-mPEG bispecific antibody 

enhances tumour accumulation and therapeutic efficacy of mPEGylated nanoparticles. 

Reprinted from Ref.59. 

 

1.2.3 Current Biosensors of Nucleic Acids and Protein Antigens 

Based on the types of signal transduction, biosensors can be classified into five groups: 

electrical, electrochemical, piezoelectric, magnetic and optical60. Figure 1.5 demonstrates 

the typical biosensors examples. 
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oxidized at the electrode surface and then reacted, mole to mole, with hydrogen peroxide 

to generate the blue emission spectrum maximum at 425 nm68,69. On the other hand, 

ruthenium complexes, especially [Ru (Bpy)3]2+ (which releases a photon at ~620 nm) 

regenerates with TPrA (Tripropylamine) in liquid phase or liquid–solid interface (Figure 

1.5B)62. One of the most attractive characteristics of ruthenium metal chelate complexes, 

is their ability to be regenerated in their native form after having completed the light 

emission reaction sequence70,71. A single molecule could then theoretically generate more 

photons than the luminol in destructive electro-chemiluminescence. Since 1972, when the 

Rubipy-based electrochemiluminescence was first reported, it has been used in 

development of immunoassays and DNA probe assays for clinical diagnostics72. These 

types of small molecules used to label proteins or oligonucleotides have little or no effect 

in their immunoreactivity, solubility or ability to hybridize, which can result in extremely 

low detection limit.  

 

1.2.3.2 Quartz Crystal Microbalance  

Quartz is one member of a family of crystals that experience the piezoelectric effect. A 

quartz crystal microbalance (QCM) measures a mass variation per unit area by measuring 

the change in frequency of a quartz crystal resonator. As the change in quartz resonance 

frequency is in direct linear correlation with changes in mass, the measurable increase of 

its mass due to the binding of an analyte can be calculated from the frequency change 

based on Sauerbrey’s initial formula73. The property of measuring the mass change of 

quartz crystal microbalance for protein detection, avoids the need to fluorescently label 

either the analyte or receptor and the subsequent complex photophysics and 

photochemistry accompanying detection by optical biosensors. The utility of quartz 

crystal microbalance coupled with immunoassays has been wide spread, with both 

https://en.wikipedia.org/wiki/Tris(bipyridine)ruthenium(II)_chloride
https://en.wikipedia.org/w/index.php?title=Tripropylamine&action=edit&redlink=1
https://en.wikipedia.org/wiki/Quartz
https://en.wikipedia.org/wiki/Crystals
https://en.wikipedia.org/wiki/Piezoelectricity
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antibody and aptamers selected as the receptors pre-coated onto the surface of the quartz 

crystal74,75. 

 

1.2.3.3 Optical Biosensors  

Optical biosensors show numerous advantages over other analytical techniques, because 

of their capability of direct and real-time detection of a range of biological and chemical 

substances. Various advanced concepts and approaches are applied in the implementation 

of new optical biosensors, especially with the rapid advances in nanotechnology and 

biotechnology, optical biosensors based on nano-biotechnology are becoming the most 

popular class. Optical biosensors can be simply split into two general modes76: label-free 

and label-based. In brief, label-free mode means the measurable signal is generated 

directly through the interaction of the analytes with the transducers. On the contrary, 

label-based sensors involve using a label to generate an optical signal by a colorimetric, 

fluorescent or luminescent method. In the following section provides a detailed 

description of the three most popular optical biosensors. 

 

Optical fibre. Optical fibres are currently used as transducers for various physical 

phenomena. Compared with other biosensors, optical fibres demonstrate several 

advantages: small size, flexible geometry, remote working capability and noise immunity. 

Many optical biosensors use an optical fibre to propagate the signal emitted by a 

fluorescent label77-79. The fibre-optic evanescent wave biosensor is based on total internal 

reflection. The light travelling in a fibre core penetrates into the surrounding medium, 

during which the intensity of the evanescent field decays exponentially from the fibre 

core surface into the medium. The pre-immobilized or flowing fluorophores around the 

core surface can be excited by evanescent wave, and the produced fluorescence is coupled 
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back into the fibre core as an optical signal for transmission to an optical measuring device 

(Figure 1.5 D)64.  

 

Surface plasmon resonance. Optical sensors based on excitation of surface plasmons, 

referred to as surface plasmon resonance (SPR), mainly rely on measuring changes in the 

refractive index occurring in the field of an electromagnetic wave supported by the optical 

structure of the sensor (Figure 1.5 E)65. Ever since the first application of SPR for gas 

detection demonstrated by Nylander and Liedberg in the 1980s80, during the following 

decades, the development and application of SPR biosensing have gained remarkable 

achievements in various kinds of biomarker detection81,82, including DNA83,84 and 

protein85,86. SPR immunoassay was first reported in 1983, to detect anti-human IgG in 

water solution based on a silver film coated with human IgG87, and from then on, SPR 

biosensors have been broadly used in biomarker detection in clinic, such as breast cancer, 

prostate cancer, colorectal cancer and sepsis88,89. SPR biosensor, which allows for real-

time analysis of bio-specific interactions without the use of labelled molecules, has 

become a leading technology in the field of direct real-time observation of biomolecular 

interactions. SPR sensors, in principle, are thin-film refractometers that measure changes 

in the refractive index occurring at the surface of a metal film (typically gold or silver) 

supporting a surface plasmon. Briefly, it is the changes of refractive index produced by 

the capture of biomolecules at the sensor surface that reflect the presence and even 

concentration of analyte molecules. Since then, On the basis of which characteristic of 

light wave modulated by a surface plasmon is measured, SPR sensors can be classified 

into four modes: angular, wavelength, intensity and phase.  

 

Gold nanoparticles. Nanomaterial based optical biosensors for DNA and protein (Figure 
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1.5 F)66, such as gold nanoparticles, are becoming a popular technique90,91. Colorimetric 

detection of DNA hybridization in a homogeneous solution based on the formation of 

oligonucleotide-functionalized gold nanoparticles aggregates in the presence of target 

DNA, was firstly developed by Mirkin in 199792. It provides an easy way for DNA 

detection by observing the colour change of the solution from red to purple by naked eyes. 

However, its biggest challenge is the low detection sensitivity. Later on, a signal 

amplification method based on nanoparticles-promoted reduction of silver(I) was 

successfully coupled with a new ‘scanometric’ chip-based DNA array, and grey-scale 

achieves two orders of magnitude of sensitivity compared with analogous fluorophore 

systems93. Furthermore, gold nanoparticles that facilitate formation of a silver coating 

acting as a surface-enhanced Raman scattering promoter for dye-labelled particles has 

been developed for ultra-high sensitivity of DNA and RNA detection94. What’s more, as 

for the utility of large light scattering cross section of AuNPs in DNA detection, Huo and 

co-workers developed a dynamic light scattering (DLS) method allowing for highly 

sensitive DNA detection95. In the presence of target DNA, the two kinds of capture DNAs 

- that are complementary to different parts of the target DNA – located on modified-

AuNPS will be caused to form dimers, trimers and larger aggregates. This nanoparticle 

aggregation will increase the average diameter of the whole nanoparticle population, 

detected by DLS analysis.  

 

1.2.4 Challenges in Optical Biosensor Development 

Even though numerous optical biosensors for use in molecular detection have been 

reported, several major challenges still exist, such as auto-fluorescent background, low 

sensitivity, and labour-intensive. Amongst the rapid developments in nanotechnology, a 

new kind of nanomaterial, UCNP, is considered as particularly promising, due to its 
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unique optical properties that are superior to conventional nanomaterials. Due to its 

outstanding performance in recent years, it is considered as a potential candidate in use 

in the development of optical biosensors, leading to a new generation of optical 

biosensors, able to achieve high-sensitivity and labour-savings.  

 

1.3 Lanthanide-Doped Upconversion Nanoparticles 

1.3.1 Definition of Rare Earth Materials 

Rare earth (RE) materials include a kind of phosphor which can absorb and convert 

certain types of energy into radiation of light, are often characterized by various names, 

such as rare earth elements (REEs), rare earth metals (REMs), rare earth oxides, or 

yttrium-based rare earth materials. REMs are composed of a set of 17 chemical elements 

(15 lanthanides plus scandium and yttrium) and are essentially classified into two distinct 

categories: light rare earth elements, known as the cerium group, from lanthanum to 

europium; and heavy rare earth elements, known as the yttrium group, from gadolinium 

to lutetium, plus scandium and yttrium. Scandium and yttrium are considered to be rare 

earth elements because of their same core deposits as lanthanides and exhibit identical 

chemical properties96. Lanthanides are mostly stable in the trivalent form (Ln3+) and their 

4f inner shell is (partially) filled with electrons, and the Ln3+ ions have the electronic 

configuration 4fn 5s2 5p6 where n varies from 0 to 14. The 4f electrons are shielded by the 

completely filled 5s2 and 5p6 orbitals resulting in weak electron-phonon coupling and the 

f-f transitions are in principle parity forbidden. Consequently, their absorption and 

emission feature narrow f-f transition bands with low transition probabilities and 

substantially long lifetimes97. 
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1.3.2 Advantages of Upconversion in Biological Applications 

On the basis of the mechanism of luminescence, RE luminescence can be divided into 

down-conversion (DC) and up-conversion (UC) emission; the DC process obeys the 

Stoke’s shift that is converting higher energy photons with shorter wavelength into lower 

energy photons with longer wavelength; the UC process is anti-Stoke’s shift that absorbs 

two or more lower energy photons with longer wavelength and converts into higher 

energy photons with shorter wavelength, on the basis of sequential adsorption and energy 

transfer steps98. Compared with the DC process with UV excitation, currently, much 

attention has been paid to the UC process, as its anti-Stoke’s shift demonstrates significant 

advantages in biological applications: (1) It can achieve high penetration depth in 

biological tissues near-infrared resulting in negligible photodamage due to the longer 

wavelength and lower energy level of near-infrared light99-102 (Figure 1.6A). (2) It is 

capable of eliminating strong auto-fluorescence interference103 and to improve the 

accuracy and sensitivity of bioimaging and biomolecular detection, as most auto-

fluorescent biomolecules are unable to be excited under near-infrared light with lower 

power. (3) The narrow luminescence bands and multi-colour output, due to being doped 

with different lanthanides of upconversion nanoparticles, play a significant role in 

realizing multiplexing in biological application assays104-106 (Figure 1.6B). (4) The 

luminescence within the visible range is easy to measure, so both of the NIR exciting 

sources and measuring devices are cheap and easier to obtain. This cost-effective property 

makes upconversion techniques applicable in not only academic studies but also technical 

applications107,108.  
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energy from ground state to excited metastable state, the GSA will occur to make the 

photons populate at E1 state from ground state. A second pump photon that promotes the 

ion from E1 to higher-lying state E2 results in UCL, corresponding to the E2-G optical 

transition (Figure 1.7A). In single-ion doped nanocrystals, the distance between the two 

neighbouring activator ions and the absorption cross-section of the ions are the two key 

factors of the upconversion process. There are two major factors influencing 

upconversion processes. High doping concentration of activator ions can lead to severe 

cross-relaxation due to the too short distance between two ions, resulting in quenching of 

excitation energy. Most lanthanide activator ions show low absorption cross-section, 

leading to low pump efficiency. Therefore, the overall upconversion efficiency for single-

ion doped nanocrystals is relatively low.  

 

ETU. ETU is different from GSA/ESA, and one photon is absorbed by the ion, and 

subsequent energy transfer from neighbouring ion also at excited state results in the 

population of a highly excited state of the emitting ion (Figure1.7B). Usually, the 

neighbouring ion transferring energy at its excited state is called sensitizer, who possesses 

a relatively strong absorption cross-section in the NIR region. Specifically, excitation 

takes the form of successive absorption of pump photons by two neighbouring ions. Both 

the sensitizer and activator ions can absorb a pump photon in the same energy, thereby 

populating the intermediate reservoir level E1. Then the activator ion is promoted to upper 

emitting state E2 according to a non-radiative energy transfer process from the 

neighbouring sensitizer ion, while the ion relaxes back to ground state G. A short 

wavelength photon is released from the activator ion when the promoted photon is back 

to the ground state G. The most commonly used lanthanide as sensitizer is Yb3+ which 

possesses an extremely simple energy level scheme with only one excited 4f level of 2F5/2. 
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hydrophobic particles into hydrophilic through surface modification, in order to apply the 

nanoparticles into biological application. Currently, there are four most popular surface 

modification methods including ligand oxidation123,124, inorganic shell coating125,126, 

ligand exchange127,128 and amphiphilic ligand encapsulation129-130.  

 

Ligand oxidation. The chemical structure of both OA and OM consist an unsaturated 

carbon-carbon double bond in the middle of the fatty acid chain, and it is usually based 

on the direct oxidation of that carbon-carbon double bond of OA or OM ligands pre-

coated on the surface of UCNPs to generate carboxyl groups. The double bonds are 

broken down and the newly generated carboxyl groups are exposed on the outside of the 

particles, leading to hydrophilic dispersion in aqueous solution (Figure 1.9). This ligand 

oxidation needs catalysis by strong oxidants, such as Lemieux-von Rudloff reagent and 

ozone. Lemieux-von Rudloff reagent consisting of KMnO4 and NaIO4 as oxidant, has 

been widely applied to selectively oxidize the carbon-carbon double bond followed by 

immersed in hydrochloric acid to obtain the carboxyl groups131,132,133. Less popular but 

also reliable, ozone has also been employed for the ozonolysis of OA ligands via 

epoxidation to selectively cleave the carbon-carbon double bond, combined with a 

subsequent oxidation by mixture of H2O2 and CH3COOH to bare carboxyl groups. 

Besides the subsequent oxidation following ozonolysis, at the same time, researchers in 

this work also conduct subsequent reduction treatment following ozonolysis with 

CH3SGH3 to generate aldehyde groups for further conjugation with amino-containing 

molecules via easier Schiff-base condensation123. In another case, the oxidation was 

firstly catalysed by 3-chloroperoxybenzoic acid to generate a three-membered-ring 

epoxide; and the polyethylene glycol monomethyl ether (PEG-OH) was secondly reacted 

with the highly reactive epoxide product to introduce the PEG polymer onto the surface 
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generate water soluble nanoparticles. Both hydrophilic and hydrophobic UCNPs can be 

coated using either the Stober method125,126,142-149 or the reverse microemulsion 

method117,150-154, and the latter gains much more attentions as it can provide uniform silica 

layer (Figure 1.11). As for reverse microemulsion, there are commonly two steps: Firstly, 

Igepal CO-520, a kind of surfactant, is added into cyclohexane to form a microemulsion 

(water-in-oil), followed by adding OA-capped UCNPs, so that OA ligands are detached 

from the surface of the particles and the bare particles can be wrapped inside the 

microemulsion; Secondly, ammonia liquid and TEOS are added into the solution. 

Catalysed by the ammonia, TEOS hydrolyses to form silanol. The silanol condenses with 

its neighbouring silanol to form a relatively solid layer coating the surface of UCNP by 

replacing the pre-microemulsion. It can form multilayers of silica shell and it is easier to 

adjust the thickness of the silica shell by controlling the input amount of CO-520 and 

TEOS. CO-520 can also be substituted by other molecules like PVP104,155,156 and 

CTAB116,157. TEOS-based silica coating lacks functional groups restricting the application 

of the nanoparticles. (3-aminopropyl)trienthoxysilane (APTES), an amino siloxane, is 

often preformed to generate functional amino groups on the surface of the silica coated 

nanoparticles for further bioconjugation. The silanization begins with the hydrolysis of 

ethoxy groups in APTES126,151, a process catalysed by water, leading to the formation of 

silanols; and then, the silanols condensed with surface silanols of the silicon substrate 

forming a monolayer of APTES via a lateral siloxane network. The amino groups are 

oriented away from the underlying silicon surface leading the convenient and efficient 

chemical reaction in conjugation. The silica-coated nanoparticles are water soluble, but 

unstable and always tend to aggregate in water. Furthermore, the additional modification 

step with APTES is time-consuming.  
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between the organic and aqueous solution with vigorous shaking. Under this situation, 

hydrophobic particles and hydrophilic ligands do not easily have access to contact with 

each other, resulting in incomplete exchange and low production yields. In addition, for 

most of the time, the interface between organic and aqueous solution needs to be 

discarded because there exists the mixture of hydrophobic and hydrophilic particles, 

leading to loss of particles128,161. In contrast, mixing the replacing ligands with OA-

UCNPs within one solvent only under gentle shake, can increase the chance of touching, 

leading to thorough replacement and high productivity162. Tetrahydrofuran (THF) usually 

acts as the processing reagent162,163, having the capability to dissolve both hydrophilic 

ligands and hydrophobic nanoparticles. The popular ligands for one-phase ligand 

exchange includes bigger polymer, such as poly(acrylic acid) PAA162-173, PEI108,117,174, 

phosphate-PEG polymer162,175-178; and smaller molecules, such as DHCA163,179 and citrate 

acid180 (Figure 1.12). Sometimes, in order to achieve high binding yield of hydrophilic 

ligands on the surface of particles, OA ligands are removed by acidic solvent (commonly 

hydrochloride acid) firstly, followed by attachment of ligands in water115,181-184. Ligand 

exchange is a rapid, high-efficient, labour-saving surface modification method of 

nanoparticles. 

 

In general, for ligand oxidation, amphiphilic ligand encapsulation and silica coating, the 

biggest advantage is that the morphology and luminescence of the UCNPs can remain 

unaffected. However, each method also has its own drawbacks: ligand oxidation shows 

the disadvantages like complicated processing, poor colloidal water dispersible and low 

yields of functional groups; amphiphilic ligands themselves are easy to form micelles, 

and these ‘empty’ encapsulation will also take part in the following bio-conjugation, 

influencing detection sensitivity; the silica-coated nanoparticles always tend to aggregate 
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energy transfer technique, to develop simple and sensitive bioassays. 

 

Due to the wavelength cross-section between the excitation of the acceptor with 

upconversion luminescence of the donor, the energy transfer occurs from the doped-

activator at the excited state to the molecular acceptor at the ground state. In this case, the 

energy is transferred in a non-radiation pathway, and no upconversion luminescence is 

emitted, and subsequent the radiation of the excited acceptor results in its fluorescence. 

 

This thesis emphasizes the application of UCNPs in combination with RET technique for 

bioassays, and a more detail description of various kinds of upconversion LRET 

approaches is provided below. 

 

1.3.6.1 Target-triggered absorption wavelength shift of acceptor. Acceptors chosen in 

this case are target-sensitive fluorescent molecules, in which their excitation wavelength 

can passively change only in the presence of detectable targets. Mostly, the targets are 

metal ions. Chelate complexes can be formed between some metal ions with molecular 

fluorophores, leading to the conjugation system change and absorption range shift of 

molecules. It is simply classified into two ways: ‘switch-on’ and ‘switch-off’.   

 

‘Switch-on’, can be easily understood that the ‘stolen’ energy is returned back to the 

donors from acceptors, leading into the emission of upconversion luminescence again. 

Specifically, the target-sensitive acceptors are pre-immobilized close to UCNPs, and in 

the absence of target, the luminescence emission was prohibited via LRET. Once the 

target is present, the coordination of the target with the acceptor triggers the blue/red shift 

of the acceptor’s excitation wavelength beyond the cross-section with upconversion 
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fluorescence131.  

 

Table 1.1 lists the fluorescent molecules as the acceptors used in upconversion LRET 

assays in both ‘switch-on’ and ‘switch-off’ models, based on the mechanism that the 

presence of the target can induce the absorption wavelength shift of the fluorescent 

molecules. 

 

Table 1.1 Target-triggered absorption wavelength change of acceptor. 

Upconversion LRET based on target-triggered absorption 

wavelength shift of fluorescent acceptors 

 

Acceptor 

absorption 

(nm) 

Acceptor 

absorption 

with target 

(nm) 

UCNP 

doping 

Detective 

target 

 

Sensitivity 

Switch-on 

540 450 Er3+ Hg2+  186 0.21 µM 

790 510 Tm3+ ONOO- 187 0.08 µM 

470 360 Tm3+ Zn2+ 115 0.78 µM 

Switch-off 

660 840 Er3+, Tm3+ MgHg2+ 131 0.18 ppb 

400 580 Er3+, Tm3+ F- 143 5 µM 

510 540 Er3+ Cu2+ 188 2.16 µM 
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1.3.6.2 Target-triggered absorption intensity change of acceptor. Besides the 

fluorescent molecules mentioned above, another type of fluorescent molecules are also 

target-sensitive. Rather than the absorption wavelength shift, it is the absorption capacity 

at certain wavelength that changes in addition of target. Thereby, capability of LRET is 

influenced103,157,167,179,189-191. Take the detection of chromium (Cr3+) as an example103. A 

Cr3+-responsive rhodamine derivative (CRD) was assembled on the surface of Ho3+ doped 

UCNPs. Upon addition of Cr3+ into the probe solution, the absorption peak of CRD at 

560 nm was significantly enhanced, which greatly reduced the upconverting green 

emission, leading to an obvious colour evolution from green to yellow to orange and to 

red with increasing the concentration of Cr3+. The colour change can be distinguished by 

the naked eye, as predicted, and the achieved LOD is as low as 4.1 µM. 

 

1.3.6.3 Upconversion LRET based on pH-sensitive fluorophores as acceptors. 

Intracellular pH is one of a number of factors determining cellular proliferation, apoptosis, 

enzymatic activity, ion transport and muscle contraction. UCNPs are powerful tools for 

monitoring intracellular pH changing because of their high signal-to-noise ratio resulting 

in excellent sensitivity and specificity164,174,162,184,192,193. Some molecular fluorophores 

can show various behaviours of absorbance under different pH conditions. In the 

application of upconversion LRET for pH monitoring, pH as the stimulator induces the 

change of acceptors’ absorbance in the cross-section with upconversion luminescence. 

Consequently, the upconversion LRET can be either strengthened or weakened, as an 

optical signal for monitoring pH change. Take UCNP-xylenol orange (XO) as an 

example193 (Figure 1.14). The absorption spectrum of XO is very sensitive to pH in the 

range of 5-8, covering most of the physiological pH range. XO exhibits the maximum 

absorbance around 435 nm at low pH (<6.0) and around 576 nm at high pH (>7.0). So 
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the absorption around 435 nm possesses a good spectral crosstalk with the upconversion 

blue emission around 450 nm of Tm-doped UCNPs in low pH conditions (<6.0), leading 

to efficient LRET. As the pH increases, the absorption of XO was observed red-shift 

gradually, resulting in poor crosstalk with the blue emission of Tm3+-doped UCNPs and 

the quenched luminescence was released. This probe cannot only detect pH values in 

buffer solution, but also in living cells. It is very evident that with the increase of the 

intracellular pH value from 5 to 8, the ratio of the blue UCL channel to the red one was 

increased correspondingly. Table 1.2 lists the pH-sensitive fluorescent molecules as the 

acceptors used in upconversion LRET assays. 
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Figure 1.14 UCL images of UCNP@SiO2–XO at different pH values in HeLa cells (lex 

= 980 nm). (A) Bright field images, (B) collected at emission wavelengths of 430–520 nm; 

(C) collected at emission wavelengths of 580–680 nm; (D) overlay of (A), (B) and (C); 

(E) ratio of emission intensity at 430–520 nm to that at 580–680 nm. Figure is reprinted 

from Ref.193. 

 

Table 1.2 Upconversion LRET based on pH-sensitive fluorophores as acceptors. 

Upconversion LRET based on pH-sensitive fluorophores as 

acceptors 

Acceptor UCNP doping pH range 

Hemicyanine dye 164 Tm3+ 5.0-9.0 

Fluorescein 174 Tm3+ 5.0-8.0 

pHrodo Red 182 Er3+ 5.0-7.0 

Fluorescein isothiocyanate 184 Tm3+ 3.0-7.0 

pHrodoTM Red 192 Er3+ 2.5-7.2 

Xylenol orange 193 Tm3+ 5.0-8.0 

 

 

1.3.6.4 Target-triggered detachment of acceptors from UCNPs. LRET is a distance-

dependent phenomenon, and by controlling the distance between UCNPs with fluorescent 

molecules, LRET efficiency is easy to be adjusted (Figure 1.15). Normally, the specific 
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fluorescent molecules are pre-immobilized onto the surface of UCNPs160,173,194,195 via 

non-covalent bonds. These acceptors can recognize specific targets and detach from 

UCNPs to bind with targets, resulting in a long distance of donor-acceptor beyond the 

energy transfer range. Thus, the introduction of targets leads to recovery of the 

upconversion luminescence. It is the key point in this case that the binding affinity of 

acceptor to target is much stronger than that to UCNPs. What’s more, no chemical 

reaction is allowed for the conjugation of acceptors onto UCNPs, and simply physical 

absorption is preferred. Table 1.3 lists the upconversion LRET based on target-triggered 

detachment of acceptors from UCNPs.  

 

It is worth mentioning that this upconversion LRET based on target-triggered detachment 

of acceptors from UCNPs is also popular and applicable to drug-release tracking during 

intracellular therapeutic study116,168. Take the common cancer drug-DOX as an example. 

The Mn-doped UCNPs coated with silica shell are responsive to mild reductive and acidic 

tumour conditions, enabling the breakup of Si-O-Si bonds within the silica framework. 

This tumour-sensitive degradation of the shell can facilitate the pre-loaded DOX in the 

internal space of nanoparticles releasing in the tumour location. The release of DOX 

brings recovery to the total emission intensity and a drastic decline to the red/green ratio, 

which can be used to sense the drug release extent. 
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1.3.6.5 The application of enzymatic-assisted signal amplification in the 

upconversion LRET with DNA double helix-sensitive fluorophores. It is a robust ideal 

to combine enzymatic-assisted signal amplified technique with upconversion LRET for 

DNA assay. Through the upconversion to eliminate auto-fluorescence background, the 

amplified optical signal is able to achieve a higher signal-to-noise ratio. The fluorescent 

acceptors chosen here are capable of intercalating with the double-stranded DNA, like 

SYTOX Orange and SYBR Green I38,196,197. In fact, it is the target DNA template being 

amplified in the form of double-stranded structure, which attracts labelling dyes to 

intercalate within the double-stranded DNA. The more double-stranded structures 

produced on the surface of UCNPs, the more fluorescent dyes get closer to the surface of 

UCNPs to obtain a higher chance of LRET. DNA polymerase assisted PCR and DNA 

ligase assisted ligation are two popular amplification techniques applied in upconversion 

LRET. For instance, as for the application of PCR-upconversion LRET in detecting the 

IS6110 sequence of Mycobacterium tuberculosis complex (MTBC) in sputum196 (Figure 

1.16), the PCR amplicon with biotinylated primers are mixed with streptavidin-

conjugated UCNPs, followed by intercalation with SYTOX Orange dyes. The 

intercalated dyes are close enough to the UCNPs for LRET occurring, and the reduction 

part of upconversion luminescence is applied as optical signal for target DNA monitoring. 

The kappa agreement of the UCNP-LRET assay with conventional PCR was 0.8464 and 

false-negative results were reduced, demonstrating the successful implementation of the 

UCNP-LRET system in detecting the IS6110 sequence of the MTBC. 

 

Another ligase-assisted upconversion LRET DNA assay also displays high sensitivity and 

specificity for DNA detection38. Using target DNA as a bridge to join the two probe 
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1.3.6.6 Upconversion LRET with graphene oxide as acceptors. The absorption band 

of graphene oxide (GO) is broad enough to overlap with upconversion luminescence. In 

addition, GO is composed of a lot of unsaturated sp2 carbons, which can form π−π 

stacking interaction with the aromatic nucleobases of the single-stranded DNA, and thus 

UCNP-GO fabrication can be applied for DNA assay. Usually, the capture DNA (single-

stranded) designed to be complementary with the target DNA, is pre-immobilized onto 

UCNPs. In the presence of the target DNA, the double-stranded p-electrons are involved 

in forming the duplex via base-stacking interactions between capture DNA with target 

DNA, and there is no chance for GO to interact with capture DNA. In this case, GO is 

randomly distributed in the solution far from UCNPs, meaning, no LRET119 (Figure 1.17). 

The efficiency of upconversion LRET is considered as optical signal for target 

concentration measurement. On the other hand, once the capture DNA functionalizes as 

certain protein aptamer, the similar idea can also be directly applied for protein molecules 

detection118,159,169,199. Upon introduction of target protein, the random-coiled aptamer 

transforms into a special three-dimensional structure and prefers to bind with the target, 

resulting in no LRET. Table 1.4 lists the application of GO as acceptor in upconversion 

LRET assays. 

 

Besides GO, carbon nanocrystals200,201 and molybdenum disulphide nanosheets202 also 

show the π−π stacking interaction with the aromatic nucleobases of the single-strand 

DNA. In a similar proof-of-concept to upconversion LRET based on GO, upconversion 

LRET based on carbon nanocrystals or molybdenum disulphide nanosheets have also 

been developed for bio-assay applications200,201,202. 
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1.3.6.7 Upconversion LRET based on MnO2-nanosheets as acceptors. The first 

fabrication of UCNPs with MnO2 nanosheets in LRET system is applied for glutathione 

(GSH) monitoring in cancer cells in 2011133. MnO2 nanosheets wrapped outside of 

nanoparticles can quench the upconversion luminescence in the absence of GSH. GSH 

can reduce MnO2 to Mn2+, resulting in degradation of MnO2 nanosheets. Thus, in the 

presence of GSH, the quenched luminescence can be turned on, which is able to monitor 

the concentration of GSH intracellularly. Illuminated by that idea, the strategy for H2O2 

detection based on upconversion LRET with MnO2 nanosheets has been designed132. 

Similar to GSH, H2O2 can reduce MnO2 to Mn2+, leading to decomposition of the MnO2 

nanosheets. Moreover, because glucose can be oxidized to produce H2O2 in the presence 

of glucose oxidase, this LRET assay can also be used for monitoring the blood glucose 

through the detection of enzymatically generated H2O2. Due to the negligible background 

interference and non-autofluorescence resulting from NIR excitation, the proposed 

method enables the direct monitoring of glucose levels in whole blood with a relatively 

low detection limit. The general approach process is illustrated in Figure 1.18. 

 

Furthermore, it is possible to extend the application of upconversion-MnO2 nanosheet 

into nanomedicine. The microenvironment in solid tumours is always acidic and H2O2-

rich203,204. During the reduction from MnO2 nanosheets into Mn2+ by acidic H2O2, a great 

deal of oxygen is generated enabling oxygen-dependent photodynamic therapy within 

tumour cells. Thus, a concurrent pH-/H2O2-responsive upconversion tracking and 

oxygen-elevated synergetic radio/photodynamic therapy in vivo based on MnO2-UCNPs 

nanosystem has been developed116,205.  
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pair, so upconversion LRET coupled with AuNPs as acceptors has broader applicability 

in biomolecular assays, especially in protein based immunoassays. 

 

The upconversion LRET assay with AuNPs as acceptors, usually is applied in joint with 

other mature and advanced analytical techniques, to achieve broader applications in 

various fields. 

 

 

Figure 1.19 The illustration of ‘switch-on’ upconversion LRET assay with AuNPs as 

acceptors for trypsin detection. Figure is reprinted from Ref.207.  

 

a) Application of competitive immunoassay. In one case, UCNP-AuNP LRET has been 

applied to a competitive immunoassay149,208. Through the immune-affinity, the antibody-

conjugated UCNPs get very close to the antigen-conjugated AuNPs and the luminescence 

of UCNPs are quenched. Once the free antigens to be measured from patients, antigen-

coupled AuNPs and antibody-coupled UCNPs coexist in the solution, the competition 

between free antigens and antigen-AuNPs binding to antibody-UCNPs will result in some 
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of the antigen-AuNPs being unable to bind with antibody-UCNPs. In that case, part of 

the luminescence of UCNPs can be restored and the recovery of the quenched 

luminescence is used for quantification of target antigens (Figure 1.20). However, the 

disadvantage of this approach is that the binding affinity of free antigens is same as that 

of antigen-AuNPs, and there is no chance for all free antigens can bind with antibody-

UCNPs. To some extent, the precise quantification cannot be ensured.  

 

Figure 1.20 One-step in situ solid-substrate-based whole blood immunoassay based on 

LRET between UCNPs and AuNPs. Figure is reprinted from Ref.208. 

 

b) Application of DNA aptamer. Another kind of UCNP-AuNP fabrication assay shares 

the similar idea of competitive immunoassay. Due to the application of DNA aptamer, 
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the UCNP-AuNP fabrication is attributed to electric-interaction or DNA 

hybridization209,210. In Cheng’s work for Salmonella typhimurium detection209, the 

negatively charged DNA aptamer functionalized-UCNPs are fabricated with attachment 

of positively charged surfactant-free AuNRs, resulting in luminescence quenching. The 

addition of target will release the AuNPs from UCNPs to restore the luminescence, as the 

target can bind with the DNA aptamer-UCNPs. In Dai’s work210, OTA aptamer-DNA-

UCNPs firstly hybridize with complementary-DNA-AuNRs for luminescence quenching. 

The addition of OTA triggers the re-configuration of aptamer and the coordination of 

OTA with aptamer. Complementary DNA is no longer able to hybridize with re-

configurated aptamer DNA, resulting in restoration of upconversion luminescence with 

the long distance between donor-acceptor. Whereas, the configuration of aptamer is an 

equilibrium state, and the very precise quantification cannot be ensured. Besides the two 

examples described above, targeted induced ‘switch-on’ fabricated UCNP-AuNP 

pyramids have also been used for quantification of miRNA in living cells211. It achieved 

a luminescence intensity ranging from 0.16 to 43.65 fmol/10µgRNA with a LOD of 0.12 

fmol/10µgRNA, opening up a new avenue for the ultrasensitive detection and 

quantification of miRNA in living cells.  

  

c) Application of electrostatics. As for the electrostatic interaction of UCNP-AuNP, 

Yao’s group apply this in a very special way212-214 (Figure 1.21). CTAB-capped UCNPs 

display positively charged and citrate-capped AuNPs that are negatively charged. The 

chemical substrates pre-existing in the reaction can be catalysed rapidly to forming N-Au 

or S-Au bond with AuNPs. The replacement of the citrate from the AuNPs makes the 

AuNPs non-charged and thus prone to aggregation. Thus, the AuNPs escape from UCNPs 
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the biothiols to coordinate with Cu2+. Part of the quenched upconversion luminescence is 

recovered upon removal of Cu2+ by the biothiols from the UCNPs, enabling monitoring 

of biothiol level in living cells and deep tissues. What’s more, application of Fe3+ into 

upconversion quenching systems has also been conducted to monitor GSH/Cys/AA 

simultaneously217. 

 

Figure 1.22 Biothiols monitoring through the modulation of upconversion luminescence 

by heavy metal ions. The figure is reprinted from Ref.181. 

 

1.3.6.10 Application of molecular imprinting techniques in upconversion LRET. 

Molecular imprinting is a technique creating complementary cavities for the specific 

targeting by polymerizing functional monomers in the presence of template molecules. 

After removal of templates, molecular imprinted polymers (MIPs) can exhibit affinity and 

selectivity for the template molecules. Compared with antibodies, MIPs possess excellent 

mechanical and chemical stability, ease of preparation, low cost and are reusable. 

Building a hybrid synergistic identification system by integrating two or more of the 

recognition elements is a potential promising idea to elevate the detection sensitivity. The 
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concept of upconversion MIPs is by polymerizing the functional monomers around the 

surface of the UCNPs in the presence of template molecules. Following removal of the 

templates, the complementary cavities are created for target recognition and affinity. 

Usually, these interactions occurring via hydrogen bonding between the targets with the 

MIPs. Once the cavities are blocked, the integrated polymers surrounding the UCNPs 

quench the upconversion luminescence. MIPs-UCNP fabrication for specific recognition 

of biomolecules has been broadly demonstrated145,153,170,218-221. Figure 1.23 is an example 

of clenbuterol detection reported by Li’s group219. A three-dimensional network 

complemented with clenbuterol is formed as a polymer, followed by removal of 

clenbuterol templates by hydrolysis and the binding sites in the cavities are left. The 

fluorescence quenching of the MIPs-UCNPs occurs when the clenbuterol is bound to the 

fluorescent probe. In addition, in this paper, researchers also try to investigate the 

mechanism of the upconversion luminescence quenched by the MIPs. LRET is not 

suggested as a possible mechanism of quenching because of lack of observation of an 

overlap between the absorption band of target and the emission. Alternatively, the 

mechanism for the luminescence quenching of the MIPs-UCNPs was probably the photo-

induced electron transfer due to the formation of hydrogen bonds and the lone pair of 

electrons in the oxygen-containing groups which are available for photo-induced electron 

transfer, leading to a decrease in the emission. Table 1.5 lists the Application of molecular 

imprinting techniques in upconversion LRET. 
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Figure 1.23 The illustration of upconversion LRET assay in joint with MIPs. The figure 

is reprinted from Ref.219. 

 

Table 1.5 Upconversion LRET based on the MIPs. 

Upconversion LRET based on the MIPs 

Target UCNP doping Sensitivity 

Enrofloxacin 145 Tm3+ 0.04 ng/ml 

Sulfamethazine 153 Er3+ 34 ng/ml 

Cytochrome c 170 Er3+ 0.73 μM 

Ractopamine 218 Er3+ 8.6 × 10−10 mol/L 

Clenbuterol 219 Er3+ 0.12 μg/L 

Diethylstilbestrol 220 Er3+ 12.8 ng/ml 

Enrofloxacin 221 Er3+ 8 ng/L 
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1.4 Detection Limit and Quantitation Limit 

The criteria for evaluating an analytical method include recovery and stability of analyte, 

sensitivity and specificity, procedural ease, reproducibility, time and cost. Limit of 

detection (LOD) and limit of quantification (LOQ) are two main parameters in method 

validation. LOD and LOQ are related but have distinct definitions. The LOD is defined 

as the lowest concentration of analyte in a sample that can be detected but not necessarily 

correctly quantified; the LOQ is defined as the lowest concentration of an analyte in a 

sample that can be determined with acceptable precision and accuracy. Some common 

methods for estimating the detection and quantitation limit include: visual definition, 

signal-to-noise ratio (S/N), standard deviation of the blank, linear regression, limit of 

blank and precision-based approaches222. Among these, two methods commonly used are 

described briefly below: 

1.4.1 Signal-to-noise 

Signal (S), stands for the corresponding value of the analyte; noise (N) stands for the 

peak-to-peak value of the baseline around the analyte retention time. Sometimes, certain 

concentration of the analyte would yield a signal equal to that value of noise, in that case 

it is hard to tell if the signal is induced only by the analyte or not. In order to obtain the 

accurate and precise detection and quantification, an S/N ratio of 3 is accepted for 

estimating LOD and S/N of 10 is accepted for estimating LOQ. This method is specified 

in the European Pharmacopoeia223 and popularly applied to analytical chemistry that 

exhibit baseline noise. 

 

1.4.2 Blank Determination 

The blank determination is applied when the blank analysis can also obtain low amount 
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of signal with a non-zero standard deviation224. LOD is expressed as the analyte 

concentration corresponding to the sample blank value plus three standard deviations 

(SD), and LOQ is the analyte concentration corresponding to the sample blank value plus 

ten SDs as shown in the following equations: LOD = (Xb) + 3*Sb; LOQ = (Xb) + 10*Sb. 

Xb is the mean concentration of the blank and Sb is the standard deviation of the blank. 

Before the measurement, a calibration curve should be established with equation Y = f 

(X), where Y is the signal and X is the corresponding concentration of analyte. When the 

false positive signal values Yb given by blanks, the corresponding concentration of the 

blanks are measured as Xb according to the calibration curve. Then the (Xb) and Sb can 

be measured. And in Chapter 3, the LOD was calculated via this method. 

 

1.5 Aims of This Project 

First, owing to the advanced polymerization techniques, the newly designed and 

laboratory-synthesized di-block copolymer composed of poly(ethylene glycol) methyl 

ether acrylate and poly(monoacryloxyethyl phosphate) coated UCNPs can solve the 

bottleneck of nanoparticles’ surface modification, resulting in highly water-stable UCNPs, 

co-functionalized with carboxylation and mPEG. Second, on top of the water stable 

carboxyl-UCNPs and conventional upconversion LRET approaches, applying the 

enzyme-assisted target-triggered signal amplification technique to detect and quantify 

low abundance disease-related DNA biomarkers, in order to enhance the detection 

sensitivity for disease diagnosis at early stage. Third, apply the new concept of core-shell 

UCNPs, traditional sandwich immunoassay and advanced BsAb techniques, on top of the 

mPEG-UCNPs and conventional upconversion LRET approaches, to realize the detection 

and quantification of protein antigen biomarkers for prostate cancer diagnosis. This 

upconversion LRET immunoassay is designed to achieve even lower detection limits than 
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the conventional beads assay, and greatly shorten detection time and simplify the 

detection process. Together, these activities are all aimed at ultimately developing user-

friendly point-of-care devices. 
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CHAPTER 2 

 

Systematic and Comparative Investigation of the 

Colloidal Stability and Biocompatibility of 

Hydrophilic Upconversion Nanoparticles Capped 

with Four Ligands 

 

Abstract: Surface modification resulting in good stability and biocompatibility is key for 

the bio-application of upconversion nanoparticles (UCNPs). We present a systematic and 

comparative study of the physical and cellular interaction properties of four hydrophilic 

ligand-capped UCNPs. Four molecules, including (aminomethyl)phosphonic acid 

(AMPA), (3-Aminopropyl)triethoxysilane (APTES), 3,4-dihyrocinnamic acid (3,4-

DHCA) and one kind of di-block copolymer composed of poly(ethylene glycol) methyl 

ether acrylate and poly(monoacryloxyethyl phosphate) (simply named as MAEP in this 

chapter), were respectively applied to replace the hydrophobic oleic acids via a one-step 

ligand exchange method resulting in carboxyl and amino functionalized aqueous-

dispersible UCNPs. Modification with these ligands has no obvious effect on the ratio 

between the green and red emission from the spectrum measurement; while the single 

nanoparticle luminescence measurement indicates that all four attached ligands have the 

quenching effect on the upconversion emission. Carboxyl-functionalised UCNPs 

demonstrate better aqueous stability compared with amino-functonalised UCNPs, 

https://www.google.com.au/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&cad=rja&uact=8&ved=0ahUKEwjHrq_15ejYAhXMybwKHUiNDBwQFggnMAA&url=https%3A%2F%2Fwww.sigmaaldrich.com%2Fcatalog%2Fproduct%2Faldrich%2F440140%3Flang%3Den%26region%3DUS&usg=AOvVaw1fTDCLYZZCkMftjBX4eFCb
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particularly in a slightly basic biological environment due to the negative charge of the 

carboxyl-containing UCNPs. In contrast, the amino-functionalized UCNPs can only 

remain monodispersed in acidic environments due to their positive charge. Furthermore, 

polymer modified MAEP-UCNPs, that incorporate carboxyl group in the polymer chain, 

demonstrates the best stability in all three biological buffers (HEPES buffer, SSC buffer 

and Tris-HCl buffer) with unchanged and uniform size distribution compared with 

DHCA-UCNPs. Study of cellular in vitro compatibility using CHO-K1 cells, MAEP-

UCNPs show non-cytotoxic behavior with low uptake level of non-aggregated particles 

into cells. The other three compounds on the surface of nanoparticles were all cytotoxic 

and demonstrate high cellular uptake levels, and most particles show a highly aggreged 

state within the cell cytoplasm resulting in increased toxicity to cells. This study result 

has the potential as a guideline for the surface modification of UCNPs in bio-applications. 

 

Key words: surface modification, upconversion nanoparticles, water stability, cellular 

uptake, cytotoxicity. 

 

2.1 Introduction 

Upconversion nanoparticles (UCNPs) have attracted a great deal of attention in 

biomolecular detection1,2 and biological imaging3,4. These nanoparticles are capable of 

emitting visible and near-infrared (NIR) light when excited with NIR radiation5. Every 

single UCNP contains thousands of photon sensitizers and hundreds of trivalent 

lanthanide ions as photo activators within an inorganic crystalline host matrix, and 

therefore delivers bright luminescence in the darkness via either anti-Stokes spectrum 

filtering or time-gated detection. What is more, through the intermediate energy levels to 
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increase the absorption efficiency by orders of magnitude compared with conventional 

fluorescent dyes and quantum dots, it allows for the use of low excitation densities. Thus, 

the major appeal of UCNPs for bioimaging is that it can achieve deeper tissue penetration 

as well as higher-contrast optical imaging due to their ability to suppress autofluorescence 

and minimize photodamage to living cells6,7. Furthermore, they are capable of tunable 

multicolor emission8 and lifetime9 with exceptional photostability, and also have 

nonoverlapping emission bands, which are all of great potential use in high-throughput 

multiplex molecular detection and imaging.  

 

Despite these promises, the poor dispersity and stability of UCNPs in aqueous phase still 

remains a major challenge, as a layer of hydrophobic surfactant is often needed for the 

colloidal UCNPs to remain stable under synthesis in organic media at high temperature. 

To improve the application of UCNPs for biological studies, transferring them from a 

hydrophobic into a hydrophilic state via surface modification is therefore necessary. Most 

current methods include ligand oxidation10,11, inorganic shell coating12,13, ligand 

exchange14,15 and amphiphilic ligand encapsulation16,17. Usually, the synthesized 

upconversion nanoparticles dispersed in organic solvent are oleate or oleylamine capped. 

As for the original ligand oxidation, it is usually based on the oxidation of the carbon-

carbon double bond of the oleate or oleyamine to generate carboxyl groups or epoxy 

groups catalyzed by strong oxidants. Even though it has been found that the morphology, 

composition and upconversion luminescence of the UCNPs are not influenced by the 

oxidation process, this method is not commonly used due to the complicated processing, 

poor colloidal water stability and low yields of functional groups. In some cases, surface 

modification with an inorganic shell layer is achieved via surface silanization of 

amorphous silica, the mostly used is tetraethoxysilance (TEOS), according to the well-
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known Stober procedure12,18. It is easier to adjust the thickness of the silica shell for the 

various requests13. However, the silica-coated nanoparticles tend to be aggregate in 

aqueous buffer and lack the required functional groups for bioconjugation. So usually, 

one more step is needed to obtain the functionalized UCNPs following the silica coating, 

making the modification process more comprehensive. Amphiphilic molecules are 

popular for use in UCNPs surface modification, as they contain special components of 

two basic sections including a hydrophobic long alkyl chain to form a bilayer with the 

oleic acid via van-der Waals and a hydrophilic head outside the bilayer enabling good 

stability of UCNPs dispersed in water. The disadvantage of the amphiphilic bilayer 

modification is that the ligands are easily detached from the particles as the binding 

between carboxyl with UCNPs surface is not strong enough19, and amphiphilic ligand 

encapsulation is usually performed at high temperature and requires extra washing steps 

and harsh sonication16, leading to low transfer efficiency, poor stability and damaged 

photostability. Previously, the ligand exchange methods were usually conducted in a two-

phase system with hydrophobic UCNPs in the nonpolar phase and the reacting ligands in 

the polar phase15,20, and this two-phase transfer leads to insufficient reacting ligands on 

the surface of the nanoparticles and low transfer efficiency, and further resulting in 

serious aggregation and poor stability. However, recently, ligand exchange has been 

updated to one-phase transfer to overcome the disadvantages. Tetrahydrofuran (THF) 

usually acts as the processing reagent, both of the hydrophobic nanoparticles and the 

reacting ligands are mixed in a single phase at RT or slightly increased temperature14,21.   

 

In ligand exchange, the ligand consists of two necessary parts, reacting groups and the 

functional groups. The binding strength of the reacting groups is the key element for the 

replacement of the OA molecules, and the decisive factor for the stability of the 
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nanoparticles in biological reagents containing various molecules, which may have higher 

binding strength over the reacting groups to the metal ions. Here, four molecules are 

applied in surface modification of upconversion nanoparticles via ligand exchange, 

containing (aminomethyl)phosphonic (AMPA), (3-Aminopropyl)triethoxysilane 

(APTES), 3,4-dihydrocinnamic acid (3,4-DHCA) and one kind of di-block copolymer 

composed of poly(ethylene glycol) methyl ether acrylate and poly(monoacryloxyethyl 

phosphate) (simply named as MAEP in this chapter), (Figure 2.1). Both of AMPA and 

MAEP consist of the phosphonate group which has been widely used in the surface 

modification of the nanoparticles due to its strong binding capacity to the rare earth 

ions14,22. 3,4-DHCA, owing to the phenolic group, can replace the OA to form a robust 

anchor on the surface of nanoparticles via a metallocyclic chelate23,24. APTES12, an amino 

siloxane, is often preformed to generate functional amino groups on the surface of the 

silica coated nanoparticles for further bioconjugation. Usually, the silanization begins 

with the hydrolysis of ethoxy groups in APTES, a process catalyzed by water, leading to 

the formation of silanols; and then, the silanols condense with surface silanols of the 

silicon substrate forming a monolayer of APTES via a lateral siloxane network in which 

amino groups are oriented away from the underlying silicon surface25,26. In this work, 

parts of the hydrolyzed silanols can remove the OA to form stable chemical bonds with 

rare earth ions and other silanols condense amongst each other, resulting in a relatively 

dense film on the surface of UCNPs.  

 

https://www.google.com.au/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&cad=rja&uact=8&ved=0ahUKEwjHrq_15ejYAhXMybwKHUiNDBwQFggnMAA&url=https%3A%2F%2Fwww.sigmaaldrich.com%2Fcatalog%2Fproduct%2Faldrich%2F440140%3Flang%3Den%26region%3DUS&usg=AOvVaw1fTDCLYZZCkMftjBX4eFCb
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(YbCl3·6H2O, 99.99%), and erbium chloride hexahydrate (ErCl3·6H2O, 99.9%), were 

purchased from Sigma-Aldrich. For the synthesis of di-block copolymer composed of 

poly(ethylene glycol) methyl ether acrylate and poly(monoacryloxyethyl phosphate), the 

chemicals including 2-bromopropionic acid (99%), zinc acetylacetonate hydrate, 4-

cyano-4-(phenylcarbonothioylthio)pentanoic acid (97%), Monomer oligo(ethylene 

glycol) methyl ether acrylate (OEGA), ethylene glycol (99%), 1-butanethiol (99%) and 

poly(ethylene glycol) methyl ether acrylate were purchased from Sigma-Aldrich, and 

monoacryloxyethyl phosphate (MAEP) from Polysciences, Inc. OEGA and MAEP were 

used as received. 2,2’-Azobisisobutyronitrile (AIBN) was purified by recrystallization 

twice from methanol. All other materials and reagents, ammonium fluoride (NH4F), 

sodium fluoride (NaF), cyclohexane, methanol, sodium hydroxide (NaOH), acetonitrile, 

tetrahydrofuran (THF), 3,4-DHCA, AMPA, APTES, Tris-buffer, SSC-buffer, Hepes-

buffer were purchased from Sigma-Aldrich with reagent grade or higher. For cell culture, 

trypan-blue, trypsin, cell culture media DMEM-Dulbecco's Modified Eagle Medium and 

PBS-buffer, were purchased from ThermoFisher Scientific. Fetal bovine serum (FBS) 

was purchased from Scienitifix. 

 

2.2.2 Instrumentation 

UCNPs were characterized using the FEI Tecnai transmission electron microscope (FEI, 

U.S.A.) and D8 Discover X-ray diffraction (Bruker, Germany). The synthesized polymers 

were characterized with Agilent 500 MHz nuclear magnetic resonance (Agilent 

Technologies, U.S.A.). The hydrodynamic size of UCNPs was determined by a zetasizer 

nano (Malvern, U.K.). The surface ligand measurement was conducted by the Thermo 

Scientific Nicolet 6700 FTIR spectrometer (Thermo Fisher Scientific, Australia). 

Upconversion luminescent spectra were measured by an iHR550 imaging spectrometer 
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(Horiba Scientific, U.K.) modified with an external 980 nm laser (Figure 2.2). A single 

mode continuous-wave 980 nm diode laser beam launched through the UV quartz cuvette 

produced excitation irradiance values of up to 1.36 × 106 W/cm2. 

 

Figure 2.2 Schematic image of the experimental configuration for measuring 

upconversion luminescent spectrum of nanoparticles under continuous-wave 980-nm 

diode laser. 

 

The photoluminescent intensity of single UCNP was measured by the home-built stage-

scan confocal microscopy with 980 nm excitation source27 (Figure 2.3).  
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pass filter (SPF, FF01-842/SP-25, Semrock), then detected by a charge coupled device 

(CCD). Typical excitation powers for the recording images were set at 200 mW. All 

powers were measured at the back aperture of the objective lens. 

 

Figure 2.4 Experimental setup of wide field microscope for cell imaging to investigate 

the non-specific cellular uptake of ligand-capped UCNPs. (SMF, single-mode fiber; L1 

to L5, lens; HWP, half-wave plate; PBS, polarized beam splitter; M, mirror; DM, 

dichroic mirror; OL, objective lens; SPF, short pass filter; CCD, charge coupled device) 

 

2.2.3 Synthesis of Er Doped UCNPs 

UCNPs had been synthesized according to our previously reported method28. In a typical 

experiment, 1 mmol LnCl3 (Ln=Y, Yb, Er) with the molar ratio of 78:20:2 were added to 

a 50 mL flask containing oleic acid (OA, 6 mL) and 1-octadecene (ODE, 15 mL). The 

mixture was heated to 160°C under argon for 30 min to obtain a clear solution and then 
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cooled down to room temperature, followed by the addition of 5 mL methanol solution 

of NH4F (4 mmol) and NaOH (2.5 mmol). After stirring for 30 min, the solution was 

heated to 100°C for 20 min to remove methanol and 120°C for 20 min to remove water 

under argon, followed by heating solution to 300°C for another 90 min. Finally, the 

reaction solution was cooled down to room temperature, and nanocrystals were 

precipitated with ethanol and washed with cyclohexane, ethanol and methanol thrice to 

get the NaYF4:Yb, Er nanoparticles. UCNPs were dispersed in cyclohexane with the 

concentration of 20 mg/ml, kept in freezer until usage. 

 

2.2.4 Synthesis of di-blcok Copolymer POEGA-b-PMAEP 

Synthesis of POEGA macro-RAFT agent. The RAFT agent, 2-(n-

butyltrithiocarbonate)-propionic acid (BTPA) was prepared according to a published 

procedure29. OEGA (5.0 g, 1.04 × 10-2 mol), RAFT agent (1.13 × 10-1 g, 4.73 × 10-4 mol) 

and AIBN (7.77 × 10-3 g, 4.73 × 10-4 mol) were dissolved in 20 ml of toluene in a round-

bottom flask with a magnetic stirring bar. The flask was then sealed with a rubber septum 

and purged with nitrogen gas for 30 mins. The reaction mixtures were then placed in a 

preheated oil bath at 70°C. After 17 h, the polymerization was terminated by quenching 

the samples in an ice bath for 5 min. The POEGA polymer was then purified three times 

by precipitation with excess petroleum spirits (boiling range of 40-60°C) followed by 

centrifugation (7000 rpm for 5 min) and was dried under vacuum at room temperature.  

The samples were stored at 4°C until required for further chain extension to form di-block 

copolymer.  
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Synthesis of POEGA-b-PMAEP. POEGA macro-RAFT agent (1.0 g, 1.02 × 10-4 mol) 

and AIBN (3.35 × 10-3 g, 2.04 × 10-5 mol) were dissolved in 5 ml of acetonitrile and 

MAEP (1.4 × 10-1 g, 7.14 × 10-4 mol) was added. The reaction mixture was purged with 

nitrogen gas for 30 min in an ice bath. The polymerization was carried out in an oil bath 

at 70°C and was terminated by placing the samples on ice for 5 min. The POEGA-b-

PMAEP was purified three times by precipitation in excess of diethyl ether followed by 

centrifugation (7000 rpm for 5 min) and was then dried under reduced pressure at room 

temperature. 

  

2.2.5 Analysis of POEGA-b-PMEAP 

NMR spectroscopy. Monomer conversion and polymer compositions were characterized 

by 1H NMR using Bruker Avance 300 (300 MHz) spectrometers in d6-DMSO = 2.46 ppm. 

31P NMR spectra of the polymer was carried out in d6-DMSO for POEGA-b-PMAEP. 

Monomer OEGA conversion (αOEGA) for POEGA was calculated using the following 

equation: 𝛼OEGA = [
∫ 4.1 𝑝𝑝𝑚

∫ 4.1 𝑝𝑝𝑚+ ∫ 4.3 𝑝𝑝𝑚
] , with ∫ 4.1 𝑝𝑝𝑚  and ∫ 4.3 𝑝𝑝𝑚  corresponding 

to integral of the signal at 4.1 (polymer) and at 4.3 (monomer) ppm, respectively. The 

experimental molecular weight of POEGA was calculated using the following equation: 

𝑀n,NMR
POEGA  = 𝛼𝑂𝐸𝐺𝐴  × (

[OEGA]

[RAFT]
) ×  𝑀w

OEGA +  𝑀w
RAFT, where 𝑀w

OEGA and 𝑀w
RAFT  are the 

molecular weight of monomer and RAFT agent, respectively. 

 

Monomer conversion for MAEP was also calculated from 1H NMR spectra of the reaction 

mixture before and after polymerization by comparing the integral ratio of the vinyl 

protons of monomer and the unchanged methylene protons of the POEGA adjacent to 
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ester bond at 4.1 ppm, using the equation:  𝛼MAEP =  (∫ 6.2 𝑝𝑝𝑚, 0 (ℎ) −

 ∫ 6.2 𝑝𝑝𝑚, 𝑡(ℎ))/ ∫ 6.2 𝑝𝑝𝑚, 0(ℎ)). The experimental molecular weight of the resultant 

POEGA-b-PMAEP was calculated using the following equation: 𝑀n,NMR
POEGA−𝑏−MAEP  = 

𝛼MAEP  × (
[MAEP]

[POEGA maro−RAFT]
) × 𝑀w

MAEP + 𝑀n,NMR
POEGA , where 𝑀w

OEGA and 𝑀w
RAFT  are the 

molecular weight of monomer and macro-RAFT agent, respectively. 

 

2.2.6 Surface Modification of UCNPs with Four Hydrophilic Ligands via Ligand 

Exchange 

To produce the 3,4-DHCA -UCNPs, 10 mg of 3,4-DHCA and 10 mg of OA-UCNPs were 

mixed in 2 ml of THF solution followed by sonication for 10 min. The mixture was left 

with a gentle shaking at RT overnight. The sample was then washed with THF thrice via 

centrifugation at 14,680 rpm for 25 min (500 ul/vial), followed by two cycles of 

washing/dispersion with water. The 3,4-DHCA-UCNPs were stored in 1 ml of water for 

further use. 

 

To produce the APTES-UCNPs, 10 mg of OA-UCNPs dissolved in THF, 30 ul of APTES 

solution was added and sonicated for 10 min. The mixture was left with a gentle shaking 

at RT overnight. The sample was then washed with THF thrice via centrifugation at 

14,680 rpm for 25 min (300 ul/vial), followed by two cycles of washing/dispersion with 

water. The APTES-UCNPs were stored in 1 ml of water for further use. 

 

To produce the AMPA-UCNPs, 10 mg of AMPA in water and 10 mg of OA-UCNPs in 

THF were mixed and sonicated for 10 min. The mixture was left with a gentle shaking at 
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RT overnight. The sample was then washed with THF thrice via centrifugation at 14,680 

rpm for 25 min (500 ul/vial), followed by two cycles of washing/dispersion with water. 

AMPA-UCNPs were stored in 1 ml of water for further use. 

 

To produce the MAEP-UCNPs, 5 mg of MAEP and 10 mg of OA-UCNPs in THF were 

mixed well followed by sonication for 10 min. The mixture was left with a gentle shaking 

at RT overnight. The sample was then washed with THF thrice via centrifugation at 

14,680 rpm for 25 min (500 ul/vial), followed by two cycles of washing/dispersion with 

water. MAEP-UCNPs were stored in 1 ml of water for further use. 

 

To produce the bare-UCNP, 10 mg of OA-UCNPs were dissolved in 2 ml of 0.1 M HCL 

solution followed by sonication for 30 min. The sample was then washed with THF thrice 

via centrifugation at 14,680 rpm for 25 min (500 ul/vial), followed by two cycles of 

washing/dispersion with water. Bare-UCNPs were stored in 1 ml of water for further use. 

 

2.2.7 Cytotoxicity Assay of Hydrophilic Ligand-capped UCNPs 

Approximately 1×105 CHO-K1 cells were seeded per well into 12-well plates (Corning 

Incorporated) and incubated for 24 h in cell culture media (DMEM/F12 + 5%FBS). The 

media was removed, and another 1 ml of fresh media (DMEM/F12 + 1% FBS) containing 

NaF (2 mM) and one of the four ligand-capped UCNPs at concentrations of 10 ug/ml and 

100 ug/ml were added into each well, respectively. Cells incubated in equal volume of 

the media with NaF (2 mM) were used as a control. After incubation for 24 h, 48 h or 72 

h, Trypan blue viability test was performed to measure cell viability. The media with 
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particles was collected into tubes (15 ml), and 1 ml DPBS solution for washing the well 

was also collected into corresponding tubes. 500 ul of 0.25% trypsin was added into each 

well for cell detachment under 37°C for 3-5 min, followed by adding 500 ul of media 

(DMEM/F12 + 5%FBS) into each well to inactive trypsin. The 1 ml of detached cell 

media was collected and mixed with pre-collected 2 ml supernatant, followed by 

centrifuge at 1400 rpm for 3.5 min. The supernatant was discarded, and the pelleted cells 

were re-suspended in 1 ml of DMEM/F12. 20 ul of the media was mixed with equal 

volume of 0.4% trypan blue solution for cell staining. 10 ul of mixture was pipetted into 

the hemocytometer chamber, and cells were counted under a light microscope. Cell 

viability was determined using the formula: live cell count/(live cell count + dead cell 

count) × 100 = viability%. At the same time, the cell number of each assay group was 

also determined and compared with that of the control group. For the cytotoxicity assay, 

after the ligand-capped UCNPs were prepared, they were dried out as powder, and keep 

under UV irradiation for 1 h for sterilization.   

 

2.2.8 Non-specific Cellular Uptake of Hydrophilic Ligand-capped UCNPs 

Sterile round, glass coverslips (12 mm, diameter) were placed into individual wells of a 

12-well plate and approximately 1×105 CHO-K1 cells were added into each well and 

incubated for 24 h in cell culture media (DMEM/F12 + 5%FBS) in order to seed the cells 

onto the glass coverslips. The media was removed, and another 1 ml of fresh media 

(DMEM/F12 + 1% FBS) containing NaF (2 mM) and one of each of the four different 

ligand-capped UCNPs were individually added at concentrations of 10 ug/ml or 100 

ug/ml into each well, respectively. Cells incubated in equal volume of the media with NaF 

(2 mM) were used as a control. After incubation for another 24 h, the supernatant was 

discarded and the wells were washed with PBS three times. 1 ml of 4% paraformaldehyde 
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in PBS was applied to fix the cells onto the coverslips at RT for 15 min, followed by 

washing the coverslips with PBS for another three times. The coverslips were then 

mounted onto glass slides and observed under a microscope with 980 nm wavelength 

laser excitation.  

 

2.3 Results and Discussion 

2.3.1 Synthesis of UCNPs 

The synthesized OA-UCNPs displayed uniform hexagonal morphology with the mean 

size of 20 nm from the TEM result (Figure 2.5B). The XRD result (Figure 2.5A) 

corresponded with the standard pattern of the hexagonal phase NaYF4, indicating the high 

crystallinity of the nanoparticles. 

 

Figure 2.5 (A) The XRD of synthesized OA-UCNPs. (B-F) The TEM of OA-UCNPs, 

AMPA-UCNPs, APTES-UCNPs, 3,4-DHCA-UCNPs and MAEP-UCNPs, respectively. 
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2.3.2 Synthesis of POEGA-b-PMAEP 

The 1H NMR result of POEGA macro-RAFT agent and POEGA-b-PMAEP are shown in 

Figure 2.6 and Figure 2.7, respectively. The conversion of OEGA during the course of 

polymerization was 90%, and the molecular weight of the POEGA macro-RAFT agent 

was measured to be Mn,NMR = 9500 g/mol. The conversion of MAEP was around 70%, 

and the molecular weight was measured to be Mn,NMR = 10800 g/mol for POEGA-b-

PMEAP. The obtained di-block co-polymer contained 20 repeating units of OEGA and 5 

repeating units of MAEP from the analysis of 1H NMR. 

 

Figure 2.6 1H NMR spectrum of POEGA. 
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which demonstrated the attachment of APTES onto the surface of nanoparticles. The 

bands around 1490 and 1300 cm-1 presented when catechol bond covalently to metal 

oxides as catechol anions, which were attributed to the benzene ring vibration and a C–O 

stretch, respectively24,33,34. While in this FTIR result of the 3,4-DHCA-UCNP, only a 

sharp peak at 1288 cm-1 was obviously observed as the C–O stretch within an acceptable 

shift.  

 

Figure 2.8 FTIR spectrum of OA-UCNPs, AMPA-UCNPs, APTES-UCNPs, 3,4-DHCA-

UCNPs and MAEP-UCNPs. 

 

TEM. TEM observations reveal that OA-UCNPs, 3,4-DHA-UCNPs, APTES-UCNPs, 

AMPA-UCNPs and MAEP-UCNPs were uniform in shape without obvious change in 

morphology after surface modification via ligand exchange (Figure 2.5 B-F).  
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Zeta potential. Table 2.1 displayed the average value of the zeta potential of the four 

hydrophilic ligand-capped UCNPs suspended in water. The Milli-Q water showed weak 

acidic (pH 6). The amino-functionalized UCNPs capped by AMPA and APTES showed 

positive zeta potentials, and the value of AMPA was much stronger than APTES. The 

carboxyl-functionalized UCNPs capped by 3,4-DHCA and MEAP were negative zeta 

potential, and the values were not as strong as the positive ones.  

 

Table 2.1 Zeta potential of four ligand-capped UCNPs. 

 

 

 

DLS. The dynamic light scattering (DLS) was applied for measuring the hydrodynamic 

diameter of UCNPs dispersed in aqueous buffer (Figure 2.9). The mean hydrodynamic 

diameter of OA-UCNPs dispersed in cyclohexane was 22 ± 1 nm, which was closely 

correspondent to the value measured under TEM. For the hydrophilic ligand capped-

UCNPs dispersed in water, the hydrodynamic diameter was to some extent pH-dependent, 

as the pH value influenced the surface charge, especially for the small molecular ligands. 

The average diameter of the AMPA-UCNPs in water was 93 ± 5 nm (pH 6, PDI=0.481). 

Ligand Surface functional group Zeta potential (mV) 

AMPA -NH2 +26.9 

APTES -NH2 +7.13 

3,4-DHCA -COOH –3.41 

MAEP -COOH –4.94 
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The diameter of AMPA-UCNPs slightly changed to smaller in acidic solution, while the 

diameter value got extremely bigger once in basic condition (Figure 2.9A). The average 

hydrodynamic diameter of the APTES-UCNPs in water was 492 ± 5 nm (pH 6, 

PDI=0.479), and it became much smaller in acidic condition, which was related to the 

surface charge getting more positive. Similar with the AMPA-UCNPs, once in basic 

condition, the particles aggregated severely and showed very large hydrodynamic 

diameter (Figure 2.9B). For 3,4-DHCA-UCNPs, the average diameter in water was 59 ± 

1 nm (pH 6, PDI=0.474). In the contrast to the distribution behaviour of amino-

functionalized UCNPs, DHCA-UCNPs showed the aggregates in acidic condition and 

stable in basic condition (Figure 2.9C). The hydrodynamic diameter of MAEP-UCNPs 

was 34 ± 1 nm in water (pH 6, PDI=0.514). Different from the small molecular ligands, 

the PEG-derived hydrophilic MAEP-UCNPs displayed very colloidal stable and uniform 

hydrodynamic diameter of 34 ± 1 nm in both of the acidic and basic conditions (Figure 

2.9D).  
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Figure 2.9 Comparative size distribution of AMPA-UCNPs (A), APTES-UCNPs (B), 3,4-

DHCA-UCNPs (C), MAEP-UCNPs (D) with OA-UCNPs in water at three pH levels via 

dynamic light scattering (DLS).  

 

The aforementioned DLS results showed the particles dispersed in water, and there were 

no other molecules in the solution that could induce competition with the surface ligands. 

In fact, most bioassays are conducted in weak basic conditions to ensure the bioactivity 

of the biomolecules. So, here, carboxyl-functionalized nanoparticles, 3,4-DHCA-UCNPs 

and MEAP-UCNPs, were further studied for the stability in different biological buffers 

which correspond with the environment of the human body, such as Tris-HCL buffer, 

SSC buffer and HEPES buffer. Tris-buffer contained 15 mM of 

tris(hydroxymethyl)aminomethanetris and 150 mM NaCl (pH 7.6); SSC-buffer contained 

15 mM of citrate and 150 mM NaCl (pH 7.0); HEPES buffer contained 15 mM 4-(2-

Hydroxyethyl)piperazine-1-ethanesulfonic acid and 150 mM NaCl (pH 7.0). Figure 2.10 

displayed the DLS result of the 3,4-DHCA-UCNPs and MEAP-UCNPs in three buffers. 

Particles were dissolved in different buffers and were measured at three time points (0, 

12 and 24h), respectively. From the result, 3,4-DHCA-UCNPs dispersed in HEPES and 

Tris-HCL buffer, the size of the particles increased and did not overlay closely among the 

three measurements. But for the 3,4-DHCA-UCNPs dispersed in SSC buffer, the dynamic 

size of the particles at three time points did not change and the distribution was very 

uniform. The comparative study of 3,4-DHCA-UCNPs in three buffers, indicating that 

the optimal condition of 3,4-DHCA-UCNPs in bio-application was in SSC buffer. On the 

other hand, for MEAP-UCNPs, the dynamic size of the nanoparticles dispersed in all 

three buffers did not change and size distribution was very uniform as for the high overlap 

of the three measurements. This systematic investigation of MAEP-UCNPs in three 
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buffers indicated that this kind ligand-capped nanoparticle was very stable in various 

ionic liquids under basic condition, and was a potential candidate as nanoprobe in 

bioassay.   

 

Figure 2.10 Size distribution of 3,4-DHCA-UCNPs (A, B, C) and MAEP-UCNPs (D, E, 

F) in HEPES buffer, SSC buffer and Tris-HCl buffer, respectively. Red, green and blue 

lines stand for measurement of particles in buffers at three time points, 0, 12 and 24 h, 

respectively. 
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Figure 2.11 Spectra of OA-UCNPs in cyclohexane (A), bare-UCNPs (B), AMPA-UCNPs 

(C), APTES-UCNPs (D), 3,4-DHCA-UCNPs (E), MAEP-UCNPs (F) in water under 

homemade spectrometer with 980 nm excitation. The ratio of green (539 nm) to red (653 

nm) of upcoversion emission (G). For the statistic analysis of the ratio between green and 

red emission, there are three replicates for each kind of ligand modified UCNPs. 

 

Luminescence of single UCNP. To investigate the exact influence of the ligand on the 

luminescence intensity of UCNPs, luminescence of single nanoparticle completely dried 

was tested. This is a more accurate measurement in comparison with nanoparticles 

suspension, as it is difficult to make the concentration exactly equal for each ligand-

decorated UCNPs, and also, water molecules have been confirmed to have an influence 

on the upconversion luminescence. These two factors may result in inaccurate testing 

outcomes. Thus, particles were dissolved in water under extreme dilution and dropped on 

the cover slide, and then measured under homebuilt microscopy with 980 nm until the 

sample was completely dried out. Compared with the luminescence of OA-UCNPs, all 

four hydrophilic ligand-capped UCNPs demonstrated severely reduced luminescence, 

and in particular MAEP-UCNPs sample. The upconversion luminescence of MAEP-

UCNP was quenched about fifty percent compared with that of OA-UCNP (Figure 2.12). 

It was unclear about the cause of the upconversion quenching, as for all four hydrophilic 

ligand-capped UCNPs plus hydrophobic OA-UCNPs, the reagents were completely 

evaporated, so the quenching should be attributed to the ligands. However, the 

mechanism of different quenching efficiency of each ligand is unrevealed, and still under 

investigation. 
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Figure 2.12 Luminescence intensity measurement of single nanoparticle for OA-UCNP, 

AMPA-UCNP, APTES-UCNP, 3,4-DHCA-UCNP and MEAP-UCNP, and the average 

intensity value of twenty particles for each kind of ligand-UCNP. 
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2.3.4 Cytotoxicity Assay of Hydrophilic Ligand-capped UCNPs 

Trypan-blue viability test was applied to evaluate the viability of CHO-K1 cells incubated 

with each of the four ligand-capped hydrophilic UCNPs at 37°C with 5% CO2 at 

concentrations of 10 ug/ml or 100 ug/ml for 24 h, 48 h and 72 h. Trypan-blue is a small 

fluorescent dye, it can pass through the cell membrane of damaged or dead cells only. As 

particles dissociated at low concentration, 2 mM of NaF was kept in the media to provide 

enough F– when incubating the particles with cells in order to prevent the dissociation36. 

The obtained results demonstrated that the viability of the CHO-K1 cells remained 

unaffected by exposure to the four ligand-capped UCNPs at a concentration of 10 ug/ml 

for as long as 72 h (Figure 2.13A), and the proliferation of the cells almost followed an 

exponential growth pattern (Figure 2.13C). For MAEP-UCNPs, even the concentration 

of the particles was increased 10 times to 100 ug/ml for incubated with CHO-K1, cell 

viability and proliferation were not noticeably changed compared with the control. 

However, once the cells were incubated with AMPA-UCNPs, APTES-UCNPs and 

DHCA-UCNPs at 100 ug/ml, the cell viability gradually decreased (Figure 2.13B) over 

time and the cell proliferation was also inhibited (Figure 2.13D). For DHCA-UCNPs 

incubated with cells, after 72 h, the cell viability was reduced to only 54%, and the total 

cell number was approximately nine (9) times lower than the control group. Particles 

incubated with DHCA were regarded as the most cytotoxic amongst all four ligand 

molecules. For AMPA-UCNP and APTES-UCNP, the cell viability of CHO-K1 following 

incubation with the particles for 72 h, was 75% and 82%, respectively. The total CHO-

K1 cell number following incubation with AMPA- and APTES-UCNPs for 72 h was 

approximately four and five times lower than that of untreated cells. T-test analysis was 

applied to statistically compare the control group with each assay group at 72 h. Both the 

cell viability and cell proliferation in the three assay groups (AMPA-, APTES, DHCA-
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2.3.5 Non-specific Cellular Uptake of Hydrophilic Ligand-capped UCNPs 

AMPA-UCNPs, APTES-UCNPs and DHCA-UCNPs demonstrated higher cellular 

uptake than MAEP-UCNPs, and more nanoparticles were trapped within the cell 

cytoplasm when incubated with 100 ug/ml compared with the 10 ug/ml samples (Figure 

2.14). The result of the cellular uptake correlated with the result of the cytotoxicity assay, 

indicating that cellular uptake was increased at high doses of nanoparticles for AMPA-

UCNPs, APTES-UCNP and DHCA-UCNPs, leading to reduced cell viability and 

prohibited proliferation. At first, there were no visible MAEP-UCNPs associated with 

CHO-K1 cells at same measurement condition with other three groups, but upon 

increasing the acquisition gain value on the microscope system during measurement, 

some single MAEP-UCNP in the cells were observed and some single particles were also 

seen to localize within or close to cell nucleus (Figure 2.15). This result of non-specific 

cellular uptake of four ligand-capped UCNPs investigation, was to some extent related 

with the particles stability and dispersity modified with different surface ligands. Besides 

MAEP-UCNPs, the other three particles were easier to aggregate in such complex 

condition of cell culture media, which increased the chance of contact with cells. On the 

other hand, the low level of cellular uptake of MAEP-UCNP showed its potential in 

bioimaging application to achieve a relatively accurate and specific detection. 
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well as phosphate-PEG-COOH, if the PEG linker takes the most responsibility of the 

excellent colloidal stability of the particles. In that case, two kinds of di-block co-polymer 

sharing same construction with either carboxyl or amino functional group will provide 

broader bioconjugation methods, and the very stable modified-UCNPs can be not only 

used for bimolecular testing in vitro, but also tracking and therapy in vivo.  

 

2.4 Conclusion  

In summary, in this chapter, hydrophilic UCNPs capped with four molecules separately 

via a one-step ligand exchange surface modification process was systematically 

investigated. MAEP-UCNPs were found to perform the best in terms of their 

water/aqueous stability and bio-compatibility owing to the strong binding affinity of the 

phosphonate group and negatively charged carboxyl group, and the most importantly 

inclusion of stealth property of PEG-derived groups.  The amino-functional UCNPs, 

namely AMPA-UCNPs and APTES-UCNPs, were found to remain monodispersed only 

in acidic condition due to their positive charge. 3,4-DHCA-UCNPs, was a good choice 

for bio-applications in basic water with sodium salt, but for aqueous buffers containing 

other small molecules, it showed instability. For the investigation of nanoparticles 

interacted with cells, MAEP-UCNPs were found to be most cell friendly, while the other 

three nanoparticles were cytotoxic at 100 ug/ml. This cytotoxicity result was further 

demonstrated relative to the cellular uptake level. It is also worth to mention that, even 

though MAEP-UCNPs demonstrated proper water colloidal property, the upconversion 

luminescence in fact was severely quenched. However, a number of reports in the 

literature indicated that the quenching could be eliminated by core-shell structure of the 

UCNP during synthesis27. Only four ligands were used in this work, but the protocol 
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established here can serve as a good guide for the assessment of the surface modification 

of UCNPs for subsequent bio-applications. 

As surface modification of UCNPs via one-step ligand exchange with homemade 

POEGA-b-PMAEP polymers (MAEP-UCNPs) is a robust method to produce hydrophilic, 

stable and biocompatible UCNPs for bio-application. This method were used in the next 

two chapters for bioassays. 
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CHAPTER 3 

 

Exonuclease III-assisted Upconversion Resonance 

Energy Transfer in a Wash-Free Suspension 

DNA Assay 

 

Abstract: Sensitivity is the key in optical detection of low-abundant analytes, such as 

circulating RNA or DNA. The enzyme Exonuclease III (Exo III) is a useful tool in this 

regard; its ability to recycle target DNA molecules results in markedly improved detection 

sensitivity. Lower limits of detection may be further achieved if the detection background 

of auto-fluorescence can be removed. In this chapter,we report an ultrasensitive and 

specific method to quantify trace amounts of DNA analytes in a wash-free suspension 

assay. In the presence of target DNA, the Exo III recycles the target DNA by selectively 

digesting the dye-tagged sequence-matched probe DNA strand only, so that the amount 

of free dye removed from the probe DNA is proportional to the number of target DNAs. 

Remaining intact probe DNAs are then bound onto upconversion nanoparticles (energy 

donor), which allows for upconversion luminescence resonance energy transfer (LRET) 

that can be used to quantify the difference between the free dye and tagged dye (energy 

acceptor). This scheme simply avoids both auto-fluorescence under infrared excitation 

and many tedious washing steps, as the free dye molecules are physically located away 

from the nanoparticle surface, and as such they remain “dark” in suspension. Compared 

to alternative approaches requiring enzyme-assisted amplification on the nanoparticle 

surface, introduction of probe DNAs onto nanoparticles only after DNA hybridization 
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and signal amplification steps, effectively avoids steric hindrance. Via this approach, we 

have achieved a detection limit of 15 pM in LRET assays of human immunodeficiency 

viral DNA.  

 

Key words: Exonuclease III, wash-free, suspension assay, upconversion nanoparticles, 

luminescence resonance energy transfer. 

 

3.1 Introduction 

Rapid detection of low-abundance, specific DNA molecules becomes increasingly 

important to enable in-depth studies and medical diagnosis of genetic diseases. Optical 

biosensors for DNA detection, including colorimetric1 and fluorescent2,3 methods, have 

been widely used because of their high detection selectivity and cost-efficiency. However, 

detection sensitivity is still limited due to the high background interference from auto-

fluorescence from bio-samples. In addition, many fluorophores suffer serious 

photobleaching which leads to the poor reproducibility of the signal measurement.  

 

Upconversion nanoparticles (UCNPs)4,5 have emerged as a new generation of optical 

probes for diminishing the interference of auto-fluorescence background, as they stepwise 

absorb two or more near-infrared photons, and emit long-lifetime anti-Stokes 

luminescence in the visible spectrum with narrow emission bands. Each single UCNP 

usually contains thousands of photon sensitizers and hundreds of trivalent lanthanide ions 

(Ln3+) as photon activators within an inorganic crystalline host matrix, and therefore 

deliver bright luminescence in the darkness via either anti-Stokes spectrum filtering or 

time-gated detection. Morever, distinct from conventional organic dyes, UCNPs provide 

high optical stablity for better experimetal reproducibility, and also demonstrate good 
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biocompatibility and low cytotoxicity6, as robust molecular probes for biological 

imaging7,8 and molecular detection9-11. 

 

Using UCNPs as the donor in luminescence resonance energy transfer (LRET) systems 

has been broadly reported in the area of DNA detection12-15. Replacing the organic 

fluorophores as classic energy donors16 by UCNPs, upconversion LRET assays are now 

more reliable due to low levels of auto-fluorescence background17. Moreover, due to the 

narrow emission bands, both the donor’s and acceptor’s emissions have well-defined 

spectrum windows with minimal levels of cross-talk for quantitative distance-dependent 

analysis through monitoring the decrease of the donor’s intensity and increase of the 

acceptor’s intensity18,19. Most of the existing DNA detection assays are based on a 

sandwich-type hybridization that only allows one DNA probe to detect one target DNA 

analyte, which holds back this technology from achieving higher detection sensitivity. 

 

Highly sensitive detection of low quantities of target DNA analytes, typically requires 

direct amplification of the target nucleic acids by use of polymerase chain reaction 

(PCR)20,21 to substantially enhance signal output. However, this kind of amplification 

requires costly equipment, highly trained personnel, along with the requirement of precise 

temperature control and prevention of primer dimer formation. This makes it difficult to 

achieve widespread application of this technology. To overcome these challenges, various 

of enzyme-free22,23 or enzyme-assisted1,15,24,25 target-triggered signal amplification 

techniques, where the replication of target-dependent complexes for continuous signal 

generation only under isothermal conditions have been developed over the years. Target-

triggered signal amplification assisted by Exonuclease III (Exo III) enzyme for ultra-

sensitive quantitation of DNA has been extensively developed and applied25-28. Exo III 
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has a double-strand specific, non-processive 3’-5’ exo-deoxyribonulease activity that 

produces a step-by-step mononucleotide removal from the 3’-end of the DNA.  However, 

if the 3’-end of the DNA overhangs by more than four bases in length, it can be protected 

from Exo III activity29. Typically, the mononucleotides of designed probe DNA can be 

stepwise removed without damaging the target DNA. This selective nucleotide digestion 

feature can be exploited to significantly enhance the limits of detection in DNA assays.  

 

In this study, we introduce the Exo III-assisted target DNA-triggered signal amplification 

technique to further improve the detection sensitivity and simplicity of upconversion 

LRET for the detection and quantification of trace amounts of DNA. As illustrated in 

Figure 3.1, two in-principle schemes were designed and experimentally verified in this 

study. In both schemes, carboxytetramethyl rhodamineTM (TAMRATM) is used as the 

acceptor and is conjugated to the 3’-terminus of the single strand probe DNA. It is 

selected as a suitable dye due to its maximum absorption at 559 nm, which is well 

matched to the green emission band of erbium doped UCNPs, resulting in its sensitized 

luminescence emission at 583 nm, where conveniently UCNPs do not luminesce (Figure 

3.2). The sequence of probe DNA is designed to completely hybridize with HIV target 

DNA. Furthermore, its 5’-end is modified with an amine group in order for it to covalently 

bind onto the surface of UCNPs that have been modified with polymer linkers ending in 

carboxyl groups. In addition, the length of the probe DNA is designed to allow the target 

DNA to overhang by six bases from its 3’-end. This is done to ensure the target DNA 

escapes digestion by Exo III, therefore allowing it to be recycled in the assay and capable 

of binding to remaining intact, probe DNAs. These modified probe DNAs are referred to 

as TAMRA-tagged probe DNAs. 
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Figure 3.1 Schemas 1 & 2, illustrating the use of Exonuclease III-assisted upconversion 

resonance energy transfer in a wash-free suspension DNA assay. 

 

 

Figure 3.2 The absorption and emission spectra of TAMRA. 
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Upon hybridization of target DNA to TAMRA-tagged probe DNAs (Figure 3.1, Scheme 

1), Exo III recognizes the double-stranded probe-target pairs and selectively digests the 

TAMRA-tagged probe DNA strand, releasing free-TAMRA. Target DNA remains intact, 

and is capable of undertaking further rounds of hybridization to TAMRA-tagged probe 

DNAs. Subsequent addition of EDC-activated carboxyl-UCNPs, results in covalent 

attachment of the residual full length TAMRA-tagged probe DNAs - via their 5’ amine 

group. This in turn results in LRET from the UCNPs to the bound TAMRAs by providing 

a proportional decrease in luminescence of the UCNPs and an increased fluorescence of 

the UNCP bound TAMRAs. In contrast, the remaining free TAMRA dye molecules in 

suspension do not come into close contact with the surface of the UCNPs, contributing 

no effect to the LRET process. Therefore, the existence of the free TAMRAs in the 

solution does not influence the result of spectral measurement, eliminating time-

consuming and tedious washing steps.  

 

In the case of Scheme 2, the TAMRA-tagged probe DNAs were first conjugated onto 

UCNPs for efficient LRET, followed by addition of both target DNA and Exo III, 

designed for signal amplification. However, no obvious change was detected even in the 

presence of high concentrations of target DNA molecules (Figure 3.3). This comparison 

experiment confirms Scheme 1 as a simple, reproducible and practical distance-

dependent upconversion LRET assay for suspension DNA detection and quantification. 

In order to meet the distance requirement between UCNP and TAMRA for efficient LRET, 

we designed relatively short-length probe DNA sequence. As a result, in Scheme 2, short 

sequence DNA attached to the surface of UCNPs have caused steric hindrance effects, 

resulting in inhibition and/or failure of enzymatic reactions to proceed on the surface of 

the UCNPs. 
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Figure 3.3 Luminescence spectra of TAMRA-UCNPs in Design 2 after Exo III digestion 

of probe DNA on the surface of UCNPs in the presence of target (0 nM and 500 nM) at 

37 ºC for 4 h. 

 

3.2 Experiments 

3.2.1 Materials 

Rare-earth chloride hexahydrates used in this work for upconversion nanoparticles 

(UCNPs) synthesis, including yttrium (III) chloride hexahydrate (YCl3·6H2O, 99.99%), 

ytterbium chloride hexahydrate (YbCl3·6H2O, 99.99%), and erbium chloride hexahydrate 

(ErCl3·6H2O, 99.9%), were purchased from Sigma-Aldrich. For polymer synthesis, the 

chemicals including 2-bromopropionic acid (99%), zinc acetylacetonate hydrate, 4-

cyano-4-(phenylcarbonothioylthio)pentanoic acid (97%), ethylene glycol (99%), 1-

butanethiol (99%) and poly(ethylene glycol) methyl ether acrylate were purchased from 

Sigma-Aldrich, and monoacryloxyethyl phosphate from Polysciences, Inc. All other 
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materials, ammonium fluoride (NH4F), cyclohexane, methanol, sodium hydroxide 

(NaOH), acetonitrile, tetrahydrofuran (THF), N-(3-Dimethylaminopropyl)-N′-

ethylcarbodiimide hydrochloride (EDC), diethyl ether, 2-(N-Morpholino)ethanesulfonic 

acid (MES), were purchased from Sigma-Aldrich with analytical grade. Monomer 

oligo(ethylene glycol) methyl ether acrylate with average Mn of 480 g/ml (OEGA) and 

monoacryloxyethyl phosphate (MAEP) were used as received. 2,2’-

Azobisisobutyronitrile (AIBN) was purified by recrystallization twice from methanol. 

Exonuclease III  (E.coli) and NEBuffer 1 were purchased from New England Biolabs Inc. 

Oligonucleotides were purchased from Integrated DNA Technologies. The sequences of 

the oligonucleotides use in this work are listed as follows: 

Probe DNA: 5’-NH2-C6-TTA TTC CAA ATA TCT/TAMK/-3’ 

HIV target DNA: 5’-AGA AGA TAT TTG GAA TAA CAT GAC-3’ 

1-base mismatch DNA: 5’-AGA AGA TAT TAG GAA TAA CAT GAC-3’ 

3-base mismatch DNA: 5’-AGA AGA TAT AAC GAA TAA CAT GAC-3’ 

Non-match DNA1 (random sequence): 5’-TGT GTG TGT GTG TGT GTG TGT-3’ 

Non-match DNA2 (HBV sequence): 5’-TTG GCT TTC AGT TAT ATG GAT GTG GTA-

3’ 

 

3.2.2 Instrumentation  

UCNPs were characterized using the FEI Tecnai transmission electron microscope (FEI, 

U.S.A.) and D8 Discover X-ray diffraction (Bruker, Germany). The synthesized polymers 

were characterized with Agilent 500 MHz nuclear magnetic resonance (Agilent 

Technologies, U.S.A.). The hydrodynamic size of upconversion nanoparticles was 

determined by a zetasizer nano (Malvern, U.K.). The surface ligand measurement was 

conducted by the Thermo Scientific Nicolet 6700 FTIR spectrometer (Thermo Fisher 



Chapter 3 120 

 

Scientific, Australia). The fluorescent spectra of TAMRA were measured using a Cary 

Eclipse fluorescence spectrophotometer (Agilent, U.S.A.). Upconversion luminescent 

spectra were measured by an iHR550 imaging spectrometer (Horiba Scientific, U.K.) 

modified with an external 980 laser (see Figure 2.2). A single mode continuous-wave 980 

nm diode laser beam launched through the UV quartz cuvette produced excitation 

irradiance values of up to 1.36 × 106 W/cm2 30. 

 

3.2.3 Synthesis and Surface Modification of NaYF4:Yb, Er UCNPs  

UCNPs had been synthesized according to our previously reported method31. In a typical 

experiment, 1 mmol LnCl3 (Ln=Y, Yb, Er) with the molar ratio of 78:20:2 were added to 

a 50 mL flask containing oleic acid (OA, 6 mL) and 1-octadecene (ODE, 15 mL). The 

mixture was heated to 160ºC under argon for 30 min to obtain a clear solution and then 

cooled down to room temperature, followed by the addition of 5 mL methanol solution 

of NH4F (4 mmol) and NaOH (2.5 mmol). After stirring for 30 min, the solution was 

heated to 100ºC for 20 min to remove methanol and 120ºC for 20 min to remove water 

under argon, followed by heating solution to 300ºC for another 90 min. Finally, the 

reaction solution was cooled down to room temperature, and nanocrystals were 

precipitated with ethanol and washed with cyclohexane, ethanol and methanol thrice to 

get the NaYF4:Yb, Er nanoparticles. UCNPs were dispersed in cyclohexane with the 

concentration of 20 mg/ml, kept in freezer until usage. 

 

Surface modification of NaYF4:Yb, Er UCNPs was performed via ligand exchange with 

block copolymer composed of hydrophilic block poly(ethylene glycol) methyl ether 

acrylate phosphate methacrylate (POEGA-b-PMAEP). The synthesis of the POEGA-b-

PMAEP was following the protocol described in Chapter 2. In typical procedure, 500 ul 



Chapter 3 121 

 

of OA-UCNPs (20 mg/mL) kept in cyclohexane, solvent was evaporated to be re-

dispersed in THF. Furthermore, OA-UCNPs in THF were mixed with 5 mg of POEGMA-

b-PMAEP in 2 mL of THF. The reaction was kept mixing overnight, at room temperature. 

Polymer coated nanoparticles were purified by washing/centrifugation at 14,680 rpm 

cycles thrice with water to obtain carboxyl-UCNPs. Carboxyl-UCNPs were re-suspended 

in water at 5 mg/ml.  

 

3.2.4 Optimization of Upconversion LRET DNA Assay 

To investigate the optimal ratio of the TAMRA-tagged probe DNAs to UCNPs, by fixing 

the EDC-activated carboxyl-UCNPs at 1 pmol, different amounts of TAMRA-tagged 

probe DNAs (1, 2, 5, 10, 20 and 50 pmol) were added into 100 ul of MES buffer. 

 

To investigate the chemical reaction time of carboxyl-UCNPs conjugated with TAMRA-

tagged probe DNAs catalyzed via EDC, the change of I583/I539 was measured under the 

molar ratio of TAMRA-tagged probe-DNA to UCNPs as 10:1 (10 pmol:1p mol) at 

different time points (20, 40, 60, 80 and 100 min). 

 

To determine the optimal reaction time for Exo III assisted signal amplification in 

suspension, TAMRA-tagged probe DNAs (10 pmol), Exo III (10 U) and target DNAs (10 

nM = 200 fmol) were incubated in 20 ul of NEBuffer 1 at 37ºC for different reaction time 

(0, 5, 10, 20, 30, 40, 60, 80, 100 and 120 min), followed by incubation at 70ºC for 20 min 

to terminate the reaction and then conjugation with activated carboxyl-UCNPs for 1 h at 

RT. 
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3.2.5 Detection of HIV DNA Target Based on Upconversion LRET Assay  

Mixture of 10 pmol of TAMRA-tagged probe DNAs, 10 U of Exo III, and various 

concentration of HIV target DNAs (0.025, 0.1, 0.5, 1, 2.5, 5, 10, 25, 50, 100, 250 and 500 

nM) in 20 ul of NEBuffer 1 was kept at 37ºC for 1 h in dark, followed by 70ºC for 20 min 

to terminate the reaction. The final concentration of TAMRA-tagged probe DNAs was 

500 nM and that of target DNAs ranged from 0.025 nM to 500 nM.  

 

Conjugation of TAMRA-tagged probe DNAs onto carboxyl-UCNPs was performed 

according to the protocol of carbodiimide chemistry. The carboxyl-UCNPs were pre-

activated by EDC (1000-fold molar ratio to carboxyl-UCNPs) in MES buffer (0.1 M, pH 

4.5) with slightly shaking at room temperature for 30 min. The activated carboxyl-UCNPs 

were centrifuged at 14,680 rpm to remove EDC and re-suspended in MES buffer. The 

whole reaction of Exo-III assisted signal amplification after termination by heating at 

70ºC for 20 min was added into the activated carboxyl-UCNPs (1 pmol) in a final 100 ul 

of MES buffer. The reaction was slightly shaken at room temperature for 1 h, in dark 

place to protect TAMRA fluorescence.  

 

3.3 Results and Discussion 

Synthesized in organic solvent, UCNPs are hydrophobic due to their capping by 

surfactant ligands such as oleic acids (OA-UCNPs). Therefore, subsequent surface 

modification to generate a hydrophilic layer is a prerequisite to yield well-dispersed 

nanoparticles in aqueous media for bioanalytical applications. In this work, OA-UCNPs 

were transferred into an aqueous environment via a ligand-exchange and carboxyl-

functionalization (carboxyl-UCNPs) by POEGA-b-PMAEP32. For upconversion LRET, 

carbodiimide crosslinker chemistry was further applied for the conjugation of carboxyl-
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UCNPs with TAMRA-tagged probe DNAs (TAMRA-UCNPs) under EDC catalysis after 

the enzymatic digestion step.  

 

3.3.1 Characterization 

X-ray powder diffraction (XRD), high-transmission electron microscopy (HRTEM), 

Fourier transform infrared (FTIR) spectroscopy, dynamic light scattering (DLS), 

transmission electron microscopy (TEM), were used to characterize each step of the 

surface modification and functionalization of the UCNPs. XRD results of the OA-UCNPs 

synthesized in this experiment corresponded with the standard pattern of the hexagonal 

phase NaYF4 (Figure 3.4A). The high-transmission electron microscopy (HRTEM) image 

of OA-UCNPs (Figure 3.4B) shows the high crystallinity of particles with an interplanar 

spacing of 0.58 nm, which is close to the d100 value of hexagonal phase NaYF4
33. FTIR 

spectra were applied to identify the successful ligand exchange from OA molecules to 

POEGA-b-PMAEP on the surface of nanoparticles, where the peaks at 1732 cm-1 and 

1103 cm-1 were respectively assigned to the stretching vibration of the carboxylic group 

(C=O) and phosphine oxides (P=O) in carboxyl-UCNPs (Figure 3.4C). DLS results 

(Figure 3.4D) showed that the average hydrodynamic size of UCNPs stepwise increased 

following the ligand-exchange surface modification and EDC coupling conjugation 

(PDI<0.1). TEM observations revealed that OA-UCNPs, carboxyl-UCNPs and TAMRA-

UCNPs were uniform in size without obvious change in morphology (Figure 3.4E-G).  
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3.3.2 Optimisation of Upconversion LRET DNA Assay 

In order to enhance analytical performance, the various experimental conditions were 

optimised. The molar ratio of TAMRA-tagged probe-DNAs to EDC-activated carboxyl-

UCNPs is an important parameter for the detection sensitivity of the HIV DNA target. 

Increasing the amount of TAMRA-tagged probe DNAs, the fluorescence of TAMRAs at 

583 nm was gradually enhanced with the luminescence of UCNPs at 539 nm reduced 

(Figure 3.6A), and the ratiometric I583/I539 (Figure 3.6B) was correspondingly increased 

until saturated, confirming the optimum molar ratio of TAMRA-tagged probe DNAs to 

UCNPs as 10:1 were used for LRET assay in this work. Meanwhile, to confirm the 

observation as the distance-dependent LRET rather than simple reabsorption, by mixing 

TAMRA-tagged probe DNAs with non-EDC-activated carboxyl-UCNPs, though 

increasing the amount of TAMRA-tagged probe DNAs, no obvious spectrum and change 

of I583/I539 was observed because of the long distance between TAMRA-UCNP pair 

(Figure 3.6C&D).  
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complete reaction of Exo III-assisted signal amplification step is another important factor 

for the sensitive detection. The curve of I583/I539 was plotted along reaction time and 

shown in Figure 3.7B. The reaction efficiency increased during the first forty minutes and 

reached steady state after one hour. The reaction time of Exo III assisted signal 

amplification for one hour was subsequently used in this work. 

Figure 3.7 Optimisation of Exonuclease III-assisted upconversion resonance energy 

transfer in wash-free suspension DNA assay. (A) Ratio of I583/I539 along with the reaction 

time for carboxyl-UCNPs conjugation with TAMRA-tagged probe DNAs catalyzed by 

EDC at different time points (20, 40, 60, 80 and 100 min). (B) Ratio of I583/I539 along with 

the reaction time (0, 5, 10, 20, 30, 40, 60, 80, 100 and 120 min) at Exo III digestion step 

in the presence of 10 nM target DNAs. For each figure, the error bars represent the 

standard deviation calculated from three parallel groups. 

3.3.3 Detection Sensitivity of HIV DNA Target Based on Upconversion LRET 

Assay For HIV detection by the Exo III-assisted upconversion LRET assay, varying 

concentrations of target DNAs were added with fixed values of TAMRA-tagged probe 

DNAs (10 pmol) and Exo III (10 U) for signal amplification at 37ºC for one hour, and the 

solution subsequently incubated at 70ºC for 20 min to stop the digestion via deactivating 
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III-assisted upconversion LRET DNA assay upon incremental concentrations of target 

DNAs. (B) The calibration curve along with various concentrations of target DNAs (0.025, 

0.1, 0.5, 1, 2.5, 5, 10, 25, 50, 100, 250 and 500 nM). Hill 1 model with 4-parameter 

equation was applied for curve fitting. The error bars represent the standard deviation 

calculated from five parallel groups. 

3.3.4 Detection Specificity of HIV DNA Target Based on Upconversion LRET 

Assay To further evaluate the specificity of the as-developed upcoversion LRET assay, 

TAMRA-tagged probe DNAs and Exo III were incubated with 1-base/3-base mis-match, 

non-match DNA1 (random sequence) and non-match DNA2 (HBV sequence), 

respectively, and with three replicate tests for each group. The concentration of target or 

non-target DNA (four control groups) was 10 nM, three orders of magnitude higher thant 

the obtained experimental LOD (15 pM) The results displayed in Figure 3.9, showed that 

this assay method can differentiate between all four mis-/non-match groups with HIV 

target group (p < 0.05), suggesting its potential for single-nucleotide polymorphisms 

(SNPs) assays. 

Figure 3.9 Specificity of the Exonuclease III-assisted upconversion resonance energy 
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transfer in a wash-free suspension DNA assay. Scatter plot shows the (R0-R)/R0 value for 

each group respectively. 

 

The developed assay is currently semi-isothermal. In fact, the whole reaction can be 

conducted at room temperature, realizing fully-isothermal. The activity of Exo III is 

temperature-dependent, and the enzyme can also work well at room temperature. The 

following stopping-step with 70℃, can be substituted by addition of EDTA. In this case, 

the whole assay is isothermal at RT, in terms of development of point-of-care device, 

much easier than PCR. In this assay, the obtained LOD is 0.3 fmol, equal to 10^8 copies 

from PCR. Given single copy detection from PCR, in order to achieve similar detection 

sensitivity, the developed Exo-III assisted upconverting LRET assay should be further 

conducted in the measurement of single particle. By reducing the amount of upconversion 

nanoparticles and the reaction volume, the quenching efficiency of one particle by the 

same amount of acceptors will be significantly enhanced in theory, resulting in high 

sensitivity. 

 

HIV diagnosis is based on either antigen/antibody testing or nucleic acids testing. 

Currently, the primary tests include ELISA and western blot for measurement of 

antigen/antibody, and the viral load test for nucleic acids. Viral load test measures the 

amount of HIV in human blood. Three are three technologies: reverse transcription 

polymerase chain reaction (RT-PCR), branched DNA (bDNA) and nucleic acid sequence-

based amplification assay (NASBA)37. In 2007, Abbott real time HIV-1 amplification kit 

was approved and licensed by the FDA for sale in the United States. The sensitivity for 

RT-PCR is between 40 to 1010 copies/ml in clinical settings38. Thus, the developed Exo 

III-assisted upconversion LRET assay cannot achieve the same sensitivity as RT-PCR. 
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That is why measuring single particle and reducing the reaction volume is under 

consideration for further work to improve the sensitivity. RNA tests based on PCR looks 

for the virus itself and can diagnose HIV about 10 days after expose, shortening the 

diagnosis window of antigen/antibody test. These tests are expensive, and requires highly 

experienced operators and very sophisticated machine, therefore it is usually not the first 

test and is hindered for point-of-care development. Thus, it is necessary to exploit 

isothermal enzyme-assisted signal amplification techniques into point-of-care 

development for HIV diagnosis. It is worthy to mention that there may be issues for the 

developed assay if the HIV is in its dsDNA state during the infection, as the assay is 

currently designed for ssDNA detecting. However, fortunately, for detecting longer virus 

with longer strands, the assay could still perform well, as long as the 3’ end of probe-

DNA is blunt or recessed after the formation of duplex. 

 

Application of the developed enzyme-assisted upconverting LRET assay for clinically 

relevant matrix such as serum in vitro is currently under investigation. Currently, this 

assay is used for detection of miRNA for tuberculosis diagnosis in clinical samples. The 

serum contains a lot of proteins and other small molecules with amino groups, which will 

compete with amine-probe-DNA to conjugate with EDC-activated carboxyl-UCNPs. 

This disadvantage may be the big challenge to apply the developed assay into clinical 

serum/plasma samples. As this assay is developed for nucleic acids detection, especially 

for ctDNA in vitro, the cellular environment was not considered and tested in this case. 

 

3.4 Conclusion 

In summary, we have developed an ultra-sensitive and specific detection and 

quantification method for trace amounts of DNA via an Exo III-assisted target DNA-
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triggered signal amplification technique and upconversion LRET assay. The Exo III can 

work under isothermal conditions without costly and sophisticated equipment. The 

distance-dependent energy transfer avoids the influence of the unbound TAMRA 

molecules eliminating additional time-consuming washing step and providing a quicker 

test result turnout. The experimental LOD value in this work is 15 pM, one order of 

magnitude enhanced sensitivity of DNA detection, compared to the conventional DNA-

DNA direct hybridization upconversion LRET assay12-15. This wash-free suspension 

DNA assay has numerous potential clinical applications, along with its main features of 

high sensitivity, rapid speed, simplicity and low cost. 
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CHAPTER 4 

 

Homogeneous Immunoassay for the Detection of 

Prostate Cancer Biomarkers Based Upon 

Upconversion Luminescence Resonance Energy 

Transfer in Conjunction with Gold Nanoparticles 

 

Abstract: Development of analytical methods for protein-based antigen testing with the 

property of user-friendly, procedure-simple and high sensitivity is highly sought after, as 

traditional analytical methods are typically labour-intensive, time-consuming and low-

sensitivity. In this chapter, we report a homogenous assay for protein-based antigen 

detection where we have applied upconversion luminescence resonance energy transfer 

(LRET) technique in conjunction with gold nanoparticles (AuNPs) as the quencher, 

within a typical sandwich immunoassay. Using the concept of core(dark)-shell(bright) 

structure for the upconversion nanoparticle (UCNPs) synthesis and a bispecific antibody 

technique for the UCNPs conjugation, we aimed to achieve a high quenching efficiency 

via a simple process. It was confirmed that this quenching efficiency is distance-

dependent. Through this distance-dependent upconversion LRET sandwich 

immunoassay working with AuNPs, we have achieved a one-step, wash-free, 

homogenous detection assay for protein-based biomarkers, which can be used in disease 

diagnosis. 
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Key words: upconversion nanoparticles, luminescence resonance energy transfer, gold 

nanoparticles, core-shell structure, bispecific antibody, prostate cancer. 

 

4.1 Introduction 

It is estimated that prostate cancer (PCa) will be the 3rd most common cause of cancer 

deaths and the 2nd most common cause of male cancer deaths in Australia,according to 

statistics from the Australian Government Cancer Data, released in 20181. There are 

estimated to be 17,729 new cases of PCa diagnosed and 3,500 new deaths from PCa in 

20181. The main tools to diagnose PCa include digital rectal examination (DRE), serum 

concentration of prostate specific antigen (PSA), transrectal ultrasound (TRUS)-guided 

biopsy, and multiparametric magnetic resonance imaging (MRI)2. The measurement of 

total serum PSA is the most widely used method, as it is a continuous parameter: the 

higher the value, the more likely the existence of PCa. However, testing for total levels 

of PSA lacks cancer specificity, even if it performs well for organ specificity, as elevated 

serum PSA levels can also be found in patients with benign prostatic disease and can 

often be found in older patients, resulting in unnecessary biopsies. A free PSA test only 

measures the amount of PSA that is floating freely in the bloodstream, without being 

bound to a different protein. A person may have an increased risk of prostate cancer when 

they have higher levels of total PSA and lower levels of free PSA. Thus, most recently, 

the free-to-total PSA ratio is highly recommended for routine measurement. This was 

shown to result in a significant decrease in the number of unnecessary biopsies, and the 

accuracy of diagnosis rate of PCa increased significantly with %fPSA3,4. However, there 

remains an urgent need to define better prostate-specific biomarkers that can distinguish 
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indolent from clinically significant prostate cancer and thus reduce the number of 

unnecessary invasive biopsies.  

 

The heparan sulfate proteoglycan glypican-1 (GPC-1) has recently been highlighted as a 

potential protein biomarker for PCa. GPC-1 has been identified to exist in two forms in 

the body: a membrane bound core protein of 55-60 KDa and as secreted soluble forms of 

either 40 KDa or 52 KDa5. In addition, a sandwich ELISA (enzyme-linked 

immunosorbent assay) designed for detecting soluble forms of GPC-1 in plasma, serum 

and urine, has been successfully applied to investigate the range of GPC-1 in normal, 

benign prostatic hypertrophy (BPH) and prostate cancer patients.  The results determined 

that secreted GPC-1 represents a clinically relevant biomarker for prostate cancer 

diagnosis6. A relatively high specificity of 79% was achieved, which worked to both 

differentiate between samples from normal / benign versus prostate cancer patients, and 

worked for patients with PSA ranging between 4-10 ng/ml. However, it shows a low 

sensitivity of only around 30%. Sensitivity is thus the key factor needed for molecular 

detection in cancer diagnosis at early stages. Traditional ELISA approaches use multiple 

washing steps, and each washing step may cause loss of target and resulting in low 

sensitivity. What is more, so many washing steps are unsuitable for translation of the test 

into point-of-care diagnostics. Thus, a robust detection method with high sensitivity and 

simple procedures for detection of the GPC-1 biomarker, is highly desirable.  

 

Upconversion nanoparticles (UCNPs), capable of emitting visible to near-infrared (NIR) 

light under NIR radiation with anti-Stokes7, have been widely developed for biomolecular 

detection both in vivo8,9 and in vitro10,11. Use of UCNPs as the donor in luminescence 
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resonance energy transfer (LRET) assays for biomolecular detection, has been broadly 

reported with various materials as the acceptors, such as small fluorescent dyes10,12, heavy 

metal ions13,14, MnO2 nanosheets9,15, graphene oxide16,17 and gold nanoparticles18,19. 

Upconversion LRET, distance-dependent assay, is where the energy transfer can only 

occur if the donor and acceptor are within a set distance from each other. Both the ‘switch-

off’17,20 and ‘switch-on’21 model by quenching or recovering the upconversion 

luminescence can be used for molecular biomarker detection. This one-step, wash-free 

technique, therefore has the potential to be developed as a simple, user-friendly point-of-

care detection system.  

 

Using gold nanoparticles (AuNPs) as the acceptor, is superior to traditional fluorescent 

dyes, allowing the upconverting energy transferto be applied in competitive 

immunoassays for both large protein detection18 and small molecule detection22, since the 

plasmonic effect from AuNPs can work at quite a long distance. Thus, in this chapter, 

AuNPs are used as either energy acceptor or quencher, rather than small fluorescent dyes, 

such as TAMRA (used in Chapter 2). The main consideration here was the application of 

energy transfer in a sandwich immunoassay requires stronger quenchers for longer 

working distance, and AuNPs were most appropriate for this purpose. 

 

In addition, in order to achieve higher quenching efficiency of upconversion 

luminescence, the concept of a rational core-shell structure has been applied to the design 

and synthesis of UCNPs, with the dark core wrapped within a bright-upconversion shell. 

For traditionally synthesized UCNPs, the luminescence from the inner part of the particles 

is not easily quenched, as the distance between the donor-acceptor is beyond the energy 
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of bivalent and trivalent single-chain variable fragments (scFvs). One scFvs BsAb, as one 

active domain can specifically recognize and bind to methoxyl polyethylene glycol 

(mPEG) molecules. These antibodies have gained increased attention and application in 

nano-biotechnology24,25 in recent times. These anti-mPEG fragments can be tethered to 

mPEG-functionalized nanomaterials through simple mixing, overcoming the extensive 

procedures of chemical conjugation. Based on Chapter 2, the homemade di-block 

copolymer POEGA-b-PMAEP for nanoparticle surface modification is also a kind of 

mPEG-polymer. Thus, in this project, the application of scFvs BsAb with one domain 

specifically targeting the mPEG-coated UCNPs was used to replace the chemical-

catalyzed nanomaterial conjugations, resulting in simplicity.  

 

In this study, an upconversion LRET assay using the donor-acceptor pair of UCNP-AuNP 

was applied in conjunction with a sandwich immunoassay, to realize the detection of 

GPC-1 biomarker for PCa diagnosis. For the sandwich immunoassay, the selection of two 

primary antibodies were (MIL38)-(anti-mPEG) bispecific scFvs antibodies and 3G5-

antibodies. These two types of antibodies can recognize a specific target GPC-1 antigen 

at two distinct binding domains, according to recent reports26. The BsAb consists two 

scFvs, named MIL38 scFv and anti-mPEG scFv. MIL38 scFv shares the same sequence 

with the variable region of MIL38 antibody. MIL38 antibody has been confirmed to have 

a strong binding affinity to GPC-1. 

 

Newly designed core-shell UCNPs and BsAbs techniques were applied to achieve high 

detection sensitivity and specificity, and procedural simplicity. This newly developed 

technique is user-friendly and cost-effective. 
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4.2 Experiments 

4.2.1 Materials 

Rare-earth chloride hexahydrates used in this work for UCNPs synthesis, including 

yttrium chloride hexahydrate (YCl3·6H2O, 99.99%), ytterbium chloride hexahydrate 

(YbCl3·6H2O, 99.99%), and erbium chloride hexahydrate (ErCl3·6H2O, 99.9%), were 

purchased from Sigma-Aldrich. For polymer synthesis, the chemicals including 2-

bromopropionic acid (99%), zinc acetylacetonate hydrate, 4-cyano-4-

(phenylcarbonothioylthio)pentanoic acid (97%), ethylene glycol (99%), 1-butanethiol 

(99%) and poly(ethylene glycol) methyl ether acrylate were purchased from Sigma-

Aldrich, and monoacryloxyethyl phosphate from Polysciences, Inc. All other materials, 

ammonium fluoride (NH4F), cyclohexane, methanol, sodium hydroxide (NaOH), 

acetonitrile, tetrahydrofuran (THF), N-(3-Dimethylaminopropyl)-N′-ethylcarbodiimide 

hydrochloride (EDC) and Tris-buffer were purchased from Sigma-aldrich. 3G5 antibodies 

were purchased from GenScript. GPC-1 antigens were purchased from R&D Systems. 

(MIL38)-(anti-mPEG) BsAbs were provided by Dr. Thurecht’s group, the Queensland 

University. 

 

4.2.2 Instrumentation 

Upconversion luminescence measurement for the microparticle-based sandwich assay 

with BsAb-UCNPs was implemented under the homemade microscopy with 980 nm 

excitation (Figure 4.2). The optical path of the imaging system consists of the bright-field 

imaging and fluorescence imaging. LED 980 nm laser was used as a light source for 

bright-field imaging and fluorescence imaging. Dichroic mirror was used to reflect the 
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light with >808 nm wavelength and transmit the light with <808 nm wavelength. 

Objective lens was used for the fluorescence collection. Olympus DP70 camera was used 

for imaging. 

 

Figure 4.2 Illustration of the path way for the microparticles-based sandwich 

Immunoassay for GPC-1 with BsAb-UCNPs. 

 

The upconversion luminescence measurement for the upconversion LRET immunoassay 

with AuNPs was implemented under the homemade spectrometer with 980 nm excitation, 

which has been describe in Chapter 2. 

 

4.2.2 Synthesis of Core-Shell UCNPs 

Synthesis of NaYF4: 20%Yb core. NaYF4:Yb nanoparticles were synthesized using a 

coprecipitation method. 5 ml of methanol solution containing LnCl3 (1.0 mmol, Ln = Y 

(0.6 mmol), Yb (0.4 mmol)) together with 6 ml of oleic acid (OA) and 15 ml of 1-

octadecene (ODE) were added into a three-neck round-bottom flask. The mixture was 
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heated at 160°C under argon flow for 30 min to form a transparent yellowish solution. 

The solution was cooled down to room temperature, and 10 ml of a methanol solution 

containing 0.16 g NH4F and 0.10 g NaOH was added with vigorous stirring for 30 min. 

Then, the slurry was slowly heated to 150°C for 30 min under vacuum to remove 

methanol and small amount of water. Next, the reaction mixture was protected by an 

argon atmosphere, quickly heated to 300°C, and maintained at that temperature for 1.5 

hour. The solution was cooled down and the products were isolated by addition of ethanol 

and centrifugation (9000 rpm).  

 

Synthesis of NaYF4: 20%Yb, 2%Er pure precursors. The NaYF4: 20%Yb, 2%Er 

precursors were prepared as above procedure until the step where the reaction solution 

was slowly heated to 150°C after adding NaOH/NH4F solution and kept for 30 min. 

Instead of further heating to 300°C to trigger nanoparticles’ growth, the solution was 

cooled down to room temperature. The solution was considered as the shell precursors. 

 

Synthesis of NaYF4: 20%Yb@NaYF4: 20%Yb, 2%Er core-shell nanoparticles. The 

core-shell nanoparticles were prepared with layer-by-layer epitaxial growth method. The 

pre-synthesized core nanoparticles were used as seeds for shell modification. 0.2 mmol 

prepared core nanoparticles were added to a 50 ml flask containing 3 ml of OA and 8 ml 

of ODE. The mixture was heated to 150°C under argon for 30 min, and then was further 

heated to 300°C. After that, 0.2 ml prepared shell precursors were injected into the 

reaction mixture and ripened at 300°C for 4 min, followed by the same injection and 

ripening cycles for approximately several times to get around 5 nm thickness shell. 

Finally, the slurry was cooled down to room temperature and the formed nanoparticles 
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were isolated by addition of ethanol and centrifugation (9000 rpm). The final 

nanoparticles were re-dispersed in cyclohexane at a concentration of 10 mg/ml. 

 

4.2.3 Surface Modification of UCNPs with POEGA-b-PMAEP via Ligand Exchange 

Surface modification of NaYF4:Yb, Er UCNPs was performed via ligand exchange with 

di-block copolymer composed of hydrophilic block poly(ethylene glycol) methyl ether 

acrylate phosphate methacrylate (POEGA-b-PMAEP). The synthesis of the POEGA-b-

PMAEP was described in Chapter 2. In typical procedure, 500 ul of OA-UCNPs (20 

mg/mL) kept in cyclohexane was evaporated, and the particles were re-dispersed and 

mixed with 5 mg of POEGMA-b-PMAEP in 2 mL of THF. The reaction was kept mixing 

overnight, at room temperature. Nanoparticles were purified by washing/centrifugation 

at 8,000 rpm in three cycles with THF and another three cycles with water to obtain 

mPEG-UCNPs. mPEG-UCNPs were re-suspended in water at 10 mg/ml. 

 

4.2.4 Preparation of BsAbs 

The BsAbs fragment consists of a single chain variable region (scFv) specific for mPEG 

linked to a variable region specific for GPC-1. The two scFvs are linked by a glycine 

serine (G4s) linker. Genes encoding BsAbs fragment which bind to mPEG and GPC-1 

were synthesized by Geneart. Genes were transfected into CHO cells for expression. The 

BsAb production and purification were performed as outlined in published work23. 
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4.2.5 Conjugation of UCNPs and AuNPs 

Conjugation of UCNPs with BsAbs. Affinity binding of BsAbs onto mPEG-UCNPs. 

The concentration of BsAbs in stock solution is 0.5 mg/ml. Three amounts (2.5, 5, 10 ug) 

of BsAbs were dissolved in 300 ul of Tris-buffer (50 mM Tris, 150 mM NaCl, pH 7.6), 

followed by centrifuge at 14,680 rpm for 5 min with 30K filter, respectively. The 

supernatant containing BsAbs was then mixed with 2 ul of mPEG-UCNPs (10 mg/ml, 5 

× 10-2 nmol/ml) in 100 ul of Tris-buffer. The mixture was kept at RT for 1 h with slightly 

shaking. The unbound BsAbs were removed by centrifuge at 8,000 rpm for 4 min. The 

obtained BsAb-UCNPs (0.2 mg/ml, 1 × 10-3 nmol/ml) were kept in 100 ul of Tris-buffer 

containing NaF (2 mM) at 4ºC until use. 

 

Conjugation of AuNPs with 3G5-antibodies. 3G5-antibodies were conjugated onto the 

surface of surfactant-free AuNPs via physical absorption. Three sizes of AuNPs (30 nm, 

40 nm, 50 nm) have been tested: all three have the same level of absorbance around 540 

nm at the equal volume, but the molar concentration of each size is different at the equal 

volume. 200 ul of AuNPs (50 nm-5 × 10-5 nmol/ml, 40 nm-1 × 10-4 nmol/ml, 30 nm-3 × 

10-4 nmol/ml) were mixed with 5 ul of 3G5-antibodies (1 mg/ml), kept at RT for 2 h with 

slightly shaking. Another 200 ul of 0.5% BSA solution was added into the mixture for 1 

h incubation at RT. The mixture was divided into two vials (200 ul/vial) for centrifugation 

at 8,000 rpm for 5 min to obtain the 3G5-AuNPs. The particles were stored in 100 ul of 

0.5% BSA solution at 4ºC until further use. The molar concentration for each size of 3G5-

AuNPs was 1 × 10-4 nmol/ml for 50 nm, 2 × 10-4 nmol/ml for 40 nm and 3 × 10-4 nmol/ml 

for 30 nm.  
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4.2.6 Microparticle-based Sandwich Immunoassay for GPC-1 Detection with BsAb-

UCNPs 

Conjugation of 3G5-antibodies onto microparticles. Carboxyl-microparticles (Bangs 

Laboratories, Inc.) were pre-activated with EDC in Hepes-buffer (20 mM, pH 7.0) for 15 

min, then 5 ul of 3G5-antibodies (1 mg/ml) was added into the reaction for 2 h at RT. The 

solution was washed once by centrifugation at 2000 rpm for 2 min. The pellet was 

resuspended in Tris-buffer containing 0.5% BSA (pH 7.6), kept at RT for 1 h. The 

particles were washed twice, then the obtained 3G5-microparticles were stored in Tris-

buffer containing 0.5% BSA. For control group, BSA was applied to replace 3G5-

antibodies for covalent attachment onto the surface of microparticles, all other steps were 

as same as the above. 

 

Microparticle-based sandwich immunoassay. BsAb-UCNPs and GPC-1 were mixed 

with 3G5-microparticles or BSA-microparticles in 100 ul of Tris-buffer containing 0.5% 

BSA, for 1 h at RT. Following this, the mixture was washed with centrifugation/re-

dispersion four cycles (2000 rpm for 2 min). The microparticles were redissolved in 10 

ul of Tris-buffer and observed under home-built microscope with external 980 nm 

excitation, to detect upconversion luminescence. 

 

4.2.7 Plate-based Direct ELISA Assay with 3G5-AuNPs 

100 ul of GPC-1 at 0.5 ug/ml in Na2CO3-buffer (10 mM, pH 9.0) was incubated in 96-

well plate at 4°C overnight. The well was then blocked with Na2CO3-buffer containing 

1% BSA at RT for 2 h, and then washed with 300 ul of PBST (phosphate buffer with 

0.1%Tween-20) for three times. 100 ul of 3G5-AuNPs in Tris-buffer (pH 7.6) was added 
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into the well and incubated at 37°C for 1 h. The well was washed with 300 ul of PBST 

for three times. 100 ul of anti-mouse-IgG-HRP secondary antibody in Tris-buffer (pH 7.6) 

was added into the well and incubated at 37°C for 30 min. The well was washed with 300 

ul of PBST for three times. 100 ul of TMB substrate was added into the well to observe 

the colour change. For the control group, the difference was the first step that 100 ul of 

BSA at 0.5% ug/ml in Na2CO3-buffer (10 mM, pH 9.0) was incubated in 96-well plate at 

4°C overnight, and all other steps followed the experimental group mentioned above. 

 

4.2.8 Optimisation 

Molar ratio between BsAb-UCNPs and 3G5-AuNPs. 2 ul of BsAb-UCNPs was mixed 

with different volumes of 3G5-AuNPs (0 ul, 10 ul, 20 ul, 40 ul and 80 ul), in 100 ul Tris-

buffer. In this case, the molar ratio of BsAb-UCNPs to 3G5-AuNPs at 30 nm is 1:0, 1:3, 

1:6, 1:12,1:24; that ratio for AuNPs at 40 nm is 1:0, 1:1, 1:2, 1:4, 1:8; ratio for AuNPs at 

50 nm is 1:0, 1:0.5, 1:1, 1:2, 1:4. The upconversion luminescence was measured with the 

spectrometer with external 980 nm excitation. 

 

Distance-dependent energy transfer between BsAb-UCNPs and 3G5-AuNPs. 2 ul of 

BsAb-UCNPs was mixed with 80 ul of 3G5-AuNPs at three sizes (30 nm, 40 nm, 50 nm) 

in various volumes of Tris-buffer (100, 200, 300, 400, 500, 600 and 700 ul). The spectrum 

was measured under 980 nm excitation.  

 

4.2.9 GPC-1 Detection Based on Upconversion LRET Assay 

For AuNPs at 40 nm and 50 nm, once the antibody-coated AuNPs were dissolved in Tris-

buffer in 1.5 ml of eppendorf tube with slightly shaking for only half an hour, the particles 
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were found sticking onto the inner wall of the tube. Whereas, this did not happen to 3G5-

AuNPs at 30 nm. Thus, for the application of upconversion LRET assay with AuNPs for 

GPC-1 detection, 30 nm of AuNPs were selected. BsAb-UCNPs were mixed with 3G5-

AuNPs in the molar ratio of 1:24 in Tris-buffer containing 0.5% BSA. Different amounts 

of GPC-1 were added into the mixture at the final volume of 100 ul (0, 25, 50, 100 and 

200 ng/ml), kept at RT for 1 h with slightly shaking. Spectral properties of the mixture 

were measured with external 980 nm excitation laser. For each concentration, three 

independent measurements have been performed. 

 

4.2.10 Specificity of Upconversion LRET Assay 

BsAb-UCNPs were mixed with 3G5-AuNPs (30 nm) in the molar ratio of 1:24 in Tris-

buffer containing 0.5% BSA. Equal amount of GPC-1 and PSA antigens were added into 

the mixture to make the final concentration of 100 ng/ml, respectively. The 100 ul of 

mixture was kept at RT for 1 h with slightly shaking, and then spectral properties have 

been measured with external 980 nm excitation laser. For each concentration, three 

independent measurements have been performed. 

 

4.3 Results and Discussion 

4.3.1 Assay Principle of Upconversion LRET for GPC-1 Detection 

In the absence of GPC-1 antigen, the BsAb-UCNPs are spatially distant from the 3G5-

AuNPs and therefore, there is no energy transfer. However, in the presence of GPC-1 

antigen, because the BsAbs and 3G5-antibodies can bind to two different sites of the 

GPC-1 molecule simultaneously, BsAb-UCNPs can be brought into close contact with 

3G5-AuNPs, resulting in quenching of the upconversion luminescence. The quenching 
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Figure 4.5 DLS result of conjugation of mPEG-UCNPs with various amount of BsAbs 

(2.5, 5, 10 ug) in Tris-buffer. 

 

4.3.4 Characterisation of 3G5-AuNPs 

After the incubation of AuNPs with 3G5-antibodies, according to the DLS result (Figure 

4.6A, B, C) the hydrodynamic diameter of the particles has increased because of the 

physical attachment of the antibodies onto the nanoparticles compared with the bare-

AuNPs. The size distribution shift among AuNPs at three sizes after conjugation is very 

close around 12 nm. The absorbance of the 3G5-AuNPs also shows a red shift in 

comparison of surfactant-free bare-AuNPs, also confirming the attachment of antibodies 

onto the surface of AuNPs (Figure 4.6D, E, F). There is approximately 5 nm shift of 

maximum absorption peak average, amongst the AuNPs at three sizes. 
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Figure 4.6 The DLS distribution (A, B, C) and the absorbance spectrum (D, E, F) of the 

conjugation of AuNPs with 3G5-antibodies in comparison with bare-AuNPs.  

 

Figure 4.7 is the overlap spectrum between upconversion luminescence of BsAb-UCNPs 

with absorbance of 3G5-AuNPs. The absorbance of AuNPs at three sizes ranges from 525 

nm to 540 nm as the size increases, and they all match well with upconversion 
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luminescence. This spectrum cross-talk between two kinds of nanoparticles is the basic 

factor for occurring resonance energy transfer. 

 

Figure 4.7 Absorbance spectrum of the 3G5-AuNPs at three sizes (30, 40 and 50 nm) and 

the upconversion luminescence spectrum of BsAb-UCNPs. 

 

4.3.5 Microparticles-based Sandwich Immunoassay for GPC-1 with BsAb-UCNPs 

In order to evaluate the immune-affinity of BsAbs after conjugated onto UCNPs to GPC-

1 antigen, a 3G5-antibody modified microparticles-based sandwich immunoassay for 

GPC-1 detection with BsAb-UCNP as the signal probe has been designed and conducted. 
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Microparticles-based sandwich immunoassay for GPC-1 with BsAb-UCNPs. When 

3G5-conjugated microparticles incubated with GPC-1 and, consequently with BsAB-

UCNPs, the microparticles show obvious upconversion luminescence when viewed under 

the microscope with external 980 nm laser excitation (Figure 4.9A). This means that it 

forms the sandwich structure among 3G5-microparticles and GPC-1 and BsAb-UCNPs. 

BsAb-UCNPs demonstrate strong immuno-affinity to GPC-1 antigens, and the 

conjugation step does not influence the bioactivity of BsAbs. For the control group, BSA-

microparticles show only background levels of upconversion luminescence when viewed 

under the microscope with an external 980 nm laser excitation (Figure 4.9B), meaning it 

cannot form the sandwich structure among BSA-microparticles and GPC-1 and BsAb-

UCNPs. The low upconversion luminescence is due to some non-specific adsorption of 

BsAb-UCNPs on surface of microparticles. 





Chapter 4 160 

bottom of the wells showed the colour change to blue (Figure 4.10, three wells in red box). 

For control group, the wells pre-coated with BSA has shown negative results as there is 

no colour changing of TMB substrate (Figure 4.10, three wells in green box). This 

outcome demonstrates that 3G5-antibodies are attached to the AuNPs, and their specific 

binding-affinity against GPC-1 antigens are preserved, therefore, 3G5-AuNPs can be 

applied as probes in subsequent assays. 

 

Figure 4.10 Plate-based direct ELISA assay with 3G5-AuNPs. Three wells in red box 

were pre-coated with GPC-1 antigens, and the other three wells in green box were pre-

coated with BSA proteins as control. 

 

Successful conjugation of BsAbs onto UCNPs and the remained bioactivity of the BsAbs, 

are the key elements to ensure the developed homogenous FRET assay performing well. 

In addition, the immune-affinity based conjugation also makes itself promising in 

biological imaging for prostate cancer diagnosis, as the antigen target for MIL-38 was 

detected in two forms: a membrane bound cell surface one and soluble secreted one.  
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4.3.7 Optimisation 

Molar ratio between BsAb-UCNPs and 3G5-AuNPs. For this part of experiment, it is 

aiming to observe the influence on the two luminescent peaks by adding different amount 

of AuNPs, and also to investigate the quenching efficiency at various molar ratios 

between BsAb-UCNPs and 3G5-AuNPs. The results in Figure 4.11 show the 

upconversion luminescence spectrum of the mixture of BsAb-UCNPs/3G5-AuNPs at 

different molar ratio, for the three sizes of AuNPs. The quenching level of green emission 

at around 539 nm increases as the molar ratio of AuNPs to UCNPs increases. It is obvious 

that the quenching of green emission is much stronger than that of red emission, which is 

in accordance with the fact that the maximum spectrum cross-section between UCNPs 

and AuNPs is around green emission. Thus, to calculate the quenching efficiency of 

upconversion luminescence by AuNPs, two formulas are applied: (1), directly comparing 

the intensity of green emission between the BsAb-UCNPs solutions with/without the 

addition of 3G5-AuNPs. The formula is (I0-I)/I0, and I0 stands for the upconversion green 

intensity without addition of 3G5-AuNPs and I stands for the addition of 3G5-AuNPs; 

(2), using the ratio of green/red emission as the comparative parameter, and the formula 

is (R0-R)/R0. R0 stands for the ratio of upconversion green to red emission without 

addition of AuNPs, and R stands for that ratio with the addition of AuNPs. From the result, 

under both formulations, they all show almost linear correlation. In comparison, the 

quenching efficiency calculated under formula 1 is higher than that under formula 2. This 

phenomenon is reasonable as the red emission is also influenced to a small degree by the 

addition of AuNPs in the solution from the spectrum observation. However, formula 2, 

using ratio of green/red emission, is still considered the better choice for further assay. In 

the presence of GPC-1 antigen, the mixture of BsAb-UCNPs and 3G5-AuNPs creates the 
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“sandwich” formation among the three parts, resulting in large particle aggregates. In that 

case, calculation of quenching efficiency by the difference of green emission is inaccurate, 

as the particle-aggregations will likely show higher luminescent intensity than 

monodispersed UCNPs suspension. By using the ratio (formula 2) to calculate the 

quenching efficiency, the problem mentioned above can be avoided.  

 

It is noticed that for different sizes of AuNPs at the same molar ratio to UCNPs, the 

quenching efficiency is different. Take the comparison between 40 nm and 50 nm as the 

example. The quenching efficiency of 3G5-AuNPs for 40 nm at the ratio of 1:1, is only 

about half of that for 50 nm. This phenomenon is rather expected as the commercially 

available AuNPs at different sizes all have 1 OD absorbance intensity for total 20 mL 

volume. However, the molar concentration of each size in 20 ml solution is different 

(demonstrated in experimental section), which results in the absorbance of individual 

AuNP at different sizes calculated according to the following formula: Absorbanceindividual 

= Absorbancetotal/Molar concentration. As for single AuNPs at 40 nm, the absorbance 

around green emission is fifty percent of that for single AuNP at 50 nm, and that is why 

the quenching efficiency of 3G5-AuNPs for 40 nm at the ratio of 1:1 is only about half of 

that for 50 nm  
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Figure 4.11 Investigation of the relationship between upconversion quenching with input 

amount of AuNPs. Upconversion spectrum at different molar ratios between 

upconversion nanoparticles with gold nanoparticles (A-30 nm, D-40 nm,G-50 nm ). 

Quenching efficiency of upconversion luminescence by AuNPs at different molar ratios 

to UCNPs via directly comparing the intensity of green emission as formula (I0-I)/I0 (B-

30 nm, E-40 nm, H-50 nm), and via comparing the ratio of green/red emission as formula 

(R0-R)/R0 (C-30 nm, F-40 nm, I-50 nm). 

 

Distance-dependant energy transfer between BsAb-UCNPs and 3G5-AuNPs. In 

order to confirm that the energy transfer is distance-dependant between UCNPs and 

AuNPs, luminescence measurements were tested for the mixture of BsAb-UCNPs and 

3G5-AuNPs at fixed molar ratio but different solution volumes. 2 ul of BsAb-UCNPs 
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were mixed with 3G5-AuNPs in the molar ratio of 1:4 for 50 nm, 1:8 for 40 nm and 1:24 

for 30 nm, in the various volumes of Tris-buffer (100, 200, 300, 400, 500, 600 and 700 

ul). Increasing overall volume of the mixture results in increasing the distance between 

BsAb-UCNPs and 3G5-AuNPs. The spectrum was measured under 980 nm excitation 

(Figure 4.12). As for the same amount of BsAb-UCNPs in various volumes show different 

luminescence intensity under spectrum measurement, formula 2 has been applied here for 

the calculation. The results clearly demonstrated that the quenching efficiency has been 

reduced gradually with the larger mixture volumes. This result indicates that the energy 

transfer between UCNPs and AuNPs is distance-dependent, by which it is confirmed that 

the sandwich formation inducing the distance shorten between two kinds of nanoparticles 

can trigger the LRET.  
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Figure 4.12 Spectrum of upconversion luminescence for the same ratio between BsAb-

UCNPs with 3G5-AuNPs in different volumes of Tris-buffer (A, C, E). Quenching 

efficiency of upconversion luminescence at fixed molar ratio of UCNPs/AuNPs in various 

volumes via comparing the ratio of green/red emission as formula (R0-R)/R0 (B-30 nm, 

D-40 nm, F-50 nm). 
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4.3.8 GPC-1 Detection Based on Upconversion LRET Assay 

As mentioned in the experimental section, 3G5-AuNPs at 40 and 50 nm tend to easily 

stick onto the inner wall of the eppendorf tube (1.5 ml) once dissolved in Tris-buffer (pH 

7.6) even with a very gentle shaking. As a result of nanoparticles stuck to the walls of the 

tube, the molar concentration of 3G5-AuNPs in the tube is decreased, affecting the 

“sandwich” formation and, consequently, the energy transfer. However, for 3G5-AuNPs 

with the size of 30 nm, there is no sticking onto the wall of the tube. Therefore, for all 

further assays, all AuNPs used are 30 nm. 

 

Figure 4.13 demonstrates the quenching efficiency of BsAb-UCNPs by 3G5-AuNPs as a 

function of changing concentration of GPC-1 from 25 to 200 ng/ml (n = 3). The 

quenching percentage of BsAb-UCNPs by 3G5-AuNPs is in correlation to the 

concentration of GPC-1 in the mixture, indicating that this newly designed upconversion 

LRET assay is applicable for GPC-1 detection in combination with sandwich 

immunoassay. However, in order to achieve good calibration curve for quantification of 

GPC-1, further optimization of the detecting condition is needed, as the standard 

deviation (SD) value of each point among three groups was high. The limit of detection 

for GPC-1 in this assay is 10 ng/ml, not as low as that reported recently26. The reaction 

volume is 100 ul, and as homogenous sample, the analyte can only be partly detected by 

the spectrometer through the cuvette. This disadvantage is considered as the probable 

factors to induce very big SD value of each point including the control sample without 

GPC-1, and influence the lower LOD achieved. Thus, to measure the quenching 

efficiency of single upconversion nanoparticle for detection and quantification of GPC-1 

will be a good option, in order to improve the detection sensitivity. In that case, the total 

reaction volume as well as the concentration of two particles need to be significantly 
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reduced, so that it is applicable to analyse all luminescent quenching based on each 

upconversion nanoparticles measurement. 

 

Even though, high detection sensitivity cannot be achieved via this assay at present, this 

assay demonstrates the potential to be applied in clinical detection in the future, as it is 

simpler and faster than other assays. In terms of clinic usage, the composition of human 

samples (e.g. whole blood, serum and plasma) is much more complicated than biological 

buffers, thus the stability of both UCNPs and GNPs will be a great challenge. Take 

traditional ELISA as an example, there is only one step where the human sample is 

incubated with the capture antibody. The following washing steps are designed to help 

remove almost all non-binding small and large molecules in the sample. However, for the 

homogenous assay in this chapter, antibody-modified UCNPs and GNPs are existing with 

human samples through the whole reaction, molecules from samples may induce the 

particles unstable. Particles’ aggregation or antibodies’ releasing will reduce the 

quenching efficiency, resulting in poor detection sensitivity. 
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Figure 4.13 Quenching efficiency of upconversion luminescence in the existing of 

different concentration of GPC-1 antigen (25, 50, 100, 200 ng/ml) via comparing the 

ratio of green/red emission as formula (R0-R)/R0. (n = 3) 

 

4.3.8 Specificity of Upconversion LRET Assay for GPC-1 

The specificity of this designed assay for GPC-1 detection was compared with PSA, a 

widely used biomarker for prostate cancer in the commercially available test. The 

upconversion luminescence quenching is negligible in the presence of PSA (Figure 4.14), 

while there is distinguished ratio for GPC-1 antigen. This means that the developed 

upconversion LRET assay based on “sandwich” immunoassay in this chapter is highly 

specific to GPC-1 detection (p < 0.05).  

 

Figure 4.14 Quenching efficiency of upconversion luminescence in the existing of GPC-

1 and PSA, respectively, at concentration of 100 ng/ml. Each colour stands for one single 

testing group (n = 3). 
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4.4 Conclusion 

In summary, we have developed a simple assay that can rapidly and specifically detect 

for protein antigens, via a newly developed washing-free upconversion LRET technique 

in combination with traditional “sandwich” immunoassay. In this project, the rational 

core-shell structure of UCNPs was designed and applied in a very advanced strategy. 

Besides, the unique BsAb with specific binding-affinity to mPEG-UCNP were also 

introduced into this project, achieving labour-saving bioconjugation method and avoiding 

bioactivity influence of traditional chemical reaction. 

 

The next step is to optimise the reaction conditions in order to achieve more accurate 

quantification of GPC-1, based on the upconversion LRET immunoassay developed in 

this project. In addition, more efforts will be given to investigate and solve sticking nature 

of the other two sizes of 3G5-AuNPs and to use them in the detection, as well as in 

quantification processes. 
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CHAPTER 5  

Conclusions and Perspectives 

 

5.1 Conclusions 

This PhD thesis mainly focuses on developing optical biosensors for molecular biomarker 

detection and quantification with upconversion nanoparticles (UCNPs). The exploration 

of the suitable surface modification ligand of UCNPs, ultimately results in the 

development of a set of optical biosensors for both nucleic acid and protein antigen 

detection and quantification.  

 

The main research achievements through my PhD program are in final summary below: 

1) The literature review in Chapter 1, has provided a comprehensive understanding of 

upconversion luminescence resonance energy transfer technique (LRET) in molecular 

biomarker detection and quantification during the latest five years, for researchers in 

biology, diagnosis, analytical chemistry and nanotechnology.  

 

2) The newly designed polymer ligand used to form highly water stable and bio-

compatible UCNPs in Chapter 2, has solved the bottle-neck of nanoparticles’ surface 

modification. The polymer-coated nanoparticles demonstrate potential application in both 

molecular monitoring and cellular imaging, even the excellent monodispersion in 

cytoplasm makes the polymer-coated nanoparticles used for subcellular study. 

 

3) The robust developed Exo III-assisted upconversion resonance energy transfer in a 

wash-free suspension DNA assay (Chapter 3), has achieved an ultra-high detection 
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sensitivity with a detection limit of 15 pM. For upconversion optical probes, the 

cooperation with enzyme-catalyzed target-triggered signal amplification in isothermal 

condition, has enhanced one order of magnitude detection sensitivity compared to 

conventional LRET DNA assay. It is a good example of combining upconversion probes 

with various kinds of advanced techniques to realize trace amounts of DNA biomarker 

monitoring in simplified process, and it paves the way of the real clinic application of 

upconversion DNA probes in the further. 

 

4) It is a big challenge that merging upconversion LRET technique into the sandwich 

immunoassay for protein antigen monitoring. The smart core-shell structure of UCNPs 

has been used to increase the on/off ratio of quenching efficiency aiming to achieve 

sensitive detection. And the special bispecific antibody has been used to improved 

immune-affinity and simplicity. This project broadens the application of upconversion 

probes in protein assay, and shows the capacity of nano-biotechnology to compete and 

substitute the traditional immunoassay. 

 

5.2 Perspectives 

5.2.1 Clinical testing 

The purpose of the work done in the thesis is to develop a proof-of-concept for various 

diagnostic applications. The developed proof-of-concepts are currently adopted by other 

researchers to detect various diseases. For example, the Exo-III assisted upconverting 

LRET assay is being developed with the aim of  detecting miRNA in tuberculosis serum 

patient samples. The assay involves using carbodiimide chemistry. Since serum contains 

a lot of proteins and other small molecules with amino groups, there will be competition 

between amine-probe-DNA and other non-specific biomolecules to conjugate with EDC-
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activated carboxyl-UCNPs. This disadvantage may be the big challenge during applying 

the developed assay into clinical serum/plasma samples. To overcome this challenge, 

different conjugation methods of conjugation chemistry, such as click-chemistry, may 

need to be applied.  

 

For the upconverting LRET assay with gold nanoparticles developed in chapter 4 for 

GPC-1 detection, the technique is still currently being developed to improve the 

sensitivity and reproducibility for clinic application with human samples. Assay 

measurements using a spectrometer and a cuvette is currently the bottle-neck of the assay 

and most likely is the underlying factor leading to the poor reproducibility and influencing 

the detection sensitivity. The alternative would include measurement of the quenching 

efficiency based on single upconversion nanoparticles. To address this, the total reaction 

volume as well as the concentration of nanoparticles needs to be significantly reduced to 

analyse all luminescent quenching based on each upconversion nanoparticle 

measurements. It is worth mentioning that the stability of BsAb-UCNPs conjugate should 

also be assessed in serum or plasma, as the complicated environment of human samples 

may damage the immunoaffinity between BsAb with PEG linker. 

 
 
5.2.2 Multiplexing  

In this thesis, application of upconversion LRET in combination with signal amplification 

technique has achieved an ultrahigh detection sensitivity for a particular DNA target. This 

work can be expanded to realize multiplex DNA assay. High throughput multiplexing 

detection and quantification of various biomolecules has been become popular over last 

decade1,2. Multiplex sample analysis can provide more information about different 

biomolecules in a shorter time, with a smaller amount of sample to deliver a more 
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comprehensive diagnosis. 

  

To achieve multiplexing using UCNPs, most of the current research uses colour emission 

derived by doping with various lanthanide ions3,4,5. There are two models to expand 

multiplexing properties of UCNPs: UCNP-doped bead-based barcode and UCNP-based 

fluorescent reporter. Referring to UCNP-doped bead-based barcode, UCNPs are 

encapsulated within microparticles, and then the microparticles show different 

luminescent colour as various doped lanthanide ions6. Besides the colour emission, 

luminescence lifetime is also potential for multiplexing by adjusting the concentration of 

doped lanthanide ions 7. 

 

To develop multiplexing DNA assay with developed Exo III-assisted upconverting LRET 

approach in Chapter 3, the biggest challenge might be the sophisticated design of 

complementary probe-DNA for each target DNA sequence, in order to get rid of the cross-

section. Searching well-matched chromophores is another key element. For protein 

antigen detection with upconversion LRET immunoassay, simultaneously monitoring 

various protein targets is also our next challenge. Distinguished from multiplexing DNA 

assay, the key element to apply this approach in protein multiplexing with gold 

nanoparticles is the synthesis of multi-colour UCNPs, being as barcode and signal at the 

same time. 

 

5.2.3 Point-of-Care 

Transferring lab-based molecular assay into small-scale integrated devices is a trend to 

broaden the application of experimental techniques into the real world8,9. How to shrink 

the experimental scale to be performed in a tiny platform, in integration of input, mixture, 
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separation and measurement, needs great efforts. In particular, the enzyme-assisted 

upconverting LRET assay for nucleic acids detection, factors including reacting 

temperature and volume should are two key elements. Currently, the assay is semi-

isothermal, and the signal amplification step in requisition of high temperature is a trouble.  

The involvement of smartphone for optical signal measurement and analysis can further 

extend the product market because that extremely overcome the access limitation of 

expensive and sophisticated machines. In fact, the whole reaction can be conducted at 

room temperature, realizing fully-isothermal. The activity of Exo III is temperature-

dependent, room temperature with a little bit longer reaction time is also suitable for the 

enzyme-assisted signal amplification. The following stopping-step with 70℃, can be 

substituted by addition of EDTA. In this case, the whole assay is isothermal at RT, ideal 

for the development of point-of-care.  

 

Another factor is reaction volume. In chapter 3, the reaction volume used is 100 ul, and 

the sample was filled into a cuvette for spectral measurement. This volume is too high, 

resulting in loss of sample information. Thus, reduction of the overall measurement 

volume to less than 10 ul for optical fiber measurement provides a good option for 

translating this assay into a point-of-care test. In chapter 4, the upconverting LRET assay 

with gold nanoparticles for protein biomarker detection, is one-step homogenous assay at 

RT. Reduction of the reaction volume and use of optical fibre is necessary for point-of-

care development. To develop the optical biosensor into point-of-care, there are integrated 

opportunities, including paper-testing10,11, array assay12,13 and microfluidics14,15, which 

have already been reported in the literature. Specifically for the Exo III assisted 

upconverting LRET assay in chapter 3, use of microfluidics is a good choice to satisfy 

multiple reaction steps15; for the one-step homogeneous upconverting LRET assay with 
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gold nanoparticles, suspension array assay is suitable, especially for further multiplexing 

development12. 

 

In conclusion, the further goal of my research contains both broadening the designs and 

techniques for multiplexing in parallel, and exploring the user-friendly point-of-care 

devices for marketing in progression. All efforts for these two advanced scopes will pave 

the way for transferring laboratory outcomes into real world application, in more 

reasonable, productive as well as long-term healthy. 
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[13] Ylihä silä, M., Alaranta, S., Lahdenperä, S., Lahtinen, S., Arku, B., Hedman, K., 

Soukka, T. & Waris, M. Array-in-well Serodiagnostic Assay Utilizing Upconverting 

Phosphor Label Technology. Journal of Virological Methods 222, 224-230 (2015). 

[14] Fang, S., Tian, H., Li, X., Jin, D., Li, X., Kong, J., Yang, C., Yang, X., Lu, Y., Luo, 

Y. & Lin, B. Clinical Application of a Microfluidic Chip for Immunocapture and 

Quantification of Circulating Exosomes to Assist Breast Cancer Diagnosis and 

Molecular Classification. PLoS One 12(4), p.e0175050 (2017). 

[15] Xu, H., Liao, C., Zuo, P., Liu, Z. & Ye, B.C. Magnetic-Based Microfluidic Device 

for On-Chip Isolation and Detection of Tumor-Derived Exosomes. Analytical 

Chemistry 90(22), 13451-13458 (2018). 


	Title Page
	Certificate of Original Authorship
	Acknowledgements
	Format of Thesis
	List of Publications
	List of Acronyms
	Abstract
	Table of Contents
	Chapter 1 Introduction
	1.1 Biomarkers
	1.1.1 Definition of Biomarkers
	1.1.2 Significance of Biomarkers
	1.1.3 Classification of Biomarkers

	1.2 Current Biosensors of Molecular Biomarker Detection
	1.2.1 Nucleic Acids
	1.2.2 Protein Antigens
	1.2.3 Current Biosensors of Nucleic Acids and Protein Antigens
	1.2.4 Challenges in Optical Biosensor Development

	1.3 Lanthanide-Doped Upconversion Nanoparticles
	1.3.1 Definition of Rare Earth Materials
	1.3.2 Advantages of Upconversion in Biological Applications
	1.3.3 Mechanism of Upconversion Emission Including GSA/ESA and ETU
	1.3.4 Yb³⁺ and Er³⁺ Co-doped NaYF4 UCNPs
	1.3.5 Surface Modification of Lanthanide-doped UCNPs
	1.3.6 𝘐𝘯 𝘷𝘪𝘵𝘳𝘰 Applications of Upconversion LRET in Molecular Biomarker Detection

	1.4 Detection Limit and Quantitation Limit
	1.4.1 Signal-to-noise
	1.4.2 Blank Determination

	1.5 Aims of This Project
	1.6 References

	Chapter 2 Systematic and Comparative Investigation of the Colloidal Stability and Biocompatibility of Hydrophilic Upconversion Nanoparticles Capped with Four Ligands
	2.1 Introduction
	2.2 Experiments
	2.2.1 Materials
	2.2.2 Instrumentation
	2.2.3 Synthesis of Er Doped UCNPs
	2.2.4 Synthesis of di-blcok Copolymer POEGA-𝘣-PMAEP
	2.2.5 Analysis of POEGA-𝘣-PMEAP
	2.2.6 Surface Modification of UCNPs with Four Hydrophilic Ligands 𝘷𝘪𝘢 Ligand Exchange
	2.2.7 Cytotoxicity Assay of Hydrophilic Ligand-capped UCNPs
	2.2.8 Non-specific Cellular Uptake of Hydrophilic Ligand-capped UCNPs

	2.3 Results and Discussion
	2.3.1 Synthesis of UCNPs
	2.3.2 Synthesis of POEGA-𝘣-PMAEP
	2.3.3 Characterization of Hydrophilic Ligand-capped UCNPs 𝘷𝘪𝘢 Ligand Exchange
	2.3.4 Cytotoxicity Assay of Hydrophilic Ligand-capped UCNPs
	2.3.5 Non-specific Cellular Uptake of Hydrophilic Ligand-capped UCNPs

	2.4 Conclusion
	2.5 References

	Chapter 3 Exonuclease III-assisted Upconversion Resonance Energy Transfer in a Wash-Free Suspension DNA Assay
	3.1 Introduction
	3.2 Experiments
	3.2.1 Materials
	3.2.2 Instrumentation
	3.2.3 Synthesis and Surface Modification of NaYF4:Yb, Er UCNPs
	3.2.4 Optimization of Upconversion LRET DNA Assay
	3.2.5 Detection of HIV DNA Target Based on Upconversion LRET Assay

	3.3 Results and Discussion
	3.3.1 Characterization
	3.3.2 Optimisation of Upconversion LRET DNA Assay
	3.3.3 Detection Sensitivity of HIV DNA Target Based on Upconversion LRET
	3.3.4 Detection Specificity of HIV DNA Target Based on Upconversion LRET Assay

	3.4 Conclusion
	3.5 References

	Chapter 4 Homogeneous Immunoassay for the Detection of Prostate Cancer Biomarkers Based Upon Upconversion Luminescence Resonance Energy Transfer in Conjunction with Gold Nanoparticles
	4.1 Introduction
	4.2 Experiments
	4.2.1 Materials
	4.2.2 Instrumentation
	4.2.2 Synthesis of Core-Shell UCNPs
	4.2.3 Surface Modification of UCNPs with POEGA-𝘣-PMAEP 𝘷𝘪𝘢 Ligand Exchange
	4.2.4 Preparation of BsAbs
	4.2.5 Conjugation of UCNPs and AuNPs
	4.2.6 Microparticle-based Sandwich Immunoassay for GPC-1 Detection with BsAb-UCNPs
	4.2.7 Plate-based Direct ELISA Assay with 3G5-AuNPs
	4.2.8 Optimisation
	4.2.9 GPC-1 Detection Based on Upconversion LRET Assay
	4.2.10 Specificity of Upconversion LRET Assay

	4.3 Results and Discussion
	4.3.1 Assay Principle of Upconversion LRET for GPC-1 Detection
	4.3.2 Characterisation of NaYF4:20%Yb@NaYF4:20%Yb, 2%Er Core-Shell Nanoparticles
	4.3.3 Characterisation of BsAb-UCNPs
	4.3.4 Characterisation of 3G5-AuNPs
	4.3.5 Microparticles-based Sandwich Immunoassay for GPC-1 with BsAb-UCNPs
	4.3.6 Plate-based Direct ELISA Assay with 3G5-AuNPs
	4.3.7 Optimisation
	4.3.8 GPC-1 Detection Based on Upconversion LRET Assay
	4.3.8 Specificity of Upconversion LRET Assay for GPC-1

	4.4 Conclusion
	4.5 References

	Chapter 5 Conclusions and Perspectives
	5.1 Conclusions
	5.2 Perspectives
	5.2.1 Clinical testing
	5.2.2 Multiplexing
	5.2.3 Point-of-Care

	5.3 References




