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Abstract 

Developing sensitive, specific and fast assays to detect and quantify cancer biomarkers 

at low concentration permit early stage diagnosis of cancer and to improve the survival 

rate. Many kinds of nanomaterials have been applied to break the limitations of 

conventional bioassays so as to offer high sensitivity, simplicity and at lower cost. The 

current development of nanoparticle based in-vitro diagnostics tests, such as paper-

based testing strips using gold nanoparticles, remain as being indicative rather than 

being quantitative. To fill the gap between lab based quantitative assays and techniques 

for point of care testing, smartphones will play an essential role. This takes the 

advantage of build-in optics and electronics suitable for data acquisition, quantification 

and communication. But this still requires the biochemistry methods to be more stable, 

selective and quantitative, particularly suitable for small volume of samples after 

minimum level of preparations.  

This thesis explores a new class of fluorescent probes and detection methods to bridge 

this gap. The new probes are rare earth doped upconversion nanoparticles (UCNPs) 

with high fluorescent intensity and negligible background noise. To improve the 

stability and selectivity of UCNPs, two techniques have been explored. Phage display 

has been employed to select antibodies that can bind to UCNPs surface forming more 

stable and biocompatible upconversion nanoprobe; bispecific antibodies are used to 

avoid chemical reaction in the bioconjugation step and deactivation of antibody 

bioconjugated to UCNPs so that the upconversion nanoprobes can have higher binding 

efficiency to the cancer biomarker. To meet the requirements of simple and quantitative 

point of care testing, highly rare earth doped UCNPs with hundreds to thousands of 

emitters have been introduced to essentially amplify the signal strength so that 

smartphone can read and quantify the prostate cancer biomarkers resulted in a paper 

based strip sensor; single nanoparticle image system has been applied to reach a single 

molecule level sensitivity for detecting prostate cancer biomarkers in sub-microliter 

samples. 



Abstract                                                                                                                         XIV 

 Key words: in-vitro diagnosis, cancer detection, upconversion nanoparticles, phage 

display, bispecific antibody, lateral flow strip, single-molecule detection. 



Table of Contents                                                                                                       XV 

Table of Contents 

Certificate of Original Authorship ..................................................................................... I 

Acknowledgements ......................................................................................................... III 

Format of Thesis .............................................................................................................. V 

List of Publications ......................................................................................................... VI 

Statement of Contribution of Authors ........................................................................... VII 

List of Acronyms ............................................................................................................. X 

Abstract ........................................................................................................................ XIII 

Table of Contents .......................................................................................................... XV 

Chapter 1 Introduction ...................................................................................................... 1 

1.1 Cancer and early detection ...................................................................................... 3 

1.2 Cancer biomarkers .................................................................................................. 4 

1.2.1 Proteins ............................................................................................................. 4 

1.2.2 Nuclear acids .................................................................................................... 5 

1.3 Current cancer in-vitro diagnostics assays .............................................................. 7 

1.3.1 Immunoassay ................................................................................................... 7 

1.3.2 Molecular diagnostics ...................................................................................... 8 

1.3.3 Summary of cancer IVD platforms ................................................................ 11 

1.4 Nanoparticle in IVD .............................................................................................. 12 

1.4.1 Gold nanoparticles (AuNPs) .......................................................................... 12 

1.4.2 Quantum dots (QDs) ...................................................................................... 20 

1.4.3 Carbon dots (CDs) ......................................................................................... 24 

1.4.4 Magnetic nanoparticles (MNPs) .................................................................... 29 

1.4.5 Rare earth doped nanoparticles (RENPs) ....................................................... 32 

1.4.6 Nanoparticles based Point of Care Assays ..................................................... 40 



Table of Contents                                                                                                       XVI 

1.5 Nanoparticle surface functionalization ................................................................. 41 

1.5.1 Surface modification ...................................................................................... 41 

1.5.2 Bioconjugation ............................................................................................... 46 

1.6 Thesis outline ........................................................................................................ 48 

Chapter 2 Select UCNP targeted antibodies by phage display ....................................... 71 

2.1 Motivation ............................................................................................................. 71 

2.2 Background and significance ................................................................................ 71 

2.2.1 Challenges in UCNPs surface modification ................................................... 71 

2.2.2 Phage display ................................................................................................. 72 

2.3 Methods ................................................................................................................. 76 

2.3.1 Materials......................................................................................................... 76 

2.3.2 Prepare naked UCNP ..................................................................................... 78 

2.3.3 Panning library of phage on naked UCNP ..................................................... 78 

2.3.4 Polyclonal phage ELISA ................................................................................ 81 

2.3.5 Monoclonal phage ELISA ............................................................................. 82 

2.3.6 Sequencing of positive clones ........................................................................ 84 

2.4 Results and discussions ......................................................................................... 85 

2.5 Conclusion and further works ............................................................................... 91 

Chapter 3 Bispecific Antibody Functionalized Upconversion Nanoprobe ..................... 95 

3.1 Motivation ............................................................................................................. 96 

3.2 Manuscript ............................................................................................................ 96 

3.2.1 Abstract .......................................................................................................... 96 

3.2.2 Introduction .................................................................................................... 96 

3.2.3 Experiments and materials ............................................................................. 98 

3.2.4 Results and Discussion................................................................................. 104 

3.2.5 Conclusion ................................................................................................... 112 



Table of Contents                                                                                                       XVII 

Chapter 4 Quantitative Lateral Flow Strip Sensor Using Highly Doped Upconversion 

Nanoparticles................................................................................................................. 117 

4.1 Motivation ........................................................................................................... 118 

4.2 Manuscript .......................................................................................................... 118 

4.2.1 Abstract ........................................................................................................ 118 

4.2.2 Introduction .................................................................................................. 119 

4.2.3 Methods, results and discussion ................................................................... 122 

4.2.4 Conclusion and persperctive ........................................................................ 135 

4.2.5 Acknowledgments ........................................................................................ 136 

4.3 Development of this work ................................................................................... 136 

Chapter 5 Single-molecule immunoaggregation assay detects biomarkers in microliter 

sample ........................................................................................................................... 145 

5.1 Motivation ........................................................................................................... 145 

5.2 Introduction ......................................................................................................... 145 

5.2.1 Single molecule assay .................................................................................. 145 

5.2.2 Single UCNP tracking system ...................................................................... 151 

5.3 Materials and Methods ........................................................................................ 154 

5.3.1 Synthesis of UCNPs ..................................................................................... 154 

5.3.2 Bioconjugation of UCNPs with antibodies .................................................. 155 

5.3.3 UCNPs Characterization .............................................................................. 156 

5.3.4 Immunoaggregation assay. ........................................................................... 156 

5.4 Results and Discussions ...................................................................................... 157 

5.4.1 UCNPs Characterization .............................................................................. 157 

5.4.2 Single UCNP Imaging ................................................................................. 158 

5.4.3 Immunoaggregation Assay........................................................................... 161 

5.5 Conclusions ......................................................................................................... 164 



Table of Contents                                                                                                       XVIII 

Chapter 6 Conclusions and Perspectives ...................................................................... 169 

6.1 Conclusion .......................................................................................................... 169 

6.2 Perspectives ......................................................................................................... 170 

 



CHAPTER 1                                                                                                                   1 

 

 

Chapter 1 Introduction 

This thesis describes an experimental study aimed at developing nanomaterial-based in-

vitro diagnostic assays for early-stage cancer detection, which is currently facing 

challenges using conventional approaches. Using upconversion nanoparticles (UCNPs) 

with distinct advantages such as high fluorescence intensity, multi-colors, and 

eliminating background interference arising from auto-fluorescence, upconversion 

nanoprobes were designed combined with phage display and bispecific antibody 

techniques. Moreover, two different in-vitro diagnosis assays under different application 

situations are developed for prostate cancer in-vitro detection. 

This introduction chapter serves to provide a clear description of the motivation behind 

the study. It firstly emphasized the significance of early-stage cancer detection, 

followed by a brief view of current cancer in-vitro diagnostic assays. Finally, advances 

of using different nanomaterials including gold nanoparticle, quantum dot, magnetic 

nanoparticle and UCNPs in this area and the surface functionalization of these 

nanomaterials are discussed in details. 

These have been used to design and conduct experiments for the present study. 
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This flow chart outlines the structure of the thesis consist of the significance of 

applications of nanoparticles in in-vitro diagnosis, its challenges, and proposed 

solutions for the two bottlenecks. 
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1.1 Cancer and early detection 

Cancer is a group of diseases involving abnormal cell growth with the potential to 

invade or spread to other parts of the body. Typically, cells grow and multiply in a 

controlled way; however, if something causes gene mutation to happen inside the cells, 

this control can be lost. Cancer is the term used to describe collections of these cells, 

growing and potentially spreading within the body. As cancer cells can arise from 

almost any type of tissue cell, there are about 100 kinds of cancer types. Cancer cells 

that do not spread beyond the immediate area in which they arise are said to be benign, 

i.e. they are not dangerous. If these cells spread into surrounding areas, or to different 

parts of the body, they are known as malignant - commonly referred to as cancer. [1] 

Cancer is an important issue around the world and the No.2 killer in Australia. An 

estimated 144,713 new cancer patients will be confirmed in Australia this year, with 

that number set to rise to 150,000 by 2020, and more than 48,000 cancer patients will 

pass away. These numbers are getting larger due mainly to population growth and aging. 

[2] 

Development of better treatment methods is not the only way; the mortality rate from 

cancer is often significantly reduced by early diagnostics. For example, prostate cancer 

is the first common cancer diagnosed in men in Australia and the third most common 

cancer killer. The patients diagnosed with prostate cancer that has spread to other parts 

of the body have only 30% 5-year survival rate. In contrast, the number improves 

significantly in patients who start treatment in the early stages to nearly 100% and 98% 

of these patients are alive even after ten years. [3] 

Today, most clinical methods to detect cancer rely on imaging technologies or the 

morphological screening of cells from tissues. Imaging techniques, such as ultrasound, 

X-ray, computed tomography (CT), magnetic resonance imaging (MRI) and positron 

emission tomography (PET), are limited to their low sensitivity and poor performance 

in distinguishing cancer stages. While histopathology, taking a biopsy of suspected 

tumour tissue, is usually used to determine the malignancy of targeted tissues and needs 

to work with CT or MRI these imaging methods. [4] Therefore, the development of 
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assays for early detection of cancer, especially in-vitro detection methods, is in urgent 

need. 

1.2 Cancer biomarkers 

A biomarker is an objectively measured characteristic that describes a normal or 

abnormal biological state in an organism by analyzing biomolecules such as DNA, 

RNA, protein, peptide, and biomolecule chemical modifications. These biomarkers can 

be used to detect early-stage cancer outside of the patient’s body. They are produced by 

the cancer cells themselves or by other cells in response to cancer. They can be found in 

bodily fluids such as blood and urine. [4] 

1.2.1 Proteins 

Proteins are large biomolecules, or macromolecules, consisting of one or more long 

chains of amino acid residues. They perform a vast array of functions within organisms, 

including catalyzing metabolic reactions, gene replication, responding to stimuli, 

providing structure to cells and organisms, and transporting molecules from one 

location to another[5]. 

However, in cancer cells, some specific proteins which cannot be found in healthy 

tissues and some normal proteins will be over-expressed. For example, CA-125 found 

in the blood can be used to detect ovarian cancer, and the overexpression of prostate 

specific antigen (PSA) can be used to detect prostate cancer. Most of the conventional 

cancer protein biomarkers are listed in Table 1-1.[4] 

Table 1-1. Cancer protein biomarkers and their related cancer types. 

Protein Cancer Type 

Alpha-fetoprotein (AFP) Liver cancer and germ cell tumors 

Beta-2-microglobulin (B2M) 
Multiple myeloma, chronic lymphocytic 

leukemia, and some lymphomas 

Beta-human chorionic gonadotropin 

(Beta-hCG) 
Choriocarcinoma and germ cell tumors 
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C-kit/CD117 
Gastrointestinal stromal tumor and 

mucosal melanoma 

CA15-3/CA27.29 Breast cancer 

CA19-9 
Pancreatic cancer, gallbladder cancer, 

bile duct cancer, and gastric cancer 

CA-125 Ovarian cancer 

Calcitonin Medullary thyroid cancer 

Carcinoembryonic antigen (CEA) 
Colorectal cancer and some other 

cancers 

CD20 Non-Hodgkin lymphoma 

Chromogranin A (CgA) Neuroendocrine tumors 

Cytokeratin fragment 21-1 Lung cancer 

Estrogen receptor (ER)/progesterone 

receptor (PR) 
Breast cancer 

Fibrin/fibrinogen Bladder cancer 

HE4 Ovarian cancer 

Immunoglobulins 
Multiple myeloma and Waldenström 

macroglobulinemia 

Lactate dehydrogenase 
Germ cell tumors, lymphoma, leukemia, 

melanoma, and neuroblastoma 

Neuron-specific enolase (NSE) 
Small cell lung cancer and 

neuroblastoma 

Nuclear matrix protein 22 Bladder cancer 

Programmed death ligand 1 (PD-L1) Non-small cell lung cancer 

Prostate-specific antigen (PSA) Prostate cancer 

Thyroglobulin Thyroid cancer 

Urokinase plasminogen activator (uPA) 

and plasminogen activator inhibitor (PAI-

1) 

Breast cancer 



6                                                                                                                   CHAPTER 1 

1.2.2 Nuclear acids 

Deoxyribonucleic acid (DNA) carries genetic information and passes it on from one 

generation to the next.[6] Ribonucleic acid (RNA) contains information that has been 

copied from DNA. Body cells make several different types of RNA molecules that are 

necessary for the synthesis of protein molecules. For example, mRNA, or messenger 

RNA molecules, serve as templates for the synthesis of proteins from amino acid 

building blocks, while tRNA, or transfer RNA molecules, bring the amino acid residues 

to the ribosome. Inside the ribosome – an organelle where the protein is being 

synthesized – tRNA “reads” the mRNA template in a process called translation.[7] 

Compare to healthy cells, we can find gene mutations, gene rearrangements, extra 

copies of genes, and missing genes in cancer cells. These special gene sequences can be 

used for cancer diagnostics. For example, the BRCA1 and BRCA2 gene mutations can 

be used to detect ovarian cancer. Most of the common cancer-related gene mutations are 

listed in Table 1-2.[4] 

Table 1-2. Cancer gene mutations and their related cancer types. 

Gene Mutation Cancer Type 

BRCA1 and BRCA2 gene mutations Ovarian cancer 

BCR-ABL fusion gene (Philadelphia 

chromosome) 

Chronic myeloid leukemia, acute 

lymphoblastic leukemia, and acute 

myelogenous leukemia 

BRAF V600 mutations 
Cutaneous melanoma and colorectal 

cancer 

Chromosomes 3, 7, 17, and 9p21 Bladder cancer 

EGFR gene mutation analysis Non-small cell lung cancer 

HER2/neu gene amplification 

Breast cancer, gastric cancer, and 

gastroesophageal junction 

adenocarcinoma 

KRAS gene mutation analysis 
Colorectal cancer and non-small cell lung 

cancer 
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1.3 Current cancer in-vitro diagnostics assays 

To detect these cancer biomarkers, tests done on samples such as blood or tissue derived 

from the human body are needed. This results in a booming development in cancer in-

vitro diagnostics (IVD) research and commercial products.  

1.3.1 Immunoassay 

To detect the protein cancer biomarkers, immunoassays based on the antibody-antigen 

interaction are normally used and can be presented in different formats.  

1.3.1.1 Enzyme-linked immunosorbent assay (ELISA) 

ELISA is a commonly used analytical biochemistry assay, first described by Engvall 

and Perlmann in 1972. The assay uses a solid-phase enzyme immunoassay to detect the 

presence of the analyte in a liquid sample using antibodies directed against the protein 

to be measured. ELISA has been widely used as a diagnostic tool in cancer IVD to 

detect different kinds of protein biomarkers.[8] 

 
Figure 1-1. Schematic illustration of a sandwich structure ELISA test. 

1.3.1.2 Protein Microarray 
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Protein microarray (or protein chip) is a high-throughput method used to track the 

interactions and activities of proteins and to determine their function on a large scale. It 

can be used to detect a large number of cancer biomarkers at on time. Its mechanism is 

similar to ELISA using immunoassay. Fluorescent dyes are used instead of enzyme here 

for faster detection.[9] 

 
Figure 1-2. Schematic illustration of protein microarray.  

1.3.2 Molecular diagnostics 

Detection of disease-related nuclear acids is called molecular diagnostics, and its market 

is broadly divided into polymerase chain reaction (PCR), next generation sequencing 

(NGS), microarray and fluorescent in situ-hybridization (FISH). 

1.3.2.1 Polymerase chain reaction (PCR) 

PCR is a method widely used in molecular biology to make many copies of a specific 

DNA segment. Using PCR, copies of DNA sequences are exponentially amplified to 

generate thousands to millions of more copies of that particular DNA segment. PCR is 

now a common and often indispensable technique used in medical laboratory and 

clinical laboratory research for a wide variety of applications.[10] 
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Figure 1-3. Schematic illustration of PCR.  

A real-time PCR (rtPCR), also known as quantitative PCR (qPCR), is a laboratory 

technique of molecular biology based on the PCR. It monitors the amplification of a 

targeted DNA molecule during the PCR, i.e., in real-time, and not at its end, as in 

conventional PCR. rtPCR can be used quantitatively and semi-quantitatively, i.e., 

above/below a certain amount of DNA molecules. Two conventional methods for the 

detection of PCR products in real-time PCR are (1) non-specific fluorescent dyes that 

intercalate with any double-stranded DNA, and (2) sequence-specific DNA probes 

consisting of oligonucleotides that are labeled with a fluorescent reporter which permits 

detection only after hybridization of the probe with its complementary sequence.[11] 

1.3.2.2 Next Generation Sequencing (NGS) 

DNA sequencing is the process of determining the nucleic acid sequence – the order of 

nucleotides in DNA. The high demand for low-cost sequencing has driven the 

development of high-throughput or next-generation sequencing technologies that 

parallelize the sequencing process, producing thousands or millions of sequences 

concurrently. Advances in genetic analysis tools for molecular diagnostics are 

revolutionizing the practice of medicine, improving prenatal and reproductive care, 

enabling earlier disease detection, and advancing the treatment of heritable disease.[12] 

1.3.2.3 DNA Microarray 
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DNA microarray (or DNA chip) is a collection of different DNA probes attached to a 

solid surface. These DNA probes can be a short section of a gene or other DNA element 

that are used to hybridize a DNA/RNA sample under high-stringency conditions. Probe-

target hybridization is usually detected and quantified by fluorescence or 

chemiluminescence-based detection to determine the relative abundance of DNA/RNA 

sequences in the samples. The DNA microarray can be used to screen cancer-related 

mutant DNA or RNA sequences.[13] 

 

Figure 1-4. Schematic illustration of DNA microarray.  

1.3.2.4 Fluorescence in situ hybridization (FISH) 

FISH is a molecular cytogenetic technique that uses fluorescent probes that bind to only 

those parts of a nucleic acid sequence with a high degree of sequence complementarity. 

It was developed by biomedical researchers in the early 1980s to detect and localize the 

presence or absence of specific DNA sequences. In medicine, FISH can be used to form 

a diagnosis, to evaluate prognosis, or to evaluate remission of a disease, such as 

cancer.[14] 
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Figure 1-5. Schematic illustration of FISH.  

1.3.3 Summary of cancer IVD platforms 

 
Figure 1-6. Schematic illustration of the process of cancer IVD platforms.  

To in-vitro detect the low abundance of cancer biomarkers, either protein or nuclear 

acids, current immunoassays based on antibody-antigen interaction and DNA or RNA 

hybridization can afford enough specificity to capture the right target biomarkers. 

However, the balance between sensitivity and simplicity is hard to achieve. To make the 

detection assays sensitive enough to detect trace cancer biomarkers, complicated and 

time-consuming amplification steps cannot be avoided. Moreover, the commonly used 
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organic dyes for the final optical signal reading are not satisfactory due to their poor 

fluorescent properties.  

1.4 Nanoparticle in IVD 

Due to the complexity of the sample and low concentration of cancer-related molecules, 

to develop fast, reliable, specific and cost-effective detection of a few molecules or even 

single molecule in a complex, non-amplified and unlabelled biological sample is urgent. 

The fast development of nanotechnology, nanoparticles have made significant 

contributions to the development of new detection assays. 

Nanoparticles have unique physical and chemical properties such as the large surface 

area to volume ratio, multi-properties, surface tailorability, and multifunctionality. 

These advantages offer new possibilities for the detection of biological samples. The 

large surface areas provide enough space for loading more different capture molecules 

(antibodies, DNAs, enzymes or peptides), resulting in an excellent performance for 

detecting a very low concentration of targets and making single molecule detection 

possible. Moreover, their optical, magnetic, and electrical properties bring opportunities 

to detect analytes in complex biological environments.  

To date, many different kinds of nanomaterials, such as gold nanoparticles (AuNPs), 

quantum dots (QDs), carbon dots (CDs), magnetic nanoparticles (MNPs) and rare-earth 

doped nanoparticles (RENPs) have been applied in creating high-performance IVD 

assays that can detect different targeted biomarkers at nanomolar, pico-molar and even 

femtomolar levels. These advantages would help to open a new era of early diagnostics 

applications. [15]–[26] 

1.4.1 Gold nanoparticles (AuNPs) 

In 1971, colloidal gold nanoparticles were first reported as labeling markers for 

detecting Salmonella antigens in electron microscopy.[27] Since then, AuNPs have 

been extensively applied into many different IVD assays, due to their several 

advantages, including easy-to-synthesize, flexible surface properties, controllable 

size/shape, and unique optical and electrical attributes. Moreover, their better 
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biocompatibility and biosafety make them more suitable in biological applications. 

These distinct properties bring many AuNPs based IVD assays for the detection of 

different biomarkers ranging from small molecules to proteins. [16], [23], [24], [28]–[44] 

1.4.1.1 AuNPs based fluorescent assays 

Fluorescence is the emission of light by a substance that has absorbed light or other 

electromagnetic radiation. Its application in analytical chemistry procedure can offer an 

ultra-high sensitivity that can reach a single-molecule level. Moreover, fluorescence in 

several wavelengths can be detected by the detector to detect multiple analytes in 

complex samples.  

In recent years, nanomaterials-based fluorescent assays have attracted more attention 

due to their better photostability, brighter emission, and unique properties of nano-size. 

Among these nanomaterials, AuNPs are an excellent candidate and have been reported 

in many IVD assays in two different types. They can be used directly as fluorophores or 

as one part in an energy transfer system. 

(1) AuNPs as fluorophores 

It was first reported that gold has photoluminescence in the visible spectral range in 

1969 by A. Mooradian.[45] After that, there have been many research works talking 

about the fluorescence in AuNPs with a size smaller than 3 nm. AuNPs can emit light in 

a broad region. The visible emission most likely arises from transitions between 

electrons in conduction-band states below the Fermi level and holes in the d bands 

generated by excitation light, while the NIR emission comes from the interaction of the 

surface ligands with AuNPs. Moreover, the emission of AuNPs depends on size and 

composition. The fluorescent mechanism of AuNPs results in low quantum yield ratio 

that limits their applications. However, their excellent biocompatibility still attracts 

efforts in applications in biological labeling and sensors. 

Yu Tao et al. developed a bovine serum albumin (BSA) stabilized AuNCs fluorescent 

sensor for detecting dopamine. After adding dopamine, the photo-induced electron 
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transfer from the attached dopamine to the BSA-AuNPs results in a dramatic decrease 

of the fluorescence intensity. This assay can reach a limit of detection at 10 nM for 

dopamine.[46] 

 
Figure 1-7. (A) Schematic illustration of the fluorescence response of the BSA stabilized 

AuNPs to DA. (B) Fluorescence emission spectra of the BSA stabilized AuNPs in the 

presence of increasing dopamine concentrations (0 - 5000 μM). (C) Plots of the 

fluorescence intensity at 615 nm as a function of the dopamine concentration (0 - 5000 

μM). The error bars represent the standard deviation of three measurements. Inset: the 

linear plot. Reproduced from Ref. [46] 

AuNPs have also been reported for cancer in-vitro diagnostics. Juan Peng et al. used 

porously structured CaCO3 to load AuNPs resulted in CaCO3/AuNPs hybrid fluorescent 

probe for detecting the cancer biomarker neuron specific enolase (NSE). This 

fluorescent immunoassay can reach a limit of detection at 2.0 pg/mL. [47] 
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Figure 1-8. (A) Schematic illustration of fabrication process of CaCO3/AuNCs probe. 

(B) Process of sandwich immunoassay. (C) Fluorescence intensity at target NSE 

concentrations of 0.005, 0.01, 0.02, 0.1, 0.2, and 1.0 ng/mL (curves a–g, respectively). 

(D) Linear relationship between fluorescence intensity and the logarithm of the target 

NSE concentration. Reproduced from Ref. [47] 

(2) AuNPs based energy transfer system 

Förster resonance energy transfer (FRET), one classical energy transfer system named 

after the German scientist Theodor Förster, is a mechanism describing energy transfer 

between two light-sensitive fluorophores. [48] A donor fluorophore, initially in its 

electronic excited state, may transfer energy to an acceptor fluorophore through a 

nonradiative dipole-dipole coupling. The efficiency of this energy transfer is inversely 

proportional to the sixth power of the distance between donor and acceptor, making 

FRET extremely sensitive to small changes in distance. [49] 

AuNPs have been used as a highly efficient energy acceptor mainly because of their 

continuous electron-hole pair excitations. When one AuNP as an acceptor and another 

one fluorophore as a donor get close to each other, the energy of the fluorophore can 

transfer to the AuNP surface via dipole-surface interactions. The continuum of the 

electron-hole pair excitations on AuNPs surfaces increases the possibility of the dipole-
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surface interactions, results in higher energy transfer efficiency. This makes them 

excellent candidates in different FRET systems for detecting different kinds of analytes 

ranging from small molecules to proteins. Moreover, many different fluorophores, such 

as organic dyes and fluorescent nanomaterials, have been used with AuNPs to form the 

FRET pairs to develop highly sensitive fluorescent assays. 

Recently, my colleagues and I developed a fluorescence turn-on assay based on AuNPs 

and upconversion nanoparticles (UCNPs). The two nanoparticles were brought together 

by a hairpin structure through the formation of double-stranded DNA, with quenched 

upconversion fluorescence. In the presence of analytes, the molecular beacon opens to 

push AuNPs away from UCNPs, with a distance longer than the efficient quenching 

distance, so that the inhibited upconversion emission will be restored. We demonstrated 

that this assay provides a homogeneous, facile, simple, and highly selective HIV-1 

based DNA detection system with restore efficiency up to 85% and the detection limit 

of 5 nM. [37] 

 
Figure 1-9. (A) Schematic illustration of AuNPs-UCNPs FRET assay. (B) The 

normalized fluorescence intensity of AuNPs-UCNPs system before and after adding 

target DNA. Reproduced from Ref. [37] 

1.4.1.2 AuNPs based localized surface plasmon resonance (LSPR) assays 

Surface plasmon resonance (SPR) is the resonant oscillation of conduction electrons at 

the interface between negative and positive permittivity material stimulated by incident 

light. LSPR is the result of the confinement of SPR in a nanoparticle of a size 
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comparable to or smaller than the wavelength of light used to excite the plasmon. LSPR 

has two significant effects: electric fields near the nanoparticle’s surface are greatly 

enhanced, and the nanoparticle’s optical absorption has a maximum at the plasmon 

resonant frequency. This phenomenon can be affected by the nanoparticles’ size, shape, 

surface, and local environment so that we can apply it to detect different biomarkers.  

AuNPs are the most commonly used nanoparticles in LSPR sensing systems. Because 

their plasmon absorption bands are generally located in the visible wavelength. 

Moreover, with their excellent stability and biosafety, a lot of AuNPs based LSPR 

sensors have been developed. After analytes bind on the AuNPs surface, the dielectric 

environments around AuNPs will change, resulted in a significant LSPR peak shift that 

can be used to detect the concentration of analytes. This LSPR peak shift can be read 

using the spectrometer. 

Longhua Guo et al. developed a LSPR peak shifts based assay for the detection of 

proteins.  Gold nanorods (AuNRs) are used in this study. After modification of 

thrombin binding aptamer (TBA), the AuNRs capture thrombin and the binding causes 

a measurable LSPR peak shift. Then an anti-thrombin antibody binds to the captured 

thrombin and can exhibit a nearly 150% amplification in the LSPR signal. This assay 

can reach a limit of detection of 1.6 pM for thrombin. [50] 
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Figure 1-10. (A) Schematic diagram of an assay based on AuNRs LSPR shift. (B) The 

steady-state LSPR spectra of TBA-modified AuNRs by the sequential incubation with 

different molecules. Reproduced from Ref. [50] 

The other way to detect this LSPR phenomenon is colorimetric analysis. This is based 

on the aggregation or dispersion of AuNPs. The remarkable red shift of LSPR often 

causes a distinctive colour change of the AuNPs solutions from red to blue or purple, 

which can be checked by the naked eye. AuNPs are a perfect candidate for colorimetric 

assays due to their ultrahigh extinction coefficients. This property allows the detection 

limit for AuNP-based colorimetric assays to be as low as the nanomolar level, much 

lower than the assays using organic molecules.  

1.4.1.3 AuNPs based electrochemical assays 

Electrochemical sensors are devices that give information about the composition of a 

system in real time by coupling a chemically selective layer (the recognition element) to 

an electrochemical transducer. They are widely used in IVD assays because they are 

simple-to-use, low cost, portable, and stable. Like previously introduced assays, 
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nanomaterials also help electrochemical sensors to reach a better performance. Gold is 

one of the best materials used in electrochemical sensors due to its excellent 

conductivity and catalytic property. Moreover, the high surface area of AuNPs brings 

further advantages to these sensors. 

AuNPs have been applied in different electrode fabrications as a part of the electrode 

substrate or signal transduction probe. For example, Ja-an Annie Ho et al. developed an 

AuNPs based electrochemical immunosensor to detect the human lung cancer-

associated antigen. In this electrochemical immunoassay, AuNPs acts as signal probes 

that provide a more sensitive approach for detecting the cancer biomarker, α-Enolase 

(ENO1), with a detection limit as low as 11.9 fg. [51] 

 
Figure 1-11. Scheme of the electrochemical immunosensor for the detection of ENO1. 

Reproduced from Ref. [51] 

1.4.1.4 AuNPs based surface enhanced Raman spectroscopy (SERS) assays 

Raman spectroscopy is a spectroscopic technique used to observe vibrational, rotational, 

and other low-frequency modes in a system. The Raman spectrum can provide the 

chemical information of analytes in complex samples. However, the weak Raman signal 

limits the detection sensitivity. Later, researchers found that the Raman scattering can 

be enhanced by molecules adsorbed on rough metal surfaces or by nanostructures and 

the enhancement factor can reach up to 1014. This phenomenon is called SERS. SERS 
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helps to expand the applications of Raman spectroscopy into many fields such as 

sensing, material, and medical science. AuNPs are considered as a good candidate not 

only because they have good stability and biosafety that we have mentioned for so 

many times, but also because they can scatter visible light and has good photostability. 

The AuNPs based SERS assays have been widely used to detect chemical or biological 

samples, such as small molecules, DNAs, proteins, bacteria, and cells.  

AuNPs can serve as the substrates of SERS by coating AuNPs on a solid surface to 

build plasmonic sensors. Ramón A. Alvarez-Puebla et al. used three-dimensional 

organized AuNRs as SERS substrates for the rapid detection of scrambled prions in 

serum and blood. The nearly perfect three-dimensional organization of nanorods render 

these systems excellent surface enhanced Raman scattering spectroscopy substrates with 

uniform electric field enhancement, leading to reproducibly high enhancement factor in 

the desirable spectral range. [52] 

1.4.2 Quantum dots (QDs)  

QDs are one kind of well-established fluorescent nanomaterials that have been widely 

applied into different areas from electronics to biological areas. They are semiconductor 

nanoparticles that possess unique optical and electrical behaviours that are highly 

composition and size dependent. These unique properties bring many QDs based assays 

for the detection of different analytes. [53]–[62] 

1.4.2.1 QDs based fluorescent assays 

An exciton will be created in semiconductors after the absorption of a photon with 

energy above the semiconductor band gap energy. If the semiconductor nanoparticle has 

a diameter smaller than its exciton Bohr radius, the electrons and holes are confined, 

leading to a so-called quantum confinement effect where energy levels are quantized, 

with values directly dependent on the nanocrystal size. As the size of the quantum dots 

decreases (typically smaller than 10nm), the quantum confinement effects become more 

dominant. 
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Quantum dot photoluminescence occurs when the excited electron relaxes to the ground 

state and recombines with the hole, releasing electromagnetic energy with a narrow and 

symmetric energy band within the UV to the near-infrared regime. With broad 

excitation spectra and narrow and symmetric emission spectra, quantum dots have a 

very large wavelength difference between their respective absorption and emission 

peaks. Meanwhile, quantum dots made up of different materials, or different sized 

quantum dots of the same material, have distinct emission wavelengths. Other QD 

optical properties interesting to biological applications include their high quantum yield, 

better photostability compared with conventional standard fluorophores, high molar 

extinction coefficients that are 10 to 100 times of that of conventional organic dyes, as 

well as exceptional resistance to photo- and chemical degradation. So far, many QDs 

based assays have been developed for detection of different analytes such as proteins or 

DNA/RNA. 

(1) QDs as fluorophores 

The most common method is the direct labeling of targeted analytes. Unlike organic 

dyes, the QDs can be excited using a single wavelength light source and show different 

emissions by different sizes. This makes that QD-based detection assays have been 

developed well beyond single-colour assays to simultaneous multiplex assays. By 

conjugating different antibodies to different colour QDs, each analyte can be captured 

by the corresponding QD probe and quantified by different colours.  

Chifang Peng et al. developed a multiplexed fluoroimmunoassay based on cadmium 

telluride QDs for simultaneous detection of five chemical residues. Five different QDs 

with different emission peaks were used, and five antibodies were conjugated with the 

corresponding QDs to establish the indirect competition fluorescent-linked 

immunosorbent assay. This multiplexed assay can detect five chemical drug residues: 

dexamethasone (DEX), medroxyprogesterone acetate (MPA), gentamicin (GM), 

ceftiofur (CEF) and clonazepam (CZP) with limits of detection of 0.13 μg/kg, 0.16 

μg/kg, 0.07 μg/kg, 0.06 μg/kg and 0.14 μg/kg respectively in one well of a microplate. 

[61] 
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Figure 1-12. Scheme of the QDs based multiplexed indirect competition fluorescent-

linked immunosorbent assay. Reproduced from Ref. [61] 

(2) QDs based energy transfer system 

As QDs show excellent fluorescence properties, they can also be well applied in energy 

transfer systems. However, unlike AuNPs that generally work as acceptors, QDs are 

designed to be donors that their energy is transferred via resonance to other 

fluorophores nearby without emission of light by QDs. The FRET mechanism brings 

another dimension to QDs based fluorescent assays.  

Armen Shamirian et al. developed a ratiometric FRET sensing assay based on a QD 

donor and a dithiol-linked organic dye acceptor for detection of aqueous H2S in vitro. 

H2S can cleave the disulphide bridge between the two fluorophores, resulting in 

termination of FRET as the dye is pushed away from the QD. This results in recovered 

QD emission and dye quenching. The resulting ratiometric response can be correlated 

quantitatively to the concentration of bisulfide and was found to have a detection limit 

as low as 1.36 ± 0.03 μM. Furthermore, the assay does not need to wash steps to 

achieve target detection. [63] 
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Figure 1-13. Scheme of the ratiometric FRET sensor based on a QD donor and a 

dithiol-linked organic dye acceptor. Reproduce from Ref. [63] 

1.4.2.1 QDs based electrochemical assays 

Assays utilizing the unique electrical properties of QDs also attracts increasing interest.  

Electrochemiluminescence (ECL) is a kind of luminescence produced during 

electrochemical reactions in solutions. The energy from QDs can also be transferred to 

other molecules through the ECL way. Xuan Liu et al. first reported the anodic ELC of 

QDs in aqueous system and applied this phenomenon for detection of catechol 

derivatives. The system consists of an indium tin oxide (ITO) electrode and water-

soluble QDs dissolved in aqueous solution. Both dissolved oxygen and the 

semiconductor surface play important roles in the anodic ECL process, which lead to 

the formation of electron-injected anion radicals QD-•. The direct electron-hole 

recombination of QD-• with hole-injected cation radicals QD+• that are produced from 

the oxidation of QDs forms the excited QDs, leading to ECL emission. The 

electrooxidation products of catechol derivatives such as DA and L-adrenalin, which 

follows the Stern-Volmer equation with relatively large quenching constants, producing 

a sensitive analytical method for anodic ECL detection of dopamine (DA) and L-

adrenalin can quench the ECL emission. The quenching process is demonstrated to be 

an ECL energy-transfer process from the excited QDs to quencher and could be 

developed for ECL detection of quenchers and quencher-related analytes. [60] 
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Figure 1-14. Anodic ECL mechanism of QDs (A) and its quenching procedure by 

oxidation product of DA (B). Reproduced from Ref. [60] 

1.4.3 Carbon dots (CDs) 

CDs are a kind of carbon material with a size of less than 10 nm and have unique 

properties that are quite different from bulk carbon. CDs have fluorescence property 

that is similar to that of semiconductor QDs. They are strongly fluorescent, non-

blinking, and have size-dependent emission. CDs become strong competitors to 

semiconductor QDs because of their properties of the composition. They are water 

soluble, biocompatible, neglectable toxic, and can be easily synthesized at a low cost. 

These favourable properties enable CDs of great potential for biological applications. 

[47], [64]–[75] 

1.4.3.1 CDs based fluorescent assays 

(1) CDs as fluorophores 

Similar to other fluorescent nanomaterials, CDs can be used directly as fluorophores in 

IVD assays. Moreover, as CDs also have fluorescence aggregation-caused quenching 

effect, it is easy to design on-off sensors for different targets by controlling the 

aggregation of CDs. For example, Nan Ma et al. developed a CDs based on-off sensor 

for detection of mucin 1 (MUC1). Anti-MUC1 antibodies and MUC1 aptamer were 

modified on CDs surface separately. After adding MUC1 to the solution with the two 

kinds of CDs based MUC1 probes, the immunoreactions will cause the aggregation of 

CDs probes resulted in fluorescence quenching. The fluorescence intensity change had a 
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linear correlation with the concentration of MUC1 in the range from 5 to 100 nM. The 

sensor can reach a limit of detection at 2 nM. This on-off assay was cost-effective and 

convenient. [64] 

 

Figure 1-15. Schematic representation of the CDs based immunoaggregation assay for 

detection of MUC1. Reproduced from Ref. [64] 

(2) CDs based energy transfer system 

Due to the quite wide range and adjustable absorption and emission spectrum of CDs, 

they can be used as either donor or acceptor in the FRET system. 

Hailong Li et al. developed a fluorescent sensing platform for nucleic acid detection 

using CDs as energy acceptor and organic dye as an energy donor in this system. 

Without the target DNA molecules, the dye-labeled single-stranded DNA probe was 

attached on the CDs surface via π-π interaction, and the emission energy of the dye is 

transfer to the CDs resulted in dye quenching. After adding the target DNA, the probe 

DNA escaped from the CDs surface and hybridized with the target DNA, forming a 

double-stranded DNA. The fluorescence of the dye recovered. [68] 
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Figure 1-16. Schematic illustrating the fluorescent sensing platform for nucleic acid 

detection based on CDs. Reproduced from Ref. [68] 

Dan Bu et al. designed an immunosensor for polybrominated biphenyl (PBB15) 

detection using CDs as an energy donor and AuNPs as an energy acceptor in this system. 

CDs were conjugated with PBB15 antigen and AuNPs were conjugated with the anti-

PBB15 antibody. These two probes bind together, and the energy transferred from CDs 

to AuNPs resulted in the quenching of CDs fluorescence. After adding PBB15 to the 

solution, the competitive immunoreaction leads to the separation of the two probes and 

recovery of the CDs fluorescence. Fluorescence intensity was proportional to PBB15 

concentration in the range of 0.05-4 μg/mL, with a limit of detection at 0.039 μg/mL. 

[69] 
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Figure 1-17. Schematic illustration of the immunosensor for PBB15 detection based on 

FRET between CDs and AuNPs. Reproduced from Ref. [69] 

1.4.3.2 CDs based electrochemical assay 

(1) CDs based ECL assay 

As we introduced in quantum dots section, semiconductor nanoparticles are well known 

to exhibit ECL, and it comes as no surprise that CDs have aroused interest for ECL 

studies. The suggested ECL mechanism involves the formation of excited-state CD (R*) 

by electron-transfer annihilation of negatively charged (R-•) and positively charged (R+•) 

species. RC+• is the more stable of the two species, as indicated by the higher intensity 

of the cathodic ECL. Moreover, this ELC property brings CDs more opportunities for 

detection of different analytes. 

Lingling Li et al. developed a novel sensor for Cd2+ detection based on the ECL of 

graphene quantum dots(GQDs), one kind of CDs. The ECL intensity can be quench by 

Cd2+, and the intensity decrease ratio was proportional to the concentration of Cd2+. This 
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ECL sensor based on CDs can detect Cd2+ over the range from 20 nM to 150 nm with a 

limit of detection at 13 nm. [76] 

 

Figure 1-18. Schematic illustration of the ECL mechanism of GQDs. Reproduced from 

Ref. [76] 

(2) CDs based electrocatalytic assays 

CDs also have a high electrocatalytic activity that can be used in electrochemical 

sensors.  

Xiangling Shao et al. developed an electrochemical sensor for the detection of Cu2+ 

based on CDs. N-(2-aminoethyl)-N,N′,N′-tris(pyridine-2-yl-methyl)ethane-1,2-diamine 

(TPEA) that coordinate with Cu2+ with high specificity to form a stable complex was 

conjugated on CDs surface to improve the selectivity. The electrode assembled with 

CDs-TPEA hybridized nanocomposites shows high selectivity toward Cu2+. By taking 

advantage of CDs, a dynamic linear range from 1 μM to 60 μM is first achieved with a 

detection limit of ∼100 nM in aCSF solution. [70] 
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Figure 1-19. Schematic illustration of the electrochemical sensor based on CDs. 

Reproduced from Ref. [70] 

1.4.4 Magnetic nanoparticles (MNPs) 

Different from AuNPs and QDs that normally work as reporters or transducers in IVD 

assays, MNPs are often used as capturers to separate complex biological samples 

because of their unique property superparamagnetism. [77]–[83] The movement of 

magnetic nanoparticles can be controlled by an external magnetic field. Due to their 

other abilities of enzyme mimetic activity and magnetic resonance contrast 

enhancement, they were also reported as catalysts or transducers in some IVD assays. 

[84], [85]  

1.4.4.1 Magnetic capturer  

It is advantageous to use MNPs for capturing different analytes from small molecules to 

cells not only because of their unique property superparamagnetism. The high surface to 

volume ratio offers more contact surface area for attaching capture molecules such as 

antibodies and nuclear acids to recognize targets.  

Kheireddine El-Boubbou et al. reported a magnetic glycol-nanoparticle (MGNP) based 

system to detect E. coli in the medium. As many bacteria use mammalian cell 

membrane carbohydrates as anchors for attachments, the researchers modified magnetic 

nanoparticles with carbohydrates to have the binding affinities to the bacteria. As results, 

this system can short the detection time into less than 5 min and remove up to 88% of 

the target bacteria. [83] 
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Figure 1-20. Schematic demonstration of pathogen detection by MGNPs. Reproduced 

from Ref. [83] 

1.4.4.2 MNPs as catalysts 

Artificial enzyme mimetic is a current research interest because natural enzymes bear 

some serious disadvantages, such as their catalytic activity can be easily inhibited and 

they can be digested by proteases. Fe3O4 magnetic nanoparticles have been found that 

they can exhibit an intrinsic enzyme mimetic activity similar to that found in natural 

peroxidases. This phenomenon opens up great opportunities to design MNPs as 

catalysts for detection of some analytes. 

Hui Wei et al. reported the applications of Fe3O4 MNPs as peroxidase mimetics in H2O2 

and glucose detection. The MNPs provide a colorimetric detection assay by catalyzing 

the oxidation of a peroxidase substrate 2,2’-azino-bis(3-ethylbenzo-thiazoline-6-

sulfonic acid) diammonium salt (ABTS) by H2O2 and oxidation of glucose by glucose 

oxidase (GOx) to the oxidized coloured products. The colorimetric assay showed good 

sensitivities with H2O2 and glucose detection with a linear range from 5 × 10-6 to 1 × 10-

4 mol/L and  5 × 10-5 to 1 × 10-3 mol/L respectively. [85] 
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Figure 1-21. Photos of MNPs based colorimetric assay for detection of (A) H2O2 and (B) 

glucose. Reproduced from Ref. [85] 

1.4.4.3 Magnetic nanoparticles based magnetic resonance assays 

Typically, single nanoparticle and nanoparticles cluster have different optical and 

magnetic properties. After assembling, the MNPs become more efficient at dephasing 

the spins of surrounding water protons and decreasing spin-spin relaxation time (T2 

relaxation time, δT2), so that the MNPs can act as magnetic relaxation switch (MRS). 

This unique magnetic phenomenon gives MNPs the ability to detect different analytes. 

J. Manuel Perez et al. reported a virus detection assay based on this phenomenon. The 

MNPs were conjugated with anti-virus antibodies and could aggregate together in the 

presence of specific viral particles. The resulted supramolecular structure had enhanced 

magnetic properties. The magnetic relaxation changes allowed for the detection of the 

virus with high sensitivity and specificity in complex solutions. The assay can detect 

adenovirus-5 and herpes simplex virus-1 with a limit of detection of 5 viral particles/10 

μL. [84] 
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Figure 1-22. Scheme of MNPs based immunoassenmbly assay for detection of virus. 

Reproduced from Ref. [84] 

1.4.5 Rare earth doped nanoparticles (RENPs) 

Just as QDs and CDs are regarded as vigorous reinforcements of the organic dye family, 

RENPs, as another phosphors branch, also possess unique optical characteristics. Rare 

earth elements are composed of a set of 17 chemical elements, including 15 lanthanides, 

scandium (Sc), and yttrium (Y). Sc and Y are considered to be rare earth elements 

because they tend to occur in the same core deposits as lanthanides and exhibit identical 

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

unique optical properties arise from electronic transitions within the 4f shell or from 4f–

5d shell. 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 lifetimes. [86] 

Conventional rare earth bulk phosphors play a vital role in lighting sources and solid-

state lasers. Now, growing endeavours are devoted to their nano-size synthesis for new 
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applications. This is not only because of the increased surface area to volume ratio, It 

has also been reported that the RENPs inherit the unique characteristics: (1) RENPs 

have a much longer fluorescence lifetime than QDs and organic species, up to 

millisecond magnitude, which makes it possible to substantially diminish the 

spontaneous background fluorescence of the biological specimen via time-gated 

detection; (2) the luminescence of Ln ions does not involve valence electron transitions, 

which may be conducive to the stability of compounds against photo-oxidation; (3) 

multicolour luminescence can be easily realized by varying the Ln dopant and host 

matrix. The atomic like emission lines of Ln ions are entirely isolated without overlap. 

Moreover, unlike the size-dependent emission of QDs, the fluorescence wavelength of 

Ln ions is not sensitive to particle size. Rigorous synthesis is thus avoided while the 

spectral purity of the products is ensured. [86] 

Many synthesized RENPs consisted of one rare earth element or combinations of more 

than one rare earth elements, to produce a wide range of spectral characteristics. They 

can be tuned to emit from the UV to the near-infrared (NIR) region by the process of 

upconversion or downshifting depending on the composition of nanoparticles. 

1.4.6.1 Upconversion nanoparticles (UCNPs) 

UCNPs are fluorescent lanthanide-doped nanoparticles, which possess upconversion 

characteristics. Upconversion occurs when two or more photons of lower energy are 

absorbed, followed by the emission of a photon of higher energy. [87] 

The two most common processes by which upconversion can occur in lanthanide-doped 

nanoparticles are excited state absorption (ESA) and energy transfer upconversion 

(ETU). [88] 

A single ion in the lattice sequentially absorbs two photons and emits a photon of higher 

energy as it returns to the ground state. ESA is most common when dopant 

concentrations are low and energy-transfer is not probable. Since ESA is a process 

where two photons must be absorbed in a single lattice site, coherent pumping and high 
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intensity are much more important (but not necessarily required) than for ETU. Because 

of its single-ion nature, ESA does not depend on the lanthanide ion concentration. 

Two-ion processes are usually dominated by ETU. This is characterized by the 

successive transfer of energy from singly excited ions (sensitizers/donors) to the ion 

which eventually emits (activators/acceptors). This process is commonly portrayed as 

the optical excitation of the activator followed by further excitation to the final 

fluorescing state due to an energy transfer from a sensitizer. While this depiction is 

valid, the more strongly contributing process is the sequential excitation of the activator 

by two or more different sensitizer ions. 

 
Figure 1-23. Schematic illustration of the mechanism of upconversion luminescence: (A) 

GSA and (B) ETU. 

The presence of multiple metastable states in lanthanide ions makes them good 

candidates for upconversion. Initially, these nanomaterials were being used in solid state 

lasers and other optical applications. However, their unique characteristic of absorbing 

NIR light and emitting in the visible region paved the way for their exploration in 

biological applications. Upconversion is very well suited for biological applications 

because NIR light does not excite any biological molecules, and hence, there is almost 

zero background autofluorescence, which significantly decreases the background noise 

in different IVD assays. UCNPs show excellent photostability, chemical stability, and 
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thermal stability. Good photostability ensures long-term storing of these nanoparticles, 

which is not possible in conventional organic fluorescent labels, which photobleach 

very quickly. They also do not exhibit the phenomenon of “on-off” photoblinking, 

which is prevalent in quantum dots and causes the loss of information about the process 

under study when it is in an “off” state. UCNPs can also be tuned to emit various 

colours depending on the type of crystal lattice, lanthanide dopant ions, and their 

respective concentration. These multicolour UCNPs have potential application in 

multiplex detection assays, where different analytes can be labeled with different 

colours.  

 
Figure 1-24. Upconversion NaYF4 nanoparticles doped with different concentrations of 

Yb3+, Er3+, and Tm3+ showing multicolour emissions. Reproduced from Ref. [89] 

The unique mechanism of upconversion luminescence makes UCNPs one kind of 

outstand fluorescent nanoprobe in biological applications, especially the in-vitro 

detection assays. Like other fluorescent nanoprobes, UCNPs can be used as fluorophore 

to label target directly or as a donor in the energy transfer system. [90]–[99] 

(1) UCNPs as fluorophore 

Antonín Hlaváček et al. developed an upconversion-linked immunosorbent assay 

(ULISA) by replacing the conventionally used enzyme in the ELISA assay to UCNPs 

label. This optimized ULISA reached a limit of detection at 0.05 ng/mL for diclofenac 

(DCF). This number is close to the conventional, and it does not need an enzyme-

mediated signal amplification step. [99] 
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Figure 1-25. Scheme of the indirect competitive ULISA for the detection of DCF. A 

microtiter plate is coated with a bovine serum albumin-DCF conjugate (BSA-DCF). 

Dilution series of DCF are prepared in the microtiter plate followed by the addition of 

anti-diclofenac mouse antibody. The attachment of anti-diclofenac antibody is then 

detected by an anti-mouse IgG-UCNP secondary antibody conjugate. The upconversion 

luminescence is recorded under 980 nm laser excitation. Reproduced from Ref. [99] 

(2) UCNPs in energy transfer system 

Yinghui Chen et al. reported an Exonuclease III-assisted upconversion resonance 

energy transfer in a wash-free suspension DNA 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). Using 

this approach, an ultra-high sensitivity assay with a detection limit of 15 pM of DNA 

has been achieved. [97] 
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Figure 1-26. Scheme illustrating the use of Exonuclease III-assisted upconversion 

resonance energy transfer in a wash-free suspension DNA assay. Reproduced from Ref. 

[97] 

1.4.6.2 Downshifting nanoparticles (DSNPs) 

DSNPs are a class of lanthanide-doped nanoparticles that fluoresce by a mechanism 

similar to conventional fluorophores such as quantum dots. DCNPs absorb high-energy 

photons and emit low-energy photons. They can absorb UV light and emit in the visible 

and infrared region. DSNPs also exhibit quantum cutting phenomenon, a single high-

energy photon is absorbed to produce two photons of lower energy. Even though there 

are only fifteen lanthanides, various factors such as the combinations in which they are 

used, the phonon energy of the host crystal lattice, the oxidation state of the lanthanide 

ions, and the concentration ratio of dopant ions to the host play a major role to bring 

DSNPs multiple emission peaks. [86] DSNPs have been applied in different IVD assays. 

[100]–[105] 

Lianyu Lu et al. used Eu doped nanoparticles as a nanoprobe and reported a novel assay 

to sensitive and specific detection of low-abundance miRNA via a unique strategy of 

nanoprobe dissolution-enhanced fluorescence amplification. Using this strategy, 

miRNA-21 was detected with a limit of detection at 1.38 fM. High selectivity of the 

newly developed biosensor was demonstrated by the good discrimination against a 

target with a single-base mismatch. [100] 
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Figure 1-27. Schematic illustration of the luminescent bioassay of miRNA based on 

amplification of fluorescence of lanthanide nanoprobes. Reproduced from Ref. [100] 

Although a wide variety of DSNPs has been developed, they are not promising for 

biological applications due to its inherent disadvantages similar to other biological 

probes. They have been mainly used in the electronics industry for lamps, optical 

amplifiers and the construction of lasers. [86] 

1.4.6.3 RENPs with magnetic resonance 

Though RENPs become popular mostly because of their fluorescent properties, 

especially the upconversion luminescence, they can also present magnetic resonance 

contrast enhancement that also attracts attention in bioapplications. [106] 

 Gadolinium (Gd) is one of the fifteen lanthanides. Except for fluorescent properties like 

most of the rare earth elements, it also has a magnetic property. Gadolinium is 
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paramagnetic at room temperature, with a ferromagnetic Curie point of 20 °C. 

Paramagnetic ions enhance nuclear relaxation rates, making gadolinium useful for 

magnetic resonance imaging (MRI). MRI has garnered particular interest as a platform 

for pathology applications due to its ability to monitor histological changes concomitant 

with changes. Gadolinium compounds can provide the requisite sensitivity to detect 

molecular signatures within disease pathologies by significantly enhancing the magnetic 

resonance contrast. [107] 

Elizabeth Kehr et al. used gadolinium-enhanced MRI for in-vitro detection and 

quantification of fibrosis in human myocardium. They compared this novel in-vitro 

gadolinium-enhanced MRI with histologically determined myocardial collagen volume 

fraction, the current gold standard for quantification of myocardial fibrosis. Moreover, 

there was a significant positive correlation between the results of the two methods. 

These findings indicate an expanded potential for gadolinium enhanced MRI as a novel, 

non-invasive alternative to histological evaluation. [32] 

 
Figure 1-28. (A) Post-mortem T1-weighted MRI image of a heart slice (patient with 

cardiomegaly, and extensive atherosclerosis) after 24 h incubation in gadolinium 

solution. The inversion time of 300 ms resulted in a contrast, such that tissue with 

higher gadolinium distribution volume appears. (B) Histological image of the same 
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myocardial slice stained with picrosirius red showing extensive fibrosis in posterior-

lateral areas, matching those with increased signal intensity on the MRI image brighter. 

[32] 

1.4.6 Nanoparticles based Point of Care Assays 

These nanoparticles based IVD assays can detect and quantify different analytes with 

high sensitive and specificity. However, these methods are not simple, and most of them 

can only be done under lab environment. Moreover, some of these methods need 

complex sample preparation steps with a large volume of samples. 

POC assays are characteristic of portability and automatization, and the analysis of the 

readout results does not require complex training. Therefore, these formats are 

promising tools for rapid diagnosis and on-site assessment of diseases. This is helpful 

for early stage cancer screening and monitoring after treatment. 

Due to AuNPs’ unique colorimetric property, AuNPs-based lateral flow strip assays 

offer high sensitivity and simplicity. Like the most commonly used pregnancy strip, 

these AuNPs based paper strip assays give a “yes or no” diagnosis result visualized by 

the naked eye. They also play vital roles in various medical diagnostics, such as 

screening for infectious diseases and measurement of biomarkers in blood. 

 
Figure 1-29. Paper based lateral flow strips using AuNPs. 
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However, these strips remain as being indicative rather than being quantitative and 

cannot provide enough information for the cancer diagnosis. 

1.5 Nanoparticle surface functionalization 

After synthesis, these nanoparticles cannot be directly used in bioapplications, 

biomolecules such as antibodies or DNA need to be modified on their surface. This 

surface functionalization normally consists of two steps: surface modification and 

bioconjugation. 

1.5.1 Surface modification 

Not like AuNPs and CDs that are normally water-soluble after synthesis, a large portion 

of nanoparticles such as MNPs, QDs, and UCNPs are synthesized in high-boiling 

organic solvents. High-temperature synthesis in organic phase offers several advantages 

over aqueous synthesis. Firstly, high temperature allows the impurities of nanoparticles 

to be annealed out to obtain good crystallite structure. Furthermore, a long chain of 

organic ligands enables steric stabilization of nanoparticles and allows a higher 

concentration of nanoparticles to be produced. Moreover, the temperature can be used to 

manipulate the morphology and size of the nanoparticles through controlling the growth 

kinetics of crystals. As results, the synthesized nanoparticles are with a hydrophobic 

layer and have no functional groups for linking biomolecules. Therefore, post-synthesis 

surface modification is necessary to transfer nanoparticles to hydrophilic and 

biocompatible, and functional groups are needed for further bioconjugation.  

The most commonly used surface modification methods include silica coating, ligand 

exchange, ligand oxidization, ligand interaction. [108] 
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Figure 1-30. Schematic illustration of four kinds of surface modification methods. 

1.5.1.1 Silica coating 

Deposition of a silica shell on nanomaterials is a traditional and useful technique to 

generate hydrophilic nanoparticles that are well dispersible in aqueous buffers. [31], 

[109]–[115] The biocompatible silica shell with high transparency brings several 

advantages for biological applications. [116]–[119] Furthermore, the silica shell is easy 

to be modified with different functional groups for further bioconjugation steps. [30], 

[120], [121] 

To coat as-synthesized hydrophobic nanoparticles with a silica shell, a microemulsion 

method is typically used. [122]–[124] Firstly, a detergent, such as CO-520, is used to 

form micelles in a nonpolar solvent. These reverse micelles are served as reactors for 

the nanoparticles and silica source, tetraethyl orthosilicate (TEOS). After adding 

ammonia, TEOS starts to hydrolyze to form silanol. The silanol condenses to form a 

solid layer on the nanoparticles’ surface. The size and shape of the micelles are 

controlled by the amount of detergent and both the micelles and amount of TEOS 

contribute to the final thickness of the silica shell.  
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Silica coating based on TEOS results in lack of functional group for further 

bioconjugation. Therefore, a silanization reaction is normally performed after or during 

the silica coating step. [30], [120], [121] (3-aminopropyl) triethoxysilane (APTES), an 

amino siloxane, is often used to functionalize silica-coated nanoparticles with amine 

groups. It can be added for growing an amine-modified silica shell on the original silica 

shell or during the microemulsion process. Then the amine groups can be conjugated 

with biomolecules via carbodiimide chemistry, such as the 1-ethyl-3-(3-

dimethylaminopropyl) carbodiimide (EDC) method.  

Although the flexible coating of a silica shell provides advantages for nanoparticles, 

there are some limitations. The silica shell can increase the size of the final nanoprobe 

with deceased fluorescence intensity. Moreover, the uniformity is not easy to control, 

more than one nanoparticle can be enclosed in a silica shell, resulted in a much bigger 

particle. [125]–[127] Furthermore, the silica shell can bring more non-specific binding 

biomolecules. [128] 

1.5.1.2 Ligand oxidization 

The common used nanoparticle surfactant-oleic acid has a double bond between C9 and 

C10, and this double bond can be oxidized to azelaic acid and nonanoic acid. The 

azalaic acid left on the nanoparticle surface brings the property of hydrophilic and 

enables further conjugation. [129]–[135]  

Lemieux–von Rudloff reagent is often used to perform the oxidization and consists of 

permanganate (MnO4-) in catalytic amounts and periodate (IO4-) in stoichiometric 

amounts. [131]–[133] MnO4- first oxidizes the double bond and is then reoxidized by 

IO4-. After oxidization, azelaic acid coated nanoparticles can disperse in aqueous 

solutions and be further conjugated with biomolecules. Moreover, this surface 

modification method does not change the size, shape, or crystal phase of nanoparticles. 

However, MnO2 can form during the reaction, and it is hard to be separated from the 

nanoparticles leading to the decrease of luminescence intensity. [130] 
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Ozone can also be used to oxidize the double bond. [134], [135] The ozonolysis can 

generate azelaic acid or aldehyde on the nanoparticles’ surface. The intermediate after 

first oxidization by ozone can be further reduced to aldehydes by adding dimethyl 

sulfide or oxidized to carboxylic acids by adding another oxidant. The aldehydes and 

azelaic acid provide more choices in the further bioconjugation step. Although the 

ozonolysis can remove the effect from MnO2, the complicated processing limits the 

application of this oxidization surface modification method. 

1.5.1.3 Ligand interaction 

Although the original surfactants of nanoparticles are hydrophobic and cannot be 

directly used for further bioconjugation reactions, they can be used as attachment sites 

for another layer of amphiphilic molecules through ligand interaction. The hydrophobic 

alkyl chains of both the original surfactants and the amphiphilic molecules bind together 

through van-der-Waals interactions. 

Modified polymers and detergents are normally chosen as the amphiphilic molecules in 

this method. These polymers consist of both hydrophobic parts such as alkyl chains and 

hydrophilic parts such as polyethylene glycol (PEG). [34], [136]–[138] For example, by 

conjugation of hydrophobic poly(maleic anhydride-alt-1-octadecene) (PMHC18) and 

hydrophilic amine-functionalized PEG, the resulted polymer can bind to the oleic acid 

on UCNPs surfaces and generate nanoparticles with stable aqueous dispersions. [138] 

Detergents such as sodium dodecyl sulfate (SDS) and cationic cetyl trimethyl 

ammonium bromide (CTAB) [139]–[141] can be used for the ligand interaction. 

Phospholipids are a major component of cell membranes and can also be used as 

biological surfactants that form a hydrophilic and biocompatible layer on nanoparticles’ 

surface by ligand interaction. [33], [142], [143] These amphiphilic molecules can be 

easily modified with functional groups for further conjugation. 

However, amphiphilic molecules are easy to form micelles and cause aggregations 

during the reactions. 

1.5.1.4 Ligand exchange 
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To replace the hydrophobic surfactants of nanoparticles with hydrophilic ligands is 

becoming a popular surface modification method now. The hydrophilic ligands used in 

the ligand exchange method often consist of binding parts that have stronger binding 

affinity to the nanoparticles’ surface and functional groups for further bioconjugation. 

Ligands with multidentate are preferred compared to ligands with monodentate as they 

can form a stronger binding, including small molecules, polymers, and biomolecules.  

Small molecules with high affinity head functional group are preferred candidates for 

generating hydrophilic nanoparticles because the after-modified nanoparticles have a 

smaller hydrodynamic radius, which promotes less fluorescent intensity loss and better 

biocompatibility. [144] Commonly used small molecules are alkylthiol terminated 

molecules that can strongly bind to the surface of AuNPs or QDs, [59], [145]–[148] 

citrate acid, hexanedioic acid, 1-hydroxyethane-1,1-diphosphonic acid and dopamine 

that can replace the oleic acid on UCNPs surface. [149]–[153] 

Compared to the small molecules, polymers can have more groups for the coordination 

binding and form a more solid layer on the nanoparticles’ surface and can be equipped 

with other properties by synthesizing other copolymers. Polyacrylic acid (PAA), 

polyvinylpyrrolidone (PVP) and poly(amidoamine) (PAMAM) are common used 

polymers for the ligand exchange modification. [154]–[157] These polydentate 

polymers can attach to the positively charged ions on UCNPs surface using multi-

carboxylic, pyrrolidine, or amine groups. Moreover, the remaining uncoordinated 

carboxylic, pyrrolidine, or amine groups enable following bioconjugation processing.  

Biomolecules such as glucose, DNA, and peptide can also be used as the new ligands. 

[158]–[161] For example, DNA can easily replace the oleic acid on UCNPs surface 

resulted in water solvable and biocompatible UCNPs.  

A suitable solvent is also important in the ligand exchange reactions, and it depends on 

the solvability of the new ligands and the original surfactants. Compared with using two 

different polar solvents to dissolve hydrophobic nanoparticles and new ligands 

separately, using one bipolar solvent such as tetrahydrofuran (THF) performs better and 
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is more popular. [162], [163] Nanoparticles and new ligands can be mixed in one 

solvent leading to high exchange yield ratio. 

1.5.2 Bioconjugation 

The surface modification brings nanoparticles to water-soluble and stable in solution. 

Then these nanoparticles are required to conjugated with biomolecules for the final 

bioapplications. 

 
Figure 1-31. Schematic illustration of different bioconjugation methods. 

1.5.2.2 Covalent coupling 

Covalent coupling is the most commonly used method to conjugate biomolecules with 

NPs. The functional groups modified on nanoparticles’ surface can react with paired 

groups in biomolecules through different strategies. 

Carboxylic group-amine group coupling. The most commonly coupling pair is the 

carboxylic group and the amine group. The linkage between these two groups is usually 

mediated by zero-length crosslinking agents-carbodiimides. They are called zero-length 

reagents because in forming these bonds, no additional chemical structure is introduced 

between the conjugating molecules. N-substituted carbodiimides can react with 
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carboxylic acids to form highly reactive, o-acylisourea derivatives that are extremely 

short-lived. This active species then can react with a nucleophile such as a primary 

amine to form an amide bond. This reaction efficiency can be enhanced by adding n-

hydroxysuccinimide (NHS) or sulfo-NHS to form a succinimide ester intermediate. This 

method has been used to conjugate proteins, amine-terminated DNA, etc. to carboxylic 

groups modified NPs.  

Amine group-thiol group coupling. Succinimidyl-4-(N-maleimidomethyl)cyclohexane-

1-carboxylate (SMCC) is a heterobifunctional reagent with significant utility in 

crosslinking proteins. SMCC reacts with amine-containing molecules to form stable 

amide bonds. Its maleimide end then may be conjugated to a sulfhydryl-containing 

compound to create a thioether linkage. Sulfo-SMCC is a water-soluble analog of 

SMCC and more commonly used for conjugate proteins to amine modified NPs. 

However, this approach is not only time-consuming, but also less efficient in keeping 

the antibodies active and maintaining correct presentation to analytes. This is because 

the covalent coupling is not site-specific and often leads to blocking of the antibody 

binding area. 

1.5.2.2 Direct interaction 

The direct interaction of biomolecules and nanoparticles refers to the specific 

attachment of certain biomolecules to nanoparticles with relative strong non-covalent 

interaction. 

Biomolecules with special functional groups can directly bind to some NPs. Peptides 

and proteins with cytosine amino have a thiol group that can coordinate to AuNPs. 

DNA terminated with thiol group can also be modified to AuNPs through this way. 

However, due to the limitation of these unique interactions, this method cannot be 

applied to all the NPs. 

1.5.2.3 Biological interaction 
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Some biological interactions can also be used to conjugate biomolecules with NPs. 

The streptavidin-biotin complex is the strongest known non-covalent interaction (Kd = 

10-15 M) between a protein and ligand. The bond formation is very rapid, and once 

formed, is unaffected by extremes of pH, temperature, organic solvents, and other 

denaturing agents. After modified with streptavidin, the nanoparticles can be easily 

conjugated with the biotin modified antibodies or DNA. DNA hybridization is another 

biological interaction that can be used for the bioconjugation. 

However, using these methods, covalent bond reactions are still needed to modify 

antibodies with these biomolecules. 

1.6 Thesis outline 

The following result chapters 2-5 have been designed to explore new strategies of 

applying nanomaterials into cancer IVD focusing on two major problems: UCNPs 

surface functionalization (chapter 2 & chapter 3) and simple and quantitative cancer 

IVD assay (chapter 4 & chapter 5).  

Chapter 2 is about a new kind of UCNPs surface modification strategy using phage 

display technique. This work focuses on finding some proteins that can bind to the 

UCNPs surface with high affinity. Because the conventional UCNPs surface 

modification methods restrict the applications of UCNPs with issues of agglomeration, 

non-specific binding and low biocompatibility, we want to find a new peptide based 

ligand that can be modified on UCNPs surface resulted in stable and biocompatible 

UCNPs probes for further biological applications. We have selected two single-chain 

variable fragments that have strong binding affinity to UCNPs surface, and further 

experiments need to be done to demonstrate the performance of these two new ligands 

on UCNPs surface modification. This chapter shows a possible way to modify 

nanomaterials surface. 

Chapter 3 reports the published results (Analytical Chemistry 2018) for developing a 

facile and high-yield UCNPs bioconjugation approach based on a bispecific antibody 

(BsAb), free of chemical reaction steps. One end of the BsAb is designed to recognize 
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methoxy polyethylene glycol (mPEG) coated UCNPs, and the other end of the BsAb is 

to recognize the cancer antigen biomarker. Through simple vortexing, BsAb-UCNP 

nanoprobes form within 30 min and show higher (up to 54%) association to the target 

than the traditional UCNP nanoprobes in the ELISA-like assay. We further demonstrate 

its successful binding to the cancer cells with high efficiency and specificity for 

background-free fluorescence imaging under near-infrared excitation. This chapter 

broadens the applications of UCNPs and suggests a general approach broadly suitable 

for functionalizing a range of nanoparticles to specifically target biomolecules. 

Chapter 4 presents published results (Analytical Chemistry 2018) for point of care 

prostate cancer detection assay using UCNPs. We design a compact device to create a 

focused illumination spot with high irradiance, which activates a range of highly doped 

50 nm UCNPs to produce orders of magnitude more brighter emissions. The device 

employs a very low-cost laser diode, simplified excitation, and collection optics, and 

permits a mobile phone camera to record the results. Using highly erbium ions (Er3+) 

and thulium ions (Tm3+) doped UCNPs as two independent reporters on two-color 

lateral flow strips, new records of the limit of detection, 89 pg/mL and 400 pg/mL, have 

been achieved for the ultra-sensitive detection of PSA and EphA2 biomarkers, 

respectively without crosstalk. The technique and device presented in this chapter 

suggest a broad scope of low-cost, rapid, and quantitative lateral flow assays in early 

detection of bio-analytes. 

Chapter 5 applies UCNPs and single nanoparticle image system to develop a single-

molecule level detection assay for prostate cancer. After mixing 0.5 μL of PSA sample 

with polyclone antibodies modified UCNP probes and spreading the solution on a cover 

glass, we use a wide-field microscope with a 980 nm laser light source to image every 

single UCNP and aggregated immunocomplexes consisting of PSA and UCNPs. We 

calculate the number of UCNPs in each immunocomplex using fluorescence intensity. 

The distribution of single UCNP and immunocomplexes consisting of different numbers 

of UCNPs fits the Poisson distribution and is related to the concentration of PSA. Our 

digital immune-aggregation assay reaches a limit of detection of 1.0 pg/mL PSA in 0.5 
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μL of sample and covers a dynamic range of three orders of magnitude. This chapter 

further broadens the applications of UCNPs for trace target molecules detection.  

Finally, Chapter 6 summarized the key research outcomes and outputs of the thesis and 

discusses the further prospects for cancer IVD using nanomaterials. 
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Chapter 2 Select UCNP targeted antibodies by phage 

display 

2.1 Motivation 

Before applying upconversion nanoparticles (UCNPs) in the cancer in-vitro diagnosis 

assays, we need to use different surface functionalization methods to conjugate 

biomolecules that can recognize targeted biomarkers, such as antibodies, nuclear acids, 

and peptides, to their surfaces. Most of these surface functionalization methods begin 

with surface modification of hydrophilic and biocompatible ligands.  

In this study, we aimed to apply the phage display technology to search for antibodies 

that can bind to the surface of UCNPs with high affinity and specificity. These proteins 

can be used to replace the original surfactant on the surface of UCNPs and be worked as 

linkers to conjugate other biological molecules. An exciting application that results from 

these anti-UCNP antibodies is the possibility of a biocompatible fluorescent nanoprobe 

that has ultra-stability in biological samples. 

2.2 Background and significance 

2.2.1 Challenges in UCNPs surface modification 

Since most highly monodisperse UCNPs of uniform size are synthesized in high-boiling 

organic solvents and the oleic acid is typically used as surfactant to prevent nanoparticle 

aggregation, these UCNPs are coated with a hydrophobic layer and have no functional 

groups for linking biomolecules. [1]–[4] Therefore, post-synthesis surface modification 

is necessary to transfer UCNPs to hydrophilic and biocompatible, and functional groups 

are also needed for further bioconjugation with antibodies, DNA, etc. 

We have introduced the most common used UCNPs surface modification methods 

include silica coating, ligand exchange, ligand oxidization, ligand interaction, and layer-

by-layer coating in Chapter 1. All these introduced methods can make UCNPs disperse 

into an aqueous solution and modified with carboxyl groups, amine groups, etc. for 

further bioconjugation. However, the binding affinity between the new ligands and 
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UCNPs is still not strong enough. In most biological environments, there are many 

phosphate groups that have a quite strong affinity to UCNPs surfaces, and they can 

replace these modified surfactants, resulted in aggregation of UCNPs. Furthermore, for 

biological applications, we should also consider the biocompatibility of these modified 

surfactants. Polyethylene glycol (PEG) is often used to make new modified UCNPs 

hydrophilic and more biocompatible. [5], [6]  However, as PEG is not a human or animal 

source molecule, it also can cause immunoreaction and become harmful. [7] Ronnie H. 

Fang etc. have reported one method that using cell membrane to coat nanoparticles which 

results in much more biocompatible ones. [8] However, the experiment is quite complex 

and limits its applications. DNA has also been used in the ligand exchange method to 

replace the oleic acid, but its binding affinity is not strong enough to ensure good stability. 

[9], [10] So a suitable molecule with good biocompatibility and strong binding to UCNPs 

surface is needed to be modified on the UCNPs surface. 

2.2.2 Phage display 

The peptide is a good choice as it can bind to the target like an antibody as they have the 

same basic structure, amino acid. [11]–[13] And it is very easy to produce antibodies 

using cell engineering. Phage display is a popular technology to select the peptide that 

can bind to the target. 

Phage display is a technique for the production and screening of novel proteins and 

polypeptides by inserting a gene fragment into a gene responsible for the surface protein 

of a bacteriophage (viruses that infect bacteria). In this technique, the gene inserted into 

a phage, causing the phage to "display" the protein on its outside while containing the 

gene for the protein on its inside, resulting in a connection between genotype and 

phenotype. These displaying phages can then be screened against other biomolecules such 

as proteins, peptides and DNA/RNA, metals, or inorganic crystals in order to detect the 

interaction between the displayed protein and those targets. [14]–[19] 
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Figure 2-1. Schematic illustration of phage display. 

Phage display was first described by George P. Smith in 1985 when he demonstrated the 

display of peptides on filamentous phage by creating a fusion of the virus's capsid protein 

to a library of peptide sequences. [20] This displayed the peptides on the viral surface, 

where those with the highest binding affinity could be selected. A patent by George 

Pieczenik claiming priority from 1985 also describes the generation of phage display 

libraries. [21] In 1988, Parmley and Smith described biopanning for affinity selection and 

demonstrated that recursive rounds of selection could enrich for clones present at 1 in a 

billion or less. [22] This technology was further developed and improved by groups at the 

Laboratory of Molecular Biology with Greg Winter and John McCafferty, The Scripps 

Research Institute with Lerner and Barbas and the German Cancer Research Center with 

Breitling and Dübel for the display of proteins such as antibodies for therapeutic protein 

engineering. Smith and Winter were awarded a half share of the 2018 Nobel Prize in 

chemistry for their contribution to developing phage display. 

Phage display can also be applied to inorganic materials. Sandra R. Whaley, etc. used 

combinatorial phage-display libraries to evolve peptides that bind to a range of 

semiconductor surfaces with high specificity, depending on the crystallographic 

orientation and composition of the structurally similar materials they have used. As 

electronic devices contain structurally related materials in close proximity, such peptides 
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may find a use for the controlled placement and assembly of a variety of practically 

important materials, thus broadening the scope for `bottom-up' fabrication approaches. 

[23] 

 

Figure 2-2. Phage recognition of semiconductor heterostructures. a-c. Fluorescence 

images related to GaAs recognition by phage. a. Control experiment: no phage is present, 
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but primary antibody and streptavidin-tetramethyl rhodamine (TMR) is present. b. The 

GaAs clone G12-3 interacted with a substrate patterned with 1-mm GaAs lines and 4 μm 

SiO2 spaces. The phage was then fluorescently labelled with TMR. The G12-3 clone 

specifically recognized the GaAs and not the SiO2 surface; scale bar, 4mm. A diagram 

of this recognition process is shown in d, in which phage specifically attach to one 

semiconductor rather than another, in a heterostructure. c. An SEM image of a 

heterostructure containing alternating layers of GaAs and Al0.98Ga0.02As, used to 

demonstrate that this recognition is element-specific. The cleaved surface interacted with 

G12-3 phage, and the phage was then tagged with 20 nm gold particles. These 

nanoparticles (shown arrowed in c) are located on GaAs and not AlGaAs layers. Scale 

bar, 500 nm. e, Diagram illustrating the use of this specificity to design nanoparticle 

heterostructures using proteins with multiple recognition sites. Reproduced from Ref. [23] 

Rajesh R. Naik, etc. reported silver-selected peptides in the phage display library. 

Moreover, they used these silver-binding peptides for in vitro biosynthesis of silver 

nanoparticles. [24] 

 
Figure 2-3. Amino acid sequences and properties of the silver-selected peptides. 

Reproduced from Ref. [24] 

Seung-Wuk Lee, etc. found bacteriophage that was coupled with ZnS quantum dots and 

reported the fabrication of a highly ordered composite material from genetically 

engineered M13 bacteriophage and ZnS nanocrystals. The bacteriophage was coupled 
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with ZnS solution precursors and spontaneously evolved a self-supporting hybrid film 

material that was ordered at the nanoscale and the micrometer scale into ~72-micrometer 

domains, which were continuous over a centimeter length scale. [25] 

 
Figure 2-4. Schematic diagram of the process used to generate nanocrystal alignment by 

the phage display method. Reproduced from Ref. [25] 

In this study, we want to select phage that has high binding affinity to UCNPs and use the 

phage-expressed protein to act as the ligand to modify on UCNPs surface. 

2.3 Methods 

2.3.1 Materials 

2.3.1.1 Single-chain variable fragment (scFv) displayed phage library 

NBF phage display library (National Biologics Facility, Creative Biolabs), a naive human 

scFv phagemid library, is used in this study. The library stock contains 1 × 1013 cfu/mL. 
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2.3.1.2 M13K07 helper phage 

The helper phage is from New England Biolabs and amplified to 2.94 × 1013 cfu/mL. 

2.3.1.3 E.coli. XL1-Blue Strain 

The bacteria strain stocked as 50% glycerol culture is from Stratagene. 

2.3.1.4 Media and buffer 

All media and buffers were prepared using ultrapure water (Milli Q) with a resistance of 

18 MΩ at 25 °C and stored at room temperature unless otherwise stated. 

2YT Medium: 4 g of yeast extraction, 6.4 g of tryptone and 2 g of NaCl were dissolved 

in 400 mL of water. The 2YT medium was sterilized by autoclaving. 

2YT Agar: 6 g of agar was dissolved in 400 mL 2YT medium. The solution was sterilized 

by autoclaving. Required antibiotics, at 1/1000 dilution, were added after medium had 

cooled such that the bottle was still quite warm but can be touched comfortably. Then the 

solution was poured into 100 mm and 150 mm plates and stored at 4 °C.  

Antibiotic stock solutions: 100 mg of ampicillin (Sigma) was dissolved in 1 mL of water. 

30 mg of kanamycin (Sigma) was dissolved in 1 mL of water. 3 mg of tetracycline (Sigma) 

was dissolved in 1 mL of water. All antibiotics were added to media at 1/1000 dilution. 

Antibiotics were stored in 0.5 mL aliquots at -20 °C. 

Glucose-40%: 80 g of glucose (Sigma) was slowly added to 100 mL of water while 

stirring, then more distilled water was added to bring total volume to 200 mL. The glucose 

solution was sterilized by autoclaving. 

Glycerol-50%: 100 mL pf glycerol (Sigma) was added to 100 mL of water while stirring. 

The glycerol solution was sterilized by autoclaving.  

PBS buffer: Commercial PBS tablet (Sigma) was dissolved in water. The buffer was 

sterilized by autoclaving. 
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Elution buffer: 1.5 g of glycine (Sigma) was dissolved in 100 mL of water and the pH 

was adjusted to 2.5 using HCl. The solution was sterilized by autoclaving.   

PEG-NaCl Solution: 40 g of polyethylene glycol-6000 (Sigma) and 29.2 g of NaCl were 

dissolved in 200 mL of water. The PEG-NaCl solution was sterilized by autoclaving. 

2.3.2 Prepare naked UCNP 

In this work, NaYF4, one of the most common used host structure of UCNPs, was used 

as the target to select phage clones with scFv expressed which shows binding affinity to 

it. NaYF4: Yb3+, Er3+ nanocrystals (1%Er/20%Yb) was synthesized according to our 

previously reported method. In a typical experiment, 1 mmol RECl3·6H2O (RE = Y, Yb, 

Tm, 99.99%, Sigma 464317, 204870, 204668) with the desired molar ratio were added to 

a flask containing 6 mL OA (90%) and 15 mL ODE (90%). The mixture was heated to 

160 °C under argon flow for 30 min to obtain a clear solution and then cooled down to 

about 50 °C, followed by the addition of 5 mL methanol (anhydrous) solution of NH4F 

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

150 °C under argon flow for 20 min to expel methanol, and then the solution was further 

heated to 310 °C for another 90 min. Finally, the reaction solution was cooled down to 

room temperature. The products were precipitated by ethanol and centrifuged (9000 rpm 

for 5 min), then washed 3 times with cyclohexane (anhydrous), ethanol (anhydrous) and 

methanol to get the nanoparticles. 

To make phage can bind to the surface directly, acid washing was used to remove the 

surfactant resulted in naked UCNPs. The synthesized UCNPs were transferred into HCl 

(pH = 4) and treated with ultrasonic for 30 min. The UCNPs were washed 3 times with 

water to get the naked UCNPs. The naked UCNPs were stored in PBS buffer with good 

stability for further biological experiments. 

2.3.3 Panning library of phage on naked UCNP 

In this step, the library of purified phage will be exposed to a purified antigen in order to 

isolate a pool of phage particles which bind to the antigen of interest. Phage particles 

remaining after washing away non-binders will be harvested and used to infect bacteria. 
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This step is repeated 3-5 times to enrich the pool with specific binders to the antigen. In 

my project, the antigen is the naked UCNP.  

Coat immunotube. After removing all the surfactants, the naked UCNPs were diluted to 

10 mg/mL in PBS buffer. Then 1 mL of naked UCNPs solution was added to one 

immunotube and 1 mL of PBS buffer was added to each of two immunotubes as negative 

controls. After that, all the immunotubes were capped and rotated overnight at room 

temperature.  

Prepare starter culture. In the same time, the starter culture was prepared. 5 mL 2YT-

Tet with a single colony of XL1-Blue was inoculated and incubated overnight at 37 °C 

with shaking. And 5 mL 2YT-AmpKana with a single colony of XL1-Blue was inoculated 

and incubated under the same situation as a control. 

Binding. After one night, all the immunotubes were washed three times with PBS buffer 

and then filled with Milk-PBS to block remaining binding sites on tubes. At the same 

time, library phage particles were blocked with 2mL Milk-PBS in 2 mL Eppendorf tube. 

All the immunotubes and Eppendorf tube were rotated at room temperature for 1 hour. 

Then for the first negative control immunotube, blocking solution was discarded and the 

blocked phage particles solution was transferred from the Eppendorf tube to this 

immunotube. The immunotube was rotated at room temperature for 45 minutes. Then for 

the second negative control immunotube, blocking solution was discarded and the phage 

particles solution was transferred from the first negative control immunotube to this 

immunotube, and the immunotube was rotated at room temperature for 45 minutes. Then 

blocking solution in the positive immunotube was discarded and the phage particles 

solution was transferred from second negative immunotube to the positive one. The 

immunotube was rotated at room temperature for 1 hour.  

Elution of bound phage. After 1 hour, phage suspension was removed from the positive 

immunotube and the immunotube was washed three times with PBS-Tween solution and 

three times with PBS buffer. Then 1 mL 200 mM glycine (pH 2.5) was added to the 

immunotube and the immunotube was rotated at room temperature for 8 minutes to elute 

phage. After elution, eluate was transferred equally to two 2 mL tubes, each containing 
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500 μL 1 M Tris buffer (pH 7.4) and 500 μL 50% glycerol. One of them was added with 

500 μL 50% glycerol and stored at -80 °C. 

Infection. After elution, 10 μL aliquot of second tube of eluted phage was kept for 

calculating the concentration of the phage and the remainder was transfer to 10 mL XL1-

Blue culture with optical density (OD) around 0.6. The infected culture was incubated at 

37 °C without shaking for 30 minutes. Then the solution was centrifuged at 2000 × g for 

10 minutes. The cell pellet was resuspended in 0.5 mL 2YT media and the solution was 

spread evenly onto two 150 mm 2YT-AmpGlu plates. They were incubated overnight at 

30 °C.  

Determine titre of eluted phage. Serial dilutions (10 μL + 90 μL PBS) of the 10 μL 

eluted phage sample were made to 10-4. Then 1 μL of each dilutions was transferred to 

fresh tubes and added with100 μL of log-phase XL1-Blue cells. They were incubated at 

37 °C without shaking for 30 minutes. After incubation, 20 μL of each culture was spread 

onto individual 2YT-AmpGlu plates and incubated overnight at 37 °C. After one night, 

colonies on the plates were recorded to calculate the output titre of the eluted phage. 

 Titre of phage (cfu/mL) = colonies × dilution factor × 100/20 × 1000 μL/mL ×2 

Prepare glycerol stock. After one night, 5 mL 2YT with 20% glycerol was added to one 

of the 150 mm plates and the bacteria from the plate was scraped until all bacteria was 

detached from the plate. Then the slurry was transferred to the second plate and the 

bacteria from the second plate was scraped. All the slurry was transferred into 1.5 mL 

Eppendorf tubes with 1 mL in each and these glycerol stocks were stored at -80 °C. 

Phage rescue. 100 μL of the glycerol stock was added into 50 mL 2YT-AmpGlu media 

in a 500 mL flask. It was incubated at 37 °C with shaking until OD increased to 0.5. Then 

the helper phage particles were added and incubated at 37 °C without shaking for 30 

minute then with shaking for another 30 minutes. After incubation, the culture was 

centrifuged at 2000 × g for 10 minutes and the pellet resuspended in 100 mL 2YT-

AmpKana in a 500 mL flask. It was incubated at 30 °C with shaking overnight. After one 

night, the culture was centrifuged at 3000 × g for 15 minutes and 80 mL of supernatant 
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was transferred equally into two 50 mL Falcon tubes. Then each tube was added with 8 

mL PEG-NaCl solution and left on ice. After 1 hour, two tubes were centrifuged at 11000 

× g 4 °C for 15 minutes. The phage pellets were resuspended in two tubes in 10 mL cold 

PBS and transferred into one tube. Then the tube was added with 2 mL PEG-NaCl 

solution and left on ice. After 1 hour, the tube was centrifuged at 11000 × g 4 °C for 15 

minutes. Finally, the phage pellet was resuspended in 3 mL cold PBS-glycerol solution 

and stored at -80 °C. This phage glycerol stock can be used for subsequent rounds of 

panning and polyclonal phage ELISA. 

Determine phage titre. Serial dilutions (10 μL + 90 μL PBS) of the 10 μL phage glycerol 

stock was made to 10-10. For dilutions 10-7 to 10-10, 1 μL of each was transferred to a fresh 

1.5 mL tube and 100 μL log-phase XL1-Blue cells was added to each tube. They were 

incubated at 37 °C without shaking for 30 minutes. After incubation, 20 μL of each culture 

was spread onto individual 2YT-AmpGlu plates and incubated overnight at 37 °C. After 

one night, colonies on the plates were recorded to calculate the output titre of the eluted 

phage. 

Titre of phage (cfu/mL) = colonies × dilution factor × 100/20 × 1000 μL/mL 

2.3.4 Polyclonal phage ELISA 

In this step, the pool of phage particles obtained after each round of panning is tested to 

determine if it is being enriched for binders to the antigen of interest. The ELISA involves 

immobilising antigen onto plates, followed by addition of various dilution of the phage 

pool from each round and then detection of bound phage using an anti-M13 phage 

antibody. 

Coat plate. For one ELISA plate (Nunc Maxisorp), 200 μL of PBS buffer was added to 

each well of Column 1 and 200 μL of 10 mg/mL naked UCNP in PBS buffer was added 

to each well of Column 2-6. The plate was incubated overnight at room temperature. 

Block plate and phage. After one night, the plate was washed three times with PBS 

buffer and added with 400 μL of Milk-PBS solution into each well to block the wells. In 

separate 2 mL tubes, 90 μL of phage particles from library, round 1, round 2 and round 3 
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was added to 1800 μL Milk-PBS solution to block all the phage particles. The plate and 

all the tubes were incubated at room temperature for 1 hour. 

Add phage. After 1 hour, all the plate contents were discarded. Then 180 μL of Milk-

PBS solution was added to each well of Column 3-5 and 200 μL of Milk-PBS solution 

was added to each well of Columns 6. And 200 μL of blocked phage particles was added 

into each well as below: 

Library Phage: A1, B1, A2, B2 

Round 1: C1, D1, C2, D2 

Round 1: E1, F1, E2, F2 

Round 3: G1, H1, G2, H2 

Serially dilution at 1/10 (20 μL transferred) across the plate from Column 2 to Column 5 

was made. Then the plate was incubated at room temperature for 1 hour. 

Add anti-phage antibody. After 1 hour, the plate was washed three times with PBS-

Tween solution. Then 200 μL of anti-M13 antibody with HRP (GE Healthcare 27-9421-

01) diluted 1/5000 in Milk-PBS solution was added to each well and the plate was 

incubated at room temperature. After 1 hour, the plate was washed three times with PBS-

Tween solution. Then 100 μL of TMB solution (Sigma) was added to each well and the 

plate was incubated at room temperature. After a blue colour developed and the 

discrimination between dilutions was being lost, 100 μL of 1M sulfuric acid (Sigma) was 

added to each well to strop the reaction. To read the signal, the absorption of 450 nm was 

measured using a microplate reader. 

2.3.5 Monoclonal phage ELISA 

In this step, individual clones are isolated from cell glycerol stocks after panning of a 

phage display library. This step involves growing single colonies from the cell glycerol 

stock, then growing many of these in a 96-well plate format. Helper phage is added to 
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induce production of phage particles. The phage particles from each clone is tested by 

phage ELISA for specific binding to the antigen-of-interest. 

Grow individual colonies from glycerol stock. To grow the phage, 40 μL of glycerol 

stock was spread over a small section on the edge of a 150 mm 2YT-AmpGlu plate and 

incubated overnight at 37 °C. 

Grow individual cultures from colonies. 150 μL of 2YT-AmpGlu media was added into 

each well of a 96-well round bottom plate (Nunc). Individual colonies was transferred 

from overnight culture plate into wells of Rows A-G of the plate and incubated at 37 °C 

overnight with shaking. 

Induce phage production. 150 μL of 2YT-AmpGlu media was added into each well of 

a new 96-well round bottom plate. Then 5 μL of culture from corresponding wells of the 

overnight plate was added into the new plate and incubated at 37 °C for 3 hours with 

shaking. For the overnight plate, 60 μL 50% glycerol was added into each well and the 

plate was stored at -80 °C as the glycerol stock plate. Then 50 μL helper phage in 2YT 

media was added into each well of the new plate and incubated at 37 °C for 30 minutes 

without shaking and for another 30 minutes with shaking. Then the plate was centrifuged 

at 3200 ×  g for 10 minutes at room temperature and the pellet in each well was 

resuspended with 200 μL 2YT-AmpKana media and incubated overnight at 30 °C with 

shaking. 

Prepare ELISA plate. 200 μL of naked UCNP at 5 mg/mL was added to all wells, except 

wells H1 to H6, of one ELISA plate and 200 μL PBS buffer was added to wells H1 to H6 

as negative controls. The plate was incubated overnight at room temperature. 

Phage ELISA. The overnight culture was centrifuged at 3200 × g at room temperature 

for 10 minutes and 150 μL of supernatant was transferred from each well to corresponding 

well of a new 96-well round bottom plate. 150 μL of Milk-PBS blocking solution was 

added to each well. The overnight ELISA plate was washed three times with PBS buffer 

and filled with 400 μL of Milk-PBS solution in each well. Both two plates were incubated 

at room temperature for 1 hour. Then the ELISA plate was emptied by inversion and filled 

with 100 μL of Milk-PBS solution in each well. 100 μL of blocked phage solution was 
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transferred from corresponding wells (Rows A-G) of the culture plate to the ELISA plate. 

Wells H1 to H6 were added with additional 100 μL of block phage solution from various 

random wells as no antigen controls. The ELISA plate was incubated at room temperature. 

After 1 hour, the plate was washed three times with PBS-Tween solution. Then 200 μL 

of anti-M13 antibody with HRP diluted 1/5000 in Milk-PBS solution was added into each 

well and incubated at room temperature. After 1 hour, the plate was washed three times 

with PBS-Tween solution. Then 100 μL of TMB solution to was added into each well 

and incubated at room temperature. After a blue colour developed and the discrimination 

between dilutions was being lost, 100 μL of 1M sulfuric acid was added into each well to 

strop the reaction. To read the signal, the absorption of 450 nm was measured using a 

microplate reader. 

2.3.6 Sequencing of positive clones 

In this step, clones are selected based on the monoclonal ELISA results, and the phagemid 

DNA from these clones is isolated and sequenced using primers flanking the scFv or Fab 

sequences. The number of unique clones can then be determined by sequence alignment. 

Grow clones from glycerol stock phage. Each 150 mm 2YT-AmpGlu plate was divided 

into 8 even segments using a marker pen and all the segments were labelled with 

individual clone designations. Glycerol stock plate (mentioned in 2.3.1.4 Monoclonal 

phage ELISA ->Induce phage production step) was removed from -80 °C freezer and the 

wells which show higher binding affinity in the monoclonal ELISA test were selected.  

The surface of selected wells was scraped using a small inoculation loop and spread onto 

corresponding segments of the plate. The plate was incubated at 37 °C overnight. 

Expand cultures. Single colony from each clone was picked and inoculated into 5 mL 

2YT-AmpGlu media. They were incubated at 37 °C overnight with shaking. 

Extract phagemid DNA. DNA from 2 mL of overnight culture was extracted using 

commercial plasmid DNA extraction kit (Qiagen QiaPrep Mini Prep Kit) and the DNA 

concentration was determined by measuring the absorption of 260 nm. 
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Sequencing. Each reaction was set up in a 1.5 mL Eppendorf tube. For scFv library which 

was used in this work, two reactions were set up for each clone, one with pHEN_For 

primer and one with pHEN_Rev primer. 1 μL of primer and 200 ng DNA was added into 

one tube and the tube was filled with water to a final volume of 12 μL. All the samples 

were submitted to Australia Genome Research Facility (AGRF) for sequencing. 

Sequence analysis. Contig sequence for each clone was determined using forward and 

reverse data. The forward and reverse data should overlap. Then each contig was 

translated in six frames and determine the correct reading frame by searching for 

conserved sequences. 

2.4 Results and discussions 

In this study, NaYF4, one of the most common used host structure of UCNPs, was used 

as the target to select phage clones with single-chain variable fragment (scFv) expressed 

which shows binding affinity to it. As we introduced, the synthesized UCNPs are coated 

with oleic acid blocking the NaYF4. To make phage can bind to the surface directly, acid 

washing was used to remove the surfactant resulted in naked UCNPs.  

After acid washing, the TEM images shown in Figure 2.5 confirmed the surface 

morphology didn’t change. 

 
Figure 2.5 TEM images of OA coated UCNPs (left) and naked UCNPs (right). 

The washed UCNPs showed a high positive surface potential (zeta potential value = 45.1) 

that fitted the exposure of RE3+. 
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 Begin with the library of phage, three rounds of panning were performed on naked 

UCNPs. After each round of panning, the concentration of eluted phage was calculated 

to make the same contribution of the phage amount for the next round. The output titres 

of eluted phage for each round are shown in Table 2-1. 

Table 2-1. Phage concentration  

 
Concentration of eluted phage  

(cfu/mL) 

Concentration of phage stock  

(cfu/mL) 

Round 1 2.71 x 107 7.8 x 1012 

Round 2 8 x 105 8.9 x1013 

Round 3 3 x 105 5.51 x 1013 

The decreasing concentration of the eluted phage indicated that the targeted phages were 

getting enriched after each panning. And the concentration of phage stocks was all over 

1013 cfu/mL. This indicated that the eluted phage amplification step using XL-1 blue 

strain bacterial was successful. 

To evaluate the properties of phage clones from different rounds in binding affinity to 

naked UCNPs, polyclonal phage enzyme linked immunosorbent assay (ELISA) was 

tested. Column 1 is negative control for no antigen coated and column 6 is negative 

control for no phage added. 
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Table 2-2. Polyclonal ELISA 

 1 2 3 4 5 6 

A 
Library phage 

UCNP + 

Lib phage 

UCNP + 

1/10 Lib phage 

UCNP + 

1/100 Lib 

phage 

UCNP + 

1/1000 Lib 

phage 

UCNP 
B 

C 
Round 1 phage 

UCNP + 

R1 phage 

UCNP + 

1/10 R1 phage 

UCNP + 

1/100 R1 phage 

UCNP + 

1/1000 R1 

phage 

UCNP 
D 

E 
Round 2 phage 

UCNP + 

R2 phage 

UCNP + 

1/10 R2 phage 

UCNP + 

1/100 R2 phage 

UCNP + 

1/1000 R2 

phage 

UCNP 
F 

G 
Round 3 phage 

UCNP + 

R3 phage 

UCNP + 

1/10 R3 phage 

UCNP + 

1/100 R3 phage 

UCNP + 

1/1000 R3 

phage 

UCNP 
H 

In the ELISA test, anti-M13 antibody, which was used to detect phages bond to the naked 

UCNPs, is labelled with horseradish peroxide (HRP). HRP can catalyze the oxidation 

reaction of 3,3’,5,5’-Tetramethylbenzidine (TMB). The resulting diamine causes the 

solution to take on a blue colour and the reaction can be halted by addition of acid. Using 

sulphuric acid turns the blue solution to yellow. A deeper yellow means more phages. So 

that we can read the signal by measuring absorption at 450 nm. 

However no significant differences between each round and different concentrations of 

phage were overserved. So further three rounds were did and the concentration of phage 

in these round is shown in Table 2-3. 
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Table 2-3. Phage concentration 

 
Concentration of eluted phage  

(cfu/mL) 

Concentration of phage stock  

(cfu/mL) 

Round 4 3 x 105 5.09 x 1013 

Round 5 Too low to detect 4.88 x1013 

Round 6 Too low to detect 1.7 x 1014 

The polyclonal phage ELISA was tested again to evaluate the binding affinity of phage 

clones from these new rounds. But there was still no significant signal showed in the 

ELISA result. 

For these results, we thought that because of the high surface positive potential of UCNPs, 

many different kinds of phages would bind to the UCNPs surface and were not easily 

eluted in the elution step. As a result, the eluted phage stocks from different rounds 

consisted of too many different phages that all have binding affinity to the target so that 

no significant differences were observed in these ELISA tests.  

So the monoclonal ELISA was test to compare the binding affinity between these 

different kinds of phages in the phage stock we have selected for several rounds. In the 

monoclonal ELISA test, 240 different colonies from the culture plate were selected to be 

test for the binding affinity to the target, naked UCNPs. 
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Figure 2-6. One monoclonal ELISA test for 84 different colonies. 

Two colonies (C3, D1) that had higher signals in the monoclonal ELISA test were 

selected and confirmed again by the ELISA test. 

 
Figure 2-7. ELISA results of the two selected phage C3 and D1. 
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The phagemid DNA of these two colonies was extracted and the concentration of the 

DNA is tested by measuring the absorption of 260 nm (Table 2-4). 

Table 2-4. Concentration of phagemid DNA 

 
Concentration of phagemid DNA (ng/μL) 

1 2 3 Average 

C3 85.1 84.2 84.1 84.5 

D1 152.3 151.2 151.7 151.7 

For the DNA sequencing, at least 200 ng of NDA was needed, so different volumes of 

DNA extract solution of these two colonies were added in the tube (Table 2-5). 

Table 2-5. DNA sequencing sample preparation. 

Volume added (μL) C3 D1 

DNA 2.4 1.3 

Primer 0.5 0.2 

H2O 9.1 10.2 

Total 12 12 

The DNA sequencing is tested by AGRF. After analysis and translation, the amino acids 

sequences of the two selected phages are shown in Figure 2-8. 
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Figure 2-8. Amino acids sequences and structures of the scFv fragments from the two 

selected phage. 

2.5 Conclusion and further works 

From NBF phage display library, we have selected two phage colonies that have higher 

binding affinity to UCNPs surface. The DNA sequences and protein structures of these 

two scFv fragments are also analysed. 

To finish our aim that explore new UCNPs surface modification strategy, we still need to 

finish some further works. The sequences of two selected phage have been analysed and 

we will use protein engineering technology to produce the scFv fragments. And then these 

scFv fragments can be used to modify UCNPs surface by ligand exchange method. 

Further characterization experiments can be done to check the performance of the new 

ligands. 
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3.1 Motivation 

After transferring upconversion nanoparticles (UCNPs) from hydrophobic to hydrophilic 

and modifying with functional groups, suitable bioconjugation method is needed to 

conjugate UCNPs with biomolecules.  However, conventional approaches are not only 

time-consuming, but also less efficient in keeping the antibodies active and maintaining 

correct presentation to analytes. 

In this chapter in a format of a published paper, we report a new bioconjugation strategy 

for UCNPs by using bispecific antibody.  

3.2 Manuscript 

3.2.1 Abstract 

Upconversion nanoparticles (UCNPs) are new optical probes for biological applications. 

To realize specific biomolecular recognition for diagnosis and imaging, the key lies in 

developing a stable and easy-to-use bioconjugation method for antibody modification. 

Current methods are not yet satisfactory regarding conjugation time, stability, and binding 

efficiency. Here we report a facile and high-yield approach based on a bispecific antibody 

(BsAb), free of chemical reaction steps. One end of the BsAb is designed to recognize 

methoxy polyethylene glycol (mPEG) coated UCNPs, and the other end of the BsAb is 

to recognize the cancer antigen biomarker. Through simple vortexing, BsAb-UCNP 

nanoprobes form within 30 min and show higher (up to 54%) association to the target 

than the traditional UCNP nanoprobes in the ELISA-like assay. We further demonstrate 

its successful binding to the cancer cells with high efficiency and specificity for 

background-free fluorescence imaging under near-infrared excitation. This method 

suggests a general approach broadly suitable for functionalizing a range of nanoparticles 

to specifically target biomolecules. 

3.2.2 Introduction 

Photon upconversion is an anti-Stokes process, in which sequential absorption of two or 

more photons results in the emission of light at a shorter wavelength than the excitation 

wavelength. Upconversion nanoparticles (UCNPs), one kind of luminescent 
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nanomaterials that utilize such an anti-Stokes process, have attracted tremendous interest 

in recent years[1], [2]. UCNPs can be designed to absorb near-infrared (NIR) excitation 

photons and emit tunable shorter-wavelength luminescence from the deep-UV to the NIR 

range by controlling the doped sensitizers and activators[3], [4]. They are exceptionally 

photostable and low toxic, making them attractive over traditional organic dyes and 

quantum dots as fluorescent probes for single molecule tracking[5], deep-tissue optical 

imaging[6]–[8], early disease diagnosis[9], [10] and cell-targeted imaging[11], [12].  

A variety of immunoassays and imaging applications rely on specific and stable binding 

of fluorescent nanoparticles to antibodies, which accordingly require surface 

functionalization of the nanoparticles with antibodies[13], [14]. Despite the great 

potential of UCNPs, up to date, the facile and efficient conjugation of antibodies to 

UCNPs remains the critical bottleneck for its widespread applications in biological and 

biomedical fields[15]. 

A primary reason is that UCNPs are typically synthesized in a nonpolar solvent, and they 

are capped with hydrophobic surfactant molecules, such as oleic acid (OA)[16]. At least 

two steps are needed to conjugate antibodies to the surface of UCNPs, including first 

transferring UCNPs from hydrophobic to hydrophilic, followed by conjugating 

hydrophilic UCNPs with antibodies[15]. Ligand exchange is an universal way to 

functionalize the surface of UCNPs with hydrophilic and active groups, such as carboxyl 

or amino moiety[12], [17]. After that, carbodiimide chemistry, such as EDC method, is 

generally used to further conjugate antibodies to these active groups, but this approach is 

not only time-consuming, but it is less efficient in keeping the antibodies active and 

maintaining correct presentation to antigens on cell surfaces. This is because the chemical 

conjugation is not site-specific and often leads to blocking of the antibody binding 

area[18]. 

Here we report for the first time bispecific antibody (BsAb) as both linker and binder for 

efficient conjugation of antibodies to UCNPs. BsAbs are artificial antibodies containing 

two different binding sites with specificity to two different targets[19]. In this work, we 

produce BsAbs through a recombinant DNA technology, for which a DNA sequence is 

designed to generate BsAbs with two active domains linked by a G4s linker, one domain 
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recognizing methoxy polyethylene glycol molecules (mPEG) and the other capturing 

cancer cell surface antigen EphA2. This design allows direct conjugation of BsAbs with 

mPEG coated UCNPs in 30 min with a high bioconjugation yield, free of chemical 

reaction steps. We further demonstrate that BsAb conjugated UCNPs can increase the 

binding signal to EphA2 biomarker and enhance specific binding to prostate cancer cells, 

unveiling its enormous potential for cancer diagnosis and cell imaging. 

3.2.3 Experiments and materials 

3.2.3.1 Materials 

YCl3·6H2O (99.99%), TmCl3·6H2O (99.99%), NaOH (99.9%), NH4F (99.99%), oleic 

acid (OA, 90%), 1-octadecene (ODE, 90%), tetrahydrofuran (THF, anhydrous, ≥99.9%, 

inhibitor-free), hexane (anhydrous, 95%), N-(3-Dimethylaminopropyl)-N′-

ethylcarbodiimide hydrochloride (EDC, BioXtra), 2-(N-Morpholino)ethanesulfonic acid 

hydrate (MES, 99.5%), H2SO4 (95%), Tween 20, Ephrin type-A receptor 2 (EphA2) and 

anti-EphA2 antibody (IgG, produced in rabbit), are purchased from Sigma-Aldrich and 

used as received without further purification. Methoxy polyethylene glycol modified with 

phosphate group on one end (mPEG, Mw 3500) and polyethylene glycol modified with a 

carboxy group and a phosphate group on each end (cPEG, Mw 3500) are purchased from 

JenKem Technology, USA. Roswell Park Memorial Institute 1640 Medium (RPMI 1640 

medium, GlutaMAXTM supplement), Fetal Bovine Serum (FBS, certified, US origin) and 

cell dissociation buffer (enzyme-free, PBS) are purchased from ThermoFisher. 

3.2.3.2 Synthesis of UCNPs. 

NaYF4: 20%Yb3+/4%Tm3+ UCNPs with a size of 22 nm are prepared using our previous 

reported method[3]. 5 mL of a methanol solution of RECl3 (2.0 mmol, RE = Y, Yb, Tm) 

is magnetically mixed with 12 mL of oleic acid and 30 mL of 1-octadecene in a 100 mL 

three-neck round-bottom flask. The mixture is degassed under an Ar flow and heated to 

150 °C for 30 min to form a clear solution and then cooled to room temperature. 15 mL 

methanol solution containing 0.296 g of NH4F and 0.2 g of NaOH is added and stirred 

for 60 min. The solution is slowly heated to 150 °C and then held at this temperature for 

a further 30 min to completely remove methanol and some water. The reaction mixture is 
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then quickly heated to 310 °C and aged for 1.5 h. After the solution is cooled, absolute 

ethanol is added to precipitate the UCNPs. After centrifuge, the precipitate is washed with 

cyclohexane, ethanol, and methanol four times. The washed UCNPs are redispersed in 

cyclohexane and stored for further experiments. 

3.2.3.3 Preparation of BsAb. 

The BsAb fragment consists of a single chain variable region (scFv) specific for mPEG 

linked to a variable region specific for EphA2, a receptor overexpressed in cancer cells. 

Both scFvs are linked by a glycine serine (G4s) linker. A c-myc tag is added for 

purification and ELISA tests. Genes encoding BsAb fragment which bind to mPEG and 

EphA2 are synthesized by Geneart and the gene sequence is attached in SI 3. Genes are 

transfected into CHO cells for expression. The BsAb production and purification were 

performed as outlined in our previous work[20]. These sequence information of the BsAb 

used in this work is show below. 

a. Gene sequence 

>4B3_G4S_PEG15-2 

AAGCTTGCCACCATGGGCTGGTCCTGCATCATCCTGTTTCTGGTGGCTACCGC

CACCGGCGTGCACTCCCACCACCATCACCATCACGAGGTGCAGGTGCAGCA

GTCCGGACCCGAGCTCGTGAAACCTGGCGCCTCCGTGAAGATCTCCTGCAA

GGCCTCCGGCTACACCTTCACCGACTACGACATGAACTGGATGAAGCAGTCC

CACGGCAAGTCCCTGGAATGGATCGGCGACATCAACCCCAACAACGGCGGA

GCCTCCTACAACCAGAAGTTCCGGGGCAAGGCCACCCTGACCGTGGACAAG

TCCTCCTCCACCGCCTACATGGAACTGCGGTCCCTGACCTCCGAGGACAGCG

CCGTGTACTACTGCGCCAGACGGTCCACCATGACCTACTTCGACTACTGGGG

CCAGGGCACCACACTGACAGTGTCTAGCGGAGGCGGAGGATCTGGTGGTGG

TGGATCTGGCGGAGGGGGCTCTCAGATCGTGCTGACCCAGTCCCCTGCCATC

ATGTCTGCTAGCCCTGGCGAGAAAGTGACAATCTCCTGCTCCGCCAGCTCCT

CCGTGTCCTACATGTACTGGTATCAGCAGAAGCCCGGCTCCAGCCCCAAGCC

CTGGATCTACAGAACCTCCAACCTGGCCTCTGGCGTGCCCGCTAGATTCTCC

GGCTCTGGCTCTGGCACCTCCTACTCCCTGACCATCTCCACCATGGAAGCCG
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AGGACGCCGCCACCTACTACTGCCAGCAGTACCACTCCTACCCTCTGACCTT

CGGCGCTGGCACCAAGCTGGAACTGAAGTCTGGTGGCGGAGGCAGCGAAGT

GAAGCTGGAAGAATCCGGCGGAGGCCTGGTGCAGCCTGGCGGATCTATGAA

GCTGTCCTGTGTGGCCAGCGGCTTCACCTTCTCTAACTATTGGATGAACTGGG

TGCGACAGTCCCCCGAGAAGGGACTGGAATGGGTCACCGAGATCCGGTCCA

AGTCCAACAACTACGCCACCCACTACGCCGAGTCCGTGAAGGGCCGGTTCA

CCATCTCTCGGGACGACTCCAAGGGCTCCGTGTACCTGCAGATGAACAACCT

GCGGGCCGAGGACACCGGCATCTATTATTGCTCCAACCGGTATTATTGGGGGC

AGGGAACCCTCGTGACCGTGTCTGCTGGGGGAGGCGGTAGTGGCGGCGGAG

GAAGTGGGGGAGGGGGATCTGACATTGTGATGACACAGTCCCACAAGTTCAT

GAGCACCTCCGTGCGGGACAGAGTGACCATCACATGCAAGGCCAGCCAGGA

CGTGAACACCAGCGTGGCATGGTATCAGCAGAAACCTGGCCAGTCCCCCAA

GCTCGTGATCTACTGGGCCTCTACCCGGCACACAGGCGTGCCAGATCGGTTC

ACCGGATCTGGCAGCGGCACCGACTTCACCCTGACAATCAGCAACGTGCAG

TCCGAGGACCTGGCCGACTACTTCTGTCTGCAATATATCAACTACCCTTACAC

CTTCGGAGGCGGGACAAAGCTGGAAATCAAAGAGCAGAAGCTGATCTCCGA

AGAGGACCTGAACTGAGCGGCCGC 

b. Protein sequence 

>4B3_G4S_PEG15-2 

MGWSCIILFLVATATGVHSHHHHHHEVQVQQSGPELVKPGASVKISCKASGYTF

TDYDMNWMKQSHGKSLEWIGDINPNNGGASYNQKFRGKATLTVDKSSSTAYM

ELRSLTSEDSAVYYCARRSTMTYFDYWGQGTTLTVSSGGGGSGGGGSGGGGSQ

IVLTQSPAIMSASPGEKVTISCSASSSVSYMYWYQQKPGSSPKPWIYRTSNLASG

VPARFSGSGSGTSYSLTISTMEAEDAATYYCQQYHSYPLTFGAGTKLELKSGGG

GSEVKLEESGGGLVQPGGSMKLSCVASGFTFSNYWMNWVRQSPEKGLEWVTEI

RSKSNNYATHYAESVKGRFTISRDDSKGSVYLQMNNLRAEDTGIYYCSNRYYW

GQGTLVTVSAGGGGSGGGGSGGGGSDIVMTQSHKFMSTSVRDRVTITCKASQD

VNTSVAWYQQKPGQSPKLVIYWASTRHTGVPDRFTGSGSGTDFTLTISNVQSED

LADYFCLQYINYPYTFGGGTKLEIKEQKLISEEDLN* 

3.2.3.4 Preparation of mPEG coated UCNPs and cPEG coated UCNPs. 
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To convert OA capped UCNPs to mPEG or cPEG (polyethylene glycol modified with a 

carboxy group) coated ones, ligand exchange method is used. 1.5 mL of 20 mg/mL 

UCNPs in cyclohexane are precipitated with ethanol. After centrifuge and discarding the 

solution, UCNPs are redispersed in 3 mL of THF with vortex and sonication. Then 1.5 

mL of 200 mg mPEG or cPEG in THF solution is added. The mixed solution is stirred at 

room temperature for 24 h. After that, 3 mL of MiliQ water is added and mixed with 

shaking. Then the solution is extracted with 1 mL of hexane to remove the OA molecules. 

After removing the oil phase, the solution is put in vacuo overnight to evaporate organic 

solvents. Then the solution is dialyzed in 1 L of MiliQ water for 24 h to remove the 

excessive PEG molecules. 

3.2.3.5 Bioconjugation of BsAb to mPEG-UCNPs.  

After the converting step, the mPEG-UCNPs are changed into MES buffer (pH 6.8) using 

a centrifuge method at a final concentration of 1 mg/mL. Then 10 μL of mPEG-UCNPs 

and 10 μL of 0.5 mg/mL of BsAb are mixed in 80 μL of MES buffer and the solution is 

incubated under 37 °C with vortex for 30 min. After washing with MES buffer twice 

(centrifuge at 14,000 rpm for 20 min), the final settlement of conjugates is dissolved in 

100 μL of MES buffer with sonication for 5 s. 

The reaction time of 30 min is determined by testing the concentration of BsAb in the 

conjugates under different reaction time (Figure 3-1). 
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Figure 3-1. 280 nm absorbance intensity of BsAb-UCNP nanoprobe under different 

reaction time. 

3.2.3.6 Optical Characterization. 

The mPEG-UCNPs and BsAb-UCNPs are separately diluted at a concentration of 10 

μg/mL in MES buffer and tested for the emission spectra using a Horiba550 spectrometer 

and the absorption spectra using a Nanodrop2000.  

3.2.3.7 Indirect ELISA.  

The binding between BsAbs and mPEG-UCNPs is evaluated by indirect ELISA methods 

using mPEG-UCNPs immobilized on ELISA plates. 

Individual wells of a 96-well plate (Nunc) are coated with 100 μL of 50 μg/mL of mPEG-

UCNPs or without mPEG-UCNPs as negative controls overnight at room temperature. 

After discarding all the solution in the plate and washing each well with MEST buffer 

(MES + 0.05% Tween 20) three times, 400 μL of the milk-MES buffer (MES + 2% skim 

milk) is added to each well and incubated for 60 min to block nonspecific binding. Then 

the blocking solution is discarded and 200 μL of 50 ng/mL of BsAbs in milk-MES buffer 

is added to relevant wells. As control groups, 200 μL of 50 ng/mL of control BsAbs that 
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cannot bind to mPEG and only the buffer is also added to relevant wells, respectively. 

The plate is incubated at room temperature for 2 h and then washed three times with the 

MEST buffer. Then 100 μL of HRP labeled anti-c-myc antibody diluted 1/5000 in milk-

MES buffer is added to each well and incubated for 1 h. All the solutions are discarded 

and the wells are washed with the MEST buffer three times. Then 100 μL TMB solution 

is added to each well. After 45 s, 100 μL of 1 M H2SO4 is added to end the reaction. The 

colorimetric reactions in each well are analyzed at an absorbance of 450 nm using the 

plate reader. Average absorbance and standard deviation are determined for each sample. 

3.2.3.8 Dynamic Light Scanning Characterization. 

To determine the size of BsAbs, mPEG-UCNPs and the BsAb-UCNP nanoprobes, 

dynamic light scanning (DLS) test is used. For each sample, 1 mL of 50 μg /mL sample 

in MES buffer is added into a cuvette and tested by Zetasizer. 

3.2.3.9 Bioconjugation of IgG Antibody to cPEG-UCNPs.  

After the converting step, the cPEG-UCNPs are changed into MES buffer (pH 4.5) using 

a centrifuge method at a final concentration of 1 mg/mL. Then 10 μL of cPEG-UCNPs, 

100 μg of EDC and 100 μg of NHS are mixed in 90 μL MES buffer (pH 4.5). After 2 h 

gentle shaking, the sample is washed with the MES buffer twice (centrifuge at 14,000 

rpm for 20 min). After the final centrifuge step, the precipitate is suspended with 50 μL 

MES buffer. The solution is mixed with 50 μL of anti-EphA2 IgG antibody (0.1 mg/mL) 

and put into a 37 °C shaker overnight. After twice washing with MES buffer (centrifuge 

at 14,000 rpm for 20 min), the sample is finally suspended in 100 μL of MES buffer with 

sonication for 5 s. 

3.2.3.10 Direct ELISA-like Assay.  

A direct ELISA-like assay is used to compare the binding efficiency of BsAb-mPEG-

UCNPs and IgG-cPEG-UCNPs to the target EphA2. 

Individual wells of a 96-well plate (Falcon) are coated with 100 μL of EphA2 at different 

concentrations (0.1, 1, 10 and 100 ng/mL) overnight at 4 °C. After discarding all the 

solution in the plate and washing each well with MEST buffer three times, 400 μL of 
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milk-MES buffer is added to each well for 60 min to block nonspecific binding. Then the 

blocking solution is discarded and 200 μL of 50 μg/mL of BsAb-mPEG-UCNPs or IgG-

cPEG-UCNPs in milk-MES buffer is added. The plate is incubated at room temperature 

for 2 h and then washed three times with MEST buffer. The plate is dried under 60 °C. 

The signal in each well is analyzed using the emission of UCNPs by a homemade plate 

reader. Average signal and standard deviation are determined for each sample. 

3.2.3.11 Cancer Cell Targeted Imaging.  

To further broaden the application of the BsAb-UCNP nanoprobes, we test it in cell 

targeted imaging experiments. 

PC3 prostate cancer cells which overexpress the EphA2 and LNCaP prostate cancer cells 

which express undetectable levels of EphA2 are used to test the targeting of BsAb-UCNP 

probes. 

PC3 cells and LNCaP cells are cultured in RPMI medium with 10% FBS at 37 °C and 5% 

CO2. Cells are subcultured using cell dissociation buffer for cell detachment when 

approximately 80% confluency is reached. The cells slides are prepared one day before, 

1×104 cells in 2 mL cell medium are pipetted into a 6-well plate with one glass cover slide 

in each well and incubated overnight until the cells became adherent to the cover slide. 

After the medium is aspirated, 500 μL of 50 μg/mL UCNP probes in cell medium is added 

to each well. As a negative control, 500 μL of 50 μg/mL mPEG-UCNPs in cell medium 

is added to PC3 cells wells. After 1 h incubation, excess particles are removed by washing 

with MES buffer three times. After fixed by 4% paraformaldehyde, the sample slides are 

sealed by vector. All the slides are imaged by an Olympus Microscopy modified with a 

980 nm laser (Pigtailed DBR Single-Frequency Lasers, 1W, Thorlabs) as excitation. 

Average intensity and standard deviation are determined for each cell. 

3.2.4 Results and Discussion 

3.2.4.1 Preparation of BsAb-UCNP nanoprobes and characterization 

As the schematic shown in Figure 3-2A, we use 22 nm UCNPs with a composition of 

NaYF4: 20%Yb/4%Tm due to it super bright emission[3]. To convert UCNPs into a 
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hydrophilic phase and modify them with mPEG molecules for BsAb conjugation, we use 

ligand exchange method to replace OA surfactant with mPEG onto UCNPs surface.  

The BsAb in this work is designed with two active domains linked by a G4s linker and 

one domain recognizes mPEG molecules with another one capturing cancer cell surface 

antigen EphA2. It also has a c-myc tag which is mainly used for purification and detection 

purposes. Although the BsAb preparation is more complicated and expensive compared 

with traditional IgG antibody for now, current commercial production will make it 

accessible to researchers as it’s popular not only in the lab but also the market[19]. 

The BsAb in this work consists of 517 amino acids and has a molecular weight of 55.7 

kD. According to our previous work, the BsAb shows high binding affinity to both mPEG 

(KD 10 nM) and EphA2 (KD 1 nM)[20], which is comparable to the normal EphA2 IgG 

antibody (KD 0.1 nM) and binders (KD 10~100 nM)[21]. 

We merely mix mPEG modified UCNPs and the designed BsAb in buffer and vortex 

gently for a short time and get the BsAb-UCNP nanoprobes. TEM photos in Figure 3-2B-

D show that the morphology of UCNPs does not change after the surface modification of 

mPEG and BsAbs. Further emission spectra in Figure 3-2E show that the BsAb 

conjugation has no effect on optical properties of the UCNPs. And the 280 nm absorption 

peak (refers to protein) change in Figure 3-2F confirms that BsAbs bind to UCNPs. 
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Figure 3-2. A. Scheme of the formation of BsAb-UCNP nanoprobes. And TEM pictures 

of UCNPs (B), mPEG-UCNPs (C), BsAb-UCNP nanoprobes (D) (Scale Bar: 20 nm). E. 

Emission spectra under 980 nm laser excitation of BsAb-UCNP nanoprobes and mPEG-

UCNPs (at the same concentration of 10 μg/mL). F. Absorption spectra of BsAb-UCNP 

nanoprobes and mPEG-UCNPs (at the same concentration of 10 μg/mL). 

3.2.4.2 Validation of binding between BsAb and mPEG-UCNPs. 
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We use indirect ELISA to verify the successful binding of BsAb and mPEG-UCNPs 

(Figure 3-3A). The control groups include adding a BsAb that doesn’t have mPEG 

binding ability to immobilized mPEG-UCNPs, adding second antibody alone to 

immobilized mPEG-UCNPs, adding BsAb to wells without mPEG-UCNPs and a blank 

control. 

As shown in Figure 3-3B, the experiment group shows the significantly higher signal 

(P<0.01) than the other control groups, suggesting that the mPEG-recognizing BsAb has 

been successfully conjugated to mPEG-UCNPs, while neither the control BsAb nor the 

second antibody alone shows binding. This result indicates that the BsAb can effectively 

and specifically bind to mPEG-UCNPs, while mPEG-UCNPs show no binding to other 

proteins. Due to the high binding affinity and specificity of the BsAb, we expect mPEG-

UCNPs and BsAb can self-assemble under the aqueous condition to form the BsAb-

UCNP nanoprobes. 

To further prove the successful self-assembly of BsAb and mPEG-UCNPs in solution, 

and verify the structure of BsAb-UCNP nanoprobes (Figure 3-3C), we use DLS to 

measure the mean size of each sample. From Figure 3-3D, each sample shows a single 

peak with low PdI value which means all samples are in well monodispersed. It shows 

the conjugate has a diameter of 43 nm, which indicates that BsAb has formed a single 

layer on top of each UCNP, because the size of BsAb is 6 nm in diameter and the mPEG-

UCNPs have a diameter of 28 nm, i.e., the size of BsAb-UCNP nanoprobes is 

approximately the sum of one mPEG-UCNP and two BsAbs from both sides, denoting 

full coverage of the UCNPs with antibodies at this concentration range. 
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Figure 3-3. A. Scheme of the binding ELISA test. B. Results of binding ELISA tests. Each 

group is tested three times and error bars are shown. (Significant Difference is shown 

and **: P<0.01) C. Schematic of BsAb-UCNP structure D. DLS results of BsAb, mPEG-

UCNPs and BsAb-UCNP nanoprobes. 

To test its stability, we use DLS to monitor the size of BsAb-UCNP nanoprobes for 8 

hours after the bioconjugation and find the negligible change in size distribution as shown 

in Figure 3-4. 
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Figure 3-4. DLS results of BsAb-UCNP nanoprobe after 2 h, 4 h and 8 h. 

3.2.4.3 Comparing BsAb and EDC conjugation methods 

Figure 3-5A shows the schematic outlining of conventional EDC-coupling method that 

needs two time-consuming steps, while our BsAb conjugation method is a one-step 

approach which is achieved with more straightforward operation and far shorter time 

under mild conditions. 

Due to the drawback of the EDC method described previously, we assume that using the 

BsAb conjugation method will result in a higher binding efficiency. Therefore, we use a 

direct ELISA-like assay to compare the binding efficiency of the BsAb-UCNP 

nanoprobes and the IgG-UCNP nanoprobes to prostate cancer biomarker EphA2. We add 

these two nanoprobes separately to immobilized EphA2 at various concentrations of 0.1, 

1, 10 and 100 ng/mL. From the results shown in Figure 3-5B, both of the nanoprobes 

show binding to EphA2, while the binding efficiencies of BsAb-UCNP nanoprobes are 

consistently higher than that of IgG-UCNP nanoprobes. The efficiency differences 

become more significant with the increasing of immobilized target concentration. When 

the immobilized target concentration is 100 ng/mL, BsAb-UCNP nanoprobes show 54% 

higher signal (P<0.01) than the IgG-UCNP nanoprobe. The results indicate that the 
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nanoprobes developed using BsAb perform better than the nanoprobe conjugated by the 

traditional EDC chemical linkage method. This is because all the binding domains cannot 

be blocked and are shown directly to the outside by using the BsAb. Also, the BsAb has 

a smaller size than the normal IgG. This means that more capture molecules can be placed 

on the surface of the particles, which helps to increase the binding efficiency to the target. 

 
Figure 3-5. A. Scheme showing two different conjugation methods using in this study. B. 

Results of direct ELISA-like assay tests. Each group is tested three times and error bars 

are shown. (Significant Difference is shown and **: P<0.01, *: P<0.05) 

3.2.4.4 Cell Imaging 

After validating the higher binding efficiency of BsAb-UCNPs nanoprobes to the cancer 
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biomarker, we further explore its use for cell imaging application, using confocal 

microscopy. 

From the top panel of confocal images in Figure 3-6, overlays of fluorescence and bright-

field images show that the fluorescence is mainly from the surface of the cells, confirming 

the accumulation of nanoprobes on the EphA2 expressed surface of PC3 cells (middle 

panel). In comparison, particles without BsAb show much less accumulation on PC3 cells. 

The effect of targeting surface receptors is also demonstrated by the negligible binding of 

the BsAb-UCNP nanoprobes to a negative cell line that only exhibits minimal expression 

of the EphA2 protein (LNCaP) which validates the specificity of the targeting (bottom 

panel). Subsequent analysis of the blue upconversion intensity per cell reveals that the 

experiment group shows the most intense upconversion fluorescence. All the results 

indicate that the BsAb-UCNP nanoprobes show excellent performance in cell targeted 

imaging experiments and can be applied as an excellent bioprobe candidate for such 

protein biomarkers. 

 
Figure 3-6. Confocal microscopic images of PC3 cells treated with BsAb-UCNPs, PC3 

cells treated with UCNPs and negative cells (LNCaP cell line) treated with BsAb-UCNPs. 

Fluorescence images (labeled with 980 nm) are obtained by collecting the blue emission 

in the range of 400-500 nm under the excitation of 980 nm laser. Intensity equals to the 
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blue upconversion intensity per cell. Scale bar, 20 μm. (Significant Difference is shown 

and **: P<0.01, *: P<0.05) 

3.2.5 Conclusion 

In conclusion, we have developed a straightforward method for direct conjugation of 

UCNPs and antibodies through applying BsAb. The approach is a one-step strategy and 

avoids chemical reaction. And it owns a better performance in operation time and binding 

efficiency than the commonly used EDC conjugation method. We subsequently 

demonstrated that the BsAb-UCNP nanoprobes conjugated by the developed approach 

could be applied in cell targeted imaging with high specific binding efficiency. This 

approach will promote the applicability of UCNPs and can be applied to all nanomaterials 

with a variety of compositions, sizes and shapes and utilize a variety of antibodies for 

broad applications in imaging and diagnosis. 
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4.1 Motivation 

The applications of NPs bring IVD assays quite high sensitivity and flexibility. But as we 

introduced in Chapter 1, most of these assays can only be done under lab environment 

because they still need lab based equipment to read the signal. POC assays, such as AuNPs 

based paper strips make pregnant test can be done at home without any training, are 

needed in the early stage cancer screening and after treatment monitoring. However, these 

strips are not sensitive and remain indicative rather than quantitative, cannot be a good 

candidate.  

In this chapter in a format of a published paper, we developed a quantitative lateral flow 

strip assay using highly doped UCNPs and all the test can be finished with only a 

smartphone. This simplicity and sensitive quantitative assay makes cancer detection as 

easy as just take a photo. 

4.2 Manuscript 

4.2.1 Abstract 

Paper based lateral flow assays, though being low-cost and widely used for rapid in-vitro 

diagnostics, are indicative and do not provide sufficient sensitivity for the detection and 

quantification of low abundant biomarkers for early stage cancer diagnosis. Here we 

design a compact device to create a focused illumination spot with high irradiance, which 

activates a range of highly doped 50 nm upconversion nanoparticles (UCNPs) to produce 

orders of magnitude more brighter emissions. The device employs a very low-cost laser 

diode, simplified excitation and collection optics, and permits a mobile phone camera to 

record the results. Using highly erbium ions (Er3+) and thulium ions (Tm3+) doped UCNPs 

as two independent reporters on two-color lateral flow strips, new records of limit of 

detection (LOD), 89 pg/mL and 400 pg/mL, have been achieved for the ultra-sensitive 
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detection of PSA and EphA2 biomarkers, respectively without crosstalk. The technique 

and device presented in this work suggests a broad scope of low-cost, rapid and 

quantitative lateral flow assays in early detection of bio-analytes. 

4.2.2 Introduction 

The simple and low-cost lateral flow strip (LFS), like pregnancy testing sticks, have been 

widely used for point-of-care applications, at home and clinics, without any training 

required. However, the current visually interpreted tests are indicative rather than 

quantitative, which are limited by their low visibility of the traditionally used reporters, 

such as colloidal gold nanoparticles[1] and dye encapsulated latex beads[2]. To overcome 

their inadequate sensitivity issue towards high performance in analytical assays, and to 

meet the increasing demand in the quantitative detection of low abundance disease 

biomarker and toxins, new fluorescence nanoparticles are needed in LFS devices. Using 

semiconductor quantum dots[3] and ceramic upconversion nanoparticles (UCNPs)[4], 

fluorescence-based LFS sensors have high sensitivity. To do this, simple-to-use optical 

readers are also essential in fluorescence-based LFS sensors, as it not only produces 

quantitative results but also offers less subjective interpretation of results.  

The other aspect that affects the detection sensitivity and accuracy in quantitative assays 

is the background noise, e.g. scatterings and autofluorescence of paper substrates under 

excitation illumination. For this reason, UCNPs have attracted more attentions[5]–[8], as 

they only require near infrared excitation to emit signals in the visible wavelength range, 

in which case the autofluorescence from paper substrates are minimized. Moreover, 

different doping of lanthanide ions can produce a collection of choices of photo-stable 

multi-color emissions for high throughput multiplexed assays[9]. 

In early days, large UCNPs with size of 400 nm have been used in LFS sensors[4], 

because high brightness of emission signals is needed and large particles encapsulate a 
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large number of emitters to meet this requirement. But such big particles often block the 

pores of paper substrate, and end up with higher noise from non-specific blockage[10]. 

Enlarging pore size is not an option as the flow speed is too high to allow sufficient time 

for immunoassays, therefore the pore size has to be within the range from a few microns 

to sub-micron scales in nitrocellulose strips[11]. Recently controlled synthesis of small 

monodispersed UCNPs[12], and at large quantity[13], have been realized, and UCNPs in 

the range of tens of nanometers have been introduced for LFS sensors[14]. But the 

intensity of smaller UCNPs drops significantly compared to the larger ones, due to the 

reduced volume of emitters and increased level of surface quenching. Therefore LFS 

sensors using smaller UCNPs are often less sensitive, though UCNP based strips have 

been suggested for the detection of analytes, such as E. coli (103 org/mL)[15], Vibrio 

anguillarum (102 cfu/mL)[16], cephalexin ( 0.6 ng/mL)[17] and prostate specific antigen 

(PSA, 556 ng/mL)[18]. The key towards real world applications of UCNP based LFS 

sensors is to significantly improve their limit of detection (LOD).  

Instead of using large crystal host to increase the number of emitters, we have recently 

developed strategies to increase the concentration of emitters within small nanocrystals 

and to produce a range of highly-doped UCNPs displaying exceptional brightness and 

sensitivity[19]–[21]. Conventionally, the doping level has been kept relatively low to 

ensure a sizable separation between the dopants to prevent parasitic interaction, which 

limits the concentration of dopants. To overcome the issue of concentration quenching of 

upconversion luminescence, we use a high irradiance, either by using a high-power laser 

or focusing the excitation beam, and an inert shell passivation, to alleviate the threshold 

of concentration quenching, which ensures each highly doped UCNP exceptionally bright, 

sufficient for naked eye inspection through a simple microscope[22].  

On the other hand, the small cameras built in the smartphone have enabled the increased 

capabilities and ubiquity of smartphones to be used for point of care applications[23]. 
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Together with the fast growing fields of low-cost laser diode and 3D-printing technologies, 

compact and low-cost readers can be made for fluorescent based LFS sensors for 

quantification of low abundant biomarkers, but the sensitivity of phone cameras is yet to 

be improved.  

In this study, we apply two kinds of UCNPs, highly doped by Er3+
 ions to emit yellowish 

upconversion emissions and Tm3+ ions to emit purple upconversion emissions, as multi-

color reporters in LFS. We print a plastic holder that aligns a low-cost excitation laser 

diode and collection optics (shown in Figure 4-1), with a total cost less than $100. The 

key is to tightly focus the excitation beam to only illuminate a small region on the paper 

substrate, which unlocks the high brightness of highly doped UCNPs to deliver high 

sensitivity detection of smaller volume of samples. We demonstrate here that highly 

doped UCNPs provide significant higher brightness than the conventional UCNPs, which 

allows a limit of detection of 89 pg/mL for PSA and 400 pg/mL for ephrin type-A receptor 

2 (EphA2) achieved in a quantitative multiplexed assay without crosstalk.  

 
Figure 4-1. Schematic illustration of the LFS sensor. A. A mobile phone based reader and 

the optics layout. B. Structure of highly Er3+ doped core-shell UCNPs and the 
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corresponding TEM image. C. Structure of highly Tm3+ doped core-shell UCNPs and the 

corresponding TEM image. D. Two-color LFS assays for PSA and EphA2 analytes. 

4.2.3 Methods, results and discussion 

4.2.3.1 Synthesis of UCNPs and TEM characterization 

To obtain smaller and brighter UCNPs, we synthesize two kinds of inert shell passivated 

UCNPs highly doped with Er3+ and Tm3+, i.e. 8%Er/60%Yb@NaYF4 and 8%Tm/ 

60%Yb@NaYF4, and evaluate their performance against the conventional UCNPs with 

the same size, i.e. 2%Er/20%Yb and 0.5%Tm/20%Yb.  

NaYF4: Yb3+, Er3+/Tm3+ nanocrystals with different doping (2%Er/20%Yb, 

8%Er/60%Yb, 0.5%Tm/20%Yb and 8%Tm/60%Yb) were synthesized according to our 

previously reported method. In a typical experiment, 1 mmol RECl3·6H2O (RE = Y, Yb, 

Tm, 99.99%, Sigma) with the desired molar ratio were added to a flask containing 6 mL 

OA (90%, Sigma) and 15 mL ODE (90%, Sigma). The mixture was heated to 160 °C 

under argon flow for 30 min to obtain a clear solution and then cooled down to about 

50 °C, followed by the addition of 5 mL methanol (anhydrous, Sigma) solution of NH4F 

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

was heated to 150 °C under argon flow for 20 min to expel methanol, and then the solution 

was further heated to 310 °C for another 90 min. Finally, the reaction solution was cooled 

down to room temperature. The products were precipitated by ethanol and centrifuged 

(9000 rpm for 5 min), then washed 3 times with cyclohexane (anhydrous, Sigma), ethanol 

(anhydrous, Sigma) and methanol to get the nanoparticles.  

To get the nanoparticles with core-shell structure, layer-by-layer epitaxial growth has 

been employed. The shell precursors preparation is similar with that for the core 

nanoparticles synthesis, until the step where the reaction solution was slowly heated to 
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150°C and kept for 20 min. Instead of further heating to 300 °C to trigger nanocrystal 

growth, the solution was cooled down to room temperature to yield the shell precursors. 

For epitaxial growth, 0.15 mmol as-prepared core nanocrystals were added to a containing 

6 ml OA and 6 ml ODE. The mixture was heated to 170 °C under argon for 30 min, and 

then further heated to 300 °C. Next, 0.25 ml as 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 several times to get the nanocrystals with the desired size. Finally, 

the slurry was cooled down to room temperature and the formed nanocrystals were 

purified according to the same procedure used for the core nanocrystals. 

The uniformity of each UCNPs sample is confirmed by TEM characterization shown in 

Figure 4-2 
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Figure 4-2. TEM photos of A. 2%Er/20%Yb UCNPs, B. 8%Er/60%Yb@NaYF4 UCNPs, 

C. 0.5%Tm/20%Yb UCNPs and D. 8%Tm/60%Yb@NaYF4 UCNPs. Scale bar: 100 nm. 

4.2.3.2 UCNP surface functionalization and characterization 

We use a ligand exchange method to modify the surfaces of UCNPs with carboxyl groups, 

followed by an EDC/NHS method to conjugate antibodies. To convert OA capped UCNPs 

to cPEG (polyethylene glycol modified with a carboxy group, Mw = 3500, JenKem 

Technology, USA) coated ones, ligand exchange method is used. 1.5 mL of 20 mg/mL 

UCNPs in cyclohexane are precipitated with ethanol. After centrifuge and discarding the 

solution, UCNPs are redispersed in 3 mL of THF (anhydrous) with vortex and sonication. 
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Then 1.5 mL of 200 mg cPEG in THF solution is added. The mixed solution is stirred at 

room temperature for 24 h. After that, 3 mL of MiliQ water is added and mixed with 

shaking. Then the solution is extracted with 1 mL of hexane to remove the OA molecules. 

After removing the oil phase, the solution is put in vacuo overnight to evaporate organic 

solvents. Then the solution is dialyzed in 1 L of MiliQ water for 24 h to remove the 

excessive PEG molecules. 

After the converting step, the cPEG-UCNPs are changed into MES buffer (pH 4.5) using 

a centrifuge method at a final concentration of 1 mg/mL. Then 10 μL of cPEG-UCNPs, 

100 μg of EDC and 100 μg of NHS are mixed in 90 μL MES buffer (pH 4.5). After 2 h 

gentle shaking, the sample is washed with the MES buffer twice (centrifuge at 14,000 

rpm for 20 min). After the final centrifuge step, the precipitate is suspended with 50 μL 

MES buffer. The solution is mixed with 50 μL of IgG antibody (0.1 mg/mL anti-PSA 

monoclonal antibody produced in rabbit/anti-EphA2 monoclonal antibody produced in 

rabbit, Sigma) and put into a 37 °C shaker overnight. After twice washing with MES 

buffer (centrifuge at 14,000 rpm for 20 min), the sample is finally suspended in 100 μL 

of MES buffer with sonication for 5 s.  

The successful conjugation of antibodies is confirmed by UV absorption spectra with a 

characteristic peak appearance at 280 nm and the dynamic light scattering revealing a 

slight increase in size. We use Nanodrop2000 to test the UV absorption spectra (Figure 

4-3) of the cPEG coated different UCNPs and IgG conjugated ones to confirm that 

antibodies have been conjugated to the surface of UCNPs. 
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Figure 4-3: UV absorption spectrum of cPEG coated and IgG modified UCNPs: A. 

2%Er/20%Yb, B. 8%Er/60%Yb@NaYF4, C. 0.5%Tm/20%Yb, D. 8%Tm/60%Yb@NaYF4. 

And we use dynamic scattering to test the size distribution of these samples in MES buffer 

(pH 6.8). The results also give an evidence of IgG on UCNPs surfaces. 

Table 4-1: DLS size distribution 

 cPEG- UCNP IgG-cPEG-UCNP 

2%Er/20%Yb 50.6 nm 64.4 nm 

8%Er/60%Yb 58.1 nm 75.1 nm 

0.5%Tm/20%Yb 52.4 nm 66.8 nm 

8%Tm/60%Yb 60.4 nm 76.2nm 

We particularly test the power dependent properties of the as-prepared UCNPs reporters, 

in terms of their emission intensities and spectrum profiles using a purpose-built single 
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nanoparticle characterization system[22]. As shown in Figure 4-6A, the brightness of 

highly doped UCNPs increases much more significantly than the lower doped ones with 

increasing excitation power density. The enhancement ratios of the emission brightness 

for highly Er3+ and Tm3+ doped UCNPs are 5 times and 12 times more than that of lower 

doped ones when the power reaches above 0.5 MW/cm2. As shown in Figure 4-6B, the 

emission spectrum of highly Er3+ doped UCNP reporters emit a lot more intensity in red 

around 650 nm under higher excitation power, which results in a bright yellowish 

emission. This paint mixing effect also happens in the highly Tm3+ doped UCNP reporters 

with appearance in purple from the phone camera. The power dependent spectrum 

profiles of lower doped UCNP reporters are shown in Figure 4-4.  
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Figure 4-4. Power dependent spectra of 2%Er/20%Yb (left) and 0.5%Tm/20%Yb (right) 

under low and high excitation power. 

To quantify the higher brightness of highly doped UCNPs as reporters on LFS, we 

compare highly Er3+ doped UCNP reporter and lower doped one by detecting different 

concentrations of target PSA using lateral flow strips.  

The strip structure is shown in Figure 4-1 consist of an adhesive PVC back pad, a 
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nitrocellulose membrane (FF120HP membrane, GE Life Science), a sample pad (CF4, 

GE Life Science) and an absorbent pad (CF5, GE Life Science). The sample pad, 

nitrocellulose membrane and absorbent pad are orderly mounted on the PVC back pad 

with 2 mm overlap. The assembled pads are cut into strips with width of 3 mm. Test area 

and control area are coated by 0.5 μL of 0.2 mg/mL anti-PSA/EphA2 polyclonal 

antibodies produced in mouse (Sigma) and 0.5 μL 2 mg/mL anti-rabbit IgG antibodies 

(Sigma) separately and incubated under 4°C overnight. 

To test the samples, UCNP reporters are transferred to a working buffer (pH6.8 MES 

buffer, 0.5% w/v tween 20, 1% w/v BSA). After mixing, sample solutions with UCNP 

reporters solutions are added to the sample pad of strip. After 10 mins, washing buffer 

(pH6.8 MES buffer, 0.5% w/v tween 20) is added to the sample pad. After 20 mins, the 

strip is detected by reader. To read the emission signal of UCNPs reporters on strips, we 

use a purpose-built scanning confocal system, which is shown in Figure 4-5.  

 

Figure 4-5. Optical layout of strip test system based on single photon counting detector. 

A 976 nm laser is used to excite the UCNPs, with a home built power control unit 

including a half wave plate and a polarizer. The emission of UCNPs is collected by an 
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objective lens (60X, NA 0.85 Edmund), then focused by a tube lens to an optical fibre, 

which is linked to a single photon avalanche detector (SPAD). We use x-y movement of 

the stage to read 10 different points of one testing area. 

Under an excitation power density of 0.5 MW/cm2, the signals from test area and 

background area are recorded by a single photon counting detector. As shown in Figure 

4-6D, the highly doped UCNP reporters show much higher signal compared to the lower 

doped ones and the brightness enhancement ratio is consistent with the single nanoparticle 

characterization results. Despite the difference in the brightness, both reporters show the 

same limit of detection of 50 pg/mL for PSA. The lower doped UCNP reporters require 

the use of a highly sensitive and costly single photon counting detector, which is not 

suitable for point of care applications. Only the highly doped UCNP reporters provide 

sufficient brightness for a normal phone camera to achieve the high sensitivity. 
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Figure 4-6. A. Power dependent emission intensity profiles of single highly doped UCNP 

reporter and lower doped one testes by a purpose-built single nanoparticle 

characterization system. The red arrow indicates the power density at 0.5 MW/cm2. B. 

Emission spectra of single highly Er3+ doped UCNP reporter under high (0.5 MW/cm2) 

and low (0.01 MW/cm2) excitation powers testes by a purpose-built single nanoparticle 

characterization system. C. Emission spectra of single highly Tm3+ doped UCNP 

reporters under high (0.5 MW/cm2) and low (0.01 MW/cm2) excitation powers testes by 

a purpose-built single nanoparticle characterization system. D. The fluorescence signal 

intensities of test area on strips when detecting different concentrations of target PSA 

using highly Er3+ doped UCNP reporters and lower doped ones. Each data point 

represents the mean (±standard deviation) of triplicate experiments and the stars mark 

the LODs, defined as the concentration that corresponds to the sum of background noise 

and three times the standard deviation above the background. We use 3σ method to 

calculate the LOD of our strip test system. We set noise N = background + 3 
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SD(background) and liner fit S/N with target concentrations. The LOD is the 

concentration when S/N =1. 

We build a compact device enclosed by a 3D-printed small housing as shown in Figure 

4-1 and Figure 4-7A. The device consists of a 980 nm 300 mw laser diode as the light 

source, two hemisphere lenses with one to focus the excitation light beam to the strip and 

the other for collecting the emission signal to the phone camera, and a low-cost KG-3 

heat absorbing glass as the short pass filter to remove the laser scattering. The spectral 

response of the phone camera CMOS (Sony IMX-214, the most common used one) [24] 

and the transmission curve of the KG-3 glass [25] are shown in Figure 4-7B, which 

indicates that the phone camera can read most of the visible emission signals of our highly 

doped UCNP reporters with negligible amount of excitation scattering light detected. 

For demonstration purpose, we fix the optics and camera setting, but move the strip from 

one side to another at a constant speed, so that the average fluorescence intensity values 

of the testing area, the control area and the background area can be extracted from video 

analyses (Figure 4-7C). Using this method Figure 4-7D shows the advantage of highly 

doped UCNP reporters when the target concentration is at a very low range where the 

lower doped UCNP group shows no detectable signals. The LOD for PSA using highly 

Er3+ doped UCNP reporters is 61 pg/mL, more sensitive than using the lower doped ones 

(LOD: 8.5 ng/mL). The derived LOD indicates better performance in PSA detection than 

previous reported UCNP LFS assays (556 ng/mL) [18] and even a commercial 

dissociation-enhanced lanthanide fluoroimmunoassay (DELFIA) kit (100 pg/mL). 
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Figure 4-7. A. Photos of a 3D-printed box for housing optics (left) and the working state 

of the phone based LFS device (right). B. Spectral response (Color lines) of the phone 

camera CMOS (Sony IMX-214) and the transmission curve (grey line) of KG-3 absorbing 

glass. C. A representative result from a typical PSA assay showing the signals from 

testing area, background and control area. D. Results of detecting different 

concentrations of target PSA on strips using highly Er3+ doped UCNP reporters and 

lower doped ones. Each data point represents the mean (±standard deviation) of triplicate 

experiments and the stars mark the LODs, defined as the concentration that corresponds 

to the sum of background noise and three times the standard deviation above the 

background.  

To show the potential of the smart phone based quantitative LFS for multiplexed assays, 

we use both highly Er3+ and Tm3+ doped UCNP reporters in a single strip for simultaneous 

testing of PSA and EphA2 target analytes. To achieve this, we modify highly Er3+ doped 

UCNPs with anti-PSA antibodies and highly Tm3+ doped UCNPs with anti-EphA2 
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antibodies. Figure 4-8A shows the two targets testing results. The yellowish and purple 

colors indicate the existence of PSA and EphA2 respectively, and their brightness 

increases along with the increase of concentrations of targets. This two-color LFS system 

achieves a LOD of 89 pg/mL for PSA (Figure 4-8B) that indicates this system maintains 

the high sensitivity as compared with single-color one. The LOD for EphA2 is of 400 

pg/mL (Figure 4-8C). As the emission energy of highly Tm3+ doped UCNP reporters is 

mainly around 800 nm (Figure 4-6C) that is beyond the range of detection optics and 

phone camera (Figure 4-7B), the signal intensity is lower. We further evaluate the 

specificity of such a two-color LFS system by testing two targets PSA and EphA2 

separately with 10% FBS as an interfering sample. Compared to the control groups, all 

the positive groups show much higher intensity with significant difference. The results 

indicate that there is negligible cross-interactions. 

 

Figure 4-8. A. Result photos of two-color LFS assay for test different concentrations of 

PSA and EphA2. B. Fluorescence intensities of PSA test area for detecting different 



CHAPTER 4                                                                                                                  135 

concentrations of PSA. C. Fluorescence intensities of EphA2 test area for detecting 

different concentrations of EphA2. D. Specificity evaluation of two-color LFS for 1 ng/mL 

PSA, EphA2 and 10% FBS. Each data point and bar represents the mean (±standard 

deviation) of triplicate experiments and the stars mark the LODs, defined as the 

concentration that corresponds to the sum of background noise and three times the 

standard deviation above the background. Significant difference is show with ** (P < 

0.01). 

4.2.4 Conclusion and persperctive 

The rapid progress in material science provides a large library of bright nanoparticles for 

biomolecular assays. The highly doped UCNPs, employed in this work, have presented 

major advances in this field of applications, due to their high brightness, mono-dispersity 

and uniformity in size and intensity, as well as being able to emit tunable colors according 

to the design of synthesis. Continuous development of more efficient and size controllable 

nanoparticle reporters will further improve the detection sensitivity in smart-phone based 

POCT applications. The quality of camera and the speed of CPU, built in smart phones, 

will continue to be improved and support more sophisticated image analysis and data 

processing, which shows a huge potential to drive the field of POCT from being indicative 

to being quantitative, and user-friendly. On the other hand, the accuracy of biomarker-

based cancer diagnostics will be primarily improved by increasing the number of 

biomarkers being simultaneously tested. Therefore, the capacity of multiplexed LFS 

assays will play an essential role, which accordingly demands the development of both 

multicolor reporters and the capacity of the phone camera to decode these colors.  

In conclusion, we have designed a quantitative LFS sensor using highly doped UCNPs as 

reporters and a phone camera as the readout element. The device eliminates the use of 

costly single photon counting detector and retains the high sensitivity of detecting low-
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abundance target analyte. We have achieved a LOD of 61 pg/mL for PSA. By designing 

two types of highly doped UCNPs emitting two different colors as reporters, the sensor 

can simultaneously detect PSA and EphA2 with a LOD of 89 pg/mL and 400 pg/mL 

respectively without crosstalk. This portable device with ultra-bright luminesce reporters 

could be potentially applied in detecting a large range of biomarkers for early stage cancer 

diagnostics. This work provides a new strategy to design nanoparticle reporters that have 

great potential for POCT applications. 
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4.3 Development of this work 

4.3.1 New design of the reader box and smartphone App 

After the publication of this paper, we further patented our invention (AU2018903614) 

and developed this whole system. We have designed a new reader box with better stability 

and reproducibility as shown in Figure 4-9. 
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Figure 4-9. Photo of the new reader box. 

For the real POC applications, we have programmed an Android based software that can 

read the strip, process the data and share the result. 

 
Figure 4-10. Interface of our new developed Android software. 
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4.3.2 Other disease test  

We further applied this lateral flow strip sensor for detection of pre-eclampsia through 

testing another biomarker FKPBL and reached a limit of detection at 0.1 ng/mL for it. 

 

Figure 4-11. Result fluorescence intensities of testing areas for detecting different 

concentration of FKBPL in HEPES buffer. 
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Chapter 5 Single-molecule immunoaggregation assay 

detects biomarkers in microliter sample 

5.1 Motivation 

We used brighter UCNPs to bring a more sensitive lateral flow assay. However, the 

concentrations of some biomarkers in early stage cancers are thought to be even lower. 

To reach this ultralow limit of detection, a large volume of sample is used for pre-

processing to enrich the concentration of biomarkers. However, it is not easy to get a lot 

of body fluid samples from the patients, especially the younger ones. So the development 

of new assays that can detect low trace of analytes using small volume samples is needed. 

In this chapter consisting of one co-author published paper and one unpublished paper, 

we will first introduce our built single nanoparticle tracking system that makes detection 

of single nanoparticle possible. Then we used this system to develop a single-molecule 

level immunoaggregation assay for sub-microliter sample detection. This new in-vitro 

diagnosis assay can detect cancer biomarker with a concentration as low as 0.6 pg/mL in 

only 0.5 μL sample. 

5.2 Introduction 

A 1 mm3 tumour composed of a million cells that each secrete 5,000 proteins into 5 litres 

of circulating blood in a patient body translates to a concentration of 2 fM. Most of 

conventional IVD assays cannot reach this limit of detection. Attempts to develop 

methods able to measure this concentration of proteins have focused on the single 

molecule assays.  

5.2.1 Single molecule assay 

To detect analytes at ultralow abundance level, single molecule assays, also called digital 

assays, attract more and more research interests. [1]–[6] Moreover, commercialized 

digital PCR and digital ELISA assays have been developed for detection of nuclear acids 

or proteins. 
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5.2.1.1 Digital PCR 

Digital PCR is another refinement of conventional PCR. Compared with conventional 

qPCR, digital PCR measures the actual number of molecules (target DNA) as each 

molecule is in one droplet, thus making it a discrete “digital” measurement. It provides 

absolute quantification because dPCR measures the positive fraction of samples, which 

is the number of droplets that are fluorescing due to proper amplification. This positive 

fraction accurately indicates the initial amount of template nucleic acid. dPCR can be 

used to quantitate mutant alleles in circulating tumor DNA. 

The first paper on dPCR was published by Dr Alec Morley and Pamela Sykes in 1992. 

[7] The purpose was to quantify PCR targets in an attempt to track and measure the 

absolute lowest number of leukemic cells in a patient with leukemia. The purpose was to 

monitor residual disease in leukemia patients, and thereby treat the patients at the earliest 

possible moment of detection of disease recurrence. Further evolutions of the technology 

allowed for more widespread distribution of this technique, with small partitions created 

by emulsion droplets and microfluidics. 

Droplet Digital PCR technology is a digital PCR method utilizing a water-oil emulsion 

droplet system. [8], [9] Droplets are formed in a water-oil emulsion to form the partitions 

that separate the template DNA molecules. The droplets serve essentially the same 

function as individual test tubes or wells in a plate in which the PCR reaction takes place, 

albeit in a much smaller format. The massive sample partitioning is a key aspect of the 

ddPCR technique.  
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Figure 5-1. Workflow of Bio-Rad QX 200 Droplet Digital PCR. Reproduce from Ref. [9] 

The Droplet Digital PCR System partitions nucleic acid samples into thousands of 

nanoliter-sized droplets, and PCR amplification is carried out within each droplet. This 

technique has a smaller sample requirement than other commercially available digital 

PCR systems, reducing cost and preserving precious samples. 

ddPCR technology uses a combination of microfluidics and proprietary surfactant 

chemistries to divide PCR samples into water-in-oil droplets. The droplets support PCR 

amplification of the template molecules they contain and use reagents and workflows 

similar to those used for most standard TaqMan probe-based assays. Following PCR, each 

droplet is analyzed or read to determine the fraction of PCR-positive droplets in the 

original sample. These data are then analyzed using Poisson statistics to determine the 

target DNA template concentration in the original sample. 

Droplet Digital PCR surpasses the performance of earlier digital PCR techniques by 

resolving the previous lack of scalable and practical technologies for digital PCR 

implementation. Serial dilution is laborious and introduces the possibility of pipetting 

error; competing chip-based systems rely on complex fluidics schemes for partitioning. 
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Droplet Digital PCR addresses these shortcomings by massively partitioning the sample 

in the fluid phase in one step. The creation of tens of thousands of droplets means that a 

single sample can generate tens of thousands of data points rather than a single result, 

bringing the power of statistical analysis inherent in digital PCR into practical application. 

Bio-Rad's Droplet Digital PCR System automates the ddPCR workflow of droplet 

generation, thermal cycling, droplet reading, and data analysis, making this technology 

accessible to the working research laboratory. 

5.2.1.2 Digital ELISA 

Traditional ELISA readout systems require large volumes that ultimately dilute reaction 

product, requiring millions of enzyme labels to generate signals that are detectable 

utilizing conventional plate readers. Sensitivity is therefore limited to the picomolar range 

and above. Single-molecule analysis provides a resolution that simply cannot be obtained 

with bulk ensemble measurements. Single molecule measurements are digital in nature: 

each molecule generates a signal that can be counted. It is much easier to measure the 

presence or absence of signal than to detect the absolute amount of signal—that is, 

counting is easier than integrating. 

David M Rissin et al. reported the digital ELISA for detecting serum proteins at single 

molecular level. [10] This method has been used to measure proteins in a variety of 

different matrices (serum, plasma, cerebrospinal fluid, urine, cell extracts, etc.) at 

femtomolar (fg/mL) concentrations, offering a roughly 1000-fold improvement in 

sensitivity. This approach makes use of arrays of femtoliter-sized reaction chambers, 

which are termed single-molecule arrays, that can isolate and detect single enzyme 

molecules. Because the array volumes are approximately 2 billion times smaller than a 

conventional ELISA, a rapid buildup of fluorescent product is generated if a labeled 

protein is present. With diffusion defeated, this high local concentration of product can 

be readily observed. Only a single molecule is needed to reach the detection limit. 
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Figure 5-1. Digital ELISA based on arrays of femtoliter-sized wells. (a,b) Single protein 

molecules are captured and labelled on beads using standard ELISA reagents (a), and 

beads with or without a labelled immunoconjugate are loaded into femtoliter-volume well 

arrays for isolation and detection of single molecules by fluorescence imaging (b). (c) 

Scanning electron micrograph of a small section of a femtoliter-volume well array after 

bead loading. Beads (2.7 μm diameter) were loaded into an array of wells with diameters 

of 4.5 μm and depths of 3.25 μm. (d) Fluorescence image of a small section of the 

femtoliter volume well array after signals from single enzymes are generated. Whereas 

the majority of femtoliter volume chambers contain a bead from the assay, only a fraction 

of those beads possess catalytic enzyme activity, indicating a single, bound protein 

molecule. The concentration of protein in bulk solution is correlated to the percentage of 

beads that carry a protein molecule. Reproduced from Ref. [10] 

In the first step of this single-molecule immunoassay, antibody capture agents are 

attached to the surface of paramagnetic beads (2.7 μm diameter) that will be used to 

concentrate a dilute solution of molecules. The beads typically contain approximately 

250,000 attachment sites, so one can think of each bead as having a “lawn” of capture 

molecules. The beads are added to the sample solution such that there are many more 

beads than target molecules. Typically 500,000 beads will be added to a 100 μL sample. 

Adding so many beads confers two advantages. First, at a roughly 10:1 bead-to-molecule 

ratio, the percentage of beads that contain a labeled immunocomplex follows a Poisson 
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distribution. At low concentrations of protein, the Poisson distribution indicates that each 

bead will capture either a single immunocomplex or none. For example, if 1 fM of a 

protein in 0.1 mL (60,000 molecules) is captured and labeled on 500,000 beads, then 12% 

of the beads will carry one protein molecule and 88% will not carry any protein molecules. 

Second, with so many beads in solution, the bead-to-bead distance is small, so that every 

molecule encounters a bead in less than a minute. At this time scale, diffusion of the target 

analyte molecules, even large proteins, occurs quickly, and in theory all the molecules 

should have multiple collisions with multiple beads. In this manner, the slow binding to 

a fixed capture surface is avoided and the efficiency of binding increases dramatically. 

The beads are then washed to remove nonspecifically bound proteins and incubated with 

biotinylated detection antibody and then with β-galactosidase–labeled streptavidin. In this 

manner, each bead that has captured a single protein molecule is labelled with an enzyme. 

Beads that do not capture a molecule remain label-free. Rather than an ensemble readout, 

beads are loaded into arrays of 216,000 femtoliter-sized wells that have been sized to hold 

no more than one bead per well. Beads are added in the presence of substrate, and wells 

are subsequently sealed with oil and imaged. This assay permits the detection of very low 

concentrations of enzyme labels by confining the fluorophores generated by individual 

enzymes to extremely small volumes (~40 fL), ensuring a high local concentration of 

fluorescent product molecules. If a target analyte has been captured (that is, an 

immunocomplex has formed), then the substrate will be converted to a fluorescent 

product by the captured enzyme label. The ratio of the number of wells containing an 

enzyme labeled bead to the total number of wells containing a bead corresponds to the 

analyte concentration in the sample. By acquiring two fluorescence images of the array, 

it is possible to demonstrate an increase in signal, thereby confirming the presence of a 

true immunocomplex, and beads associated with a single enzyme molecule (an “on” well) 

can be distinguished from those not associated with an enzyme (an “off” well). The 

protein concentration in the test sample is determined by counting the number of wells 

containing both a bead and fluorescent product relative to the total number of wells 

containing beads. Because this assay enables concentration to be determined digitally 

rather than by measurement of the total analog signal, this approach to detecting single 

immunocomplexes has been termed digital ELISA. 



CHAPTER 5                                                                                                                  151 

The ability of digital ELISA to measure much lower concentrations of proteins than 

conventional ELISA derives from two effects: (1) the high sensitivity of digital ELISA 

to enzyme label and (2) the low level of background signal that can be achieved by 

digitizing protein detection. For antibodies of given affinity, the sensitivity of the 

immunoassay will be determined by the assay background. The high label sensitivity and 

decreased label concentration help reduce nonspecific binding to the capture surface, 

resulting in much lower background signal. 

These two digital assays for nuclear acids and proteins detection have been well 

commercialized and applied into many different bioapplications. However, due to the 

limitation of the signal probes, both of them need signal amplification steps, PCR or 

enzyme, to make the single molecule detectable for the detectors. 

5.2.2 Single UCNP tracking system 

As we introduced in Chapter 1, NPs possess unique advantages compared with 

conventional organic fluorophores, especially the super bright emission. This makes NPs 

a suitable candidate as the probe for single molecule detection. 

My colleagues and I have showed a series of monodispersed UCNPs with a brightness 

that already meets the requirement for our eyes to observe single nanoparticles through a 

microscope. This section of chapter is presented in a published journal paper in Light: 

Science & Applications, 2018, 7(4), 18007 and my contribution is design intracellular 

experiments, including modification of UCNPs, cell experiments and data processing. [11] 

The upconversion fluorescence system built for the purpose of observing single 

nanoparticles is shown in Figure 5-3.  
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Figure 5-3. Microscopy system that compares the sensitivity of a CCD camera and our 

eyes (switched by a flap mirror) in the observation of single UCNPs. The photons emitted 

from each single UCNP are collected by an optical fibre and counted by a single photon 

avalanche detector (SPAD) for 100 ms, mimicking the duration time required for our 

brain to process images obtained from the same number of photons. Reproduce from Ref. 

[11] 

Due to the optical diffraction limit, conventional far-field fluorescence microscopy does 

not have sufficient resolution to determine the number of nanoparticles when they are too 

close to each other. Approaches such as correlative electron microscopy [12] or the 

recently reported MINFLUX method [13] can be applied to improve the resolution. A 

high-level of uniformity in the UCNPs provides the ability for observers to identify a 

threshold intensity for single-UCNP detection. The emitters with a brightness higher than 

this threshold value will be identified as several nanoparticles within the diffraction limit 
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region. The threshold value measured by the system enables automatic single-

nanoparticle detection in real-time by computer processing of a wide-field fluorescence 

image. Note that the processed computer data compensate for the non-uniform excitation 

field and provide an accurate single identification accuracy (100% accuracy). 

Remarkably, due to the background-free detection with the NIR excitation, non-blinking 

and non-bleaching features of the UCNPs, the human eye can also identify this threshold 

and recognize single UCNPs during microscopic inspection. 

This system can be used to track intracellular single nanoparticle movements shown in 

Figure 5-4. The importance of the real-time observation of single cellular event comes 

from the detection of sub-cellular vesicles and protein movements and understanding 

their interactions in the complex cellular function. There are myriad of models [14] that 

propose different sub-cellular functions, including cytoskeleton re-arrangement, [15] 

protein dynamics, organelle movement and cooperation, [16], [17] but until now, options 

for the real-time observation of these models in living cells have been limited. The high 

brightness of the photostable UCNPs is detectable not only in a dark room but also under 

bright-field illumination, providing the ability to identify the position of a single 

nanoparticle within a living cell and establishing a powerful tool for examining 

intercellular re-organization and trafficking. 

 
Figure 5-4. High-resolution long-term tracking of two single UCNPs confined within a 

diffraction-limit spot and their escape process. (a) Bright-field and epifluorescence image 

of a single cell taken at 0.21 s from Supplementary Video S2. The insert image is the 
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cluster of interest in this study, which contains two single 40 nm 4 mol% Tm3+-doped 

UCNPs. (b) 2D tracking of the 8.5 × 6.4 μm area for the period from 10.5 s to 367.29 s. 

(c) Bright-field and epifluorescence image of a single cell at 372.54 s from Supplementary 

Video S2. (d) Intensity map of the two nanoparticles showing the transformation from a 

diffraction-limit cluster (red) to two independent nanoparticles (blue for particle 1 and 

light blue for particle 2). (e) 2D pathways of the two tracked single nanoparticles from 

their confinement to their escape from their local environment over time (colour coded). 

Reproduced from Ref. [11] 

Based on this single nanoparticle tracking system with these advantages, we further 

developed a single molecule immunoaggregation assay and apply it into low abundance 

prostate cancer biomarker detection in small volume samples. 

5.3 Materials and Methods 

5.3.1 Synthesis of UCNPs 

NaYF4: Yb3+, Tm3+ nanocrystals (1%Tm/60%Yb) was synthesized according to our 

previously reported method. In a typical experiment, 1 mmol RECl3·6H2O (RE = Y, Yb, 

Tm, 99.99%, Sigma 464317, 204870, 204668) with the desired molar ratio were added to 

a flask containing 6 mL OA (90%) and 15 mL ODE (90%). The mixture was heated to 

160 °C under argon flow for 30 min to obtain a clear solution and then cooled down to 

about 50 °C, followed by the addition of 5 mL methanol (anhydrous) solution of NH4F 

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

150 °C under argon flow for 20 min to expel methanol, and then the solution was further 

heated to 310 °C for another 90 min. Finally, the reaction solution was cooled down to 

room temperature. The products were precipitated by ethanol and centrifuged (9000 rpm 

for 5 min), then washed 3 times with cyclohexane (anhydrous), ethanol (anhydrous) and 

methanol to get the nanoparticles. 

To get the nanoparticles with core-shell structure, layer-by-layer epitaxial growth has 

been employed. The shell precursors preparation is similar with that for the core 

nanoparticles synthesis, until the step where the reaction solution was slowly heated to 

150°C and kept for 20 min. Instead of further heating to 300 °C to trigger nanocrystal 
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growth, the solution was cooled down to room temperature to yield the shell precursors. 

For epitaxial growth, 0.15 mmol as-prepared core nanocrystals were added to a containing 

6 ml OA and 6 ml ODE. The mixture was heated to 170 °C under argon for 30 min, and 

then further heated to 300 °C. Next, 0.25 ml as 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 several times to get the nanocrystals with the desired size. Finally, 

the slurry was cooled down to room temperature and the formed nanocrystals were 

purified according to the same procedure used for the core nanocrystals. 

5.3.2 Bioconjugation of UCNPs with antibodies 

To convert OA capped UCNPs to cPEG (polyethylene glycol modified with a carboxy 

group, Mw = 3500, JenKem Technology, USA) coated ones, ligand exchange method is 

used. 1.5 mL of 20 mg/mL UCNPs in cyclohexane are precipitated with ethanol. After 

centrifuge and discarding the solution, UCNPs are redispersed in 3 mL of THF 

(anhydrous, Sigma) with vortex and sonication. Then 1.5 mL of 200 mg cPEG in THF 

solution is added. The mixed solution is stirred at room temperature for 24 h. After that, 

3 mL of MiliQ water is added and mixed with shaking. Then the solution is extracted with 

1 mL of hexane to remove the OA molecules. After removing the oil phase, the solution 

is put in vacuo overnight to evaporate organic solvents. Then the solution is dialyzed in 

1 L of MiliQ water for 24 h to remove the excessive PEG molecules. 

After the converting step, the cPEG-UCNPs are changed into MES buffer (pH 4.5, Sigma) 

using a centrifuge method at a final concentration of 1 mg/mL. Then 10 μL of cPEG-

UCNPs, 100 μg of EDC and 100 μg of NHS are mixed in 90 μL MES buffer (pH 4.5). 

After 2 h gentle shaking, the sample is washed with the MES buffer twice (centrifuge at 

14,000 rpm for 20 min). After the final centrifuge step, the precipitate is suspended with 

50 μL MES buffer. The solution is mixed with 50 μL of IgG antibody (0.1 mg/mL anti-

PSA monoclonal antibody produced in rabbit/anti-EphA2 monoclonal antibody produced 

in rabbit, Sigma) and put into a 37 °C shaker overnight. After twice washing with MES 

buffer (centrifuge at 14,000 rpm for 20 min), the UCNP probe is finally suspended in 100 

μL of MES buffer with sonication for 5 s. 
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5.3.3 UCNPs Characterization 

5.3.3.1 TEM size characterization 

The morphology of the formed materials was characterized via transmission electron 

microscopy (TEM) imaging (Philips CM10 TEM with Olympus Sis Megaview G2 

Digital Camera) with an operating voltage of 100 kV. The samples were prepared by 

placing a drop of a dilute suspension of nanocrystals onto copper grids. 

5.3.3.2 Optical properties  

The excitation-power-dependent emission curve of single UCNPs has been performed by 

a purpose-build confocal system. A 976.5 nm laser is used to excite the UCNPs, with a 

home build power control unit including a half wave plate and a polarizer. The emission 

of UCNPs is collected by a high NA objective lens (Olympus, NA = 1.4), then focused 

by a tube lens to an optical fibre (working as confocal aperture Airy disk = 1.01), which 

is linked to either a single photon avalanche detector (SPAD). The blue band emission 

collection is achieved by switching the filter wheel to a 475 ± 25 nm bandpass filter.  

The emission intensity distribution of single UCNP was tested by the single nanoparticle 

imaging system. The single UCNP was selected followed by the method in Section 5.2.2 

and a large amount of single UCNPs are collected of the emission intensity. 

5.3.4 Immunoaggregation assay. 

To test the samples with different PSA concentrations, 0.5 μL of the sample solution are 

added with 0.5 μL of the UCNPs probe. After mixing and incubating for 30 mins, the 

whole solution is added with 99 μL ethanol and spreading evenly onto one cover glass. 

Then the cover glass is detected with our single UCNP tracking system. 
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5.4 Results and Discussions 

5.4.1 UCNPs Characterization 

The synthesized UCNPs show highly uniform size (Figure 5-5) and emission brightness 

(Figure 5-6), which provides the foundation for this work in distinguishing single UCNPs 

and number of UCNPs in their clusters. 

 
Figure 5-5. TEM photo of UCNPs. 
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Figure 5-6. The emission intensity distribution of single UCNP. 

5.4.2 Single UCNP Imaging 

Wide-field illumination by a coherent laser beam usually suffers from non-uniform 

excitation intensity across the field with a typical Gaussian distribution pattern, which 

influences our intensity-based approach to judging a single nanoparticle. To compensate 

such an artefact, we developed an excitation pattern correction approach to correct 

emission images that is based on the position of nanoparticles in the non-uniform 

Gaussian excitation field and the power-dependency curves of UCNPs.  

The process of single UCNP determination takes into account both excitation beam 

profile and UCNP’s power dependent emission curve. The emission pattern (Eemi) which 

indicates emission intensity of a single UCNP will vary in different positions of excitation 

beam. Eemi can be calculated through Eemi = PD × Eexc, where PD is the excitation power 

dependency of emission intensity of single UCNP and can be measured through single 

particle characterization (Figure 5-7). Eexc is the calculated excitation beam profile with 

measured spot size. 
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Figure 5-7. Excitation power dependent curve of single 1% mol Tm3+ doped UCNP. 

To compensate the excitation intensity reduction due to decreased excitation intensity 

away from centre of Gaussian beam spot, Figure 5-8B show a 1% mol Tm3+ doped UCNP 

pattern (Iin). The compensation process is achieved through formula Iout = Iin / Eemi. After 

this intensity compensation process, single UCNP can be determined by their emission 

intensity. For example, single 1% mol Tm3+ doped UCNP should give emission value 

smaller than 35000. If the intensity is higher than this value, the bright spot is considerate 

as a non-single nanoparticle. 
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Figure 5-8. Correlation of the emission image. A. The emission intensity of a single UCNP 

in different positions of excitation beam. B. CCD record image after LUT correction. C. 

Intensity compensated image. 

The number of single UCNP in the immune-aggregated cluster is determined by the 

emission intensity distribution of single UCNP and showed in Figure 5-9. 

 



CHAPTER 5                                                                                                                  161 

 
Figure 5-9. The emission intensity range of clusters containing different number of single 

UCNP. 

5.4.3 Immunoaggregation Assay 

To determine the detection limitation of this assay, several different concentration of PSA 

samples are tested. The single nanoparticle images were shown in Figure 5-10. As the 

PSA concentration increases, the number of brighter and bigger clusters that means more 

single UCNP inside are getting bigger. That’s because PSA molecules cause the immune 

reaction that causes the UCNPs aggregation.  
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Figure 5-10. Single nanoparticle image photos of the immunoaggregation assay with 

different concentrations of PSA. 

For every samples, around 1000 blue cluster are counted and determined how many 

UCNPs are inside. After Poisson distribution fitting, the distribution curves of groups 

testing different concentrations of PSA are shown in Figure 5-11. 
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Figure 5-11. The Poisson distribution curve of the immunoaggregation assay with 

different PSA concentrations.  

To determine the limit of detection, the Poisson parameters of every group testing 

different concentration of PSA and the concentrations are liner fitted. The limit of 

detection line is set using background add three times of noise. The Poisson parameter of 

the group with no PSA added is used as the background and the noise is its standard 

deviation. After fitting, the limit of detection is 0.60 pg/mL for PSA detection using this 

immunoaggregation assay. 
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Figure 5-12. Linear regression of concentrations of PSA and Poisson parameters. The 

red dash line is the limit of detection level as Poisson parameter of UCNPs without PSA 

＋ 3× standard deviation. 

5.5 Conclusions 

Based on our designed and built single nanoparticle tacking system, we have developed 

a single molecule immunoaggregation assay using upconversion nanoprobe. This assay 

can detect less than 1 pg/mL of PSA in only 0.5 μL sample. With a limit of detection at 

0.60 pg/mL and a wide dynamic range of three orders of magnitude, this assay shows a 

good performance in PSA detection using small volume samples. 

And this assay can also be developed into a POC device as our single nanoparticle 

tracking system is based on simple optics and can be designed into a smaller size that we 

can use a smartphone to image these single nanoparticles.  
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Chapter 6 Conclusions and Perspectives 

6.1 Conclusion 

In this thesis, we focused on exploring new cancer in-vitro diagnosis assays using UCNPs. 

To this end, my PhD study was designed into two main parallel streams to develop new 

surface functionalization strategies (Chapter 2 & 3) and UCNPs based quantitative IVD 

assays (Chapter 4 & 5), respectively. 

The main research achievements and outcomes through my PhD study are summarised 

as below: 

(1) The comprehensive literature review in Chapter 1 on the conventional cancer IVD 

platforms and new nanomaterials based IVD assays has been structured and 

composed. 

(2)  Chapter 2 is about a new surface modification strategy for UCNPs. Two single-chain 

variable fragments with highly binding affinity to UCNPs surface have been selected 

using phage display technology. They showed significant positive binding signals in 

the ELISA tests. Moreover, the gene sequencing results indicated that these two 

fragments have the designed structure and can be produced through protein 

engineering. 

(3) Chapter 3, in the format of a published paper, reports a facile and high-yield 

bioconjugation strategy for UCNPs based on a bispecific antibody (BsAb), free of 

chemical reaction steps. One end of the BsAb is designed to recognize methoxy 

polyethylene glycol (mPEG) coated UCNPs, and the other end of the BsAb is to 

recognize the cancer antigen biomarker. Through simple vortexing, BsAb-UCNP 

nanoprobes form within 30 min and show higher (up to 54%) association to the target 

than the traditional UCNP nanoprobes in the ELISA-like assay. We further 

demonstrate its successful binding to the cancer cells with high efficiency and 

specificity for background-free fluorescence imaging under near-infrared excitation. 

(4) Chapter 4, also in the format of a published paper, reports a new quantitative lateral 

flow strip using highly doped UCNPs and smartphone. We design a compact device 

to create a focused illumination spot with high irradiance, which activates a range of 
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highly doped 50 nm upconversion nanoparticles (UCNPs) to produce orders of 

magnitude more brighter emissions. The device employs a very low-cost laser diode, 

simplified excitation, and collection optics, and permits a mobile phone camera to 

record the results. Using highly erbium ions (Er3+) and thulium ions (Tm3+) doped 

UCNPs as two independent reporters on two-color lateral flow strips, new records of 

limit of detection (LOD), 89 pg/mL and 400 pg/mL, have been achieved for the ultra-

sensitive detection of PSA and EphA2 biomarkers, respectively without crosstalk. 

(5) Chapter 5 is about another UCNPs based quantitative IVD assay for ultra-small 

volume samples. This chapter first summarizes my contributed one co-authored paper 

reporting a single nanoparticle tracking system. Based on this single nanoparticle 

tracking system, we report a nanoparticle aggregation immunoassay for detecting the 

low abundance of cancer biomarkers in the sub-microliter sample. After mixing 0.5 

μL of prostate specific antigen (PSA) sample with polyclone antibodies modified 

UCNP probes and spreading the solution on a cover glass, we used a wide-field 

microscope with a 980 nm laser light source to image every single UCNP and 

aggregated immunocomplexes consisting of PSA and UCNPs. We calculate the 

number of UCNPs in each immunocomplex using fluorescence intensity. The 

distribution of single UCNP and immunocomplexes consisting of different numbers 

of UCNPs fits the Poisson distribution and is related to the concentration of PSA. Our 

digital immune-aggregation assay reaches a limit of detection of 0.6 pg/mL PSA in 

0.5 μL of sample and covers a dynamic range of three orders of magnitude. 

6.2 Perspectives  

Though my PhD thesis has achieved quite a lot in the exploration new UCNPs surface 

functionalization strategies for stable and specific nanoprobe and new quantitative IVD 

assays based on UCNPs for highly sensitive rapid detection and quantification of cancer 

biomarkers, with new opportunities opening up we realize the research becomes highly 

multidisciplinary with much work needing to be done towards the transformational phase 

of addressing the end-users’ applications. 
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Phage display can be further applied for other kinds of nanomaterials to select the anti-

nanomaterial antibodies. With the help of the bispecific antibody, it will be easier for 

nanomaterials bioapplications, such as sensing, imaging, drug delivery, and therapy. 

The importance and urgent requirements of cancer screening and monitoring make most 

conventional cancer diagnostic assays and platforms, that are carried out in centralized or 

hospital-based laboratories by using expensive equipment that requires highly trained 

personnel to operate, seem to be powerless. This brings POC diagnostics, simplified and 

miniaturized test that reduces the overall cost of materials, equipment, and personnel, 

more and more popular. 

Most NPs, like UCNPs, make the IVD assays highly sensitive and specific. However, 

more works need to be done to further develop these assays to a higher level for POC 

applications. A POC diagnostic device must ideally be cost-effective, rapid, functional 

without excessive prior-processing of samples, highly sensitive to enable detection of 

cancer at an early stage, and specific to prevent over-diagnosis, misdiagnosis, or missed-

diagnosis. The device must facilitate “self-use” or use by a general practitioner or nurse 

in a local practice. Results must be returned promptly to initiate treatment as soon as 

possible, which ultimately leads to the enhancement of the patient’s wellbeing. 

Currently reported NPs based assays are mainly based on reading fluorescence intensity 

using photon detector or scientific CCD camera that is too large and too expensive. 

Fortunately, the quality of the camera and the speed of CPU, built in smartphones, will 

continue to be improved and support more sophisticated image analysis and data 

processing, which shows a huge potential to drive the field of POCT to a brighter future. 

Our strip sensor has demonstrated this, and now we are still working on transfer our single 

nanoparticle tracking system to a smartphone-based device. 
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