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ABSTRACT 
Nanoparticles has drawn attention in the past few decades for their large 

surface area-to-volume ratio, unique optical property, fast mass transportation and 
etc.. They are widely applied in biomedical field as they are excellent signal 
transducers.  

Among all detection approaches, fluorescence detection, especially 
fluorescence resonance energy transfer (FRET), is one of the most popular 
approaches for their great convenience. In the first detection scheme, a 
well-designed nanoprobe was utilized for direct trypsin quantification. Herein, a 
graphene quantum dot (GQD) applied as a donor while a coumarin derivative, 
CMR2, acted as an acceptor. Moreover, bovine serum albumin (BSA), as a protein 
model, was not only considered as a linker for the donor-acceptor pair, but also a 
fluorescence enhancer of the quantum dots and CMR2. In the presence of trypsin, 
BSA was digested, thus, the FRET system was destroyed. Consequently, the 
emission peak of the donor was regenerated while the emission of the acceptor 
was reduced. The trypsin was quantified by a ratiometric measurement for two 
emission peaks. The detection limit of trypsin was 0.7 µg/mL, which is 0.008-fold 
of the average trypsin level in acute pancreatitis patient’s urine. Moreover, the 
approach was proved to be highly selective, suggesting a high potential for fast 
and low cost clinical screening.  

On the other hand, the optical property of nanoparticle has captured a great 
attention as its light scattering is highly sensitive to local dielectric environment. 
Two light scattering based detection approaches were demonstrated, including 
simple counting method and plasmonic scattering enhancement method. For 
simple counting method, antibody modified nanoparticle was applied to target 
antigen, providing a sensitive but direct approach for cancer biomarkers 
quantification. As a proof of concept, prostate-specific antigen (PSA) was chosen 
as an example. Antibody-conjugated silver nanoparticles (AgNP-Ab) were served 
as the probe to capture PSA, forming AgNP-Ab-PSA complexes. Since the number 
of complexes was corresponding to the amount of PSA, the antigen was quantified 
by counting the number of silver nanoparticle under dark field microscopy (DFM) 
coupled with charge-coupled device (CCD) camera. The detection limit of 9 pM of 
this assay was well below the PSA threshold of prostate cancer patient, suggested 
the feasibility of our assay in diagnosis application. 

Besides counting of nanoparticle, the scattering intensity of nanoparticle is 
also informative. In the third assay, immobilized capture antibody-conjugated gold 
nanoparticles (AuNP-Abcapture) were firstly utilized in capturing the target analyte, 
followed by the introduction of strong scattering detection antibody-conjugated 
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silver nanoparticles (AgNP-Abdetection). In the presence of the corresponding 
antigen, the two metallic probes sandwiched the antigen and stayed at close 
proximity, resulting a strong plasmonic coupling effect of those nanoparticles. 
Consequently, the scattering intensity of gold nanoprobe was greatly enhanced. 
The antigen was quantified by measuring the intensity change before and after the 
immunoreaction. To demonstrate the high flexibility of this assay, several antigens 
including carcinoembryonic antigen (CEA), PSA and alpha fetoprotein (AFP) 
were quantified with this method, giving detection limit at 1.7 pM, 3.3 pM and 5.9 
pM respectively, which were much lower than their cut-off levels of corresponding 
diseases. Detections of CEA, PSA and AFP in real sample were demonstrated, 
suggesting a high potential in clinical application. 
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CHAPTER 1 GENERAL INTRODUCTION 

1.1 Disease Biomarkers. 

According to the World Health Organization International Programme on 

Chemical Safety, biomarkers are defined as any biological substance found in body, 

which can influence or predict the incidence of disease. They include genes, 

transcriptomic materials, proteins (e.g. antigen, enzyme) and metabolites (e.g. 

cholesterol) and are found in different types of body fluids, such as saliva, 

cerebrospinal fluid (CSF), urine, serum or plasma.1 Blood and serum are the most 

commonly used biological fluids for biomarker analysis because of the minimally 

invasive procedure with a high abundance of biomarkers.2 Since the expression 

profile of biomarkers in body fluids is highly correlated to occurrence of diseases 

and the collection of body fluids is relatively simple compared to the collection of 

whole cell, detection of biomarkers in body fluids is considered as non-invasive 

approach for early disease diagnosis.  

Enzyme is one of the biomarkers as it is a macromolecular biological 

catalysts in high specificity, catalyzing more than 5000 biochemical reactions.3 

Thus, its concentration is highly related to certain reaction and indicates the health 

stage. Trypsin, a pancreatic digestive enzyme, is a typical example for pancreatitis 

screening as urinary trypsin of the patients increases dramatically (up to 84.4 
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µg/mL in acute pancreatitis (AP) patient).4 

Besides enzyme, the detection of antigens for disease diagnosis has drawn a 

great attention over the past several decades because of their abundance in body 

fluids. The cancer-associated antigens are classified into two sub-classes based on 

their pattern of expression, including tumor-specific antigens (TSAs) and 

tumor-associated antigens (TAAs). TSAs are induced by mutations while TAAs 

are caused by over-expression of non-mutated proteins.2 Herein, the direct simple 

yet accurate quantification of several TAAs , including prostate specific antigen 

(PSA), carcinoembryonic antigen (CEA) and alpha fetoprotein (AFP) were 

demonstrated for early diagnosis and tumor stage monitoring. 

Other than antigens, extracellular vesicles (EVs), lipid bilayer membrane 

vesicles, have been explored recently as novel biomarkers. They are sorted into 

different sub-groups, including exosomes (40 to 120 nm), microvesicles (50 to 

1000 nm), apoptotic bodies (500 to 2000 nm).5 They act as shuttles containing 

nucleic acids and proteins between cells, accessing into body fluids.6 Moreover, 

the pathological roles of EVs have drawn attention because they control the 

formation of pre-metastatic tumor niche, stimulate tumor progression and tumor 

drug resistance.6-8 Additionally, lots of evidences show that EVs are stable under 

extreme physical conditions, including pH, long-term storage with multiplex 
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freeze thaw cycles.9,10 More surprisingly, the ribonucleic acids (RNAs) in EVs are 

protected by EVs and are more stable compared with the RNAs in circulation.11,12 

The high stability makes EV to be a desirable biomarker.13 Several methods 

including western blotting, ELISA, Bradford’s method etc. show the evidence of 

specific surface proteins on exosome surface.14 There are sorted by several types, 

including (i) common surface proteins like heat shock proteins and tetraspanins 

(CD9, CD62, CD81 and CD82), and (ii) tumor-specific markers.14,15 As the 

concentration of tumor-specific markers on exosome surface increases with tumor 

stage, different novel exosome identification and quantification approaches are 

developed for disease diagnosis.  
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1.2 Nanotechnology in Bioanalysis. 

Nanotechnology, which is the development of well-controlled materials at 

atomic and molecular scale, is of vital importance to modern society and widely 

applied in different industries such as environmental issues16, health cares17 and 

drug deliveries18 as there are numerous alternative choices in nanotechnology 

based immunoassays including electrochemistry19, optics20, fluorescence21,22, 

colorimetry23 and etc., showing a high flexibility. Moreover, due to the small 

distance mass transportation property of nanosensor, it generally facilitates a faster 

response.24  

Fluorescent nanomaterials (i.e. Quantum dots (QDs)) are desirable for 

biomedical applications, like cell imaging, and cancer detection.25,26 They are 

nanoscale semiconductors with interesting optical properties and considered as 

ideal fluorophores due to their fast and large absorption spectrum compared with 

organic dyes.27 The band gaps of QDs are size-dependent; and therefore allowing 

QDs to have tunable optical properties, producing numerous fluorophores from the 

same material. Furthermore, the excellent photostability of QDs makes them as a 

perfect signal transducer for long time monitoring.28 Thus, QDs become powerful 

tools for fluorescence imaging and gradually replaces the conventional organic 

dyes. Recently, a remarkable fluorescence approach called fluorescence resonance 
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energy transfer (FRET) was developed for its high sensitivity, high specificity, 

rapidity and simplicity.29 It is a phenomenon when energy is transferred from an 

excited state donor (D) to a proximal ground state acceptor (A) through 

nonradiative dipole–dipole coupling (Fig. 1.1).30 FRET plays an important role in 

biotechnological analysis as it provides a fast, convenient and sensitive detection. 

Scientists applied the concept of FRET in the detection of structural changes, DNA 

elongations, cleavage of biomolecules and heavy metal detection.31,32 The 

technique is further applied on FRET-based microscopy to achieve ultrasensitive 

detection.29 There are two common types of FRET-based sensor, which one of 

them involves the quenching in emission of donor by acceptor while another one 

involves ratiometric measurement of the emission peaks of donor and acceptor. 

Gold nanoparticles are well-known quenchers in FRET system as they provide a 

desire quenching effect to suppress the emission of donor, generating dark 

background. In the presence of analyte, the FRET system is destroyed (or formed) 

and the signal of donor is restored (or the signal of donor is quenched).33 

Quantification of analyte could be achieved simply by fluorescent intensity 

measurement. On the other hand, ratiometric measurement, which takes the ratio 

of two emission peaks of fluorophores (the donor and the acceptor) is also popular 

for its indecency in probe concentration, showing a high accuracy.34,35 The 
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ratiometric measurement has been further extended tremendously to multiplex 

detection by the cooperation of different fluorophores on single sensor, providing a 

high throughput detection.36 Therefore, FRET-based probes are widely served in 

novel bioanalysis and kept replacing the traditional fluorescence detection. Thus, 

we developed a FRET-based direct detection of crude urine sample with a 

well-designed probe. Our detection probe consisted three parts, including a donor 

(graphene quantum dot (GQD)), a linker (a nature protein, bovine serum albumin 

(BSA) and an acceptor (coumarin derivative, CMR2). The amount of trypsin is 

directly determined by simple mixing of the crude urine sample and our 

well-designed probes. In the presence of trypsin (a protease), BSA is cleaved. 

Once the linker is digested, the FRET system is destroyed and the emission peak 

of the donor was regenerated while the emission of the acceptor was reduced. By 

taking the ratio of two emission peaks, the analyte is quantified. This method 

provides a simple, fast, pre-treatment free and convenient way for trypsin 

quantification. Furthermore, an obvious color change of the probe was found in 

the presence of analyte under a hand-held UV lamp, showing a high potential for 

the patient in on site self-monitoring for their crude urine sample. 



	

	
	

7	

 

             c) 

 

Fig. 1.1 Basic principle of FRET (a) A non-radiative energy transfer from an 

excited donor to an acceptor is occurred when the intermolecule distance smaller 

than 10 nm. (b) Once the linker is broken, the donor and the acceptor are free from 

each other and FRET system is destroyed. The emission peak of the donor is 

regenerated while the emission peak of the acceptor decrease. (c) The Jablonski 

diagram illustrates the energy transfer between donor and acceptor. 
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Other than fluorescence property, the unique size-dependent optical property 

of nanoparticles also plays an important role in bioanalysis. It facilitates its 

applications of signal transducers for both in vitro and in vivo studies.37 Amongst 

all types of nanomaterials, metallic gold and silver nanoparticles are commonly 

utilized due to their simple large scale preparation procedure, high stability, great 

biocompatibility, unique optical properties and high conjugation flexibility with 

biomolecules via electrostatic, Au/Ag-thiol or Au/Ag-amine interactions.38,39 

Taking the advantage of the conjugation flexibility, antibodies are easily anchored 

on the nanoparticle surface, resulting nanoprobes for specific qualification and 

quantification of target biomolecules. This technique is proved to greatly enhance 

the accuracy and precision for biosensing. Recently, the light scattering and 

absorption properties of nanoparticle have been widely studied to overcome the 

problem of photobleaching under prolonged exposure in fluorescence-based 

method.40 Light scattering occurs when light that containing an incident photon 

reaches a particle, it induces an oscillating dipole in the electron cloud of the 

particles, causing dipole changes and resulting energy radiated (Fig.1.2a). One 

remarkable optical phenomenon called localized surface plasmon resonance 

(LSPR), providing a simple but sensitive method for bioanalysis. It occurs when 

the size of the particle is smaller than the wavelength of incident light and the 
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electric field of incident light interacts with the electrons of the particles, inducing 

a localized plasmon oscillation with a specific resonant frequency (Fig.1.2b). The 

resulted absorption spectra of nanoparticles can be easily alternated from the 

infrared region to visible range by controlling the particle size and shape to serve 

different purposes, like cell imaging and cancer cell treatment.41-44 Besides that 

LSPR spectroscopy is commonly applied in monitoring the interaction between 

the particle and analyte as the absorption peak of LSPR is highly sensitive to the 

change of local refractive index. Therefore, light scattering of nanoparticle is 

considered as one of the major research areas in modern analytical methods. 

Moreover, in order to achieve ultra-sensitive detection, single-particle analysis 

(SPA) was rapidly developed in the past decade to overcome the limitation of low 

sensitivity in traditional bulk measuring.45,46 SPA focuses on signal generated by 

individual signal transducer while for the traditional bulk measurement is about 

the average signal from lots of molecules, including solvent and target analyte and 

all are varied with each other.47 Since each nanoparticle acts as a single detection 

platform in SPA, signal-to-noise ratio (SNR) is dramatically enhanced.48 Here, we 

have developed a sensitive yet direct method for cancer biomarkers detection 

based on SPA with darkfield microscopy (DFM). Silver nanoparticle (AgNP) was 

utilized as signal transducer as it provides a strong scattering signal which 
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generates 2 times higher signal compared with gold nanoparticle (AuNP) of the 

same size due to the its large extinction coefficient.49 As a proof of concept, a 

well-known biomarker for prostate cancer, prostate-specific antigen (PSA), was 

chosen as the analyte. The assay was generally an immunoassay-based detection 

performed in glass flow cell. Antibody-conjugated silver nanoparticles (AgNP-Ab) 

were served as the probe to capture PSA and then formed AgNP-Ab-PSA 

complexes on the surface of flow cell. As the number of complexes is directly 

correlated to the amount of target antigen, quantification of PSA can be simply 

done by counting the number of nanoparticles with DFM coupled with 

charge-coupled device (CCD) camera. The detection limit of 9 pM was achieved, 

which is far below the PSA threshold of prostate cancer patient, suggested the 

feasibility of our assay in diagnosis application. Unlike the conventional detection 

methods, such as enzyme-linked immunosorbent assay (ELISA), which suffered 

from limitations like large sample consumption (∼100 µL), laborious experimental 

steps, low reproducibility and requirement of signal amplification using 

biochemical reaction, the developed SPA assay is simple, direct, and capable of 

detecting the trace amount of antigen in serum sample within 1 h. 
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Fig. 1.2 (a) When an incident light reaches a particle, light scattering, absorption, 

diffraction, reflection and refraction will occur. (b) A draw of dipolar LSPR mode 

of a spherical nanoparticle interacting with incidence light. 
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To further improve the sensitivity of the detection and enlarge the linear 

range of detection, the concept of light scattering amplification by silver 

nanoprobes was adopted in the second light scattering based approach. The capture 

gold nanoprobes were firstly introduced to capture corresponding antigens, 

followed by the addition of detection silver nanoprobes. Since the two probes bind 

to different sites of the antigens, complexes of gold nanoprobe-antigen-silver 

nanoprobe are formed in the presence of antigens. Thus, the local electric field 

between gold nanoprobe and silver nanoprobe is enhanced, resulting a strong 

plasmonic coupling between those probes is occurred due to their close proximity. 

Consequently, the light scattering intensity of the immunocomplex is greatly 

enhanced. By measuring particle scattering intensity, the target antigen was 

quantified. To further demonstrate the flexibility of the assay, metallic 

nanoparticles were conjugated with different antibody pairs for CEA, PSA and 

AFP detections. The selectivity of the assay was also verified. Furthermore, the 

contents of CEA, PSA and AFP in serum were determined and the result of PSA 

was validated by conventional ELISA method, showing a high consistency and the 

high potential for clinical applications. 
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1.3 Darkfield Microscopy (DFM) Coupled with Charge-coupled Device 

(CCD). 

Principle of DFM. Darkfield microscopy is considered as a new 

microscopic technique, which monitors the light scattering of specimen.50 It 

produces high contrast images for nanoscale materials.51,52 It also provides a 

simple and fast analysis under atmospheric condition, and overcomes the main 

consideration of scanning electron microscopy (SEM), which is also commonly 

used for nanomaterial analysis. DFM offers these benefits because of its 

well-designed setting by modifying with a bright-field microscope by placing a 

small patch stop with a typical diameter of one-third of that of the exit beam in the 

center on the optical axis. The patch stop makes the “fully open” iris diaphragm of 

the microscope condenser to “almost shut”, which the diameter of the beam 

leaving the objective is much smaller than that of the patch stop, blocking the 

illumination light from directly passing through the sample and with the help of a 

condenser, only light in oblique rays will strike the specimen on the microscope 

slide. Finally, the scattered light will be collected by an microscope objective (Fig. 

1.3).53 This technique allows distinguishing the objects from the dark background 

with a close refractive index and shows a big advantage over conventional bright 

field microscopy.54  
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Fig. 1.3 Schematic diagram of an inverted dark field microscope setup coupled 

with charge-coupled device. 
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Since the reproducibility of light source is essentially critical in generating 

light scattering, 4 filters are commonly used to filter the light from halogen lamp, 

including neutral density (ND) filter, green interference (GIF) filter, neutral colour 

balance (NCB) filter and diffusion filter (D filter). They function as adjusting the 

brightness, improving the contrast for the observation under monochrome light, 

colour reproducing and equalizing the illumination respectively. 

Besides the filters, numerical aperture (NA) also plays an essential role in 

DFM. NA is about the ability of microscope objective to gather light (Fig. 1.4). A 

high NA air-condenser is utilized for focusing the light, allowing it to strike the 

specimen and generating light scattering. Then scattered light then goes into the 

low NA objective. A high number NA condenser coupled with a low NA objective 

is applied to prevent the entrance of direct light to the objective lens. Moreover, in 

order to limit the refraction of the light rays, immersion oil, which has a close 

refractive index with glass slide, is added to be a “bridge” between the slide and 

objective lens. With this setting, images with desirable resolution are generated 

easily. 
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Fig. 1.4 The effect of different NA values. 
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A two-dimensional charge-coupled device (CCD) is usually linked with 

DFM to make nanoparticles to be directly observed by human eyes. When the 

photon generated by signal transducer is projected onto CCD, the charge is 

transferred to the adjacent cell by applying differential voltage across pixels and; 

responds to external stimulus such as light. The electric charge generated is 

proportional to the incident light intensity. To reduce thermal noise, the 

temperature of CCD is cooled to -80 ˚C. Taking advantages of CCD for its high 

quantum efficiency (~80 %), large dynamic range, high precision and fast response, 

a high quality image of nanoparticle is captured by a CCD assisted DFM. 

Application of DFM. It is widely used to work with those objects that have 

low contrast in bright-field microscopy, especially for single particle analysis.55,56 

Taking the benefit of low background, life samples without staining such as blood 

cells, bacteria, algae and etc. are usually analyzed with DFM. 57,58 In the past 

decade, scientists combine nanotechnology and dark field microscopy to have 

biomolecules detection achieving an ultra sensitive detection of biomarkers, 

showing the high potential in diagnosis. For example, Guo and co-worker 

demonstrated a protein detection based on aptamer–antigen–antibody sandwich 

complex formation and analyzed by DFM.59 Not only detection, but also the 

studies of small interaction between biomolecules can be worked with DFM. Lo 
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and co-worker studied DNA–protein interaction by measuring the change in 

localized scattering plasmon resonance (LSPR) spectroscopy of gold nanoparticles 

with DFM.45 There is a significant red shift in LSPR peak after the strong 

interaction between DNA and protein at single particle level, showing an essential 

role of DFM in disease screening. 
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CHAPTER 2 EXPERIMENTAL SECTION 

2.1 FRET-based Modified Graphene Quantum Dots for Direct Trypsin 

Quantification in Urine 

2.1.1. Preparation and Characterization of Graphene Quantum Dots. GQDs 

were synthesized by modified citric acid pyrolysis method.1 Briefly, citric powder 

(Sigma-Aldrich) of 1 g was heated to 200 °C in a sand bath until liquidated. The citric 

acid was further heated for 30 min, the color of the solution subsequently changed 

from colorless to pale yellow, and finally to orange. Afterward, the orange solution 

was added dropwisely into 25 mM sodium hydroxide solution (Sigma-Aldrich) under 

vigorous stirring. The pH of the resultant GQDs was then adjusted to pH 7. The TEM 

images of the GQD were captured by Technai G2 Transmission Electron Microscope 

(FEI company). The FTIR spectra of the GQD were recorded by Nicolet Magna 550 

Series II (Thermo Fisher Scientific). The absorption and emission spectra of the GQD 

were measured by Cary UV-100 (Santa Clara) and Perkin Elmer LS50C 

(Massachusetts, USA) respectively.  

 

2.1.2. Synthesis of Organic Fluorophores Receptor. Coumarin derivatives, namely 

CMR1 and CMR2, were synthesized according to the reported method. CMR1 was 

constructed by a 2-step protocol starting from 4-N,N’-diethylamino-2-

hydroxybenzaldehyde2 whereas CMR2 was assembled from 7-N,N’-diethylamino-4-

hydroxycoumarin in a 3-step sequence.3 

 

2.1.3. Optimization of FRET-based Detection Nanoprobe. To achieve the highest 

conjugation efficiency among the GQD, CMR2 and BSA, here we studied the role of 

EDC-to-NHS molar ratio in the reaction. Briefly, N-(3-Dimethylaminopropyl)-N′-
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ethylcarbodiimide hydrochloride (EDC, Sigma-Aldrich) and N-hydroxysuccinimide 

(NHS, Sigma-Aldrich) in different molar ratios (2:3, 1:1, and 3:2) in 50 mM 

phosphate buffer (PB) were added to activate the carboxylic group on the GQD 

surface. In order to test the pH effect in conjugation, the pH was adjusted to pH 5, 6 

and 7 with the same concentration of PB. Then BSA (Sigma-Aldrich) of different 

concentrations (0 to 250 µM) was added and the solution mixture was shaken at room 

temperature for 2 h, followed by the incubation with CMR2 for 2 h. The 

concentration of CMR2 was optimized by varying it from 0 to 250 µM. Finally, the 

EDC/NHS chemistry was stopped by adjusting the pH of the resultant solution to pH 

8. The fluorescent intensity at 460 nm and 520 nm of the resultant mixture under 

excitation at 360 nm were recorded. To select the optimal detection probe to sample 

ratios (1:5, 2:5, 3:5, 4:5 and 1:1), the probe and the sample containing 0 to 12 µg/mL 

of trypsin (Life technologies) in different ratios were incubated at 37 °C. To 

determine the optimal incubation time, different final concentrations of trypsin (0 to 

20 µg/mL) were incubated with 0.2× detection nanoprobe at 37 °C for 15, 30, 45, 60 

and 90 min respectively. The emission spectra of resultant mixture were obtained 

directly by the spectrofluorometer with an excitation source at 360 nm and applied for 

the rest of the experiment. And the enhancement ratio was calculated by (I460 nm of BSA-

conjugated GQDs/I460 nm of GQDs) while the emission ratio was calculated by (sample I460 

nm/I520 nm – blank I460 nm/I520 nm)/ (blank I460 nm/I520 nm). All the experiments were 

triplicated and error bar referred to the standard deviation of the experiment unless 

specified. Additionally, in order to investigate the role of the amino group on the 

fluorescence enhancement of the GQDs, the octylamine, homoveratrylamine, 3,4-

dimethoxybenzylacohol and 1-butanol of 0 to 50 µM were chosen to react with 
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EDC/NHS (1:1) activated GQDs for 2 h respectively. The fluorescence intensity at 

460 nm was recorded under the excitation at 360 nm. 

 

2.1.4. Detection of Trypsin. The calibration plot was established by correlating the 

emission ratio as a function of trypsin concentration. Briefly, trypsin of concentrations 

ranging from 0 to 23 µg/mL were incubated with the detection nanoprobe at the 

optimal condition determined previously. After the incubation, the emission spectra of 

the mixtures were measured by the spectrofluorometer with an excitation source at 

360 nm.  

 
2.1.5. Selectivity. To study the selectivity of the assay, three different proteins, 

namely lysozyme (Sigma-Aldrich), thrombin (GE Healthcare) and pepsin (Sigma-

Aldrich), with a final concentration of 10 µg/mL and abundantly existing metal ions 

(including calcium ion, sodium ion and potassium ion), anion (including nitrate ion, 

chloride ion), urea and glucose, with a final concentration of 10 µM each were 

prepared and incubated with detection nanoprobe at the optimal nanoprobe 

concentration and conditions. The emission spectra of the resultant mixtures were 

directly measured by the spectrofluorometer under an excitation at 360 nm and the 

emission ratio was calculated. All emission ratios were normalized with pure trypsin 

sample as a positive control. 

 
2.1.6. Quantification of Trypsin in Urine Sample. The urine sample of 2.5 µL was 

diluted by 4-fold with distilled water without any purification. Then, trypsin of 

concentrations varied from 0 to 4.6 µg/mL were spiked into the urine sample in the 

presence of optimal amount of nanoprobe. The mixture was incubated at 37 °C for 1 h 

under gentle shaking. The fluorescent spectra were measured and analyzed. The 
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recovery test was performed by spiking the urine samples of 5 healthy donors with 3.5 

µg/mL trypsin. 
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2.2 Direct Detection of Prostate Specific Antigen by Darkfield Microscopy 

Using Single Immunotargeting Silver Nanoparticle 

2.2.1 Synthesis and Characterization of Silver Nanoparticles. Citrate-stabilized 

silver nanoparticles (Citrate-AgNP) were synthesized based on the Lee-Meisel 

method.4 Briefly, 1 mM silver nitrite solution (Sigma-Aldrich) was stirred and boiled 

with 1 % sodium citrate tribasic dehydrate (Sigma-Aldrich) for 1 h until the solution 

turned greenish yellow in color. The UV-Vis absorption spectrum of the silver 

particles was measured by a Cary 300 UV–Vis spectrophotometer (Varian, Inc.). The 

sizes and shapes of the nanoparticles were characterized by a Technai G2 

Transmission Electron Microscope (FEI company) with an acceleration voltage of 

200 kV. 

 
2.2.2 Preparation and Optimization of Silver Nanoprobes. The PSA-capturing 

silver nanoprobe was prepared by conjugation of silver nanoparticles with PSA-

specific antibody via EDC/NHS chemistry. Briefly, the as-synthesized citrate-AgNP 

solution was first diluted with filtered distilled water.  Then, excess amount of 11-

mercaptoundecanoic acid (MUA, Sigma-Aldrich) was added to react covalently with 

the surface of the silver nanoparticles via Ag-S bond and displacement reaction. The 

solution was stirred for 2 h, and 1 µM of EDC and 100 µM of NHS were then added 

into the MUA-AgNP solution and stirred for another 30 min. Finally, mouse anti-

human PSA monoclonal antibody [Clone number: CHYH2] (Anogen) was added to 

the activated AgNP, and the solution was rotated for 2 h at ambient temperature for 

conjugation of CHYH2 onto the nanoparticles surface and forming the nanoprobe 

CHYH2-AgNP. In order to avoid aggregation of nanoprobe under high ionic strength 

and also to block vacant sites on the particle surface from non-specific adsorption of 
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other substances, thiolated methoxyl-polyethylene glycol (CH3O-PEG-SH, 2000 Da, 

RAPP polymere) was added to the CHYH2-AgNP solution. The dose of CH3O-PEG-

SH to be added into the nanoprobe was optimized by comparing the aggregation 

performance of nanoprobe under different ratios of [MUA]:[CH3O-PEG-SH] applied, 

ranged from 1:19 to 19:1. The mixed solution with optimized amount of CH3O-PEG-

SH added was then incubated at room temperature for 30 min, and was subjected to 

centrifugation at 4 °C, 10000 rpm for 30 min with the refrigerated microcentrifuge 

(Labnet Prism™R, Labnet). The supernatant was removed, and the pellets were re-

suspended in Tris buffer saline (TBS, contains 50 mM Tris-HCl (UltraPure, pH 8.0, 

Invitrogen) and 150 mM sodium chloride, filtered by 0.2 µm nylon filter prior to use 

buffer for terminating the unreacted EDC/NHS surface and for storage.  

 
2.2.3 Preparation of Cover Glasses. All cover glasses were pre-washed prior to 

experiments. Briefly, No.1 22 × 22 mm and No.1 22 × 32 mm microscopic cover 

slides (Menzel-Gläser) were successively sonicated twice with filtered distilled water 

for 15 min and twice with absolute ethanol for 15 min. The slides were then rinsed 

with filtered distilled water and soaked in piranha solution (conc. H2SO4/30 % H2O2, 

v/v 1:1) for 30 min, and then rinsed with filtered distilled water extensively. The 

piranha washing steps were repeated, and the extensively rinsed slides were further 

sonicated twice in water for 30 min. The cleaned cover glasses were blown-dried 

completely with nitrogen.  

 
2.2.4 Pretreatment of Glass Slides and Preparation of Flow Cell. In order to 

increase the adsorption ability of the upper glass slides on the flow cells which will be 

imaged, the upper 22 × 22 mm glass slides were pre-treated with poly-L-lysine (PLL, 

M.W. 70k-150k, Sigma-Aldrich) to provide positive surface for antigen 
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immobilization. Briefly, 20 µL of 0.1 % PLL was added to the surface of glass slides 

and the droplet was spread over in order to cover the whole glass surface. The slide 

was then extensively rinsed with water after incubation of 5 min and then blown-dried 

under nitrogen before use. On the other hand, in order to reduce the non-specific 

adsorption of nanoprobes on the bottom glass slide, the bottom 22 × 32 mm glass 

slide was pre-coated with protein blocker Albumin from bovine serum (BSA, Sigma-

Aldrich). The dose of BSA blocker to be applied was optimized by comparing the 

number of nano-probes non-specifically adsorbed onto the glass channel treated with 

0, 0.25 %, 0.5 % and 1 % BSA in 50 mM TBS solution. The BSA blocking condition 

with the lowest nanoprobes counts was considered providing the best blocking ability. 

Herein, 30 µL of BSA of optimal concentration was then added onto the bottom slides 

and spread over. The slides were rinsed with water after incubation of 15 min and 

blown-dried with nitrogen before use. Sealed flow cell was then prepared by 

combining the upper PLL-treated 22 × 22 mm cover glasses and the lower BSA-

treated 22× 32 mm cover glasses with double-sided adhesive tapes with a channel 

width of approximately 3 mm each (volume of each channel was estimated to be 6.6 

µL). 

 
2.2.5 Preparation of On-chip Immunoassay. PSA immunoassay was established 

on-chip within the upper glass surface of channel. Briefly, 10 µL of 37 °C pre-

warmed TBS buffer was flowed into each channel twice for conditioning of channels. 

The excess solution was removed at the end of each channel by Kimwipes based on 

capillary force. Then, 10 µL of target PSA of 0, 10, 50, 100, 150, 250, 500 pM and 1 

nM respectively were added into individual channels and incubated for 15 min at 

ambient temperature to allow electrostatic immobilization of antigen onto the upper 
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glass. Afterwards, 10 µL of 0.5 % BSA solution in TBS buffer and 10 µL of TBS 

buffer were consequently added into each channel to block vacant sites from non-

specific adsorption of nanoprobe and other proteins, and remove excess reagent 

within the channel. Then, 10 µL of as-prepared CHYH2-AgNP nanoprobe was added 

into each channel and the mixture was allowed to incubate at 37 °C for 30 min to 

allow immunoreaction to occur. The channels were then washed with 10 µL of 0.5 % 

BSA in TBS buffer and 20 µL TBS buffer to remove unconjugated nanoprobes in the 

channel. Finally, the flow cell was placed and imaged under a dark-field microscope. 

 
2.2.6 Assay Specificity. The specificity of the nano-based immunoassay was 

determined by applying negative controls of carcinoembryonic antigen (CEA, 

Meridian Life Science) and immunoglobulins (IgG, Sigma-Aldrich) as the target 

analyte instead of PSA in the detection. Briefly, 10 µL of (i) 150 pM CEA; (ii) a 

mixture of 150 pM CEA and 150 pM PSA; (iii) 150 pM IgG; (iv) a mixture of 150 

pM IgG and 150 PSA; (v) a mixture of 150 pM each of CEA, IgG and PSA; and (vi) a 

positive control of 150 pM PSA were added into individual channels as target analyte. 

The same immunoassay was performed using the CHYH2-AgNP nanoprobes as 

described previously. 

 
2.2.7 Dark-field Microscopy System and Data Analysis. An inverted Eclipse Ti-

U microscope (Nikon) equipped with a high numerical-aperture 60 × (NA 0.5-1.25) 

oil-immersion objective (Nikon) and a NA 0.95-0.8 air-type dark field condenser was 

applied for dark-field imaging. The microscope was coupled with a charge-coupled 

device (CCD) camera (PIXIS 100F, Princeton Instruments) for image capturing 

purpose. 
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All images were analyzed with the free domain software Image J (version 1.46, 

NIH) with custom-made macro. A region of interest (ROI) of 300 × 80 square pixels 

with a relatively homogenized light intensity in the central region of the image 

(original size of 1340 × 100 sq. pixels) was chosen for analysis. Each channel was 

captured with 15 images, and the number of particles in each channel was counted. 

The signal threshold acquired for particle counting was chosen at a value of 3 times 

the standard deviation of the mean intensity of the image. Besides, only ‘particles’ 

with size in between 2 to 9 square pixels were considered, which eliminated noises 

and avoided clustered impurity. These criteria were set while the images were 

processed with the Analyze Particles function in Image J to determine the total 

number of particles of the 15 images computationally. All experiments were done in 

triplicate and the error bars showed in the results refer to the standard deviation of the 

triplicated experiments unless specified. 

 
2.2.8 Real Sample Analysis. PSA standard of 5, 10 and 15 pM was spiked in 5-fold 

TBS diluted serum sample of a normal donor resepectively. Immunoassay was 

preformed using the antibodies treated silver nanoparticles as described above and the 

same counting criteria were applied with the use of Image J. The particle counts in 

each channel were measured. The real sample analysis was performed in duplicate 

and the standard deviation was shown as error bars. 
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2.3 Quantification of Cancer Biomarkers in Serum Using Scattering-Based 

Quantitative Single Particle Intensity Measurement with a Darkfield Microscope 

2.3.1 Synthesis of Gold Nanoparticle by Seed Method. The gold nanoparticles 

were prepared by seed growth method as reported in literature.5 Briefly, the synthesis 

consisted of two parts, including Au seed preparation and particle growth. For seed 

preparation, sodium citrate tribasic dehydrate (Sigma-Aldrich) of 2.2 mM was boiled 

with 0.2 mM gold(III) chloride trihydrate (HAuCl4, Sigma-Aldrich) for 10 min under 

vigorous stirring. The mixture changed from yellow to colorless, bluish gray, then 

pale pink within 10 min. The solution was stopped heating and cooled down to 90 °C. 

The seed solution was further allowed to grow in larger sizes immediately. The 

temperature was maintained at 90 °C during the growth process. HAuCl4 of 25 mM 

was firstly added into the seed solution and stirred for 30 min, followed by the 

addition of second portion of HAuCl4 solution for another 30 min. One-third of the 

solution was collected and labeled as generation 1 AuNP. Sodium citrate solution of 

60 mM was added to the mixture for another growth of generation. The additions of 

HAuCl4, sample collection and sodium citrate introduction were repeated to get 

generation 2 to 7. 

 

2.3.2 Characterization of Nanoparticles. The absorption spectra of as-prepared 

gold nanoparticles in different generations and the commercial available silver 

nanoparticles (60 nm, sodium citrate stabilized, Sigma-Aldrich) were characterized by 

Cary 300 UV–Vis spectrophotometer (Varian, Inc.). Moreover, the sizes and shapes 

of those nanoparticles were characterized by a Technai G2 Transmission Electron 

Microscope (FEI) with an acceleration voltage of 200 kV. The scattered intensities of 

individual particles of gold nanoparticles in generation 5 to 7 and silver nanoparticles 
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were measured by an inverted Eclipse Ti-U microscope (Nikon) with a high 

numerical-aperture 60 × (NA 0.5-1.25) oil-immersion objective and air-type dark 

field condenser coupled with charge-coupled device (CCD) (PIXIS 100F, Princeton 

Instruments).  

 

2.3.3 Preparation of Capture Antibody Modified Gold Nanoparticles and 

Detection Antibody Modified Silver Nanoparticles. Diluted gold nanoparticles of 

generation 5 to 7 and silver nanoparticles were incubated with MUA (Sigma-Aldrich) 

for 2 h separately, followed by the activation by excessive EDC/NHS in ratio of 1:100 

for 30 min. Then, anti-CEA capture antibody  [Clone number: ML01C05] �Shanghai 

Linc-Bio Science Co. LTD�was added into gold nanoparticles solution while CEA 

detection antibody [Clone number: ML01C02] (Shanghai Linc-Bio Science Co. LTD�

was added into silver nanoparticles solution. The mixture was stirred for 2 h at room 

temperature, resulting antibodies conjugated AuNPs. After that, CH3O-PEG-SH 

(2000 Da, RAPP polymere) was added and further incubated for 30 min. The mixture 

was centrifuged at 4 °C, 10000 rpm for 30 min with the refrigerated microcentrifuge. 

The nanoparticles stayed in the pellet while the excessive reagent remained in the 

supernatant and was removed. Finally, the pellet was resuspended in filtered TBS (pH 

7.4) and store at 4 °C before use.  

To demonstrate the flexibility of the assay, different antibody pairs were used to 

modify the metallic nanoparticles. The capture antibody of CEA was replaced by the 

capture antibodies of PSA [Clone number: CHYH1] (Abnova) and AFP [Clone 

number: AF001] �Shanghai Linc-Bio Science Co. LTD�while the detection 

antibody of CEA was replaced by PSA [Clone number: CHYH2] (Abnova) and AFP 

[Clone number: AF002] (Shanghai Linc-Bio Science Co. LTD) respectively.  
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2.3.4 Preparation of On-chip Immunoassay. As a proof of concept, CEA, PSA 

and AFP were used to demonstrate the on-chip immunoassay. The preparation of 

glass slides and flow cell were prepared as mentioned at chapter 2.2.3 and 2.2.4, 

giving clean reaction channels. The channel was firstly conditioned with TBS, 

followed by the introduction of 10 µL capture antibody-conjugated-gold nanoprobes 

for 5 min incubation to allow the probes immobilized on slide surface by electrostatic 

interaction with positively charged poly-L-lysine. The excess solution was washed by 

TBS and removed at the end of channel by Kimwipes based on capillary force. In 

order to increase the sensitivity, the concentration of the gold nanoprobe was 

optimized from 10 to 35 pM. After that, another portion of TBS was introduced to 

wash out the unbound materials in channels. BSA, blocking reagent, of 10 µL was 

incubated in the channel for 15 min. The BSA concentration was optimized from 0 to 

5% w/w in order to have the minimum number of non-specific adsorption of silver 

nanoprobe. Afterwards, the channel was washed with TBS and the corresponding 

antigens including CEA (Shanghai Linc-Bio Science Co. LTD), PSA (Sigma-Aldrich) 

and AFP (Shanghai Linc-Bio Science Co. LTD) of different concentrations were 

introduced (0, 10, 50, 100, 200, 300, 500, 750 and 1000 pM). The antigen reacted 

with the immobilized gold nanoprobe and formed a complex on slide surface. To have 

the maximum sensitivity, the optimum incubation time was further optimized from 15 

to 90 min. Then, the unreacted compound was washed with TBS. Then 10 µL of 40 

pM silver nanoprobe was introduced. An immunocomplex in sandwich structure was 

formed by antigen and metallic probes and immobilized on glass slide surface. Finally, 

all unbound reagents were removed by 10 µL TBS twice and the channel was imaged 

with DFM coupled with CCD. 
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2.3.5 Data analysis. All CCD images were analyzed with Image J (version 1.46, 

NIH) with custom-made macro. Briefly, the net intensity of each particle was defined 

as the difference between the maximum intensity of that particle and the its 

surrounding background. The average net intensities of 50 particles were analyzed in 

each trial. All experiments were done in triplicate and the error bars referred to the 

standard error of the mean (S.E.M.) of the triplicated experiments unless specified. 

 

2.3.6 Assay Specificity. The specificity of the assay was investigated for potential 

clinical applications. The same CEA quantification was performed, however, several 

interferences were added into the system as non-targeting species, including (i) PSA; 

(ii) AFP; (iii) sodium ion; (iv) calcium ions and (v) potassium ions of 500 pM. 

Furthermore, the CEA was spiked with interference in 1:1 of 500 pM to investigate 

the effect of the presence of interferences in the detection of CEA. All average net 

intensity signals were normalized with CEA as positive control and blank as negative 

control. 

 

2.3.7 Salt Effect Investigation. As the salt concentration varies from person to 

person, the salt effect in the antigen quantification has to be verified. The salt 

concentration for CEA detection was varied from 150 mM to 450 mM.  

 

2.3.8 Real Sample Analysis. To illustrate the high potential in serum sample 

analysis, standard addition method was adopted to detect CEA, PSA and AFP in 

serum sample from a health volunteer. Briefly, the antigens standards of 5, 10, 20, 30 

and 40 pM were spiked into the crude serum sample respectively without any dilution. 
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The immunoassays were performed with corresponding nanoprobes and all data was 

analyzed as previously mentioned. 
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CHAPTER 3 RESULTS AND DISCUSSION 

3.1 FRET-based Modified Graphene Quantum Dots for Direct Trypsin 

Quantification in Urine 

3.1.1 Acute Pancreatitis (AP).  

Acute pancreatitis (AP), a fatal disease, is classified as persistent pancreatitis 

failure.1 The overall mortality in AP patients is around 7% and the number of confirmed 

case keeps increasing dramatically.2 However, the diagnosis of AP has been considered 

as a big challenge as it lacks of clinical sign in pathognomonic and well-studied 

biomarkers.3 Thus, it is necessary to develop a cost effective, rapid and reliable 

diagnostic screening of AP before the further confirmation by biopsy. Although a 

contrast-enhanced computed tomography (CECT) is developed for pancreas imaging, a 

high cost of instrument does not allow massive disease screening.4 Serum lipase and 

serum amylase have been proposed to be biomarkers for fast screening of AP.5 However, 

collection of serum samples is invasive, multistep, purification needed and has to be 

performed by a well-trained person. Thus, it is difficult to achieve self-checking by the 

suspect patient. Recently, several studies reported that urinary trypsin plays a key role in 

the beginning of protease activation cascades and overexpression of trypsin is highly 

correlated with the occurrence inflammation and related to the onset of pancreatitis.6-8 

Trypsin, a pancreatic digestive enzyme, is stored in the zymogen granules as an 

inactivated precursor. Under normal circumstances, trypsin activity is properly 

suppressed by the pancreatic acinar cells and the content is mainly balanced by the 

pancreatic secretory trypsin inhibitor (PSTI). However, once the trypsin activation 

exceeds the capacity of PSTI, the overexpressed trypsin will cause a subsequent cascade 

of event that leads to the over-activation of various proteases and eventually damages the 

cell. As urination is a process to clear out biological waste and metabolites from the 
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bloodstream, it contains a selection of proteins and peptides derived from cells and 

blood. Overexpressed trypsin is thus often detected in urine of pancreatitis patients (up to 

84.4 µg/mL in AP patient).9 Therefore, quantification of trypsin in urine sample is 

considered as non-invasive biomarker for AP screening. 
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3.1.2 Direct Detection Trypsin by Simple Mixing with Modified GQD Probes.  

Although well-developed ELISA kits for trypsin quantification are commercially 

available, they involve multi-washing steps and subject to high cost of the antibodies to 

capture the target. It is difficult to allow a mass screening and continuous self-monitoring 

for patients. To overcome the limitations of traditional ELISA kit, fluorescent tools are 

commonly used as they provide simple, fast and low cost detection. Herein, we proposed 

a FRET-based ratiometric trypsin quantification by utilizing a well-designed probe, 

which consists of three components, including a donor (graphene quantum dot (GQD)), a 

linker (bovine serum albumin (BSA)) and an acceptor (coumarin derivative, CMR2). 

Organic fluorophores are commonly used as a donor. However, they are gradually 

replaced by quantum dots (QDs), which show a list of advantages over organic 

fluorophores. Firstly, QDs have a large quantum yield and highly resist to 

photobleaching. A large quantum yield (QY) and long fluorescence lifetime allow a high 

number of photons emitted from donor, thus, a better energy transfer is achieved.10 The 

excellent photostability of QDs increases the reliability of detection assay. Secondly, the 

properties of absorption and emission spectrum of QDs are dominated. Those quantum 

dots have wide emission range varied by sizes and thus allow higher flexibility.11 At the 

same time, their broad excitation spectra and the narrow emission peak achieve multiplex 

detection by allowing multicolor QDs to be excited simultaneously.12,13 Lastly, the 

simplicity of QDs preparation provide a fast and convenient approach. Over the years, a 

novel nanomaterial of GQDs, which is a graphene fragment sized below 20 nm, has 

drawn great attention. Apart from the advantages of QDs, the ease of GQDs preparation 

promotes them to be desire tools for bioanalysis as those QDs were prepared with single 

step under atmospheric pressure within 30 min. Moreover, they exhibit an excellent 

dispersion in water, biocompatibility and low toxicity which make it be a prefect tool for 
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bioanalysis.11,14 The fluorescence property of GQD is interested as it is capable of 

maintaining stable photoluminescence (PL) in a wide range of pH and salt 

concentration.14-19 Furthermore, the band gap decreases with the size of quantum dots, 

providing a wide range of emission wavelength throughout the spectrum.15,20 More 

importantly, the surface of GQDs is rich in carboxylic groups that provides binding sites 

for the conjugation of biomolecules, such as bovine serum albumin (BSA).15  

Not only the donor, the acceptor has also been selected carefully to have a perfect 

FRET pair. Herein, coumarin derivative, CMR2, was chosen as an acceptor. Coumarin 

with a structure of benzo-α-pyrone and its derivaitives are widely applied in biological 

and clinical applications, acting as chemosensors because of their excellent quantum 

yield, high photostability and low toxicity.21 In addition, CMR2, a well-known turn-on 

sensor for primary amines, showed an enhancement in emission peaks upon conjugating 

onto BSA.22  

BSA was chosen to link up the donor and acceptor. Unlike other common FRET 

linker, not limited to bridge the donor and acceptor, BSA also strongly enhances the 

photoluminescence of GQDs by modifying the quantum dots surface with the amine 

groups resulting an effective orbital resonance between amine groups and graphene 

cores.23,24 After the conjugation, the donor and acceptor were in close proximity and 

hence FRET occurred. Given the fact that, the intensity of FRET is inversely 

proportional to the sixth power of the distance between the donor and acceptor molecules 

(Equ 3.1) provided that those molecules are close to each other within 10 nm.25 

 

Efficiency of FRET = (!!)!
(!!)!! !!   Equ 3.1 

Where R0 is the Förster distance between donor and acceptor in 50% FRET 

efficiency while R is the distance between donor and acceptor pair. 
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In the presence of trypsin (the target protease), the BSA on the FRET probe is 

cleaved into small fragments and the donor-acceptor pair is free from each other (Fig. 

3.1.1a). Once the FRET system disintegrates, the emission of the donor is regenerated, 

by taking the emission ratio of the donor and the acceptor, the amount of trypsin is 

quantified. It demonstrated a label-free, simple, cost effective and rapid detection for 

protease. In addition, the probe was successfully applied for a direct and pre-treatment 

free quantification of trypsin in crude urine samples with a recovery of ~ 97%. More 

interestingly, an obvious color change was found in the presence of trypsin under 

exposure of a hand-held UV lamp (Fig. 3.1.1b) and it shows a great potential in patients 

self-monitoring due to its convenience. 
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Fig. 3.1.1 (a) The scheme of the trypsin quantification by FRET-based modified GQD 

nanoprobes. Originally, the energy transferred from the GQD (460 nm) to CMR2 (520 

nm) on BSA occurred due to the close proximity of GQD and CMR2. BSA was digested 

in the presence of trypsin and hence FRET system was dissembled. As a consequence, 

emission intensity at 460 nm increases and that at 520 nm diminishes (b) A photo of 

nanoprobe (GQD-BSA, left), GQD-BSA-CMR2 (middle) and GQD-BSA-CMR2 with 

trypsin (right) under exposure of a hand-held UV lamp. 
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3.1.3 The Preparation of Detection Probe.  

There are many means to prepare GQDs, including carving graphite crystallites by 

electron beam26, hydrothermal cleavage of graphene oxide27, chemical oxidation of 

carbon materials and etc..28 Those are considered as “top-down” approaches, which 

GQDs are prepared by cutting down graphene-based materials into nano-size29, and 

suffer from drawbacks of low product yield and broad size distribution of particles.30 

Instead, citric acid pyrolysis, a “bottom-up” strategy was adopted in the preparation of 

GQDs as shown in Fig. 3.1.2a. It involved organic precursors, citric acid, undergoing 

carbonizing by thermal treatment.30 The synthesized GQD exhibited a strong absorption 

peak at 360 nm (Fig. 3.1.2b) and a characteristic emission peak at 460 nm upon 

excitation of 360 nm (Fig. 3.1.2c). The morphologies of GQDs were further 

characterized by TEM. As shown in Fig. 3.1.2d and e, the GQDs were well dispersed 

and round-shaped with size of 3.4 ± 0.9 nm. 

  



	 47	

  

 

Fig. 3.1.2 (a) Synthesis of graphene quantum dots by citric acid pyrolysis. There were an 

(b) absorption peak at 360 nm and (c) an emission spectra of GQDs at 460 nm upon 

excitation of 360 nm. (d) TEM image of well-dispersed and round shaped GQDs. (e) The 

average size of the GQDs was 3.4 ± 0.9 nm, showing a narrow size distribution. 
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The selection of acceptor is also important. Two coumarin derivatives, CMR1 and 

CMR2 (Fig. 3.1.3a), are the acceptor candidates in this study. Although the synthesis of 

CMR1 is simple with few steps from 4-N,N’-diethylamino-2-hydroxybenzaldehyde, it is 

worthy to have one more step to prepare CMR2 because of the substantial overlap of 

GQDs emission and CMR2 absorption spectra (Fig. 3.1.3b).31 Evidence showed that an 

efficient energy transfer occurred when those spectra have 30% or more overlapping.10 

As shown in Fig. 3.1.3c, the emission peak of GQDs (460 nm) was strongly decreased 

after it conjugated with CMR2, exhibiting a more efficient FRET with the GQDs as 

compared with CMR1. It confirmed that CMR2 was the better acceptor.  
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Fig. 3.1.3 (a) Structures of the two coumarin derivatives: CMR1 and CMR2. (b) The 

emission spectrum of GQDs (λem 460 nm) under the excitation at 360 nm and the 

absorption spectra of CMR1 (λex 444 nm) and CMR2 (λex 449 nm). (c) The emission 

spectra of GQDs-BSA-CMR1 and GQDs-BSA-CMR2, suggesting that CMR2 was a 

better FRET acceptor to the GQDs. 



	 50	

On the other hand, commercially available BSA was chosen as the linker because 

BSA is a natural protein rich in arginine and lysine, which are cleavage sites of trypsin. 

The primary amino groups on BSA also facilitate the binding among the BSA, GQD and 

CMR2 by simple EDC/NHS chemistry. Upon conjugation of BSA onto GQD, the 

resulted FTIR spectrum of GQD-BSA was obviously different from that of GQD alone. 

New peaks at 1335 and 1660 cm-1 were observed in the FTIR spectrum of GQD-EDC-

BSA (Fig. 3.1.4a), indicating the presence of the amide bond formed between GQD and 

BSA. More importantly, as shown in Fig. 3.1.4b, the fluorescent signal of GQD was 

enhanced upon conjugation of BSA. The emission enhancement of GQDs depended on 

the amount of conjugated BSA and a blue shift was found after the conjugation. This also 

proofed that modifying the quantum dots surface with the amine groups allowed an 

effective orbital resonance between amine groups and graphene cores.23,24 To further 

investigate the role of the amino group on the fluorescence enhancement of the GQDs, 

octylamine and 1-butanol; and homoveratrylamine and 3,4-dimethoxybenzyl alcohol 

were chosen to react with EDC/NHS (1:1) activated GQDs. They are two pairs of 

compounds that share similar structures. As depicted in Fig. 3.1.4c, only those 

conjugating compounds that contain amino group (having nitrogen) enhanced the 

emission of GQD. Thus, it is suggested that the emission of GQDs is enhanced upon the 

conjugation with the amino groups of BSA by EDC/NHS chemistry. 



	 51	

 

Fig. 3.1.4 (a) FITR spectra of GQDs and BSA conjugated GQDs, new sharp peaks at 

1335 cm-1 and 1600 cm-1 were found after the BSA conjugated with GQDs. (b) The 

GQDs were activated by EDC/NHS in 1:1 ratio, followed by the titration of BSA at 

various concentrations. The emission enhancement of GQDs was dependent on the 

amount of conjugated BSA and a blue shift was found after conjugation. (c) The 

EDC/NHS (1:1) activated GQDs were conjugated with BSA, octylamine, 

homoveratrylamine, 3,4-dimethoxybenzylacohol and 1-butanol respectively. The 

emission signals of the resulted complexes were plotted against the concentration of 

BSA, octylamine, homoveratrylamine, 3,4-dimethoxybenzyl alcohol and 1-butanol 

respectively. 
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Since FRET efficiency is highly dependent on the degree of conjugation, several 

conjugation conditions were investigated, including (i) EDC/NHS ratio for activating the 

reactants; (ii) pH effect in conjugation (iii) BSA concentration and (iv) CMR2 

concentration. 

EDC and NHS ratio is critical in EDC chemistry as they highly affect the 

conjugation efficiency. During the process, the carboxylic group on GQD surface was 

firstly activated by EDC, forming an unstable O-acylisourea. Although the NHS was not 

necessarily for the carbodiimide reaction, it was still usually added into the system to 

enhance the efficiency by creating two-step reaction, forming a semi-stable amine-

reactive NHS ester (Fig. 3.1.5).32 As illustrated in Fig. 3.1.6a, EDC/NHS at equimolar 

concentration yields the highest conjugation efficiency between the BSA and GQDs as 

the enhancement ratio increased to the highest level. 
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Fig. 3.1.5 GQD was conjugated with protein containing primary amine by EDC 

chemistry. 
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Besides ratio, pH in the EDC chemistry also plays an important role as it relates to 

the hydrolysis rate of NHS. The hydrolysis rate increases with pH (the half-life of NHS is 

~5 h at pH 7 and 10 min at pH 8.6). However, extreme acidic condition might denature 

the protein linker. Thus, the pH in conjugation was carefully selected. Fig. 3.1.6b 

showed that the best conjugation was found under pH 7 as the emission maintained at 

high level with an obvious acceptor emission peak at 520 nm. 

The amount of multifunctional linker, BSA, was also investigated. The more BSA 

immobilizes on GQDs surface, the more binding sites for the acceptor providing a 

sensitive detection. However, the excessive BSA that is free in solution will react with 

the target proteases without generating signal but false negative. We found an optimal 

BSA amount to be 150 µM as indicated by the saturated enhancement ratio (I 460 nm of 

GQDs-BSA/I 460 nm of GQD) in Fig. 3.1.6c. 

The acceptor, CMR2, was introduced into the system to conjugate with BSA-GQD. 

As GQD and CMR2 were closely linked via BSA, the fluorescence from GQD peak at 

460 nm was transferred to the acceptor CMR2 due to the close proximity. An increase in 

emission peak of CMR2 at 520 nm was observed. The optimal concentration of CMR2 

was determined to be 150 µM as suggested by the saturated I 520 nm/I460 nm, showing the 

amount of CMR2 was sufficient for the conjugation reaction (Fig. 3.1.6d).  
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Fig. 3.1.6 (a) The optimization of EDC/NHS ratio. The highest fluorescent intensity of 

the GQD-BSA complex was found under the condition of EDC/NHS in 1:1, showing the 

best conjugation efficiency. (b) The pH effect in EDC chemistry for probe conjugation. 

The reaction at pH 7 gave the best conjugation as a strong emission peak of acceptor was 

found. (c) To optimize the BSA concentration in the preparation of nanoprobe, BSA of 

final concentration 0 to 200 µM was investigated. The enhancement ratio (I460 nm of GQDs-

BSA/I460 nm of GQD) dramatically increased with BSA concentration and started to level-off 

at 150 µM BSA. Thus, 150 µM BSA was considered as the optimal concentration for 

nanoprobe preparation. (d) To optimize the CMR2 concentration in the preparation of 

nanoprobe, the CMR2 concentration varied from 0 to 250 µM while the amount of GQDs 

and BSA remained constant. The I520 nm/I460 nm increased with CMR2 concentration and 

leveled off at 150 µM, which was the optimal CMR2 concentration. 
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3.1.4 Optimization of Detection Assay.  

We investigated the effect of the amount of the nanoprobe (GQD-BSA-CMR2) and 

the reaction time for the trypsin to cleave the BSA. The optimal probe-to-sample ratio 

was also found 2:5 of the as prepared nanoprobe GQD-BSA-CMR2 (Fig. 3.1.7a). We 

believed that an adequate amount of probe should be applied to generate signal (FRET) 

while excessive nanoprobe would “dilute” out the influence of trypsin. On the other 

hand, the optimal incubation time was found as 1 h as it showed the best sensitivity 

(Fig.3.1.7b). Longer reaction time, 90 min, did not show significant improvement in the 

fluorescent response as compared with that of 60 min.  
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Fig. 3.1.7(a) Optimization of nanoprobe GQD-BSA-CMR2 concentration for trypsin 

quantification assay. The 2:5 GQD-BSA-CMR2 nanoprobe appeared to be more 

responsive over a range of analyte concentration. (b) Time-dependent fluorescence 

response of the probe GQD-BSA-CMR2 in the presence of trypsin of concentration from 

0 to 20 µg/mL. Satisfactory response was found in both 60 min- and 90 min-incubation, 

however, the optimal incubation was set as 60 min as for a faster detection assay. (c) The 

fluorescence response of the nanoprobe GQD-BSA-CMR2 to the other species which 

exist in urine. The fluorescent intensity ratio was plotted for 10 µM of K+, Ca2+, Na+; 10 

µg/mL of lysozome, thrombin, pepsin; 10 µM of NO3
-, Cl-, trypsin, a mixture of proteins, 

trypsin with metal ions (K+, Ca2+, Na+), trypsin with anions (NO3
-, Cl-) and all the species, 
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respectively. The result suggested the GQD-BSA-CMR2 is highly selective to trypsin but 

independent to other abundant species in urine samples. 
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3.1.5  Selectivity Assay.  

To evaluate the selectivity of the detection system towards trypsin, the influences 

of common protein components including lysosome, thrombin, pepsin; glucose and urea; 

and ions like calcium ions, potassium ions and sodium ions; nitrate and chloride ions 

were studied. As the result shown in Fig. 3.1.7c, the nanoprobe GQD-BSA-CMR2 is 

highly selective to trypsin as it specifically reacts with the protein linker on our FRET 

probe. The fluorescent response is not significantly affected by those ions and 

components, which abundantly exist in urine.  
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3.1.6 Direct Quantification of Trypsin. 

To study the performance and the sensitivity of the strategy, we constructed a 

calibration plot (Fig. 3.1.8a) with the ratiometric measurement as a function of trypsin 

concentration. As indicated in Fig. 3.1.8b, a good correlation was showed between 

emission ratio and trypsin concentration with a linear range from 0-6 µg/mL with a 

coefficient of determination (R2) around 0.990 was obtained. A limit of detection of 0.7 

µg/mL was achieved which is 120 times lower than that of a diseased person. We 

anticipated that the developed assay is of high potential to serve as a rapid and simple 

tool for pancreatitis diagnosis. 
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Fig. 3.1.8 The calibration curve demonstrated the relationship between emission ratio and 

the concentration of trypsin. Error bars are the standard deviation of three trials. (b) A 

magnified region of the calibration curve in the range of 0 - 6 µg/mL (with R2 = 0.990). 
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3.1.7 Urine Sample Analysis. 

To demonstrate the potential practical application of trypsin quantification in 

clinical diagnosis, trypsin content in human urine samples of healthy donors were 

determined with standard addition method. A linear relationship with R2 = 0.923 between 

trypsin concentration and emission ratio was shown in diluted urine samples (Fig. 3.1.9). 

The average of trypsin content in five original urine samples was 0.88 ± 0.15 µg/mL. 

Moreover, the average recovery of 5 spiked urine samples was 97.54 ± 1.2%, showing a 

high accuracy. These results of the urine samples from health donors agreed very well 

with literature report that trypsin in urine sample of a health donor should be significantly 

low. In contrast to other detection approaches such as liquid chromatography–mass 

spectrometry (LC-MS) and ELISA, this assay is free of sample pre-analysis treatment. 

Each assay requires minute urine sample (2.5 µL) being directly added into the 

nanoprobe and shortly incubated for an hour. More importantly, it affords low detection 

limit, 0.7 µg/mL, as compared to 10 µg/mL of LC-MS.33 Therefore, this assay 

demonstrates a rapid and cost effective alternative to determine trypsin without sample 

pre-treatments.  
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Fig. 3.1.9 Trypsin of concentration range of 0 to 4.6 µg/mL were spiked in diluted urine 

sample. A linear relationship was established between the emission ratio and the trypsin 

concentration. R2 = 0.923. Error bars are the standard deviation of three trials.  
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In short, a pre-treatment free and sensitive FRET-based method for protease 

detection was developed. With the GQDs-BSA-CMR2 as a nanoprobe, trypsin is 

quantified with a detection limit of 0.7 µg/mL. This shows a promising potential for 

clinical detection of trypsin in urine samples to achieve fast AP screening. The detection 

system is ready to be modified with other protein-protease system such that the content 

and the activity of other protease of interest could be easily determined. 
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3.2 Direct Detection of Prostate Specific Antigen by Darkfield Microscopy Using 

Single Immunotargeting Silver Nanoparticle 

3.2.1 Prostate Cancer and Prostate Specific Antigen. 

Prostate cancer (PCa), which is about the abnormal cell growth in prostate and the 

cell can further spread to other parts of bodies, causes around 10 % of all deaths from 

cancers.34 It is one of the most frequently diagnosed cancers in the USA and causes 

nearly one death in every 15 minutes. Digital rectal examination (DRE), which doctor 

physically checks for enlargement of prostate grand to look for sign of tumors, is one of 

the traditional clinical methods in prostate cancer screening. However, the method is 

limited to inconvenience and uncomfortable feeling to patients, high medical costs, and 

high false positive rate due to inter-observer variation.35 Moreover, it is believed DRE 

gives an accurate measurement when the PSA level is high enough to around 10 ng/mL 

(303 pM).36 Therefore, it is necessarily to have a reliable preliminary diagnostic method 

before the invasive biopsy. 

Previous studies found that the release of prostate specific antigen (PSA), a 33 kDa 

glycoprotein, in serum and semen is highly related to the growth of prostate tumor, and 

PSA has a higher tumor detection rate than DRE.37,38 In 1994, this oncological biomarker 

was further approved by U.S. Food and Drug Administration (FDA) to define 4.0 ng/mL 

(~120 pM) as an upper limit concentration in normal human serum sample. Patients 

detected with level higher than that will require follow-up diagnosis of prostatic biopsies 

for confirmation.39 Statistically, serum PSA levels of 2 to 3 ng/mL (corresponding to 60-

90 pM) in serum is considered as a grey zone and those suspicious PCa patients will have 

seven-times higher risk in suffering from prostate cancer within 10 years.40 In order to 

have an early diagnosis of PCa and reduce the number of unnecessary biopsy, a sensitive, 

accurate but simple PSA quantification approach is required. 
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3.2.2 Silver Nanoprobe for PSA Targeting. 

Taking advantage of immunotargeting approach for its excellent selectivity, a pre-

treatment free PSA detection was achieved. Herein, silver nanoparticles (AgNPs) were 

utilized as a multifunctional nanomaterials that (i) conjugate on nanoparticle surface with 

the PSA-capturing antibody CHYH2, which serves as the immunochemical recognition 

counterpart of PSA; (ii) probe and capture the target antigens (PSAs) which have been 

electrostatically immobilized on surface of the glass flow cell for detection purposes; and 

(iii) serve as the signal transducer, monitored and detected by darkfield microscopy 

(DFM) coupled with charge-coupled device (CCD). The nanoconjugate captured the 

PSA on glass surface by immunoreaction and hence nanoparticles were attached towards 

the glass surface. The strong extinction coefficient of silver nanoparticles gave an 

excellent signaling effect under DFM and the target bound AgNPs were clearly 

observed.41 As the level of PSA is highly correlated to the number of nanoconjugates on 

the surface, by counting the number of AgNP with DFM, the amount of target PSA was 

calibrated and determined (Fig. 3.2.1a). More importantly, by applying a home-made 

flow cell which was consisted of two cover glasses (Fig. 3.2.1b), it allows minimal 

consumption of sample solutions and immobilization of target analyte onto surface for 

detection.  
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Fig. 3.2.1 (a) Schematic illustration of nano-probe design for immunoassay detection of 

PSA. The antigens were immobilized on the glass slide. Then nano-probes were added to 

interact with the antigens. By counting the number of AgNP, the quantification of PSA 

was achieved. (b) A photo of a flow cell. 
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3.2.3 Preparation of Probe. 

A well-designed probe should be low cost, ease of mass production, generating a 

high signal, stable and selective to target. Herein, citrate-AgNP with strong scattering 

signal was prepared by previously reported single-step method42 and used as the raw 

material of the silver nanoprobe. A strong absorption peak of as-prepared AgNP was 

found at 423 nm (Fig. 3.2.2a). The particles were found well-dispersed with an average 

diameter of 73 ± 15 nm under TEM (Fig. 3.2.2b, c).  
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Fig. 3.2.2 (a) The UV–vis spectrum of prepared AgNP. (b) The size distribution of 

AgNPs, n = 150. (c) A TEM image of AgNPs. 
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 The citrate-AgNPs were then undergone displacement reaction with 11-MUA 

which acted as both functional ligand and molecular spacer, and formed MUA-AgNPs. 

The 11-MUA ligands with a thiol terminal and a carboxylic terminal substituted the 

electrostatic citrate anion around the AgNP. The thiol terminal attached onto the 

nanoparticle surface via strong covalent Ag-S bond while the carboxylic moiety provided 

reaction sites for covalent conjugation of the nanoparticles with the amine-terminated 

antibody (CHYH2) via EDC/NHS chemistry. As a result, a stable amide bond formed 

between the 11-MUA and the antibody (Fig. 3.2.3). It is preferable to have antibody 

conjugated covalently instead of electrostatically to the AgNPs as nanoprobes for higher 

stability and resistance towards changes in buffer composition, ionic strength and pH.43 

During the conjugation process, excessive amount of antibody was incubated with the 

MUA-AgNPs in order to ensure that each individual AgNP was at least covalently bound 

with an antibody and turns into a nanoprobe for PSA capturing purpose. After that, 

unbound antibodies were washed away over the experimental procedures to eliminate 

cross-reaction. 
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Fig. 3.2.3 Antibody CHYH2 was conjugated to MUA-capped AgNP followed by 

blocking with CH3O-PEG-SH. 
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At this stage, the as-prepared nanoprobes were still noted lack of stability to resist 

the high ionic strength buffer that commonly applied in immunoassay and may lead to 

agglomeration of nanoprobes and influence the detection efficiency. It can also provide 

steric hindrance for preventing the adsorption of blood serum proteins during real sample 

analysis.44,45 Among numerous varieties of blocking reagents, like surfactants (i.e. 

Tween-20 and Triton X-100), proteins (i.e. Bovine Serum Albumin) and polymers (i.e. 

CH3O-PEG-SH), polymer is consider as the best choice for this case. Here, CH3O-PEG-

SH was chosen because (i) it is commercially available with a wide range of molecular 

weight; (ii) its thiol group allows direct linking with nanoparticles at the vacant active 

sites on the nanoprobes that are not covered by the 11-MUA molecules and (iii) it gives 

significant effect in preventing self-aggregation of the nanoprobes in buffer solution.46 

However, one should note that the amount of CH3O-PEG-SH applied should be well 

controlled. In our optimization experiments, eight ratios of MUA/CH3O-PEG-SH were 

attempted to seek for optimal amount of CH3O-PEG-SH that prevented nanoprobe 

aggregation without affecting detection. As depicted from the DF images in Fig. 3.2.4, it 

was found that insufficient amount of CH3O-PEG-SH to AgNP would lead to 

simultaneous formation of clusters under buffered condition (in TBS buffer). The cluster 

formation will crucially interfere with the single particle counting analysis of the 

detection assay in two ways: (i) the size of clusters may exceed the size threshold of 

“single particle” (9 square pixels); (ii) aggregation merged a number of “single particles” 

into one “single cluster”. As a result, the particle counts may be underestimated and 

hence a negative bias on PSA detection might be resulted.47 As shown in Fig. 3.2.4, the 

optimal concentration of MUA/CH3O-PEG-SH was determined to be as 1:1, in which 

there was enough protection for the nanoprobes from aggregation as well as non-specific 

adsorption, which means the nanoparticle adsorption on the glass slide by electrostatic 
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interaction and hydrophilic interaction but not specific immunoreaction. Also, the ratio 

has minimal effect towards particle counting analysis. 
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Fig. 3.2.4 The CCD images of nano-probes with MUA-to-CH3O-PEG-SH (v/v) (a) 1:19, 

(b) 1:9, (c) 1:3, (d) 1:1, (e) 3:1, (f) 9:1, 19:1 and (h) blank in non-specific adsorption. (i) 

The comparison of the non-specific adsorption of nano-probes with different ratios of 

MUA/CH3O-PEG-SH on slide. 
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3.2.4 Pretreatment of Flow Cell Biosensor for Target Immobilization. 

Another principal constituent of the biosensor is the flow cell immunosensing 

platform. The flow cell applied in our assay is homemade by simply combining two 

cover glasses with adhesive tape, forming channels of ~3 mm in width (see Fig. 3.2.1 b). 

Compared with the traditional microscopic imaging in which sample solution was 

sandwiched in between two cover glasses of relatively large surface area (in several 

centimeter square dimension), flow cell with narrow channels significantly reduce the 

consumption of sample and allow successive addition or replacement of sample solutions. 

Applying flow cell is thus in advantageous for multi-steps consequent reactions on-chip 

or on surface (e.g. surface-based immunocomplexing reaction), and also for successive 

washing steps with buffer solution to remove unwanted and excessive reagents adsorbed 

on surfaces or among the channel, hence diminishing the possible matrix interference in 

microscopic imaging. 

 Another major application of the flow cell in the established bioassay is the 

immobilization of target PSA. Since the proposed immunoassay was of direct-type, 

target antigen was in the first place immobilized on the surface prior to be targeted by 

antibody-conjugated nanoprobe. However, negatively charged glass surface is not 

favorable to adsorb most of the biomolecules due to the like-charge electrostatic 

repulsion. Therefore, pre-treatment of glass surface with positively charged polymer is 

regarded as a solution to the problem. 

  Poly-L-lysine (PLL) (with pI 8.9) is a commonly used polymer with highly 

positive charge density at pH 7.4 in coating and modifying the charges of glass surfaces. 

In our assay, PLL was coated on the upper inner surface of the flow cell channel for 

immobilizing the target analyte. The negatively charged PSA antigen (with pI 6.9) would 

electrostatically interact with the positively charged PLL in channel and gets 
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immobilized.48-50 Unoccupied positive sites of the PLL were then masked by blocking 

with negatively charged BSA molecules in order to reduce the non-specific adsorption of 

the AgNP-probes on the PLL-coated cationic glass surface, which could avoid generating 

false signal from non-target-bound nanoprobes.51,52 Excessive BSA molecules were 

rinsed off with washing buffer after blocking, and the silver nanoprobes were then 

consequently added for specific targeting to the analyte pending for imaging under DFM. 

  As mentioned, excessive amount of reagents among the channel may bring into 

matrix interference towards detection. High concentration of excessive reagent in 

solution will not only hinder the reaction kinetics of antigen and antibody but also alter 

the viscosity and refractive index of the solution layer and hence affect the detection 

efficiency. Accordingly, amount of BSA introduced into the channel for blocking 

purpose should be optimized. 

  Fig. 3.2.5 elucidated the effect of BSA on reducing the non-specific adsorption of 

AgNPs on cover glasses. Nanoprobes were flowed into the PLL-cover glasses coated 

with four different concentrations of BSA without the presence of any target analyte. 

Such that non-specific adsorption of the nanoprobes on the BSA-coated surface could be 

evaluated. It is observed from the DFM images that the number of particles counted in 

the presence of 0.5% BSA blocking was minimal, whereas almost two-third of the non-

specifically adsorbed nanoparticles were reduced as compared with the case without 

BSA blocking. From the experiment, it is also noted that when the concentration of BSA 

increased over 0.5 %, even though the concentrated BSA provides strong repulsion force 

against the like-charged analytes but accumulation of BSA on the glass surface may 

alternatively and physically trap nanoparticles. A slightly higher number of particles 

were counted when higher dose of BSA was used. Hereafter, 0.5 % BSA blocking 

solution was considered optimal for reducing the non-specific adsorption effect and was 
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applied in the immunoassay. 
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Fig. 3.2.5 The CCD images of (a) 0% BSA, (b) 0.25% BSA, (c) 0.5% BSA and 1% BSA 

as blocking reagents. (e) The comparison on the non-specific adsorption of nano-probes 

on slide between among concentrations of BSA. 
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3.2.5   Direct Quantification of PSA by Single Particle Counting in DFM. 

To demonstrate the capability of the developed assay in immunosensing, a 

calibration curve of PSA antigen with a dynamic range from 0 to 1 nM was established 

(Fig. 3.2.6). When the PSA antigen of different concentrations was immobilized onto the 

surface of flow cell and conjugated with the silver nanoprobe subsequently, the whole 

immunosensing chip was placed under DFM for imaging and single-particle counting 

with the aid of CCD camera and image processing software respectively. In principle, the 

number of nanoparticles counted under DFM, in which the nanoparticle displayed as 

bright spots in monochromic CCD camera image, was proportionally correlated to the 

amount of analyte. Herein, the constructed calibration curve was fitted by logistic 

regression with coefficient of determination (R2) equals to 0.995.53 A good linear 

relationship was observed between the particle counts and the PSA concentration ranging 

from 0 to 100 pM, and was then leveled off. The limit of detection (LOD) of this assay 

was determined to be 9 pM (mean + 3 × standard deviation of the number of particles 

counted in blank). The resulted LOD is much lower than the cut-off value (~ 120 pM) of 

PSA in serum sample of PCa patient, showing that the established assay has a high 

potential in biomedical field to quantify PSA without complicated sample pretreatment. 
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Fig. 3.2.6 The calibration curve demonstrated the relationship between the concentration 

of PSA and particle counts. R2 = 0.995. Error bars are the standard deviation of three 

trials. A magnified region of the calibration curve (ranging from 0 to 100 pM). 
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3.2.6  Specificity of the Assay. 

The specificity of the nano-immunosensing assay was verified in order to 

demonstrate its applicability for clinical trials. Carcinoembryonic antigen (CEA, a 

common tumor marker) and Immunoglobulin G (IgG, an abundant antibody in human 

serum) were chosen as examples to illustrate the selectivity of the assay. Equal 

concentration of (i) CEA, (ii) IgG, (iii) PSA, (iv) a mixture of CEA/PSA (v/v 1:1), (v) a 

mixture of IgG/PSA (v/v 1:1) and (vi) a mixture of CEA/IgG/PSA (v/v/v 1:1:1) were 

immobilized onto the nano-immunosensor and cross-interacted with the PSA silver 

nanoprobes and imaged under DFM respectively. As shown in Fig. 3.2.7, the count of 

particles from CEA and IgG also were found no difference with that of blank solution. 

Also, the count of PSA alone and the mixed PSA solutions was highly comparable, 

showing that the presence of CEA and IgG, no matter mixed with PSA or not, did not 

affect the particles counts. The high selectivity was due to the monoclonal antibodies on 

probe surface which provides specific binding towards the targets and this evidence 

shows the high discrimination efficiency and the absence of cross-contamination of the 

silver nanoprobes to the target antigen from the non-target one. 
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Fig. 3.2.7 The CCD images of the slide immobilized with 150 pM (a) PSA, (b) PSA and 

CEA mixture, (c) PSA and IgG mixture, (d) mixture of CEA, IgG and PSA, (e) CEA, (f) 

IgG and (g) Blank solution. (h) A plot supported the selectivity of the nano-probes and 

the effects of CEA and IgG on the counts for this assay. 
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3.2.7 Real Sample Analysis. 

To explore the potential of clinical application, we determined the PSA level in a 

donor serum sample with standard addition approach to illustrate the capability of this 

developed assay. As shown in Fig. 3.2.8, the PSA level in this serum sample was 

estimated to be 87 pM, showing the feasibility of PSA level determination in normal 

serum sample. Meanwhile, it demonstrated a pre-treatment free analysis of real serum 

sample. 
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Fig. 3.2.8 Different concentrations of PSA were spiked into a normal serum sample to 

determine PSA content by standard addition method. The concentration of PSA in this 

sample was estimated to be 87 pM. 
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 In short, we demonstrated a sensitive, selective and pretreatment-free 

detection assay for the quantification of PSA based on direct immunoassay with 

antibody-conjugated silver nanoprobes. PSA concentration was determined by 

correlating with the number of silver nanoprobes counted under dark field 

microscope. The detection limit is 9 pM, which is far below the diagnostic threshold 

of 120 pM of PSA in prostate cancer patients.	This reveals its potential in clinical 

application for preliminary diagnosis of prostate cancer. The high specificity of the 

assay is also promising for pretreatment-free real sample analysis in which cross-

contamination of the nanoprobes to other antigen is limited.  
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3.3 Quantification of Cancer Biomarkers in Serum Using Scattering-Based 

Quantitative Single Particle Intensity Measurement with a Darkfield Microscope. 

3.3.1 Cancer Biomarkers - Carcinoembryonic Antigen (CEA) and Alpha 

Fetoprotein (AFP, α-fetoprotein).  

Besides PSA, CEA and AFP are also interested in cancer diagnosis as they are 

proved to be associated with physiopathologic defense and tumor metastasis.54,55 Thus, 

their concentrations in particular human body fluid are highly related to cancer stages.  

CEA is an oncofetal antigen with 180 kDa and produced by endodermally derived 

epithelial cancer cells.56-59 Statistically, CEA in serum samples of health donors ranges 

from 1.3 ng/mL (7 pM) to 3.2 ng/mL (18 pM).57 However, The abundance of CEA 

increases with the tumor stage of breast tumor, ovarian carcinoma, colon tumor and 

cervical carcinoma.60 Evidence showed that the CEA concentration increases 

dramatically to 15 ng/mL (83 pM) for a colon cancer patient.57 Thus, the level of CEA in 

serum is considered as a reference for cancer screening. It is believed that the 

concentration of CEA has a high potential of both disease screening, fellow-up checking 

and drug screening.61  

On the other hand, AFP is a remarkable biomarker for hepatocellular cancer and 

widely used in disease screening.62 Although the AFP level is relatively high in infant’s 

body, the level will decrease to the normal level by the first year of life. Normally, the 

level of AFP in serum of healthy donor is less than 20 ng/mL (290 pM). However, that 

level increases dramatically up to 500 ng/mL (7 nM) for liver cancer patients.62 Thus, 

hepatocellular cancer screening can be achieved by AFP detection.  
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3.3.2  Scattering Intensity Enhancement Strategy by Silver Nanoprobes 

Amplification. 

Unlike the previous single-particle counting method, herein, the scattering intensity 

of individual particle was focused in order to improve the sensitivity and broaden the 

linear range for cancer-related biomarker quantification. Taking advantage of a strong 

plasmonic coupling effect between metallic nanoparticles in close proximity to each 

other, the interaction between metallic nanoparticles is simply monitored under the 

intensity change in scattering domain.63 

In this scattering intensity-based cancer biomarker detection, the silver nanoprobe 

with strong scattering intensity was adopted for scattering intensity enhancement and 

thus affording high sensitivity for the detection assay. Different from the counting 

method, the capture antibody conjugated gold nanoparticles and was firstly immobilized 

in flow cell to capture the target antigen, followed by the addition of detection antibody 

modified silver nanoprobe. In the presence of target antigens, those two metallic probes 

form an immunocomplex. As those metallic probes stay close with each other in the 

presence of the target molecule, a strong plasmonic coupling effect occurs, resulting 

enhanced plasmonic scattering from the gold nanoprobe.64,65 With the aid of darkfield 

microscope (DFM), the scattering intensity of individual particles could be quantified in 

a high throughput manner by attaining a single darkfield image with a hundred 

millisecond exposure time.66 Taking the advantage of great scattering intensity difference 

before and after immune-complex formation, the amount of the target antigen was 

quantified (Fig. 3.3.1). Moreover, to demonstrate the flexibility of our approach, three 

cancer-related protein biomarkers, including carcinoembryonic antigen (CEA), prostate-

specific antigen (PSA) and alpha fetoprotein (AFP), were adopted as target proteins and 

quantified by corresponding antibody-modified metallic nanoparticles. 
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Fig. 3.3.1 Schematic illustration of silver nanoprobe in scattering intensity enhancement. 

The capture antibody modified gold nanoprobes were firstly immobilized on glass slide, 

followed by the sample introduction. The detection antibody modified silver nanoprobes 

were further added to react with the captured antigens, forming a large complex. As the 

intensity of gold nanoprobe was greatly enhanced by plasmonic coupling of silver 

nanoprobes, the antigen was quantified by simply measuring the scattering intensity 

change under DFM. 
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3.3.3 Probe Preparation and Optimization. 

Turkevich method is one of the most popular methods in gold nanoparticle 

synthesis. The single-step preparation method involves simple boiling HAuCl4 with 

trisodium citrate dehydrate, which plays double roles as both reducing agent and 

stabilizing agent.67 It shows a high efficiency in mass preparation of AuNP. Moreover, 

the size of AuNP is easily adjusted by varying the ratio of two reagents. However, the 

homogeneity of the nanoparticles remains doubt, especially for the large size of gold 

nanoparticles (with diameter >30 nm) as the size distribution increases with the particle 

size.68 The large size distribution of AuNP limits their applications, especially for single 

particle monitoring. Thus, it is important to synthesize the nanoparticle with different 

approach. 

As the light scattering and plasmonic coupling effect are particle size dependent, 

seed method was adopted to prepare AuNP of narrow size distribution. Herein, the small 

metallic particles were firstly prepared and considered as seeds for the growth of AuNPs. 

The UV-Vis spectra of AuNP in generation 1 to 7 were illustrated in Fig. 3.3.2a, 

Generally, the absorption peak displayed a blue shift with the increase of growth 

generation, indicating the size enlargement. In addition, the sharp absorption peaks 

suggest a well-controlled in size during continues growing steps. Moreover, the TEM 

images and size distribution of the gold nanoparticles (Fig. 3.3.2c) showed that those 

particles are spherical in shape with a narrow size distribution. Generally, there is ~ 10 

nm increase in particle size in each growth generation, showing a great consistency. The 

scattering intensity increased with the particle size of gold nanoparticle and that intensity 

of silver nanoparticle was around 2.5-fold of the gold nanoparticle in same size. 
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Fig. 3.3.2 (a) The UV–vis spectra of prepared AuNP in different generations (generation 

1 to generation 7). (b) The UV-vis spectrum of commercial available AgNP. (c) The size 

distributions, TEM images and intensity distributions of AuNP in generation 5 to 7 and 

AgNP. The sizes of those spherical particles were homogenous. Generally, the scattering 
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intensity of gold nanoparticle increases with particle size and the intensity of silver 

nanoparticle was 2.5 folds of that of gold nanoparticle of same size. 
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In the presence of antigen, the antigen acted as a “bridge” between gold and silver 

nanoprobes, forming immunocomplexes (dimer), and the distance between those probes 

was reduced (Fig. 3.3.3a). Fig. 3.3.3b illustrated that there was an obvious color change 

from blue (silver nanoprobe) and green (gold nanoprobe) to yellow (immunocomplex) in 

the presence of target. From Fig. 3.3.3c, the intensity was greatly enhanced after the 

formation of the immunocomplex.  
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Fig. 3.3.3 (a) A TEM image of immunocomplexes of AuNP and AgNP as a AuNP-AgNP 

complex form in the presence of target antigen. (b) There was an obvious shift in 

scattering spectra of probes found after the immunoassay, indicating a successfully 

immunoreaction process. (c) Calculated scattering cross-sections. The scattering intensity 

of AuNP-AgNP complex strongly increased ~3 fold compared with that of single 

particles.  



	 94	

To have the maximum plasmonic coupling effect, the size of nanoparticles in probe 

preparation was further optimized. Theoretically, a large particle allows more antibodies 

to immobilize on its surface, providing more available sites for immunoreaction. 

However, researchers found that the plasmonic coupling effect is related to the size 

difference of two metallic nanoparticles as well as the chemical composition of the 

particle.69 Thus, the size of the gold nanoprobe was optimized by varying from 

generations 5 to 7 as they generated sufficient scattering signal under our DFM with a 

narrow size distribution. From Fig. 3.3.4a, gold nanoparticles of different sizes were 

functionalized to be Au nanoprobes and applied in the same immunoassay with 0 M CEA 

as a blank and 1 nM CEA as a target with the further signal enhancement by silver 

nanoprobes under the same condition. The intensity gap between blank and target was 

considered as the sensitivity of the assay, where the probe with generation 6 AuNP with 

the size 69.9 ± 5.8 nm showed the most satisfactory result and was considered as the 

optimal size for gold nanoprobe.  
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Fig. 3.3.4 (a) Different sizes of AuNPs (generation 5 to 7) were optimized. The largest 

increase in intensity was found in the data set of the 6th generation AuNPs and it was 

considered as the best probe size for probing targets. (b) Different concentrations of Au 

nanoprobes (10 to 35 pM) were used to capture the analyte. The one with probe of 35 pM 

shows the lowest sensitivity as the effect of scattering enhancement was “diluted” for 

overdosed probes. However, there was no significant difference between the data sets 

with 10 pM and 20 pM probes. Thus, 20 pM probe concentration was considered as the 

optimum probe concentration for the best sensitivity with a larger linear range. (c) To 

minimize the non-specific adsorption of AgNPs, different concentration of blocking 

reagent, BSA, were applied. All intensities were corrected with the one of AuNP as a 

background (ICorrected = Isample - IAuNP). The set with 1% BSA blocking showed nearly 

identical with pure Au nanoprobe, showing an excellent blocking efficiency while the 

one without blocking (blank) showed high similarity to pure Ag nanoprobe, indicating a 
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dominant of non-specific adsorption. The DFM images of (d) blank; (e) 0.5% BSA; (f) 1% 

BSA; (g) 5% BSA; (h) pure Au nanoprobe and (i) pure Ag nanoprobe. (j) The detection 

sensitivity increase with incubation time and reached the max at time = 60 min. After that, 

the longer incubation time didn't offer improvement. Thus, 60 min incubation was the 

best condition for this approach. 
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3.3.4 Optimizations of On Chip Immunoassay. 

To have maximum signal to noise ratio, several optimizations were performed. The 

amount of the gold nanoprobe is critical as it highly relates to the sensitivity and dynamic 

range of the detection assay. The large amount of capturing probe provides more binding 

sites for targeting antigen, expanding the dynamic range. However, the degree of 

intensity change will be ‘diluted’ when probes were overdosed. In order to find out the 

suitable concentration of gold nanoprobe, probe in different concentrations were allowed 

to react with the same amount of analyte, finding the largest increase in the intensity. In 

Fig. 3.3.4b, it is clearly seen that the signal was diluted when 35 pM of probe was 

applied for capturing the antigen. However, there was no significant difference between 

the results with 10 pM and 20 pM. Thus, 20 pM was the optimum probe concentration as 

it provided more reaction sites compared with 10 pM. 

To minimize the non-specific adsorption, blocking reagent (BSA) was introduced. 

The blocking efficiency was further adjusted with applying different amount of BSA 

after the immobilization of gold nanoprobes, followed by the addition of silver 

nanoprobes. As the scattering intensity of silver nanoparticle was almost 2.5 times 

stronger than gold nanoparticle of the same size, it is easy to distinguish those particles 

under DFM. In this investigation, the average scattering of the particles in pure silver 

nanoprobes gave the highest value because of the high contents of large extinction 

coefficient of silver nanoparticles. For the channel without blocking, both gold 

nanoprobes and silver nanoprobes were immobilized on its surface randomly, so the 

average scattering intensity was slightly lower than that of silver nanoprobes only. 

However, its value still maintained at a high level, pointing out the large number of 

immobilized silver nanoprobe and this condition should be avoided. The channel with 

1% BSA blocking gave the lowest value in average scattering intensity, showing the 
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smallest content of silver nanoprobe and the best blocking efficiency, providing the less 

amount of non-specific adsorption. On the other hand, from the DFM images in the Fig. 

3.3.4d, a mixture of bright spots (silver probes) and dark spots (gold probes) were clearly 

observed for blank while the bright spots disappeared after the channel treated with 1% 

BSA (Fig. 3.3.4f). Both of the evidences supported that the optimum concentration of 

blocking reagent was 1% BSA. At this condition, there was just enough amount of BSA 

to mask the positively charge created by poly-L-lysine and the content was not too much 

for create any alternatively physically trap for nanoparticles in non-specific adsorption. 

  Since the incubation time is also a critical parameter for immunoreaction, we 

further explored the optimum reaction time for the assay. Fig. 3.3.4j shows the 

sensitivity increased with incubation time. However, the increase leveled off after 60 min. 

Thus, 60 min was concluded as the equilibrium point of the immunoassay. The 60-min 

incubator provides a sensitive but fast detection for cancer biomarkers. 
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3.3.5 Direct Quantification of Different Biomarkers with Scattering Enhancement 

by Silver Nanoprobes.  

To demonstrate its potential in clinical application, a calibration curve of CEA 

antigen with a dynamic range from 0 to 1 nM was established (Fig. 3.3.5a). The 

statistically measured scattering intensity of gold nanoprobe increased with the CEA 

concentration linearly from 0 to 300 pM (with R2 = 0.98) (Fig. 3.3.5b) while it leveled 

off afterward. The detection limit of CEA was found as 1.7 pM (mean + 3 x standard 

deviation of scattering intensity of nanoprobe in blank). To demonstrate the flexibility of 

the nanoprobe, different antibody pairs were used in modifying gold nanoprobes and 

silver nanoprobes in order to target other cancer related antigens. Herein, PSA and AFP 

were demonstrated as alternative choices of biomarkers. The R2 of PSA and AFP at 0 to 

300 pM were 0.98 and 0.96 respectively (Fig. 3.3.5b). Moreover, the detection limits of 

PSA and AFP were determined as 3.3 pM and 5.9 pM respectively. These results 

together give rise to a definitive conclusion that this approach affords a universal 

performance for biomarker assay regardless of the type of the target molecule. 
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Fig. 3.3.5 The calibration curves of (a) CEA; PSA and AFP. Three calibration curves 

coincided with each other. (b) A magnified region of the calibration curve. A linear range 

of 0 to 300 pM were found in all curves. The detection limit of CEA, PSA and AFP were 

found as 1.7 pM, 3.3 pM and 5.9 pM respectively.  
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3.3.6 Specificity Assay.  

Specificity is essentially important in clinical application as the complicate body 

fluids contain lots of different interferences. To test the specificity of the assay, anti-CEA 

nanoprobes were mixed with (i) CEA; (ii) PSA; (iii) AFP; (iv) sodium ions; (v) calcium 

ions and (vi) potassium ions. The results showed the high specificity to CEA and no 

significant effects on other cancer biomarkers (PSA and AFP) and abundant ions in body 

fluids (Na+, Ca2+ and K+) were found. The high selectivity reduces the chance of false 

positive or negative and increases the accuracy of the detection assay. 

Besides interferences, the effect of salt concentration was also investigated. As the 

salt concentration varied from sample to sample, a desire sensor should be stable under 

the varied salt concentration. The detection assay was performed under different salt 

concentrations (150 mM, 300 mM and 450 mM). In Fig. 3.3.6b, similar sensitivities 

were found in all conditions, showing the high independency in sample salt concentration. 

The antibody on the probe surface allowed the probe to react specifically with the target 

while the interference was not bound towards the probe and washed out by buffer 

solution. Consequently, the high specificity allows this approach to be pre-treatment free 

detection, which shows a great convenience. 
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Fig. 3.3.6 (a) The selectivity test for anti-CEA probes in the presence of (i) CEA; (ii) 

PSA; (iii) AFP; (iv) sodium ions; (v) calcium ions; (vi) potassium ions and (vii) blank. 

The assay was proved to be highly selective to the target antigen, CEA, and no significant 

effect was caused by all interferences. (b) The immunoassay performed under various salt 

concentrations (150 mM to 450 mM). All conditions provided similar results, showing 

the independency in sample salt concentration. 
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3.3.7 Real Sample Analysis. 

To demonstrate the high potentiality in clinical application, the concentrations of 

CEA, PSA and AFP in serum sample from a healthy donor were analyzed by this method. 

The sample was directly analyzed without any treatment and dilution. In the standard 

addition method, the scattering intensity increased with standard concentration linearly, 

and the CEA, PSA and AFP concentrations were found as 10.2 ± 0.7 pM, 13.6 ± 0.9 pM 

and 27.0 ± 1.2 pM respectively. All values were below the cut-off level of particular 

disease (cut-off levels of CEA, PSA and AFP are 18 pM, 120 pM and 83 pM 

respectively). Moreover, the PSA content was further validated by a well-known method, 

enzyme-linked immunosorbent assay (ELISA). The result was compatible as the content 

of PSA found by ELISA was 11.0 ± 1.5 pM. Thus, this method was highly recommended 

to replace the ELISA as it reduced the sample size by 90% of that of ELISA. 
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Fig. 3.3.7 The standard addition curves of CEA, PSA and AFP in crude serum sample 

and those concentrations were found as 10.2 ± 0.7 pM, 13.6 ± 0.9 pM and 27.0 ± 1.2 pM 

respectively. The amount of PSA was further validated with well-developed method-

ELISA which the data form two methods show a high consistency. 
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In short, we demonstrated a simple, pretreatment-free and sensitive method for 

cancer biomarker detection. In the presence of antigen (i.e., CEA, PSA or AFP), a 

sandwiched immunocomplex was formed between the well-designed gold nanoprobes 

and silver nanoprobes, resulting a strong plasmonic coupling. As a consequence, the 

interested antigen could be readily determined by quantifying enhanced scattering 

intensity from individual probes in a darkfield image. LOD of 1.7 pM, 3.3 pM and 5.9 

pM for CEA, PSA and AFP respectively were achieved, which were far below the cut-off 

values in clinical assay. Furthermore, to demonstrate the potential of this method in 

clinical application, the content of those antigens were quantified in serum sample. The 

measured results were in good agreement with that determined by commercial ELISA kit, 

indicating the promising application of this approach in clinical biomarker quantification. 
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CHAPTER 4 FUTURE PLAN 

As previously mentioned, extracellular vesicles (EVs), which are nano-sized 

lipid bilayer membrane vesicles for modulating intercellular communication, have 

drawn great attention in disease diagnosis for their pathological.1-5 Moreover, these 

small vesicles are found in various body fluids, such as serum, plasma, urine and 

ascites. As the quantities and types of exosomes released from normal cells and 

cancer cells are different, EVs are promising non-invasive biomarkers for 

diagnosis, prognosis, monitoring and surveillance of cancer.6,7 However, the isolation 

and quantification of EVs still remains challenging in 21st century. Traditionally, the 

isolation of EVs is performed by either density-based isolation or 

ultracentrifugation, which are time consuming and labor intensive.8 Moreover, the 

complicating sample pre-treatments are in inefficiency with low recovery which 

hinders the analysis of the sample by conventional western blot and ELISA 

because of the limited sample size.9,10 The complicating steps increase the risk of 

sample lost causing false negative. Therefore, it is necessarily to establish a novel 

method for simultaneous EVs isolation and quantification. 
 

In order to reduce the extraction time and increase the selectivity of isolation, 

affinity-based isolation is purposed. Herein, exosomes of ovarian cancer is chosen as 

target. Surface protein of cluster of differentiation 24 (CD24) and epithelial cell 

adhesion molecule (EpCAM) are found rich on surface of ovarian cancer related 

exosomes.10 However, the content of CD24 and EpCAM are at a very low level in 

normal ovarian cells. Our developed nanoprobe is capable of capturing the exosome 

with the particular surface markers. Taking advantages of our silver nanoprobe 

scattering enhancement strategy, anti-CD24 modified gold nanoparticles are applied 

to capture the target exosomes and further react with anti-EpCAM modified silver 

nanoprobe. By simply measuring the scattering intensity change of the immobilized 
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nanoparticle due to plasmonic coupling effect, the quantification of exosomes is 

achieved (Fig. 4.1). This provides a fast, pre-treatment free and selective method for 

both EV isolation and detection. Thus, this convenient method is highly 

recommended for clinical applications. 
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Fig. 4.1 Scheme illustrates the simultaneous isolation and quantification of 

exosomes by metallic nanoprobe. The metallic probes recognize the surface 

proteins on exosome surface. In the presence of target exosome, the interparticle 

distance between gold nanoprobes and silver nanoprobes is reduced, resulting a 

strong plasmonic coupling effect. Consequently, a strong scattering signal is    

observed. 
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CHAPTER 5 GENERAL CONCLUSIONS 

Nanotechnology has been rapidly developed for clinical applications, especially 

for ultra-sensitive single molecule detection. Besides the ultra-sensitivity, detection 

down to nano-scale minimizes the sample sizes of valuable biological samples. In 

these research studies, various applications of nanoparticle sized from few nanometers 

to tens of nanometers were applied in different disease screening and diagnoses, 

providing pre-treatment free, fast and sensitive detections. Here, three assays were 

demonstrated in this thesis. (i) With aid of quantum dot as a donor, an excellent 

stability, simple and low cost FRET-based probe was prepared. A point-of-care 

disease screening was achieved by simply mixing of crude urine sample and our well-

designed probe. An obvious color change was observed under the exposure of a hand-

held UV lamp, allowing patients for on-site self-monitoring. (ii) By immuno-strategy, 

antibodies conjugated silver nanoparticles were served as probes for targeting our 

target antigens specifically. In addition, the probes were served as signal traducer for 

generating signal under DFM, locating the antigen after immunoreaction. A simple 

counting of nanoprobe trapped in the flow cell, the antigen was quantified. (iii) With 

the concept of plasmonic coupling scattering, silver nanoprobe enhanced the 

scattering signal of gold nanoprobe in the present of target antigens because of the 

decrease in interparticle distance. The antigens were quantified by measuring the 

change in scattering intensity. Moreover, different biological samples were analyzed 

by the three approaches in demonstrating the high potential to replace the traditional 

methods with great simplicity and high detection efficiency. 

Recently, new biomarker - exosome, show a great potential in replacing 

conventional antigen for its excellent stability and unique pathological role. With the 

aid of nanoparticles, exosomes isolation and quantification can be performed 
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simultaneously, giving a convenient, direct and fast detection. Actually, it is a trend 

that an interdisciplinary research team with expertise in biomedical, analytical 

chemistry, nanotechnological and pharmaceutical has been assembled to tackle the 

biomarker discovering, unmet early detection, diagnostic and therapeutic challenges. 

It is hoped that more and more collaborators from different fields join together to 

improve our medical system for a better living. 
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