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ABSTRACT
As a high-resolution wide-field near-surface microscopy, total internal reflection
fluorescence microscopy (TIRFM) has been widely applied for the study of
biomolecules. Unlike those costly, sample consuming and time consuming
traditional detection assays, the application of TIRFM enable the direct
quantification of biomolecules in a sample pretreatment and enrichment free
fashion. Taking advantages of the TIRFM imaging system, in this thesis we have
applied the TIRFM imaging system to directly quantify the content of different
cancer associated biomarkers. Four different detection approaches for direct
cancer biomarkers quantification with the aid of TIRFM were herein presented
respectively.
In Chapter 2, a direct quantification of nasopharyngeal carcinoma associated
miRNAs was described. In the assay, five different miRNAs were chosen as the
target analytes, which hybridized with the synthetic complementary LNA, probe
in solution. The duplex was labeled with intercalating fluorescence dye YOYO-1
and the signal was then detected by the TIRFM-EMCCD imaging system. The
LNA probe exhibited a high binding affinity towards the complementary target
miRNAs and a limit of detection of 8 pM was achieved. Since the LOD is far
below the reported concentration of miRNAs found in body fluids, this developed
assay is of high potential to serve as a tool for non-invasive detection of miRNAs
for early disease diagnosis.
In Chapter 3, an advanced single-molecule based assay for direct circulating
miRNAs detection was developed. The assay was demonstrated to be capable of
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differentiating the expression of a nasopharyngeal carcinoma (NPC) up-regulator
hsa-mir-205 (mir-205) in serum collected from patients of different stages of NPC.
To overcome the background matrix interference in serum, locked nucleic acid
modified molecular beacon (LNA/MB) was applied as the detection probe to
hybridize, capture and detect target mir-205 in serum matrix with enhanced
sensitivity and specificity. A detection limit of 500 fM was achieved. The
as-developed method was capable of differentiating NPC stages by the level of
mir-205 quantified in serum with only 10 µL of serum and the whole assay can be
completed in an hour. The experimental results agreed well with reported and
while the quantity of mir-205 determined by our assay was found comparable to
that of quantitative reverse transcription polymerase chain reaction (qRT-PCR),
supporting that this assay can be served as a promising non-invasive detection
tool for early NPC diagnosis, monitoring and staging.
In chapter 4, a self-assembled protein nanofibril based online pre-concentrating
sensor was developed. This solution-based hybridization assay was applied to
quantified the amount of target miRNAs, mir-196a. Biotinylated locked nucleic
acid (LNA) of complimentary sequence was served as the probe to capture the
target miRNA analyte. The target hybridization duplex was immobilized on the
backbone of the nanofibril through the biotin-streptavidin interaction. The
quantification was achieved by the fluorescence intensity measured with total
internal reflection fluorescence microscopy. A detection limit of 1 pM was
achieved with trace amount of sample consumption. This assay showed efficient
single-base mismatch discrimination. The applicability of quantifying circulating
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mir-196a in both normal and cancer patient’s serums was also demonstrated.
In chapter 5, a magnetic nanoparticles based sandwich immunosensor with
carbazole-based cyanine as the fluorescence labeling dye for the direct
quantification of prostate cancer related antigen, PSA, was developed. Taking
benefit of the magnetic property of the nanoparticles, the target sandwich
immunocomposites can be easily online separated from the sample matrix. The
as-developed assay can efficiently discriminate the target PSA from other disease
related antigens and achieve a LOD of 400 fM (13 pg/mL) and a LOQ of 2 pM
(0.66 ng/mL). As the whole detection assay can be completed in 1 h with only 10
µL of sample, this assay is fast and cost effective and of high potential for early
disease and cancer diagnosis, staging and monitoring.
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CHAPTER 1. INTRODUCTION
1.1 Cancer biomarker
By the end of last century, cancer is one of the leading causes of death and
becomes a major public health issue in the world. Due to its high heterogeneity
and adaptability, cancer is well-known for its high mortality and recurrent rate.1
According to the statistic from the World Health Organization, there were over
8.3 million people died from cancer in 2012, and the number is expected to
reach 12 million by 2030.2 Since cancer is a consequence of uncontrollable
growth and spread of malignant cells, these existing tumors often invade the
surrounding tissue and metastasize to distant sites and could affect any other
parts of the body. Early diagnosis is critically important for the early
intervention and treatment of the disease and hence can significantly increase
the survival rate of the patients.3,4 Magnetic resonance imaging, computer
tomography (CT), isotope bone scans, and position emission tomography (PET)
are commonly applied for early stage diagnosis, although, these scanning
methods are often costly and lack of availability that the routine utilization of
these instruments is hindered.5,6 Development of a rapid, safe, accurate, reliable,
but yet inexpensive alternative diagnostic method is highly desirable and
extremely important.
Carcinosis is generally involved several significant factors including an
oncogene, to control cell growth and proliferation; cancer suppression gene, to
control cell maturation, terminal differentiation, and apoptosis; and a cancer
biomarker. In normal circumstances, the oncogene is in a delicate equilibrium
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with suppression gene. An overexpression of either the oncogene or the
suppression gene will cause the cell proliferation and apoptosis out of control.7
Thus, cancer diagnosis can be simply done by detecting the presence of gene
alternation of tumor specificity biomarkers in the tissue and body fluids.
Biomarkers are the biomolecules of important inter- or intracellular functions,
where their expression or activity is specificity altered in response to some
pathological changes in the body. Biomarkers can be generally used for
screening for the existence of cancer, identifying specific types of cancer,
determining the cancer prognosis, and monitoring the cause of cancer while the
patient is receiving surgery, chemotherapy or radiotherapy. Researchers found
that these cancer biomarkers often exist in tissue and body fluids (such as blood,
serum, saliva etc.) and they include proteins, DNA, RNA, peptides, and
metabolites to provide useful information for detection and monitoring of
cancer progression. Unfortunately, the levels of these biomarkers are often
present in a very low concentration in very early stage of cancer and thus are
difficult to be detected.

8-10

Moreover, the matrix effect in the tissue and body

fluids often add challenges for an accurate detection. As a consequence, a
sensitive and specific detection technique is required for accurate screening of
biomarker.
Microarray,11-13

polymerase

chain

reaction

(PCR),14-16

enzyme-linked

immunosorbent assay (ELISA),17-19 northern20 and western blotting21,22 are the
standard methods for biomarkers detection. However, the problems of these
golden methods, such as long assay time, labor intensive, require multiple
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sample pretreatment and enrichment steps often hinder the clinical application.
In order to detect the trace amount of biomarkers in the body fluids, these
methods often require large amount of sample that has also limited the
feasibility for early stages diagnostic.
To overcome the limitations of the standard methods, here, we developed
several direct assays, which are free of pre-analysis purification and
amplification for detection of cancer biomarkers, including microRNAs
(miRNAs) and cancer-specific antigen with the aid of total internal reflection
fluorescence microscopy in a high-throughput manner for early cancer
diagnosis.
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1.2 Total internal reflection fluorescence microscopy
Being capable of obtaining high-resolution images under nominally native
conditions, optical microscopy has remained as one the most powerful and
important tool in biology.23,24 Other advantages including (i) real-time
experiments can be performed under physiological conditions, neither chemical
fixation nor detergent solubilization is needed; (ii) applicable for single-cell or
signal-molecule study, able to retain the spatiotemporal information of the analyte;
and (iii) exhibit a great feasibility in experimental design and application etc.,
have extended the application of optical microscopy in many different aspects.
Total internal reflection fluorescence microscopy (TIRFM) as one of the wide
field near-surface fluorescence microscope, has been widely applied to detect
biomolecules of low abundance, to study the conformation dynamic of the
molecules, to monitor the molecular interaction at the cell-substrate interface
etc..25 Unlike other fluorescence microscopes, which the resultant fluorescence
signal from the surface-bound fluorophores are often overwhelmed by the
background or the out-of-focus fluorescent molecules in the sample volume, the
excitation light in TIRFM only illuminates an extremely thin region below the
substrate and sample interface. Therefore, only the confining resultant
fluorescence signal from the molecules within the region is captured by the
microscope objective, which significantly improve signal-to-noise ratio and the
resolution of the images.26

	
  

4	
  

Principle of TIRFM
Total internal reflection occurs when the excitation light beam propagating
through a dense medium (high reflective index) encounter another less dense
medium (low reflective index) with an incident angle greater than the critical
angle (θc). The critical angle is derived by Snell’s law:
θc = sin-1 (η2/η1) (Equation 1.1)
where η2 and η1 are the reflective index of the dense and less dense medium
respectively. Instead of propagates through the less dense medium, certain amount
of incident light reflects off at the interface, this phenomenon is known as total
internal reflection. At the same time, some of the incident energy will transmit
through the interface and generate a standing electromagnetic field called
evanescence field. Unlike other form light, evanescence light decays in the
intensity exponentially over a sub-wavelength distance. The intensity of the
evanescence field (Iz) at any position (z) can be calculated by
Iz = I0 exp-z/d (Equation 1.2)
where I0 is the intensity at z = 0, d is the penetration depth of the evanescence
field that can be obtained by
d = λ / (4π (n12sin-1θ - n22)1/2) (Equation 1.3)
where λ is the wavelength of the excitation light beam in vacuum. The penetration
depth of the light beam is typically ~ 100-300 nm. In a prism-type TIRFM the
penetration depth can be controlled by three factors: (i) the wavelength of the
excitation source, the longer the wavelength of the light source, the deeper the
evanescence field is. (ii) The incident angle of the light source, the penetration
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depth decreases while increasing the incident angle. The last but not lease, (iii)
reflective index of the less dense medium, as the reflective index of the less dense
medium increases, the penetration depth also increases.
In TIRFM, since the intensity of the evanescence field decays exponentially,
fluorophores closer to the interface will be excited more strongly than the one
away from the interface, which gives a high-contrast image of the fluorophores
near the interface. In addition, because of the penetration depth of the evanescence
field is very shallow, only fluorophores within the field will be excited, while the
rest in the bulk solution will remain “silent”. It gives a high signal-to-noise ratio
and also reduces the photo-damage on the analytes.
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Figure 1.1 Schematic illustration of the basic principle of TIRFM.
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The layout of the TIRFM-EMCCD imaging system is illustrated in Figure 1.2.
A 488 nm cyan diode laser as the excitation source with an incident angle of
approximately 70 ° was used for all the experiments. The penetration depth
calculated by equation 3 is around 115 nm. All the fluorescence signals were
collected by the electron-multiplying charge coupled device (EMCC) with the
gain set at 3000-4000. EMCCD is a solid-state device, which amplifies the signal
after the light strikes the chip, the electron-multiplication takes place as the
electrons impact ionizations within the gain register and resulted in a release of
additional electrons, as it occurs repeatedly, a high spatial resolution image is
produced.25
In the following chapters, we are going to introduce several direct and
pretreatment-free detection assays using TIRFM for biomarkers expression
profiling developed by our group. The first project is direct detection of NPC
associated miRNAs in single-molecule level, followed by expression profiling of
mir-205 in different stages of NPC patients’ serum samples in single-molecule
level. Then the third project is self-assembling protein platform for direct miRNA
detection, which uses the amyloid fibril as a pre-concentration platform to
increase the sensitivity of the assay. Last but not least it is the magnetic
nanoparticles platform for direct quantification of prostate-specific antigen.
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Figure 1.2 Schematic illustration of TIRFM system. M1, M2, M3, M4 represent
the mirrors; P1, P2, P3 represent the pinholes; L is the converging len; O is the 60
× NA 1.45 objective; BP is the band-pass filter; EMCCD is the
electron-multiplying charge-coupled device camera.
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CHAPTER 2. SINGLE MOLECULE DETECTION OF MICRORNA WITH
LNA PROBE BY TOTAL INTERNAL REFLECTION FLUORESCENCE
MICROSCOPY
2.1 Introduction
MicroRNAs (miRNAs) are a class of small non-coding RNA of 19-24
nucleotides in length. The first miRNA gene, lin-4, was discovered by Ambros
and Ruvkun et al. in 1993.1 Until now, over 17 000 mature miRNAs have been
identified.2,3 Mature miRNAs are involved in various curial biological and
pathological

processes,

including

cell

proliferation,

differentiation,

and

apoptosis.4,5
In the genome, miRNA are transcribed by RNA polymerase II or polymerase
III into a form of long primary transcript with a stem loop structure called primary
miRNAs (pri-miRNAs). Then the pri-miRNA processing begins in the nucleus,
by enzymatic cleavage of RNase III enzyme, Drosha, precursor miRNAs
(pre-miRNAs), which is ~ 70 nucleotides in length, are produced. Consequently,
the pre-miRNAs are exported to the cell cytoplasm and undergo further
processing.

In the cytoplasm, another RNase III enzyme, Dicer, cleaves the

hairpin loop and processes pre-miRNA into a ~ 22 nucleotides long
double-stranded miRNAs duplex that contains both mature miRNA and the
complementary strand.6,7 Afterward, the miRNA duplex is unwounded by the
RNA helicase and hence the designated single-stranded mature miRNA is
obtained. The mature miRNAs are then incorporated into the RNA-induced
silencing complex (RISC).8 These mature miRNAs regulate 30 % of human gene
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expression at post-transcriptional level by binding to the 3’ untranslated region
(UTR) of the perfectly or nearly complementary messenger RNAs (mRNAs). The
perfect base-pair binding will result in degradation of the mRNA,9 while the
imperfect binding will repress the protein translation of the mRNA. Studies show
that a single miRNA binds to as many as 200 mRNAs. At the same time, a single
mRNA can be regulated by hundreds of mature miRNAs.10,11
In the recent decade, researchers discovered that miRNAs also played a crucial
role in tumorgenesis by acting as a tumor suppressors or oncogenes and
implicating in multiple carcinogenic processes. Studies show that the alternations
in miRNA expression are associated with a variety of human diseases, including
cancer, and each type of cancer has a distinct miRNA expression profile.12
Therefore, miRNAs exhibit a high potential to serve as a useful biomarker for
early cancer diagnosis.
Unfortunately, the characteristics of miRNAs, such as, short length, low
abundance, homology sequence within the same miRNA family, are the
challenges for miRNAs expression profiling. The development of an accurate,
sensitive and highly specific miRNAs detection method is necessary. Currently,
northern-blotting, quantitative reverse transcription PCR (qRT-PCR), and
microarray are the golden methods for miRNAs expression profiling.13
Northern-blotting is most widely used method for miRNA detection. It is an
immobilization technique based on the size separation of the miRNA samples by
electrophoresis and then detection with hybridization of the target and probe.14,15
However, northern blotting requires a long assay time (~ 24 h), large amount of
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sample consumption, and dependence of the radioactive probe that make northern
blotting not feasible for clinical application. Microarray is the first detection
method allows simultaneous detection of hundreds of miRNAs in an efficient
fashion.16-18 The detection principle of microarray is based on the subsequent
hybridization of the miRNA samples and the DNA detection probes on the array.
Nevertheless, microarray suffers from problems like low throughput and lack of
specificity. Quantitative reverse transcription PCR (qRT-PCR) is the conventional
method for miRNA expression profiling that can provide a real-time detection of
the miRNAs.19-21 It relies on the reverse transcription of miRNA to
complementary DNA and real-time monitoring of the reaction product
accumulations. Nonetheless, convention qRT-PCR is a semi-quantitative method
and also requires large amount of sample and multiple amplification steps.
Development of a direct, simple, and accurate assay for miRNAs detection is
urgently necessary.
Herein, we presented an assay for direct miRNA expression profiling using
total internal reflection fluorescence microscopy (TIRFM) at single-molecule
level. Five different miRNAs, hsa-mir-141, 149, 196a, 200c, and 205, that are
demonstrated to be the up-regulator for nasopharyngeal carcinoma were chosen as
the detection targets. In the assay, the targeted miRNAs were hybridized with the
complementary LNA probes in solution and labeled with fluorescent dye
YOYO-1. The fluorescence labeled duplex was allowed to diffuse freely within
the coverslides and the signal was detected by the electron multiplying
charge-coupled device (EMCCD) attached to TIRFM. As mentioned in the
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introduction, the penetration depth of evanescence field generated by TIR is only
100-300 nm. Only the fluorophores within the evanescence field layer will be
excited, while the rest remains in the bulk solution stays “silent” that significantly
increases the signal-to-noise ratio of the detection assay. By counting the number
of single bright spots, which correspond to single-molecule of miRNA hybrids in
the fluorescent images, the quantification of miRNA was achieved.
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2.2 Experimental
Coverslides pretreatment. All the coverslides were prewashed prior to use.
Generally, No.1 22-mm square glass (Gold Seal, Electron Microscopy System,
Hatfield, PA) were successively sonicated in household detergent for 30 min,
acetone for 15 min twice and ethanol for 30 min. Then the slides were
consecutively soaked in Piranha solution (H2SO4: H2O2 3:1) and sonicated for 30
min, then sonicated again in the solution of HCl: H2O: H2O2 (1: 1: 1) at 60 °C for
30 min, further soaked in Piranha solution for 30 min and sonicated for another 30
min. All the slides were rinsed with distilled H2O extensively between each step.
The slides were finally stored in distilled water and blow-dried with nitrogen gas
before use.
Preparation of Hybridization Buffer. The Tris-NaCl-EDTA buffer with 250
mM NaCl (TNE 250) was prepared by mixing 20 mM of pH 8.0 Tris-HCl
(Invitrogen, Carlsbad, CA) with 1 mM EDTA and 250 mM sodium chloride in
distilled water. The pH of the buffer was adjusted to pH 7.4 with 2 M HCl. The
buffer was filtered through a 0.22 µm nylon membrane filter and autoclaved prior
to use.
Preparation of Probes and Target MicroRNA Oligonucleotides. All
commercial available LNA-modified oligonucleotide probes (miRCURY LNA™
microRNA Detection Probes) (Table 2.1) specific to corresponding target
microRNAs were purchased from Exiqon (Denmark). All the HPLC-purified
synthetic mature microRNA oligonucleotides (Table 2.2) were custom designed
and purchased from Integrated DNA Technology (USA), acting as the target
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microRNA strands. All oligonucleotides were suspended in 500 µL DEPC-water
(Ambion, USA) and diluted to appropriate concentration with 1× TNE 250 buffer.
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LNA Probe

Sequence

Tm (°C)

Th (°C)

LNA141

5’-CCATCTTTACCAGACAGTGTTA-3’

88

68

LNA149

5’-GGAGTGAAGACACGGAGCCAGA-3’

89

69

LNA196a

5’-CCCAACAACATGAAACTACCTA-3’

78

58

LNA200c

5’-TCCATCATTACCCGGCAGTATTA-3’

87

67

LNA205

5’-CAGACTCCGGTGGAATGAAGGA-3’

87

67

Table 2.1 Sequences, melting temperature (Tm) and hybridization temperature (Th)
of the LNA Probes.
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Target

Sequence

hsa-mir-141

5’ - UAACACUGUCUGGUAAAGAUGG - 3’

hsa-mir-149

5’ - UCUGGCUCCGUGUCUUCACUCC - 3’

hsa-mir-196a

5' - UAGGUAGUUUCAUGUUGUUGGG - 3’

hsa-mir-200c

5’ - CGUCUUACCCAGCAGUGUUUG - 3’

hsa-mir-205

5’ - UCCUUCAUUCCACCGGAGUCUG - 3’

Table 2.2 Sequences of the miRNAs that associated with NPC
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Hybridization of the MicroRNAs. All the LNA probes and microRNA strands
were diluted to 1 nM with TNE 250 buffer (pH 7.4), respectively. The
hybridization cocktails contained target microRNA strands at different
concentrations, corresponding LNA probes and hybridization buffer. Then the
cocktails were incubated in dry bath for 1 h. The hybridization temperature was
set as 20 °C below the melting temperature of the LNA probes.
Study of the effect of the hybridization temperature. To study the temperature
effect, 250 pM LNA196a probes were hybridized with 150 and 250 pM
hsa-mir-196a respectively at ± 5 °C of the optimal hybridization temperature for
1h. After hybridization the hybrids were labeled with YOYO-1 (1:3 dye:bp) and
kept for 5 min to achieve the equilibrium. Then 10 µL of sample was used for
TIRFM imaging.
Study of the specificity of the LNA probe. To study the specificity of the
detection probe, 200 pM LNA probes (LNA141, LNA149, LNA196a, LNA200c,
LNA205) were hybridized with 200 pM of hsa-mir-141, hsa-mir-149,
hsa-mir-196a, hsa-mir-200c, and hsa-mir-205 respectively at the optimal
hybridization temperature for 1 h. After hybridization, the hybrids were labeled
with YOYO-1 (1:3 dye:bp) and kept for 5 min to achieve the equilibrium. Then
10 µL of sample was used for TIRFM imaging.
Calibration plot. The calibration curve of the assay was constructed by
correlating the average number of fluorescence spots counted in the image at each
concentration of miRNAs. Briefly, synthetic mir-205 of different concentration
0-200 pM were hybridized with 200 pM LNA205 at the optimal condition. After
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hybridization the hybrids were labeled with YOYO-1 (1:3 dye:bp) and kept for 5
min to achieve the equilibrium. Then 10 µL of sample was used for TIRFM
imaging.
Data Analysis. All the images were analyzed by a public-domain image
processing software Image j. Generally, five sub-frames (frame 3 to 7) of the
image series were chosen for analysis. The region of interest (ROI) was set 200
pixels square at the center of the image. The single-molecule counting was
performed by using the Analyze Particles function in the software. Threshold was
set as three times the standard deviation of the intensity of the image and size of
the particles was set as 2-10 pixels to reduce the false positive signal generated by
the background noise. Number of bright spots in the five subframes was counted
separately and summed up and 10 image series on one single slide were averaged.
All the experiments were triplicates and the error bars refer to the standard error
of mean of the experiments.
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2.3 Results and discussion
Detection assay
In this assay the detection was based on the solution-based hybridization of
the targeted miRNAs and the complementary LNA probes (Figure 2.1). Besides
using LNA modified probe for detection, the imaging system also played an
important role in the sensitive detection. Since the signal generated is relatively
low under an amplification-free condition, in order to increase sensitivity of the
assay, we employed total internal reflection fluorescence microscopy coupled
with an electron-multiplying charge-coupled device (TIRFM-EMCCD) as the
imaging system.
Literature

reported

that

solution-based

hybridization

gives

higher

hybridization efficiency than surface-based under appropriate condition. As in
surface-based hybridization, the detection probes are first immobilized on the
coverslide, hybridization efficiency often limited by the orientation of the
detection probe, steric hindrance between the probes and the diffusion kinetics.22
Moreover, the multiple washing steps in surface-based hybridization to remove
excess reagents have also lowered the working efficiency of the assay. Thus,
solution-based hybridization is applied for the detection. In order to increase the
signal-to-noise, the hybridized duplexes were labeled with an intercalating
fluorescent dye YOYO-1 by electrostatic interaction between the dye and the
backbone of the hybrid. Due to binding mechanism of YOYO-1, it exhibits a
much higher binding affinity towards double-stranded oligonucleotides, which has
around 400-fold intensity enhancement upon binding to DNA. The fluorescence
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signal emitted by the fluorescent dye was virtualized as individual bright spot.
The single-molecule quantification of the target miRNAs was obtained by
counting the number of single bright spots in a certain area. In addition, given the
fact that only fluorophores within the evanescence field layer were excited, the
application of TIRFM had increased the signal-to-noise ratio as well.
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Figure 2.1 Schematic illustration of the assay for the detection of single miRNAs
molecule.
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Study of the temperature effect
As lecture reported the hybridization temperature plays a curial role on the
hybridization efficiency of the nucleic acids.23 Herein, we studied the temperature
effect on the hybridization efficiency with mir-196a and the complementary LNA
probe at two different concentrations, 150 and 250 pM. The hybridization
temperature was set as ±5 °C of the reported optimal temperature. As shown in
Figure 2.2, the number of bright spots counted has dramatically dropped 30 % and
the differences between the two concentrations have diminished at ± 5 °C. It
matches our hypothesis that the present of LNA modified nucleotides increased
the thermal stability of the nucleic acids and magnified the temperature effect on
the hybridization efficiency.
Specificity of the LNA probe
Locked nucleic acid (LNA) was first synthesized by Imanishi group in 1997.
LNA is a short modified oligonucleotides with a methylene bridge connecting the
2’-oxygen (2’-O) and 4’-carbon (4’-C) in the ribose ring, which locked the nucleic
acid in an RNA-like, C3’-endo conformation.24 This modification has greatly
improved the binding interactions, structure and the stability of the incorporated
oligonucleotide. By incorporating the LNA into the oligonucleotides, LNA can fix
the nucleotide in three-dimensional space after hybridization. The duplex will stay
locked in place and be difficult to “breathe” and denature25. Therefore, LNA
modification can remarkably stabilize the hybridization with both DNA and RNA
and raise the melting temperature of the duplex. Compare to DNA strand, the
stabilization effect is even more significant when the LNA oligonucleotides
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paired with RNA strand, which increased the stability of the duplex by 4-10 °C
per LNA modified base-pair. Due to the Watson-Crick rule, the LNA modified
strand can greatly stabilize the interaction with the perfectly complementary RNA
sequence.26 On the other hand, it can also remarkably destabilize the interaction
with the oligonucleotide that contains one or more mismatch base. This effect is
more significant on rather short strands. Studies show that the melting
temperature of LNA/ RNA duplexes has decreased 17-22 °C with a single base
mismatch (mainly depends on the position of the mismatch nucleotide).27
Furthermore, the properties of LNA like enhanced triplex formation during
hybridization, low toxicity, and resistance to nuclease digestion, allow LNA to be
widely used for biosensing to improve the sensitivity and the specificity of the
detection assay. The LNA modification not only increased the stability of the
nucleic acids, but also increased the specificity of the detection probe.25 Figure 2.3
showed that the LNA probe was specific to its complementary target. When the
LNA probes (LNA 141, 149, 196a, 200c, 205) hybridized with the
non-complementary microRNA targets (hsa-mir-141, 149, 196a, 200c, 205)
respectively, the hybridization efficiency has dramatically dropped. Given that
LNA probe is specific to its complementary target; it is a useful tool for miRNA
detection in complex solution.
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Figure 2.2 Study of the temperature effect of the hybridization efficiency on
hsa-mir-196a, 250 and 150 pM hsa-mir-196a were hybridized with 250 pM LNA
196a at 53, 58, and 63 °C respectively. The data depict the average of three
experiments. Error bar, standard error of mean, n = 3.
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Figure 2.3 Study of the specificity of the LNA probe towards the target miRNAs,
200 pM of the miRNAs were hybridized with the LNA probe. Error bar, standard
error of mean, n = 3.
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Quantification of the synthetic miRNAs
To demonstrate the performance of the detection assay, a calibration plot of
number of bright spot counted as a function of target hsa-mir-205 was constructed.
Different concentration (0 to 200 pM) of hsa-mir-205 was hybridized with 200
pM LNA205 probe at 67 °C for 1 h and labeled with YOYO-1 afterward. The
hybrids were visualized under the TIRFM-EMCCD imaging device with a 488
nm cyan laser as the excitation source. The angle of incidence for the laser is ~ 66
°, which generated an evanescence field with a penetration depth of
approximately 115 nm. In order to obtain more homogeneous laser intensity, the
quantification was constructed by counting the number of bright spot at the
central region of 200 × 200 pixel, which is 53 × 53 µm. As shown in Figure 2.4,
the standard curve for the quantification of hsa-mir-205 was obtained with a
coefficient of determination of 0.998. The detection limit of 8 pM (LOD = mean
of the blank + 3 × standard error of mean of blank) was achieved.
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A

B

Figure 2.4 (A) The calibration curve for the quantification of hsa-mir-205.
Different concentrations of hsa-mir-205 were hybridized with 200 pM LNA 205
probes for 1 h. The detection limit of the assay is 8 pM. (B) Comparison of the
hybridization efficiency among the miRNAs, which 200 pM target miRNAs were
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hybridized with 200 pM complementary LNA probes. Error bar, standard error of
mean, n = 3.
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2.4 Conclusions
Profiling of small miRNAs provides valuable information for early NPC
diagnosis. Herein, we have developed a direct, pretreatment-free and
amplification-free quantification assay for detection of microRNAs. This
solution-based hybridization assay is highly temperature dependent, sensitive and
specific; it has a limit of detection (LOD) at 8 pM. To further eliminate the false
positive signal and hence increase the specificity and the sensitivity of the
detection assay, in the following work the LNA probe was replaced by LNA
modified molecular beacon.
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CHAPTER 3. DIRECT QUANTIFICATION OF CIRCULATING MIRNAS
IN DIFFERENT STAGES OF NASOPHARYNGEAL CANCEROUS
SERUM SAMPLES IN SINGLE MOLECULE LEVEL WITH TOTAL
INTERNAL REFLECTION FLUORESCENCE MICROSCOPY
3.1 Introduction
Nasopharyngeal Carcinoma (NPC) is a highly metastatic head and neck cancer
that originates in the nasopharynx. NPC is highly prevalent in China and Southern
Asia. The 5-year survival rate for stage III and IV NPC patients is about 50 %.
Due to the vague symptoms and its deep location, 70 % of patients were
diagnosed as cervical lymph node metastasis and around 30 % of patients were
diagnosed as long distant metastasis at the first consultation. In advance NPC, the
incidence of local reoccurrence is very high. Due to the distinct metastasis of NPC,
the effects of radiotherapy and chemotherapy treatments are only significant at
early stages.1-4 Therefore, early diagnosis of NPC is extremely necessary.
Although the tumorigenesis of NPC is a multistage process relying on spatial and
temporal control of the gene expression, studies have shown that the expression
profile of several mircroRNAs (miRNAs) has appeared to influence the
development of NPC.5 The miRNAs are small non-coding RNA of 19-24
nucleotides. They are important gene regulators that repress over 30 % of the gene
expression via translation inhibition or degradation of the target messenger RNAs
in the transcriptional level. MiRNAs also involved in multiple biological
processes including cell differentiation, proliferation, apoptosis and metabolism.
The regulatory function of miRNAs appears to be one of the key factors in cancer
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pathogenesis.6-8 Many of the research studies focused on the detection and
expression profiling of miRNAs in cancerous cells and tissues, which are difficult
and invasive to be extracted. Some of these miRNAs were also discovered
circulating in the bloodstream and consequently found in a wide range of body
fluids, such as saliva, serum, plasma, and urine. These extracellular miRNAs in
the circulatory system are proven to be stable and resistant to RNAse degradation
as well as repeated freeze-thaw cycles under the protection of the RNA-induced
silencing complex (RISC). Because literature confirmed that expression profiling
of these circulating miRNAs also reflects physiological and pathological
conditions and in the view that the collection of body fluids are rather
non-invasive as compared to the collection of biopsies, tissues and whole cells,
the expression profile of serum miRNAs is of high potential to act as a convenient
tool for early stage diagnosis, staging and monitoring of NPC.9-12
Northern blotting, reverse transcript polymerase chain reaction and microarray13-16
techniques are extensively applied as the routine methods for detection of nucleic
acids; unfortunately, the capabilities of detecting miRNAs often hindered by the
short length, lack of common features, homology sequence among various
miRNA family members and low abundance. Because the content of circulating
miRNAs in serum is even lower, literature reported that the content of mir-21 in
breast cancer patients’ sera is around 20 pM,17 these golden methods often
required a large volume of patient serum samples for the detection. In addition,
these methods are labor intensive, time-consuming, and low sample throughput,
which limits the application of these methods for clinical validation and
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management of disease. Therefore, development of an accurate, precise and
sensitive detection method for circulating miRNAs is necessary. Based on our
previous published work on direct quantification of miRNAs by single-molecule
counting with total internal reflection fluorescence microscopy,18 we further
advanced the single-molecule counting assay to quantify the amount of circulating
mir-205 in serum samples of NPC patients at different cancer stages.
We

replaced

the

single-stranded

locked

nucleic

acid

(LNA)-modified

complementary sequences by the LNA-modified molecular beacon as the
detection probe. Molecular beacon (MB) is one of the nucleic acid-based probes
that has been widely applied in both in vitro and in situ imaging and sensitive
DNA and RNA detection. MB is a hairpin oligonucleotide of two stems
complementary to each other with a fluorophore on one end, acting as a signal
reporter, and a quencher on the other end. The loop part contains sequence that is
complementary to that of the target. In the absence of target, the hairpin probe
stays close and the fluorophore transfer the absorbed energy to the quencher along
the irradiative pathway by Förster resonance energy transfer (FRET) due to their
close proximity. On the other hand, in the presence of target, hybridization of the
loop sequence with the complementary target opens up the hairpin and allows the
fluorophores to emit fluorescence signals.19-21 For a specific detection of the target
miRNAs, a couple of LNA analogues were incorporated into the loop part of the
MB sequences. LNA is nucleic acid that contains a methylene bridge connecting
the 2’-O and 4’-C on the ribose ring. The methylene bridge restricted the ring by
locking it in a rigid C3’endo conformation and fixing the nucleotide in
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three-dimensional space. Upon hybridization, this rigid three-dimensional
structure will substantially increase the melting temperature of the duplex.
Besides, the LNA analogues significantly destabilize the interaction with
oligonucleotide that contains one or more mis-match bases. Study shows a
decrease of 17-22 °C in melting temperature of the LNA/RNA duplex that
contains only a single base mismatch.22,23 The LNA modified MB inherits the
following attractive properties: from (i) LNA, enhanced stability and binding
affinity, mismatch discrimination capacity of the detection probe; and (ii) MB,
lower fluorescence background signal arise from free probe and hence a lower
LOD can be achieved.
In brief, the detection strategy of the assay was based on the direct hybridization
between the target miRNAs and the LNA-modified molecular beacon followed by
fluorescence labeling for signal detection by the TIRFM-EMCCD imaging system.
Because each fluorescence spot in the image represents a single hybridized
miRNA, quantification of miRNAs can be achieved by simply counting the
number of spots in the images. The application of the LNA/MB has further
lowered the detection limit by 1 order of magnitude and achieved a LOD of 500
fM.

Furthermore, the assay was applied for quantification of mir-205 to

differentiate different stages of NPC serum samples. The whole detection assay
was straightforward, free of sample enrichment and pre-analysis purification; the
quantification can be done in one hour with 10 µL of serum sample. This
as-developed assay is of high potential to serve as a useful tool for measuring the
changes of miRNAs concentration in biological samples for clinical monitoring of
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pathological states of cancers.
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3.2 Experimental
Coverslides pretreatment All the coverslides were prewashed prior to use.
Generally, No.1 22-mm square glass slide (Gold Seal, Electron Microscopy
System, USA) were successively sonicated in household detergent for 30 min,
acetone for 15 min twice and ethanol for 30 min. Then the slides were
consecutively soaked in Piranha solution (H2SO4: H2O2 3:1) and sonicated for 30
min, then sonicated again in the solution of HCl: H2O: H2O2 (1: 1: 1) at 60 °C for
30 min, further soaked in Piranha solution for 30 min and sonicated for another 30
min. All the slides were rinsed with distilled H2O extensively between each step.
The slides were finally stored in distilled water and blow-dried with nitrogen gas
before use.
Materials and reagents Tris-NaCl-EDTA hybridization buffer (TNE 250 buffer)
was prepared by mixing 20 mM pH 8.0 Tris-HCl (Invitrogen, USA) with 1 mM
EDTA (Sigma, USA) and 250 mM sodium chloride (Sigma, USA) in distilled
water. The pH of the buffer was adjusted to pH 7.4 with 2 M HCl. The buffer
solution was filtered through a 0.22 µm nylon membrane filter and autoclaved
prior to use. The commercial available Locked Nucleic Acid (LNA)-modified
oligonucleotide probe (miRCURY LNA™ microRNA Detection Probes)
complementary to mir-205 was purchased from Exiqon (Denmark) with sequence
5’-C AGA CTC CGG TGG AAT GAA GGA-3’. The LNA-modified molecular
beacon (LNA/MB) and synthetic target miRNAs were purchased and HPLC
purified from Integrated DNA Technology (USA). The sequences were shown
below:
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LNA-MB probe for mir-205: 5' TYE563-CGC TCC TCA GAC TCC GGT GGA
ATG AAG GAG CG-Iowa Black® RQ-Sp3' (bold: LNA analogue; unbold: DNA
analogue); Synthetic mir-149: 5’ - UCU GGC UCC GUG UCU UCA CUC CC 3’; Synthetic mir-200c: 5’ - UAA UAC UGC CGG GUA AUG AUG GA - 3’;
Synthetic mir-205: 5’ - UCC UUC AUU CCA CCG GAG UCU G - 3’. All
oligonucleotides were suspended in 500 µL DEPC-water (Ambion, USA) and
further diluted to appropriate concentrations with TNE 250 buffer. The melting
temperatures were predicted based on the nearest neighbor method.
Optimization of the hybridization conditions Selection of detection probe. To
select the detection probe that possess the highest binding affinity towards the
miRNA target, single stranded LNA (ssLNA) probe and a LNA-modified
molecular beacon (LNA/MB) probe were prepared and hybridized with the target
mir-205. Briefly, 0 and 10 pM of the target was incubated with 10 pM

of ssLNA

probe and LNA/MB probe respectively at 54 °C for 60 min. The optimal detection
probe was applied for the rest of the experiment. Hybridization temperature. To
determine the optimal hybridization temperature, 10 pM of synthetic mir-205 was
incubated with 10 pM of LNA/MB probe at 49 °C, 54 °C and 59 °C respectively
for 60 min. Hybridization time. To determine the optimal hybridization time, 10
pM of synthetic mir-205 were incubated with 10 pM of LNA/MB for 30 min, 45
min, 60 min, and 120 min respectively.
Single-molecule detection of target miRNA. The calibration curve was
established by correlating the average number of single fluorescent molecules
counted in captured images at each concentration of spiked miRNAs. Synthetic
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mir-205 with the final concentration of 0, 0.25, 0.5, 1, 10, 50, 100 pM was
hybridized with 100 pM LNA-MB probe at the optimal condition. The
hybridization and labeling of the hybrids were performed according to the
following procedures. All the oligonucleotides were diluted to 1 nM with TNE
250 buffer (pH 7.4). The hybridization cocktail contained appropriate amount of
target miRNA strand, 100 pM LNA-MB probe and top up to a final volume of 50
µL with TNE 250 buffer (pH 7.4). Then the cocktail was incubated in a dry
heating block (AccuBlock Digital Dry Bath D 1100, USA) at the optimal
temperature and time as determined. To demonstrate the role of MB in LNA/MB
probe, synthetic mir-205 with a final concentration of 0, 1, 10, 20, 50, 100, 200
pM was hybridized with 200 pM ssLNA probe at optimal conditions.

After

incubation, 1 µL of 100 nM YOYO-1 Iodide (YOYO) was then added to the
hybridization cocktail to label the hybrids with a ratio of the YOYO and the
hybridized base pair at 1:3 (dye/bp) at room temperature. The YOYO-labeled
hybrids were kept equilibrium for 5 min and 10 µL of the solution was pipetted
onto the prewashed coverslides for TIRFM imaging.
Selectivity of the LNA/MB probe
To study the selectivity of the assay, four synthetic miRNAs samples (mir-149,
mir-200c, mir-205, and mixture of mir-149, mir-200c, mir-205) with a final
concentration of 10 pM each were prepared and hybridized with 40 pM LNA-MB
probe at optimal conditions. The hybrids were then labeled with YOYO (1:3
dye/bp) and visualized under the TIRFM imaging system.
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Quantification of the target miRNAs in serum
Serum samples were obtained from the Nasopharyngeal Carcinoma Area of
Excellence Research Tissue Bank under the Center for Nasopharyngeal
Carcinoma Research. The serum samples were stored at - 80 °C prior to use
without further modification. The serum sample was diluted 5-fold with TNE 250
buffer prior to quantification of target miRNAs by standard addition approach.
Consequently, synthetic mir-205 of a final concentration of 0, 1, 2, 5, 10 and 15
pM was spiked respectively into hybridization cocktails that each contained 7 µL
of diluted serum and LNA-MB probe with a final concentration of 100 pM. The
solutions were finally topped up with TNE 250 buffer to 40 µL and incubated at
the optimal condition.
Imaging system and data analysis. A prism type total internal reflection
fluorescence microscopy was setup as mentioned before. Briefly, the sample
coverslip was placed between a fused-silica isosceles prism (CVI, laser USA) and
a 60 × oil type objective that equipped on an Olympus IX71 inverted microscope
with a HQ 535/50 (Chroma) band-pass filter. A 488 nm diode laser (Newport,
USA) was used as the excitation source to excite the YOYO-1 dye. The
fluorescent image of the hybrid was captured by an Electron Multiplying Charge
Coupled Device (EMCCD) (PhotonMax 512, Princeton Instrument, USA)
incorporated with a Uniphase mechanical shutter (Model LS2Z2, Vincent
Associates, USA) and a driver (Model VMM-T1, Vincent Associates, USA) in
external synchronization and frame-transfer mode. The exposure time of both
camera and shutter were set at 100 ms. The multiplication gain and the delay time
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of the shutter drive were set at 4000 and 10 ms respectively. In general,
fluorescent images of 10 sequential frames each were acquired on 10 different
coordinates from a single slide using the WinSpec/32 software (version 2.5.22.0,
USA) provided by Princeton Instruments. All the images were analyzed by a
public-domain image processing software Image J. Generally, five frames (frame
3 to 7) of the image series with a region of interest (ROI) of 200 pixels square at
the center of the image were chosen for analysis due to better signal homogeneity.
The single-molecule counting was performed by using the Analyze Particles
function in the Image J software. Threshold was set as three times the standard
deviation of the intensity of the image and size of the particles was set as 2-10
pixels to reduce the false positive signal generated by the background noise. Each
bright spot in the fluorescent image represents a single-molecule; the number of
bright spots in the five frames was summed up (accumulation of the number of
diffusing molecules detected in 250 ms), while the summed spots from 10
different image series from a single slide were averaged to eliminate localization
effect. All the experiments were done in triplicates and the error bars refer to the
standard error of mean of the experiments.

	
  

46	
  

Figure 3.1 Schematic illustration of the solution-based hybridization assay for the
direct quantification of miRNAs with TIRFM.
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3.3 Results and discussion
Detection strategy
Single-molecule detection (SMD) is a highly valuable technique that is widely
applied in the field of bioscience and biotechnology for monitoring the enzymatic
kinetics, DNA mapping, nucleic acid adsorption and desorption dynamics, and
detection of biomolecules like nucleic acids and proteins for early-stage disease
diagnostics. Optical microscopy particularly total internal reflection fluorescence
is commonly employed in SMD due to its high sensitivity.24-28 Schematic
illustration of the assay for the direct detection of miRNAs by single-molecule
counting is shown in Figure 3.1. We previously reported that solution based
hybridization is more efficient than surface based, solution based hybridization
strategy was applied in the assay.29 In order to increase the signal intensity, the
hybridized duplexes were labeled with an intercalating fluorescent dye YOYO-1.
Due to binding mechanism of YOYO-1, it exhibits a much higher binding affinity
towards double-stranded oligonucleotides. It shows about 400-fold intensity
enhancement upon binding to double stranded nucleic acid. Afterward, the labeled
hybrids were visualized under the TIRFM-EMCCD imaging system. A 488 nm
cyan iodide laser was used as the excited source with an angle of incidence of ~
70°, the penetration depth of the evanescence field generated at the glass/ water
interfaces was calculated to be approximately 115 nm by d= λ/4π (n12sin2θ n22)-1/2 (where d corresponds to the penetration depth, λ corresponds to the
wavelength of the light source, n1 and n2 are the reflective index of glass and
water, and θ is the angle of incidence respectively). A central region of 200 square
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pixels, equivalent to 53 × 53 µm in actual dimension, in the EMCCD image was
chosen to be the sampling region for homogeneous excitation intensity from the
laser. In the TIRFM image, the fluorescence signal from a single-molecule was
visualized as an individual bright spot. By counting the bright spots in the sample
region, quantification of the target miRNAs was achieved.
Optimization
As the detection was based on the hybridization of the probe and the target, an
optimal hybridization condition is very crucial. Here, we studied the effects of
probe design, hybridization temperature and time on the hybridization efficiency.
In recent years, locked nucleic acid (LNA) probe has been widely applied in
biosensing. In the LNA analogue, methylene bridge locked the ribose ring into a
rigid conformation and hence increased the melting temperature of the hybrid. By
introducing a number of LNA analogues into a sequence of DNA or RNA not
only can enhance the binding affinity of a probe towards the target sequence, but
also increase the stability of the hybrid as well as capability of mis-match
discrimination of the detection probe. By incorporating a fluorophore-quencher
pair into probe (LNA/MB), a significantly greater difference in molecule counts,
with and without target molecules, was achieved as shown in Figure 3.2A. The
molecule counts of the detection probe-alone (background) were eliminated by 60
% with the application of the quencher molecule in MB as compared with that of
linear LNA probe. Given the fact that LNA/MB gives relatively higher
signal-to-background, LNA/MB was used as the detection probe for the rest of the
experiment.
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Studies show that the optimal hybridization temperature for nucleic acid is 20-25
°C below the melting temperature of the detection probe.30 Since the difference in
hybridization temperature for LNA and miRNAs from the same family with a
single base mismatch could be small (depends on the mutation position and length
of target), the hybridization temperature plays a key role on the specificity and
efficiency of the assay. To study the effect of hybridization temperature, the
temperature was set at 15-25 °C below the melting temperature of the LNA/MB
probe (74 °C, nearest neighbor method), which was 49, 54, and 59 °C. As
elucidated by the counts of hybrid attained at different temperatures in Figure
3.2B, the hybridization efficiency at 54 °C, i.e. 20 °C below the melting
temperature, was the highest. It agreed with the literature that hybridization
affinity of LNA probe is highly temperature dependent.31 Herein, the
hybridization temperature was set as 54 °C for the entire study.
Incubation time also plays an important role on hybridization efficiency. As
shown in Figure 3.2C, hybridization time of 30, 45, 60 and 120 min was studied.
It shows that the number of hybrids increased while increasing the incubation
time and reached the maximum at 60 min. The number of counts dropped after
120 min of incubation. This phenomenon agreed with our previous reported result
that the prolonged incubation might cause the change of structure of both the
target and the probe.18 Hence, the incubation time was set at 60 min for the entire
experiment.
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Figure 3.2 Optimization of hybridization conditions A) performance of ssLNA
and LNA/MB probe with complementary target mir-205; B) effect of
hybridization temperature and C) effect of incubation time on the hybridization
efficiency. Error bars, standard error of mean, n = 3.
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Quantification of synthetic mir-205
To demonstrate the performance of the developed detection assay, a calibration
plot of the molecules counts as a function of the concentration of the target
mir-205 was constructed under the optimal hybridization mentioned above.
Briefly, synthetic mir-205 of different concentrations 0-100 pM was hybridized
with 100 pM LNA/MB in solution and labeled with YOYO dye (1:3 dye/bp)
respectively. By single-molecule counting on the series of images, the calibration
of the molecules counts as a function of the target concentration was constructed.
The fluorescent images of the hybrids at different concentration were shown in
Figure 3.3. A good linear correlation coefficient of 0.998 was obtained with a
limit of detection at 500 fM (LOD = blank + 3× standard error of mean of blank).
The limit of quantification was calculated to be 2 pM (LOQ = blank + 10×
standard error of mean of blank) (Figure 3.4A). As study showed that the level of
miRNAs in the cancer patient’s serum sample is around 20 pM,17 this
as-developed assay is capable of quantifying the trace amount of circulating
miRNAs in serum samples.
To emphasize the important role of the fluorophore-quencher pair in MB on the
assay performance, a calibration plot for quantification of mir-205 with ssLNA
probe was constructed under the optimal hybridization conditions (Figure 3.4B)
for comparison with that of LNA/MB. A good linear correlation coefficient of
0.998 and a limit of detection of 8 pM were achieved. The limit of detection fell
into the same magnitude range as the reported.18 It indicated that the replacement
of the ssLNA probe by LNA/MB was capable of improving the sensitivity of the
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assay by more than 10 times.
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Figure 3.3 Fluorescent images of A) 100 pM, B) 50 pM, C)10 pM, D)1 pM and E)
0 pM of mir-205 incubated with 100 pM LNA/MB at 54 °C for 1 h.
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Figure 3.4 Calibration plot for the quantification of mir-205, different
concentration of mir-205 were hybridized with a) LNA/MB probe and b)
single-stranded LNA probe at 54 °C for 1 h. Error bars, standard error of mean, n
= 3.
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Selectivity
To demonstrate the selectivity of LNA/MB probe, four samples of NPC
associated miRNAs, (i) mir-149; (ii) mir-200c; (iii) mir-205 and; (iv) a mixture of
all these three miRNAs with a final concentration of 10 pM each; were hybridized
with 40 pM LNA/MB at optimal conditions. As illustrated in Figure 3.5, the
signal detected in the samples that contained mir-149-only and mir-200c-only was
6 % and 1.4 %, respectively, ((signal from samples – blank)/ signal from mir-205
× 100%) of those contained mir-205-only and the mixture of all three miRNAs.
Moreover, the signal detected in mixture was comparable to the one with mir-205
only. It elucidated that LNA/MB probe can discriminate mir-205 from the rest of
the miRNAs. This LNA/MB probe shows a high selectivity towards the
complementary target.
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Figure 3.5 Study on the selectivity of the assay. The LNA/MB is capable of
differentiating the target miRNAs from others miRNAs. Error bar, standard error
of mean, n=3.
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Quantification of mir-205 in different stages of nasopharyngeal carcinoma
patients’ serum sample. Over the past few years, mir-205 was reported to be
abnormally up-regulated in head and neck squamous cell carcinoma (HNSCC)
and esophageal squamous cell carcinoma (ESCC). Study showed that mir-205
might play an important regulatory role in the stepwise development of NPC.5
Here, as a proof-of-concept, we applied single-molecule detection assay to
quantify the amount of mir-205 in five patient serum samples. Since the
fluorescent dye YOYO-1 has no selectivity towards oligonucleotides, like DNA,
mRNA, and other small RNAs, in order to eliminate the unwanted signal
generated from the complex sample matrix and to avoid sophisticated
pretreatment steps, standard addition strategy was adopted here. Briefly, synthetic
mir-205 was spiked into the sample matrix with the MB probes. The original
concentration of mir-205 in the samples was obtained by extrapolating the
calibration curve. Five independent calibrations were prepared for the five serum
samples, stage one: 11QE0021, stage two: 10QE0026 and 10QE0048, and stage
three: 10QE0041 and 10QE0042, which were collected from different NPC
patients. The original concentrations of mir-205 in these samples were determined.
All five calibration plots (Figure 3.6) showed a good correlation between the
concentration of mir-205 and the number of counted molecules with coefficient of
determination above 0.992. Since the serum samples were diluted five times
throughout the analysis, the amount of circulating mir-205 in each samples
estimated has to be multiplied by the conversion factor of five in order to obtain
the actual mir-205 contents. As depicted in Figure 3.7, the content of the
	
  

59	
  

circulating mir-205 were found to be 18.2 ± 0.7, 26.7 ± 1.0, 33.6 ± 0.6, 53 ± 0.5
and 46.0 ± 3.0 pM in stage one: 11QE0021, stage two: 10QE0026 and 10QE0048,
and stage three: 10QE0041 and 10QE0042 NPC patients’ serum samples
respectively. The results agreed with literature reported that mir-205 is an
up-regulator in NPC. qRT-PCR analysis was also performed for the five patient
serum samples for comparison (Figure 3.7). qRT-PCR result also described an
increase in mir-205 expression as cancer progress. However, there is variation
between the results obtained from these two different approaches particularly in
serum sample at early cancer stage where the content of mir-205 is relatively low.
We anticipated that the differences might be caused by the variation arising from
the isolation, purification, and the amplification steps in qRT-PCR while
single-molecule

TIRFM

approach

is

free

of

sample-pretreatment

and

amplification. Moreover, the LNA/MB probe used in this assay is more specific
than the cDNA primer in qRT-PCR, and may therefore provides higher target
probing efficiency particularly at low abundance of target mir-205 which is
crucial for early cancer diagnosis. In general, both the single-molecule detection
and the accredited qRT-PCR methods demonstrated the up-regulation of mir-205
expression in NPC patients. The detection assay developed here is of high
potential as a non-invasive tool for the application for expression profiling on
circulating miRNAs in early cancer diagnosis.
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Figure 3.6 Quantification of circulating mir-205 contents in NPC patients’ serum
samples A) stage one NPC patient (patient ID: 11QE0021), B) stage two NPC
patient (patient ID: 10QE0026), C) stage two NPC patient (patient ID:10QE0048),
D) stage three NPC patients (patient ID: 10QE0041), stage three NPC patients
(patient ID: 10QE0042) by standard addition methods with TIRFM.
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10QE0041
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Figure 3.7 Quantification of circulating mir-205 contents in NPC patients’ serum
samples of stage one NPC patient (patient ID: 11QE0021), stage two NPC
patients (patient ID: 10QE0026 & 10QE0048), and stage three NPC patients
(patient ID: 10QE0041 & 10QE0042) by A) single-molecule TIRFM assay and B)
qRT-PCR assay respectively.
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3.4 Conclusions
In the work, we have developed a rapid, pre-analysis purification and sample
enrichment free, yet sensitive detection assay for the quantification of miRNAs
using a LNA modified MB detection probe and solution-based hybridization
approach with TIRFM. This as-developed assay is capable of quantifying the
content of NPC associated mir-205 in patients’ serum samples at different NPC
stages. The content of mir-205 in the serum samples from different stages was
found elevated and agreed with the qRT-PCR results and other studies that
mir-205 is an up-regulator for NPC. The developed detection assay is direct,
simple, and of high potential to serve as a promising tool for clinical application.
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CHAPTER 4. SELF-ASSEMBLING PROTEIN PLATFORM FOR DIRECT
QUANTIFICATION

OF

CIRCULATING

MICRORNAS

AT

FEMTOMOLAR LEVEL IN SERUM WITH TOTAL INTERNAL
REFLECTION FLUORESCENCE MICROSCOPY
4.1. Introduction
MicroRNAs (miRNAs) are non-coding RNAs of ~ 18-25 nucleotides. They
initially exist in the cell nucleus as a long primary transcript, primary miRNAs
(pri-miRNAs). By enzymatic cleavages of pri-miRNA and precursor miRNAs,
mature miRNAs are produced. Mature miRNAs are found to be an important gene
expression regulator, which are involved in early tumorgenesis and tumor
progression1-3. Abnormal and distinctive expression profile of miRNAs is found
in different types of tumor tissues and cancers. miRNAs expression profiling is
therefore regarded as an important biomarker for cancer diagnosis4,5.
Meanwhile, circulating miRNAs in body fluids, such as serum, blood plasma
and urine, are found to be well-preserved and highly correlated to pathological
changes. These endogenous miRNAs are highly stable in a range of temperature
and pH and they are robust against RNase digestion6,7. Although the mechanism
behind the high resistance of circulating miRNA against degradation is still not
well-understood, researchers proposed that the circulating miRNAs are protected
by the RNA-induce silencing complex (RISC), which forms an extra protection
towards the fragile miRNAs8. With the potential that circulating miRNAs can be
collected non-invasively in serum, plasma, and urine, circulating miRNAs are
considered as a potential biomarker for clinical cancer diagnosis.
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Since the level of circulating miRNAs is much lower (~ 20 pM)9 compared
to those in tissue and cells, a method of high sensitivity, specificity and high
quantitative accuracy is very critical for a reliable miRNAs expression profiling.
However, it is always challenging to determine directly and accurately the amount
of miRNAs for their short length and low abundance. The short sequence limited
the design of complementary probe used to capture the target miRNAs and
confined the mismatch discrimination efficiency. Quantitative reverse transcript
PCR (qRT-PCR)10, northern blotting11, and microarray12 are currently the golden
methods to perform miRNAs expression profiling, although these methods
encounter complications like sample loss during the amplification steps, large
sample consumption, use of radioactive reagents, intensive labor and long assay
time. As a result, other sample pretreatment strategies aiming at higher detection
sensitivity, specificity, and minute sample consumption have been developed
recently, for example, electrochemical13,14, isothermal strand-displacement15, and
enzymatic amplification16 detection assays. Taking advantage of the signal
amplification technique, some of these detection assays are capable of quantifying
miRNAs at attomolar level. However, the reliability and reproducibility of the
assay are scarified by multiple manipulation and transversal steps. Our group
previously reported a direct miRNA detection method by single-molecule
counting with total internal reflection fluorescence microscopy (TIRFM)17. The
miRNA detection assay is free of sample pre-treatment and amplification. The
detection was achieved by counting the fluorescent analytes within the
evanescence field layer in single-molecule level.
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Over the recent decade, bio-sensing platform constructed from different novel
nanomaterials has been widely applied for detection of biomolecules like DNAs,
miRNAs proteins etc. Thaxton et.al developed a sensitive scanometric miRNA
detection assay using gold nanoparticles18. Other nanomaterials such as silver
nanowires19, silicon nanowires20, and tin dioxide21, have also been incorporated
into the detection assays. The resulted signal enhancement dramatically improves
the sensitivity of the detection assay, shortens the assay time, and reduces the
sample consumption by pre-concentrating the analytes on the surface of the
nanocomposites. However, most of the nanoparticles are limited to the working
conditions such as solution pH and ionic strength, possibly resulting in
self-aggregation and activity loss. Unlike the fabrication of nanoparticles and
nanowires

which

requires

sequential

chemical

synthetic

techniques,

self-assembled bionanocomposite with peptides simultaneously forms a
well-structured, well-defined and stable macromolecular structure22. Having
peptides as the building blocks, the protein scaffold is inherently stable and of
high activity under physiological conditions. Most importantly, the specificity and
functionality of the protein scaffold can be manipulated by simply modifying the
functional moiety of the protein motif. Amyloid fibril is well-known to be rich in
β-sheet structure, which is rigid and stiff compared to other natural protein-based
material like collagen and silk. Functionalized Aβ1-40 fibril can be straightly
obtained by co-incubating functionalized Aβ1-40 monomer with native Aβ1-40
monomer. It is demonstrated that the functionalized Aβ1-40 fibril is of high
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potential to serve as biocompatible and highly stable pre-concentrating scaffold
for biomarker detection.
Our group previously developed a functionalized self-assembling beta-amyloid
(1- 40) (Aβ1-40) fibril as a platform for biomolecules detection23. However, the
hybridization efficiency of the surface-based assay is highly limited by diffusion
kinetic of the analyte molecules. Here, we developed a solution-based direct
miRNAs detection assay with self-assembling Aβ1-40 fibril with TIRFM. As a
proof-of-concept, hsa-mir-196a (mir-196a) was chosen to be the miRNA target
for detection. Mir-196a was found to be one of the significant miRNAs elevated
in nasopharyngeal24, gastrointestinal25, and pancreas26 cancers. In the assay,
self-assembling Aβ1-40 fibrils were labeled with a mixture of Alexa Fluor-555
streptavidin (AF 555 stv) and bare streptavidin (stv), to locate the fibrils. The
target miRNAs were pre-hybridized with the complementary 5’ biotinylated
locked nucleic acid (LNA) probe in solution to achieve high hybridization
efficiency and then labeled with fluorescent dye YOYO-1. The hybrid complexes
were then added to the AF 555 stv-labeled Aβ1-40 fibril, and were captured onto
the backbone of the fibrils through the biotin and streptavidin interaction. The
fluorescent images of fibril were collected by TIRFM. The target miRNAs was
quantified with the fluorescent intensity of individual fibrils. This assay provided
a limit of detection (LOD) at around 1 pM, as well as a high specificity as it
substantially discriminated the two miRNAs within the same family, target
mir-196a and mir-196b, which differ by a single nucleotide. The developed assay
was applicable for the direct determination of the mir-196a concentration in both
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normal and cancer patient’s serum samples without sample pre-treatment. This
direct, sensitive and specific detection assay for miRNAs is of high potential for
clinical application for early stage cancer diagnosis.
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4.2 Experimental
Coverslides pretreatment. All the coverslides were prewashed prior to use.
Generally, No.1 22 × 22 mm square glass (Menzel-Glaser, Germany) were
successively sonicated for 15 min in household detergent, 15 min in absolute
ethanol, 40 min in 1 M sodium hydroxide, 15 min in acetic acid, then 5 min in
absolute ethanol thrice. The coverslides were rinsed thoroughly with filtered
distilled water between every solvent replacement. The cleaned coverslides were
dried in the oven at 120 °C for 3 h and stored for further use.
Preparation of Aβ1-40 Fibrils for seeding.

Monomeric Aβ1-40 was purchased

from Invitrogen and used without further purification. The stock Aβ1-40 monomer
solution was prepared by dissolving 0.1 mg Aβ1-40 monomer with 400 µL 0.02 %
ice-cold ammonia solution and stored at – 20 °C until use. The seed was prepared
as mentioned elsewhere27-29. Briefly, by diluting the stock Aβ1-40 monomer to 57.7
µM with 1× phosphate buffer (50 mM sodium phosphate, pH 7.4); the solution
was incubated at 37 °C for 20 h under gentle shaking. The second generation of
Aβ1-40 seeding was prepared by adding 1 µL of 0.87 µg/mL Aβ1-40 seeding from
the previous step to 2 µL of Aβ1-40 monomer and diluted to 20 µL with 1×
phosphate buffer. The solution mixture was incubated at 37 °C for 1 h. The
resultant fibrils were used as the second generation of seeding for further
fibrillation.
Preparation of Biotinylated Aβ1-40 Fibrils. The stock biotin functionalized
Aβ1-40 monomer (Anaspec, USA) was diluted with 0.02 % ice-cold ammonia
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solution to 100 µM. The biotinylated Aβ1-40 fibrils were prepared by incubating 20
% of biotinylated Aβ1-40 monomer with native Aβ1-40 monomer in 0.5× phosphate
buffer. The total concentration of the Aβ1-40 monomer is 50 µM. In order to
accelerate the fibrillation process, 1 µL of 0.87 µg/ mL Aβ1-40 seeding was added
to the solution. The fibrils were diluted to 200-fold with phosphate buffer prior to
experiments.
Preparation of Hybridization Buffer. The 1× Tris-EDTA buffer with 250 mM
NaCl (TNE 250) was prepared by mixing 20 mM pH 8.0 Tris-HCl (Invitrogen,
Carlsbad, CA) with 1 mM EDTA (Sigma-Aldrich) and 250 mM sodium chloride
in distilled water. The pH of the buffer was adjusted to pH 7.4 with 2 M HCl. The
buffer was filtered through a 0.2 µm nylon membrane filter and autoclaved prior
to use.
Preparation of Probes and Target MicroRNA Oligonucleotides. The
commercial available LNA-modified oligonucleotide probes (miRCURY LNA™
microRNA

Detection

Probes)

LNA196a

(5’-CCCAACAACATGAAACTACCTA-3’) specific to corresponding target
microRNAs was purchased from Exiqon (Denmark). The HPLC-purified
synthetic

mature

microRNA

oligonucleotides

UCUGGCUCCGUGUCUUCACUCCC-3’),
UAGGUAGUUUCAUGUUGUUGGG-3’)

hsa-mir-149

hsa-mir-196a
and

(5’-

(5’-biotinhsa-mir-196b

(5’-UAGGUAGUUUCCUGUUGUUGGG-3’) were custom synthesized and
purchased from Integrated DNA Technology (USA), acting as the target
microRNA strands. All oligonucleotides were suspended in 500 µL DEPC-treated
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water (Ambion, USA) and diluted to appropriate concentration with 1× TNE 250
buffer.
Study of the hybridization efficiency. Sealed flow cell channel was prepared by
combining prewashed coverslides with double-sided adhesive tape. Each channel
is around 3 mm wide. For detection, 10 µL of the diluted Aβ1-40 fibrils was first
flowed into the channel; followed by adding excess stv/ AF 555-Stv mixture
(molar ratio of 2:1). The channels were successively washed with phosphate
buffer between each consecutive sample addition. In the study of the
hybridization efficiency, surface base hybridization duplex was prepared as
reported previously23. Briefly, excess poly (T)15 probe (5’-biotin-TTT TTT TTT
TTT TTT-3’, Invitrogen, HPLC-purified) was added to the channel that contained
the stv/ AF 555-stv labeled fibril and incubated for 15 min. Then 50 pM poly
(A)15 target (5’-AAA AAA AAA AAA AAA-3’, Invitrogen, HPLC-purified) was
flowed into the channel and hybridized for 30 min. Finally, fluorescent dye
YOYO-1 was added to label the hybrids for further quantification by TIRFM. The
ratio of the YOYO-1 and the hybridized base pair was 1:3 (dye/ bp).
The solution-based hybridization duplex was prepared by hybridization
500 pM poly (A)15 with 500 pM biotinylated poly (T)15 probe in solution at room
temperature for 30 min and fluorescent dye YOYO-1 was added to label the
hybrids. The ratio of the YOYO-1 and the hybridized base pair was 1:3 (dye/ bp).
The hybrids were then added into the channel with the AF 555-stv labeled fibril as
mentioned in the previous step and incubated for 1 h to saturate the streptavidin
site and for further detection by TIRFM. Three experimental trials were
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performed, while the mean of mean and standard error of the mean from the
triplicates were taken to the plot unless specified.
Hybridization of the MicroRNAs. All the LNA probes and miRNA strands were
diluted to 1 nM with 1× TNE 250 buffer (pH 7.4), respectively. The hybridization
cocktail contained target miRNA strand at different concentrations (0, 0.5, 1, 5, 10,
25, 50, 100 pM respectively), 100 pM corresponding LNA probe and
hybridization buffer. The solution mixture was incubated in heating block (Labnet,
USA) for 1 h. The hybridization temperature was set to 20 °C below the melting
temperature (Tm) of the LNA probe, which is 58 °C. The Tm was predicted based
on the thermodynamic nearest neighbor method30.
Labeling of MicroRNAs. After incubation, YOYO-1 was added to label the
hybrids (biotinylated-LNA-miRNA duplex). The ratio of the YOYO-1 and the
hybridized base pair was 1:3 (dye/ bp). The YOYO-1 labeled hybrids were
incubated in room temperature for 5 min for equilibrium.
Quantification of mir-196a with Aβ1-40 fibrils on the surface of the flow cell.
Different concentrations of target microRNAs hybrid (0, 0.5, 1, 5, 10, 25, 50, and
100 pM respectively) were added into each of the channels that contained the stv/
AF 555-stv labeled fibril and incubated for 30 min for further quantification.
For the mismatch study, 50 pM hsa-mir-196b and hsa-mir-149 hybrids
were used to show the specificity of the assay. The fluorescent images of the
fibrils detection platform were captured under a home-built total internal
reflection fluorescence microscopy system (TIRFM) with an excitation 488 nm
cyan laser (50 mW, CMA1-01983, Newport, USA).
	
  

76	
  

Quantification of mir-196a in serum samples by TIRFM. Serum samples were
obtained from the Nasopharyngeal Carcinoma Area of Excellence Research
Tissue Bank under the Center for Nasopharyngeal Carcinoma Research, the serum
samples were stored at -80 °C prior to use without further modification. Synthetic
mir-196a, with a final concentration of 0, 1, 2, 5, 10, and 15 pM respectively, was
spiked into the standard addition cocktail which contained 3.5 µL of the 5-fold
diluted serum and LNA probe of a final concentration of 100 pM, and finally
diluted to 20 µL with TNE buffer. The solution was incubated at 58 °C for 1 h.
Finally, the quantification was constructed as mentioned above.
Fluorescence imaging and data analysis. The prism type total internal reflection
fluorescence microscopy was setup as mentioned before17,23. Briefly, the flow cell
was placed between a fused-silica isosceles prism (CVI, laser USA) and a 60× oil
type objective equipped with an Olympus IX71 inverted microscopy with a HQ
535/50 (Chroma) band-pass filter. A 488 nm diode laser (Newport, USA) was
used as the excitation source to excite the YOYO-1 dye. The fluorescent image of
the Aβ1-40 fibrils was captured by an Electron Multiplying Charge Coupled Device
(EMCCD) (PhotonMax 512, Princeton Instrument, USA) incorporated with a
Uniphase mechanical shutter (Model LS2Z2, Vincent Associates, USA) and a
driver (Model VMM-T1, Vincent Associates, USA) in external synchronization
and frame-transfer mode. The exposure time of both camera and shutter were set
at 100 ms. The multiplication gain and the delay time of the shutter drive were set
at 4000 and 10 ms respectively. The fluorescence signal of the fibrils was
measured by the free-domain software Image J. The fluorescence signal of the
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sensor was obtained by measuring net fluorescence intensity of 50 independent
fibrils, which located randomly, in each condition with Image J (Region of
interest = 15 × 2 square pixels). Net intensity = 50 × (15 × 2 square pixels of
independent fluorescent area on fibrils) – 50 × (15 × 2 square pixels of
independent background area on image). Three experimental trials were
performed, while the mean of mean and standard error of the mean from the
triplicates were used in the plot unless specified.
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4.3. Results and discussion
Study of the hybridization efficiency. The quantification of the target
oligonucleotide presented here is a hybridization-based assay. The hybridization
efficiency of the target and the complimentary sequence is very crucial for the
overall performance of the assay. We firstly compared the hybridization
efficiency of the target oligonucleotide and the complimentary probes where
hybridization occurs in solution and on surface. Figure 4.1 shows the net
fluorescence intensity measured on the fibril loaded with 500 pM solution-based
and surface-based hybridized poly (A)15 and poly (T)15 complex. Under the same
concentration of the target and the probe, higher hybridization efficiency is
indicated by a higher detected fluorescence signal. The average fluorescence
intensity of the fibrils loaded with solution-based hybridized complex was almost
tripled over the surface-based one. This result suggested that solution-based
hybridization was more efficient than surface-based. In surface-based
hybridization, the detection probes were first immobilized on the backbone of the
fibrils. Then the target single-stranded oligonucleotide reached the probes solely
by diffusion. The overall hybridization rate is limited by the diffusion kinetic of
the target analyte, the electrostatic repulsion of both negatively charged probes
and targets, density of the surface-immobilized probe, probe immobilization
efficiency and the steric hindrance.

On the other hand, in solution-based

hybridization, both the probe and the target are free in solution, the charge density
is diluted due to large diffusion volume and, therefore they are subject to higher
chance to interact and form hybrid. Comparing under the same hybridization time,
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solution-based hybridization offers higher efficiency. Therefore, solution-based
hybridization was adopted for the miRNA detection assay in the following work.
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A)

B)

C)

Figure 4.1 A) The average of resulted fluorescence signal on individual
biosensing fibril, as an indication of the hybridization efficiency, obtained by
solution-based and the surface-based hybridization with 500 pM poly A and
complementary poly T probe. Error bar, standard error of mean. n = 3. (Net
intensity = 50 × (15 × 2 square pixels of independent fluorescent area on fibrils) –
50 × (15 × 2 square pixels of independent background area on image).) The
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fluorescent images of the fibrillar sensors detecting poly A/poly T duplex
duplexes formed	
   by (B) surface-based hybridization; and (C) solution-based
hybridization. The hybridization efficiency of solution-based is significantly
higher than that of surface-based.
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Figure 4.2 Schematics of the direct quantification of miRNA with a
self-assembling protein fibrillar platform. (A) A hybridization-based detection for
mir-196a by using biotin functionalized LNA196a detection probe. The hybrids
were labeled with fluorescent dye YOYO-1. (B) The hybrids were then
conjugated onto the surface of the amyloid protein fibril by biotin/streptavidin
interaction for fluorescence measurement and quantification.
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Detection assay. As a proof-of-concept, mir-196a was chosen as the target
miRNA in this study. LNA modified nucleotide detection probe (LNA196a) with
a biotin functionalized 5’ terminal was designed. The target and the LNA probes
were mixed and allowed for sufficient hybridization. The hybrids were then
labeled with an intercalating fluorescent dye YOYO-1. The binding affinity of the
YOYO-1 dye towards the double-stranded nucleic acid is around 6 × 108 M-1 with
a fluorescence intensity enhancement of ~ 400-fold upon binding as compared to
single-stranded.31 The resulted fluorescence signal is employed for quantitative
analysis.
The principle of the detection assay is illustrated in Figure 4.2. Biotinylated
fibrils were prepared by simply mixing and incubating the biotinylated amyloid
monomer and native amyloid monomer for an hour. Each of the as-formed protein
fibril acted as an individual platform for target analyte capturing. With the
wide-view fluorescence imaging of large number of fibrils simultaneously, a
detection of high-throughput was accomplished. We made use of the electrostatic
and hydrophobic interaction between the protein fibrils and the glass slide surface
that the fibrils could be immobilized and stretched upon capillary force once the
fibrils were flowed into the channel, which was comprised, by two glass
coverslides and adhesive tape. Neither pretreatment of the glass surface nor
chemical modifications on the protein scaffold was required. As shown from the
fluorescent images, the fibrils were consistently well-stretched and physically
adsorbed on glass surface. After that, freely diffusing hybrids will then be
captured onto the nanofibrils. Fluorescence signal from the labeled hybrids was
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collected for analysis. According to our previous study23, the sensitivity of the
detection assay was influenced by the density (or concentration) of Aβ1-40 fibrils
on the coverslide and the compositional percentage of the biotin moiety on the
fibrillar protein. As reported, the fibrils obtained by co-incubation of native
monomer with 20 % of biotinylated Aβ1-40 monomer gave optimal experimental
conditions for the strongest fluorescence signal and therefore it was adapted in
this current study. After the immobilization of the fibrils on the glass surface, the
solution mixture of excessive stv/AF 555-stv was injected into the home-made
channel to capture the biotinylated target hybrids as well as to label and locate the
fibrils. As illustrated in Figure 4.3, the highly negative double-stranded hybrid did
not have substantial non-specific adsorption onto the negative surface of the
coverslides (at pH 7.4). Addition of the blocking agent, for example, BSA, was
therefore not necessary.
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Figure 4.3 Optimization of the non-specific adsorption. Different concentrations
of bovine serum albumin (0 %, 1 %, 3 %, 5 % respectively) were added into the
channel as a blocking agent for the non-specific adsorption. Error bar, standard
deviation. n = 3.
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As one of the wide-view fluorescence imaging techniques, TIRFM is regarded
as a sensitive and powerful one to monitor chemical and biological systems at the
glass/water interface. The fact that only the fluorophores (the immobilized protein
fibrils with captured targets in this work) within the evanescence field layer was
excited and hence high signal-to-noise ratio was provided. A 488 nm laser was
used to excite the YOYO-1 dye on the hybrids and the AF555 stv on the fibril.
The angle of incidence of the laser beam is ~ 66 °, the total internal reflection
occurred at the glass/solution interface and the penetration depth of evanescence
field layer (d) was calculated to be 115 nm by (d = λ/ 4π(n1)2sin2 θ- n2 2)1/2) where
λ is the wavelength of the excitation source, n1 and n2 are the refraction indices of
the solution and glass-surface, and θ is the angle of incidence. The fluorescent
image of the fibrils was captured by the EMCCD.
To illustrate the performance of the developed miRNA assay, the
LNA196a-mir-196a hybrids with different concentration of miRNA target (0 to
100 pM) were added to the channel and captured on the surface of the fibrils
through the strong biotin and streptavidin interaction. Individual fibrils loaded
with hybridization complex of 0 to 100 pM mir-196a with 100 pM LNA196a
were visualized under the TIRFM imaging system and the intensity was analyzed.
A calibration curve of the fluorescence intensity collected as a function of the
target concentration was constructed as shown in Figure 4.4. A good linearity
with a coefficient of determination of 0.994 was obtained. The limit of detection
(LOD) of 1 pM was achieved (LOD = mean of the blank + 3 × standard error of
mean of blank) for miR196a. As literature reported, the level of miRNAs in the
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cancer patient’s serum sample is around 20 pM.9 This as-developed assay is
applicable to quantify the level of miRNAs in serum sample.
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Figure 4.4 Calibration plot showing the linear relationship between net averaged
fluorescence intensity generated from the YOYO-intercalated miRNA hybrids
and the concentration of mir-196a, R2= 0.994. Detection limit of the detection
assay is 1 pM. Error bars, standard error of mean, n = 3. (Net intensity = 50 × (15
× 2 square pixels of independent fluorescent area on fibrils) – 50 × (15 × 2 square
pixels of independent background area on image).
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Specificity study. The sequences of the miRNAs within a family are very similar
and some of them differ only by a single nucleotide. This places another challenge
to obtain an accurate expression profiling of miRNAs from the same family. To
demonstrate the specificity of this detection assay, mir-196b and a
non-complementary miRNA (mir-149) were chosen. Literature reported that
mir-149 also plays an important role in the development of nasopharyngeal
carcinoma (NPC)32. Mir-196b is a family member of the mir-196 family, the
optimal hybridization temperatures of the two miRNAs, mir-196a and mir-196b,
differ by 2 °C. In the recent decade, locked nucleic acid (LNA) has been used as
detection probe for a variety of miRNAs assay for significant increase in the
sensitivity and specificity of the detection probe compared to using RNA and
DNA probes. The methylene bridge connecting the 2’O and the 4’C of the ribose
backbone fixed the LNA modified nucleotide such that the nucleotides were
locked in place after hybridization. This provided greater stability as an increase
in the melting temperature of the hybridized complex33.
The fluorescent images of the fibrils applied for the mismatch study were shown
in Figure 4.5. As illustrated in Figure 4.6, mir-196a can be clearly discriminated
from mir-196b and mir-149. Compared to mir-196a, mir-196b with a mismatch
nucleotide showed detection signal (8.7%). While the signal detected from sample
matrices that contained 1) both mir-196a and mir-196b, and 2) mir-196a,
mir-196b, and mir-149 was 108 % and 99 % respectively. It elucidated that LNA
detection probe exhibits a high specificity to the complementary target.
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A)	
  

B)	
  

C)	
  

Figure 4.5 The fluorescent images of biotinylated Aβ1-40 fibrils with (A) Blank (0
pM pM LNA196a-mir196b duplex); (B) 50 pM LNA196a-mir196b duplex; (C)
50 pM LNA196a-mir196a duplex. Scale bar, 20 µm.
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Figure 4.6 Study on the single-base mismatch discrimination efficiency (%) of
the assay. The relative signal produced by mir-196a is normalized to 100%, the
relative detection of the other miRNAs was calculated by the correlation equation
in figure 3. The concentration of each miRNAs is 50 pM. The detection platform
shows high specificity towards the target analyte, and is able to discriminate
sample that deviated by a single-base mismatch. Error bars, standard error of
mean, n = 3.
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Quantification of mir-196a in normal and cancer patient’s serum samples.
We then applied the developed assay to quantify the expression of mir-196a in
both normal and NPC cancerous serum samples. Since the fluorescent dye
YOYO-1 has no selectivity towards oligonucleotides like mRNA, tRNA and other
kind of small RNAs in such a complex sample matrix, in order to eliminate the
unwanted signal from the background matrixes, standard addition method was
applied in a manner that total synthetic target miRNA (mir-196a) was spiked into
mixture of probes and the serum samples without any sample pre-treatment to the
serum. The concentration of the mir-196a in the serum samples was obtained by
extrapolation of the calibration curve. Two independent calibration curves were
prepared for the two serum samples and the concentration mir-196a in each serum
sample was determined. Both calibration curves showed good correlation between
the concentration of the mir-196a and the intensity of the fibril with coefficient of
determination above 0.989 (Figure 4.7). The content of mir-196a in normal and
cancerous serum samples were estimated to be 7.9 ± 0.2 pM and 13.5 ± 0.3 pM
respectively. The original concentration of mir-196a was then corrected by 5-fold
dilution factor to be 40 and 68 pM. The result agreed with literature report that
mir-196a is the up-regulated in nasopharyngeal carcinoma34. While the entire
assay could be completed within 2 h, which is fast compared to traditional
qRT-PRC, a direct quantification with minute sample consumption (~ 5 µL) was
achieved. It is promising for constructing miRNA expression profile in real
sample.
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Figure 4.7 Quantification of mir-196a in (A) normal serum and (B) cancer
patient’s serum samples by standard addition method. Synthetic mir-196a was
spiked into the serum samples. Error bars, standard error of mean, n = 3.
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4.4. Conclusions
In this work, we developed a sensitive and specific platform for quantification of
miRNAs. As a proof-of-concept, the concentration of mir-196a was quantified in
both normal and cancerous serum samples. Profiling of these small regulatory
miRNAs provides valuable information to diagnostics test developers as well as
pharmaceutical companies. The protein-based detection assay can be readily
modified and applied in immunoassays, in which the probe sequence on the
fibrillar sensor can be converted from oligonucleotide probes into antibodies for
capturing disease-related antigens or other acceptor molecules. Similarly, the
LNA probes can also readily replace by ATP aptamer, cardiac disease markers,
thrombin aptamer, tumor angiogenesis markers, etc., for academic, biomedical
researches and many other clinical applications. For the future work,
incorporating the LNA modified molecular beacon into the detection assay, it can
greatly enhance the sensitivity and the specificity of the assay.
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CHAPTER

5.

IMMUNOPLATFORM

MAGNETIC
FOR

NANOPARTICLES

DIRECT

BASED

QUANTIFICATION

OF

PROSTATE CANCER ANTIGEN (PSA) WITH CARBAZOLE-BASED
CYANINE FLUOROPHORE
5.1 Introduction
Prostate cancer (PCa) is one of the most challenging worldwide medical issues for
men and becomes one of the leading causes of cancer morbidity and mortality in
male elderly.1 The metastatic tumor is often found spreading to the seminal
vesicles, bladder, rectum, and further metastasizing to lymph nodes and bone.2
Early diagnosis is often the critical factor to the effectiveness of the treatment and
thus survival rate. In the past two decades, the measurement of serum
prostate-specific antigen (PSA) is a FDA-approved and the most commonly used
approach for the screening of PCa.3 PSA was introduced as a biomarker to
evaluate the treatment response in 1987 and soon be extensively applied for the
screening, diagnosis and monitoring of PCa. PSA is a ~ 33 kDa single-chain
glycoprotein with a high degree of sequence homology with the kallikrein family
of prostates. PSA is produced by the prostate ductal and acinal epithelium. It
secrets as proenzyme by to the epithelial prostate cells into the lumen of prostate.
In prostate diseases, disruption of prostate membrane causes the leakage of the
PSA to the peripheral circulation and able to be detected in blood.4,5 The release
of PSA into the bloodstream is rarely happened in healthy men. Therefore, it
showed a strong correlation between the PSA concentration and the occurrence of
PCa. Although the serum PSA level at 4 ng/mL is generally considered as the
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threshold for biopsy, the PSA range between 2 ng/mL and 10 ng/mL is found to
be the “grey zone”.6 An accurate and simple assay for repeated measurement of
PSA can avoid the unnecessary, unpleasant and painful biopsy procedure.
Although enzyme-linked immunosorbent assay (ELISA)7 is currently the golden
method for detection of biomarkers like antigen and protein, due to the matrix
effect and the low content of PSA in serum sample, ELISA often requires tedious
pretreatment steps and large amount of sample in order to perform the detection.
Other problems like long assay time, laboring intensive, and moderate sensitivity
have also hindered the clinical applications of ELISA for early diagnosis. To
overcome the limitation in ELISA, other detection methods like electrochemical
immunoassay8,9 and immuno-PCR10-12 have been developed for the detection of
PSA. Taking advantage of the signal amplification strategy, most of these
detection assays can achieve an ultra-sensitive detection with very low sample
consumption. Unfortunately, the multiple pretreatment and amplification steps of
these assays often resulted in sample lost and reduced the throughput of the
detection. Development of a direct, sensitive, and pretreatment-free detection
assay is urgently necessary.
In the recent decade, nanotechnology coupled sandwich type immunoassays have
been developed and widely applied for the biomarker detection.13-16 Benefit from
the good biocompatibility, large surface area to volume ratio, high stability,
simple

synthetic

preparation

and

the

high

conjugation

ability

with

biomolecules,14,17,18 metallic nanoparticles such as, gold, iron oxide and silver
nanoparticles have been widely applied for bio-sensing. Among all the metallic
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nanoparticles, iron oxide nanoparticles have been widely used for biomolecule
separation, cell isolation, protein and enzyme immobilization, drug delivery etc.
due to its unique magnetic property.19-21 In addition, as functionalized magnetic
nanoparticles can pull the bound biomolecule from a laminar path to another by
applying the external magnetic field, the magnetic nanoparticles can act as a
pre-concentration platform and selectively separate the target analyte from the
sample matrix without any purification and washing steps. To further enhance the
biocompatibility and the capability for surface modification, an inorganic shell,
particularly silica, have been commonly coated onto the iron oxide
nanoparticles.22,23 The nanoparticle bioconjugated sandwich immunoassay has
combined the advantages of the sandwich immunoassay, (i) the high specificity
and binding affinity of the antibody and antigen, and the magnetic nanoparticles,
(ii) an online preconcentration and purification platform, and hence, a direct,
simple, specific and accurate detection can be achieved.
Herein, we have developed an assay for the direct quantification of PSA with
silica-coated iron oxide nanoparticles (MNP) as an online pre-concentration and
purification platform. In the assay, the capture antibody (CHYH1) was firstly
immobilized onto the surface of the MNP through the GA-cross linker. The
antibody conjugated MNP acted as the detection probe for PSA. The target
antigen (PSA) was then added and captured onto the MNP and further labeled by
the detecting antibody (CHYH2) to form a sandwich type immunocomplex.
Lastly, the immunocomplexes were then fluorescently labeled with the
carbazole-based cyanine. The nanocomplexes were then visualized under the
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TIRFM-EMCCD imaging system and the fluorescent signal from each
nanocomplex was recorded and analyzed. In our previous work, we demonstrated
that mono-cyanine was a highly sensitive fluorescence probe that exhibited a high
binding affinity towards DNA and beta-amyloid monomer. In addition, a strong
fluorescence enhancement (> 80-fold) was observed upon binding to the
biomolecules.24 The unique property of the cyanine fluorophore gives a high
signal-to-noise image of the immunocomplexes and hence increased the
sensitivity of the detection assay. A LOD of 400 fM was achieved. The whole
detection can be done within 1 h with only 10 µL of sample. Neither sample
purification nor washing between each step was required. Furthermore, we
demonstrated that the developed assay was capable of differentiating the target
PSA from carcinoembryonic antigen (CEA) and immunoglobulin G (IgG). This
as-developed direct, ultrasensitive and specific detection assay for PSA is of high
potential for the application for early PCa diagnostic, monitoring of the
therapeutic response and cancer progression.
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5.2 Experimental
Coverslide pretreatment and preparation of flow cell
All coverslides are prewashed prior to use. Briefly, No.1 22×22 mm2 glass slides
(Gold Seal, Electron Microscopy System, USA) were sequentially sonicated in
household detergent for 15 min, acetone for 15 min, absolute ethanol for 15 min.
Then the coverslides were successively soaked in Piranha (H2SO4: H2O2 3:1)
solution for 30 min, and sonicated for another 30 min. All the coverslides were
rinsed with filtered H2O extensively between each solvent replacement. The slides
were finally stored in filtered H2O and blow-dried with nitrogen gas before use.
Sealed flow cell was prepared by combining the prewashed coverslides with
double-sided adhesive tape. Each channel is approximated 3 mm wide.
Synthesis of the silica coated iron oxide nanoparticles
Aqueous dispersions of magnetic iron oxide nanoparticles were prepared
according to Massart’s method.25 Briefly, 4 mL of 1 M iron (III) chloride
hexahydrate (Sigma Aldrich, USA) and 1 mL of 2 M iron (II) chloride
tetrahydrate (Sigma Aldrich, USA) in 2 M HCl were added to 50 mL of 0.7 M
NH4OH under rapid mechanical stirring. The black sediment was washed with
filtered H2O twice and re-dispersed in 50 mL filtered H2O, then three aliquot of
10 mL of 1 M tetramethylammonium hydroxide solution were added to the
sediment with rapid mechanical stirring. Finally, the iron oxide nanoparticles
were washed with 0.01 M HCl, centrifuged and re-dispersed in filtered H2O. The
silica coating was prepared generally by adding iron oxide nanoparticles to a
mixture of ammonium hydroxide, H2O, and ethanol, then an ethanolic solution of
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TEOS (Aldrich, USA) (2 mL TEOS in 30 mL ethanol) was added to the mixture
under stirring. The final volume of the mixture was 100 mL and the final
concentration of the NH4OH, H2O, TEOS were 0.35, 21.4 and 0.25 M
respectively. The whole hydrolysis and condensation process of the TEOS onto
the iron oxide nanoparticles was done in 4 h. The resulted particles were washed
with ethanol and H2O twice and re-suspended in filtered H2O. The transmission
electron microscopy (TEM) imaging of the nanoparticles was done by applying 5
µL of the diluted nanoparticles onto a carbon-coated copper grid (T200H-Cu,
Electron Microscopy Science, USA) and dried at ambient condition. Transmission
electron micrographs were recoded using a Technai G2 Transmission Electron
Microscopy (FEI, USA) with an acceleration voltage of 200 kV.
Preparation of the nanoparticles/Ab1 nanocomposite
Amino-functionalized particles were prepared by using APTES and silylation
agent. Generally, the APTES was added to the ethanolic solution that contained
the silica coated iron oxide nanoparticles (APTES: particles 0.35:1) (w/w) and
stirred at 50 °C for 24 h. The resulting particles were washed with ethanol twice
and dispersed in Tris-buffer saline (20 mM Tris-HCl, 50 mM NaCl, pH 7.4).
Conjugation of the antibody (CHYH1) (Abnova, USA) was done by using the
cross-linking reagent, glutaraldehyde (GA). Briefly, the APTES-functionalized
particles were added to the TBS solution containing 5 % glutaraldehyde
(Sigma-Aldrich) and stirred at room temperature for 1 h. The resultant particles
were washed with TBS twice and dispersed in TBS solution. Then 1 nM CHYH1
was incubated with the GA-linked nanoparticles at room temperature for 1 h. The
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resultant nanocomposite was washed with TBS solution twice, to remove all the
excessed CHYH1, and re-dispersed in TBS solution.
Optimization
Two carbazole-based cyanines namely SLAce and VLAce were developed as
effective fluorescent labels for detection. To select the labeling carbazole-based
fluorophore that gives the highest signal-to-noise ratio, two carbazole dyes,
bovine serum albumin (BSA) (Sigma, USA), and prostate cancer antigen (PSA)
(Sigma, USA) were prepared in TBS solution. The fluorescence enhancement of
the PSA and BSA on the two dyes was measured by mixing corresponding
amount of the dye with 100 pM PSA or BSA. The emission spectra of the mixture
were measured PTI TimeMaster C720 Spectrometer.
To determine the optimal amount of the detection probe (nanoparticles/ Ab1
composite), different concentration of the detection probe, 5, 10, and 20 mg/ml,
were incubated with 0 and 50 pM PSA and 200 pM labeling Ab2 (CHYH2) at 37
°C for 1 h. The resultant nanocomposite was labeled with 100 µM SLAce, and
then injected into the flow cell for fluorescence imaging.
Quantification of PSA with the nanocomposite
The calibration curve of the assay was constructed by correlating the average
intensity of 50 individual nanocomposite at each concentration of spiked PSA.
PSA with different concentration 50, 25, 10, 5, 1, 0.5, 0.1, or 0 pM was incubated
with optimal amount of detection probe and 200 pM CHYH2 at 37 °C for 1 h. The
resultant nanocomposite was labeled with 100 µM SLAce. The SLAce labeled
composite were then added to the flow cell channel. The fluorescent images of the
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composites were captured by the home-built total internal reflection fluorescence
microscopy (TIRFM) with an excitation 448 nm cyan laser (50 mW,
CMA1-01983, Newport, USA).
Selectivity of the assay
To study the selectivity of the nanoparticles/Ab1 nanocomposite, three protein
samples (IgG, CEA, and PSA) with a final concentration of 50 pM were incubated
with optimal amount of detection probe and 200 pM CHYH2 at 37 °C for 1 h. The
nanocomposites were then labeled with 100 µM SLAce and visualized under the
TIRFM imaging system.
Acquisition of zero and first order image
A transmission grating with 70 lines/mm was placed in front of the EMCCD to
capture the fluorescence signal from each nanocomposite. The distance between
the grating and the EMCCD was set as 23.5 m, so that the zero and first order
image would not overlap.
Imaging system and data analysis
The prism-type total internal reflection fluorescence was setup as mentioned
elsewhere.26,27 Generally, the flow cell was placed between a fused-silica
isosceles prism (CVI, laser USA) and a 60 × oil-type objective that equipped on
an Olympus IX71 inverted microscope with a BLP-488R long pass filter
(Semrock, USA). A 488 nm diode laser (Newport, USA) was used as the
excitation source to excite the carbazole-based fluorophore. The fluorescent image
of the nanocompsite was captured by an Electron Multiplying Charge Coupled
Device (EMCCD) (PhotonMax 512, Princeton Instrument, USA) incorporated
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with a Uniphase mechanical shutter (Model LS2Z2, Vincent Associates, USA)
and a driver (Model VMM-T1, Vincent Associates, USA) in external
synchronization and frame-transfer mode. The exposure time of both camera and
shutter were set at 100 ms. The multiplication gain and the delay time of the
shutter drive were set at 3000 and 10 ms respectively. In general, fluorescent
images of 10 sequential frames each were acquired on different coordinates from
a single channel using the WinSpec/32 software (version 2.5.22.0, USA) provided
by Princeton Instruments. All the images were analyzed by a public-domain
image processing software Image J. The fluorescence signals of the
nanocomposite were obtained by measuring the net fluorescence intensity of 50
individual composite randomly. Net average intensity = [(1×1 square pixel on 50
individual nanocomposite)- (1×1 square pixel of 50 independent background area
on the image)]/50. All the experiments were done in triplicates and the error bars
refer to the standard error of mean of the experiments.
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5.3 Results and discussion
Synthesis and characterization of the silica coated iron oxide nanoparticles
The silica coated iron oxide nanoparticles were synthesized by the
co-precipitation and sol-gel method. Firstly, the iron (II) and iron (III) ions
reacted with hydroxyl radial in the aqueous solution and formed the magnetic
nanoparticles. From the reaction with the aqueous phase, the co-precipitated iron
oxide nanoparticles were functionalized with –OH group on the surface. Then
silica coating was prepared by the base-catalyzed hydrolysis of the tetraethyl
orthosilicate (TEOS) in a layer-by-layer assembly fashion. The surface
modification of the iron oxide nanoparticles not only enhance the biocompatibility
of the particles, the surface silanol groups of the silica coating also provide a
perfect anchorage for covalent bonding of specific ligand including protein and
antibody etc. without affecting the immunoreactivity. The TEM image of the
silica-coated iron oxide nanoparticles is shown in Figure 5.1. The average
diameter of the particles is 162 ± 25 nm. The surface of the nanoparticles was
further modified by APTES and conjugation of the capture antibody was done by
using a cross-linker, glutaraldehyde. As study shows that glutaraldehyde exhibits
a high binding affinity towards all amines and the conjugation can be done within
1 h at room temperature.28
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Figure 5.1 TEM image of the silica-coated iron oxide nanoparticle, the iron
oxide/silica core/shell structure is clearly displayed. The average diameter of the
particles is 162 nm, n=50.
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Detection strategy
The principle of the detection assay is illustrated in Figure 5.2; the capture
antibody (CHYH1) was firstly immobilized on the surface on the silica coated
iron oxide nanoparticles and acted as the detection probe. Then the detection
probe and the labeling antibody (CHYH2) were added to the sample to capture the
target PSA and form a sandwich immunocomplex. The nanocomposite was
further labeled with the carbazole-based cyanine fluorophore. As shown in Figure
5.3, the fluorescence labeled magnetic nanocomposite was injected to the flow
cell channel. By applying an external magnetic field on the top coverslip, the
magnetic nanocomposites were then separated from the bulk solution and
immobilized on the surface of the channel. The fluorescent images of the
nanocomposites were visualized under the TIRFM-EMCCD imaging system. A
488 nm cyan iodide laser with an incident angle of ~ 70 ° was applied as the
excitation source, the evanescence field generated at the interface was
approximately 115 nm. Given that only the sample within the evanescence field
will be excited while the rest in the solution remain silent, the signal-to-noise ratio
of the image will be enhanced. Taking the advantages of the magnetic property of
the nanocomposite and the TIRFM imaging system, only the antibodies captured
on the surface of the magnetic particles will be adsorbed on the surface of the
flow cell and collected for quantitative analysis.
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Figure 5.2 Schematic illustrations of the conjugation of probe and the formation
of the sandwiched immunocomplex for PSA quantification.
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Figure 5.3 Schematic illustration of the direct quantification of the target PSA
with TIRFM, the sample was first injected into the flow cell and immobilized on
the surface by an external magnetic force, then visualized by the TIRFM imaging
system.
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Optimization
Two carbazole-based cyanine fluorophores, SLAce and VLAce, were developed
and used as the labeling dye for the detection assay. The structures of the
fluorophores are shown in Figure 5.4. Our previous study showed that
carbazole-based cyanine exhibits a high photo-stability, high binding affinity
towards protein and DNA and strong fluorescence enhancement upon binding. As
reported, the fluorescence enhancement is mainly due to the restriction of the
rotation of the central C-C bond upon binding and hence caused a large reduction
in the irradiative decay of the photo-excited fluorophore.29 Since the fluorescence
enhancement plays an important role on the sensitivity of the assay, here we
studied signal enhancement of SLAce and VLAce upon binding to BSA and
target PSA. As indicated in the fluorescence spectra in Figure 5.5, the
fluorescence enhancement of the two cyanines upon binding to 100 pM PSA and
100 pM BSA were comparable. As the excitation and the emission wavelength of
SLAce match our TIRFM imaging system better, thus, SLAce was chosen as the
labeling dye for the entire detection assay.
In addition, as shown the first order images and the intensity spectra of the SLAce
(Figure 5.6A) and VLAce (Figure 5.6B) labeled sandwich immunocomposite
captured by the grating-based TIRFM-EMCCD imaging system, the fluorescence
intensity measured from the composite labeled with SLAce was higher than the
VLAce labeled composite. The first order images and the corresponding emission
spectra not only can be applied to confirm the comparison of the fluorescence
signal form the dyes, but also will be helpful for further studying, monitoring, and
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identifying the multicomponent molecules interaction for multiplex detection.
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Figure 5.4 Structures of the carbazole-based cyanines, SLAce and VLAce.
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Figure 5.5 Fluorescence spectra of A) 100 pM of BSA with 200 µM SLAce. B)
100 pM of PSA with 200 µM SLAce, C) 100 pM BSA with 200 µM VLAce, and
D) 100 pM of PSA with 200 µM VLAce.
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Figure 5.6 The zero and first order images (top) and the corresponding
single-molecule emission spectra (bottom) of the immuno-sandwich magnetic
nanocomposite labeled by A) 100 µM SLAce and B) 100 µM VLAce.

	
  

120	
  

The detection assay is mainly based on the conjugation of the target PSA and the
formation of the fluorescence immunocomplex on the surface of the magnetic
nanoparticles. Although, the higher density of the nanoparticles immobilized on
the surface of the flow cell will increase the throughput of the assay, it might also
“dilute” the signal generated by the pool analyte by distributing themselves
among the larger number of magnetic nanoparticles. An optimal density of the
magnetic nanoparticles not only can maintain the throughput of the assay, but also
can improve the sensitivity of the assay. As shown in Figure 5.7 that the
fluorescence signal detected with 20 mg/mL nanoparticles is much lower than 10
mg/mL and 5 mg/mL, it agrees well with our hypothesis that high density of the
nanoparticles will weaken the signal generated by the immunocomplex. In
addition, the fluorescence signal tends to decrease when the amount of
nanoparticles diluted to 5 mg/mL. The low density of the nanoparticles might
limit the chance of the target reaches the detection platform, and hence less target
will be trapped on the particles. In order to obtain a sensitive detection of the
target PSA, 10 mg/mL of the magnetic nanoparticles was applied for the rest of
the experiment.
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Figure 5.7 Optimization of the sensitivity of the assay, different concentration (20,
10, and 5 mg/mL) of the magnetic nanoparticles were immobilized on the surface
flow cell. Error bar, standard error of mean, n=3. Net average intensity = [(1×1
square pixel on 50 individual nanoparticles)- (1×1 square pixel of 50 independent
background area on the image)]/50.
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Quantification of the target PSA
To demonstrate the performance of the developed assay, a calibration plot of the
average intensity as a function of the concentration of the target PSA was
constructed under the optimal condition mentioned above. Generally, PSA of
concentration ranging from0 to 50 pM, was incubated with 10 mg/mL CHYH1
conjugated silica-coated magnetic nanoparticles and 200 pM labeling antibody,
CHYH2, at 37 °C. The resultant nanocomplexes were then labeled with 100 µM
SLAce, injected into the flow cell and adsorbed onto the surface of the flow cell
through an external magnetic force. By measuring the fluorescence intensity of 50
individual nanocomposite as a function of target PSA concentration the
calibration curve (Figure 5.8) was constructed with a good linear correlation
coefficient of 0.999. A limit of detection of 400 fM (13 pg/mL)

(LOD = blank +

3× standard error of mean of blank) and a limit of quantification of 2 pM (0.66
ng/mL) were achieved. As the universal cut-off point for PSA is set at 4 ng/mL,
this detection assay is capable of quantifying the trace amount of PSA in serum
samples for clinical application.
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Figure 5.8 Calibration plot for the quantification of PSA, different concentration
of PSA were incubated with the probe and the labeling antibody, error bar,
standard error of mean, n=3. Net average intensity = [(1×1 square pixel on 50
individual nanoparticles)- (1×1 square pixel of 50 independent background area
on the image)]/50.
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Selectivity
Specificity of the detection probe played an important role on the accuracy and
the sensitivity of the detection assay. To demonstrate the selectivity of the
developed assay, here three different antibodies samples (PSA, CEA and IgG) of
a final concentration of 50 pM were prepared and incubated with 10 mg/mL
CHYH1 conjugated nanoparticles and 200 pM labeling antibody (CHYH2) the
optimal condition and labeled with 100 µM SLAce. IgG is the major component
and the most abundant antibody isotype in human serum,30 while CEA is the
antibody appeared in most cancer patients’ serum sample.31,32 The fluorescent
images of the sandwich fluorescence nanocomposites were captured under the
TIRFM imaging system. As illustrated in Figure 5.9, the signal detected in
samples contains CEA and IgG was only 2.1 % and 1.8 % respectively, ((signal
from sample – blank)/ signal from PSA × 100 %) of that contained PSA only. It
indicated that the CHYH1 conjugated nanoparticles and the labeling antibody
(CHYH2) have a high binding affinity towards the target PSA and capable of
discriminating PSA from the other antibodies.
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Figure 5.9 Study of the selectivity of CHYH1 conjugated nanoparticles and
labeling antibody (CHYH2). The probe is capable of differentiating the target
from other antibodies. Error bar, standard error of mean, n=3. Net average
intensity = [(1×1 square pixel on 50 individual nanoparticles)- (1×1 square pixel
of 50 independent background area on the image)]/50.
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5.4 Conclusions
In this work, we have developed a simple, direct, sample purification and
enrichment free detection assay for quantification of PSA using an antibody
bioconjugated magnetic probe and carbazole-based cyanine fluorophore with the
aid of TIRFM imaging system. The as-developed assay is capable of
differentiating the target PSA from other antigen and obtained a LOD of 400 fM
(13 pg/mL) and a LOQ of 2 pM (0.66 ng/mL) with only 10 µL of sample within 1
h. The as-developed assay is of high potential to serve as an analytical tool for
early PCa diagnosis, progression monitoring and staging. For future work, more
characterizations of the nano-probe, including determination of the amount and
density of the antibodies conjugated on the magnetic nanoparticles, will be
performed. Moreover, the assay can be readily modified, such as replacing the
antibodies by other caner related antibodies, nucleic probe, aptamer etc. for many
other biomedical research and disease diagnostic.
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CHAPTER 6 GENERAL CONCLUSIONS
TIRFM has been widely applied in different aspects for disease biomarker
detection and quantification. Unlike the standard approached for biomarkers
detection, with the aid of TIRFM an accurate direct quantification of the
biomarkers can be performed with trace amount of valuable biological samples
(including serum, saliva, blood etc.). These direct, sensitive, specific, and yet
simple assays for the quantification of disease biomarkers are free of pre-analysis
purification, isolation, sample enrichment, and amplification; the whole assay
normally can be done within 1 h. In this thesis, different applications of TIRFM
for direct quantification of cancer biomarkers were introduced. In brief, we have
applied TIRFM in 1) performing direct quantification of NPC associated miRNAs
in single-molecule level by simply counting the fluorescence spots on the images;
2) developing a pre-treatment free single-molecule direct detection assay for
circulating miRNAs quantification in different stages of NPC patients’ sera; 3)
establishing an self-assembling protein sensor for quantification of serum
miRNAs in a direct and high-throughput manner; 4) developing a magnetic probe
for direct quantification of prostate cancer associated antigen (PSA) with a
carbazole based cyanine as the labeling dye.
Even though the developed assays are direct, sensitive, and specific, there are still
some drawbacks: 1) the standard addition strategy is required for miRNAs
detections in serum sample, which has more or less hindered the robustness and
the throughput of the assay; 2) multiplex detection is still not achieved; 3) given
the complexity of TIRFM, the operation of the imaging system is not so
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user-friendly, which might limit the clinical application of the assays. In the
coming future, improvement in the multiplicity and the clinical application of the
direct quantification assay are foreseeable. By incorporating other techniques,
such as microfluidic, grating-based fluorescence microscopy, and development of
a bar-code detection platform can improve the feasibility for multiplex detection
in a simple, direct and high-throughput manner. Furthermore, development of a
conventional detection probe and portable fluorescence imaging device can
significantly improve the viability of the clinical application of these direct
detection assay for early disease diagnostic. Therefore, it relies on the intra- and
inter- disciplinary collaboration on the further development of chemistry, biology,
physics and the cutting edge research of these fields. These developments not only
enhance the interchange of idea in the academic area, but also evolve the
application of these direct quantification assays into mature platforms for simple
and accurate point-of-care disease screening, monitoring, and early disease
diagnostic.
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