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ABSTRACT
Total internal reflection fluorescence microscopy (TIRFM) has been widely applied for the
study of biomolecules because of their ability to quantify biomolecules in a sample
pretreatment and enrichment free manner, when compared with those costly, sample
consuming and labor intensive conventional detection assay. This thesis presented the
application of the TIRFM imaging system for the direct quantification and analysis of the
biomarkers for the age-related diseases. Four research works on the quantification and
study of biomarkers with the aid of TIRFM were herein described.
In the first detection scheme, an ultra-sensitive detection assay for direct quantification of
protein biomarkers of Alzheimer’s Disease (AD) was developed. In the assay, three protein
biomarkers for the Alzheimer’s disease were chosen as the target analytes, which were first
captured by the magnetic nanoprobes and the secondary antibody. The magnetic
immunocomplexes were labeled with a tailor-made indolium-based turn-on fluorophore,
SIM, and the signal was then detected by TIRFM imaging system. The detection limit of Aβ42,
tau441 and p-tau181 were 23, 14 and 34 fM respectively. The detection assay was able to
quantify the biomarkers in different types of biological fluids including cerebrospinal fluid,
serum, saliva, and urine. With a minor modification, the detection assay was capable of
detecting two biomarkers using TIRFM imaging system simultaneously.
To further improve the detection assay, another approach for the quantification of those
three biomarkers were demonstrated. The secondary antibody was replaced by the aptamer
and the signal is further amplified by amplification probes. With the addition of
amplification probe and another tailor-made turn-on fluorophore, SPOH, the sensitivity of
the detection is further improved by about 2.7- to 9.4-fold. The detection limit of Aβ42,
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tau441 and p-tau181 are 8.4, 4.3 and 3.6 fM respectively. The detection assay is able to
quantify the biomarkers in both cerebrospinal fluid and serum with both TIRFM and
conventional spectrofluorimeter.
Other than the protein biomarkers, the miRNA is also another type of biomarker which
usually associated with cancer. A highly sensitive detection of miRNAs based on the ligation
reaction on magnetic nanoparticles were developed. The detection assay was able to
quantify the down-regulator hsa-mir-149 (mir-149) in serum. The magnetic nanoprobes for
target miRNAs, mir-149, were prepared by conjugating the biotinylated DNA with the
streptavidin modified iron oxide nanoparticles to remove the background matrix
interference in serum. The locked nucleic acid modified molecular beacon (LNA/MB) of
complementary sequence for mir-149 and reporting probe were first hybridized with target
mir-149. The duplexes were then captured by the magnetic nanoprobes and amplified by
poly-A and poly-T, followed by the ligation reaction. The magnetic hybrids were final
labelled with intercalating fluorescence dye YOYO-1 and the signal was detected by the
TIRFM-EMCCD imaging system. The assay demonstrated that efficient discrimination of
single-base mismatch. A detection limit of 314 fM was achieved. The developed assay was
capable of detecting the down-regulator mir-149 in serum with only 10 μL of serum. The
applicability of quantifying circulating mir-149 in serum sample from both normal and
cancer patient was also demonstrated.
Other than quantification, another application of the TIRFM imaging system is studying the
effect of different compound on the growth of amyloid beta (one of the hallmark of AD).
TIRFM was applied to monitor the growth of Aβ fibrils in the presence of Zn-containing
compounds. We demonstrated that both disulfonimide-substituted phthalocyanine and Znbased polymer exhibited inhibitory effect on the Aβ1-40 peptide aggregation. Moreover, we
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also demonstrated that inhibitory effect of the Zn-based polymers varied depending on
both of the enantiomers and length of the helical diameter.
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CHAPTER 1.

GENERAL INTRODUCTION

1.1. Aging-associated Disease
Aging increases vulnerability to age-associated disease. There is an increase of frequency
with increasing senescence for an age-associated disease including cardiovascular disease,
cancer, diabetes, hypertension and neurodegenerative disease. Unavoidably, the world is
facing an aging population. According to World Health Organization, there was around 524
million aged 65 or older people in 2010 and the number is expected to increase triply by
2050. More severely, the vast majority of the increase of the aging population is contributed
by the less developed countries. Since much of the illness can be alleviated by early
detection practices, there is an urge to improve the performance and lower the price of the
diagnosis technique. Nowadays, diagnostic techniques include laboratory and imaging test.
Laboratory test provides the expression levels of the biomarkers in biological fluid, while
imaging test provides the image of the body. The common imaging method include X-raycomputed tomography (CT), magnetic resonance imaging (MRI), positron emission
tomography

(PET),

single-photon

ultrasonography (US).1

emission

computed

tomography

(SPECT)

and

However, these equipment is so expensive that may not be

affordable for the less developed countries. A less expensive diagnostic technique is
necessary for dealing with surge in incidence of aging-associated disease from the increase
of the size of older population. In recent decades, the discovery and applications of
emerging novel biomarkers for different diseases have drawn tremendous attention.

1

1.2. Biomarkers
Biomarker is a measurable change in the composition of biological samples acting as an
indicator of normal biological processes, pathogenic processes or response to intervention.
Biological samples compose of various molecules such as nucleic acids, proteins, antibodies,
hormones or extracellular vesicles, which can serve as biomarkers. The uses of biomarkers
usually include screening for disease, diagnosing and staging cancer, performing target
therapy, assisting patient stratification, predicting and monitoring therapeutic intervention.2
Based on the characteristics of the biomarkers, they can be divided into imaging biomarkers
(tumor size for several cancer, structural joint change in rheumatoid arthritis)3 and
molecular biomarkers.4 The imaging biomarkers can provide a non-invasive screening,
detecting and monitoring of disease. It is also capable of longitudinal monitoring of patients,
mapping the spatial heterogeneity within tumors and evaluating multiple different lesions
within patient.2 However, the imaging techniques are usually expensive and not sensitive,
which limited its uses for diagnosis when symptoms appear in late stage of disease. Some of
the symptoms of life-threatening disease are subtle and the clinical performance can be
improved by early therapeutic intervention. Hence, molecular biomarkers act as an
alternative for the early diagnosis. There are three types of molecular biomarkers, genetic
markers, genetic modifiers and biological markers.5 Genetic markers refer to a gene that is
related to the disease, genetic modifiers refer to a gene that affects the expression of
phenotype participating in the disease development, and biological markers refer to the
biological parameters that is present in different types of biological fluids, such as saliva,
blood (serum and plasma), cerebrospinal fluid, and urine. Both of the genetic markers and
genetic modifiers provide the risk instead of the presence of disease.6 Unlike the first two
types of biomarkers, biological markers are the actual molecules present or absent in the
2

development of disease which truly reflect the progress of the development of disease.
Based on the utility of the biomarkers, they can be divided into four types, including
diagnostic markers to aid diagnosis, classificatory markers to differentiate the subtypes of
disease, prognostic markers to determine the disease progression and therapeutic markers
to monitor the therapeutic interventions.7 Employing the biomarkers in clinical diagnosis
have several advantages, including more sensitive diagnosis, higher ability in differentiating
similar disease, tool for determining and monitoring the progress of disease and tool for
monitoring the response to the therapeutic intervention. An accurate detection assay for
the quantification of biomarkers is necessary for utilizing the biomarker as the diagnostic
tool.
The enzyme-linked immunosorbent assay (ELISA) and real-time polymerase chain reaction
(qPCR) are the gold standard for the detection of protein and nucleic acid biomarkers
respectively. The ELISA is typically carried in a 96-well plate with the coating of capture
antibody on the individual wells, followed by the sequential incubating with the sample,
detection antibody, substrate solution and stop solution. The analytes in a 96-well plate are
quantified by measuring the absorbance at a particular wavelength by microplate reader.
The well plate has to be rinsed by rinsing solution for several times between each step. Due
to the efficiency of the surface-based reaction is lower than those solution-based and
quantification of single biomarker at a time; a relatively large sample volume is used for
providing a detectable signal.
In qPCR, the reaction mixtures containing pair of specific primers, deoxyribonucleotides,
polymerase and fluorescently labelled probes are incubated under thermal cycle consisting
three stages, including unwinding of the nucleic acid (around 95 °C), binding of primers with
the DNA template (around 50-60 °C) and polymerization (around 68-72 °C). The signal of the
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target nucleic acid is amplified after repeating the thermal cycle for 25-50 times. The target
DNA is quantified by measuring the fluorescent intensity of the sample mixture.
Apart from ELISA and qPCR, xMAP is the newly emerged technique applicable for both
proteins and nucleic acids. This technique allows multiplex detection of the disease
biomarkers with less incubating and washing steps, smaller reagent and sample
consumption and shorter incubation time by employing microspheres.8 The microspheres
provide flexibility of the detection assay. The detection can be performed in either singleplex or multiplex format. The multiplex of the detection is performed by conjugation of
different capture antibody or oligonucleotides on different color microspheres. The
quantification of the target analyte is performed by scanning the 96-well plate by the
Luminex System. The surface area of the microspheres is larger than the wells; the number
of antibody on the microspheres is more than those on the well. Hence, smaller sample
volumes are required. With the improvement of the detection method, fewer reagents is
consumed, the cost for xMAP assay is less than the ELISA. Moreover, a more specificity of
the diagnosis and lower intra-assay variation can be achieved because of the detection of
several biomarkers is performed simultaneously. Other than the above-mentioned
commercially available kits, electrochemistry,9 surface plasmon resonance10 and fluorescent
and colorimetric spectrometry11 were developed to provide a more sensitive quantification
of the biomarkers. However, labeling of target analytes with fluorophores is required in
fluorescent method which not only increases the cost but also lead to the alternation of the
activity of the antibody or enzyme, while electrochemistry method is usually suffered from
low specificity from non-specific interference of biological fluids to the biosensor.12 The
surface plasmon resonance is not sensitive enough for some biomarker detection where
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picomolar or femtomolar detection is required.13 In order to further improve the sensitivity
of the detection assay, nanoparticles are usually employed as a pre-concentration platform.

5

1.3. Nanoparticles
Nanoparticles refers to the particles with dimensions between 1-100 nanometer. There are
several types of inorganic nanomaterials, including metal-based, carbon-based, dendrimers
and composites.14 The materials performed differently in nanoscale and macroscale. One of
the examples is the magnetic property of the iron oxide nanoparticles. The nanoparticle
possesses superparamagnetic property when it has the radius below superparamagnetic
radius.
Different chemical methods are available for the fabrication of Fe3O4 nanoparticles including
co-precipitation,15 thermal decomposition,16 hydrothermal and solvothermal reactions,17
sol-gel and polyol method,18 microemulsion method,19 and sonolysis method.20 Among
these, co-precipitation method is the most conventional method because of its simplicity,
versatility and cost-effectiveness. However, the size of the nanoparticle synthesized by this
method is usually small leading to a relative low magnetic property. Since the coprecipitation method has a fast rate of particle formation, there is limited control over
particle size and morphology. Hydrothermal or solvothermal method is another promising
route because of the low cost and good control of the size and morphology of the particle
by varying different parameters such as temperature, reaction time, volume and
composition of organic solvents, etc.
Inevitably, intrinsic instability of the magnetic iron oxide nanoparticle suffers from the loss
of dispersibility due to aggregation and magnetism due to oxidation when they are stored
for a long period. Therefore, iron oxide nanoparticle is usually coated with other materials,
such as silica and gold, which not only prevents the iron oxide from oxidation but also
provides scaffold for further modification. Silica is the most popular coating material for the
iron oxide nanoparticles. Sol-gel method is the ordinary method for the silica coating
6

because of its simplicity. The thickness of silica coatings is controlled by the concentration of
iron oxide nanoparticles and TEOS, pH, reaction time and the ratio of ethanol and ammonia
in the reaction, while the morphology of the silica coating can also be tuned by the addition
of polyvinylpyrrolidone (PVP) for the fabrication of nanorods or cetyltrimethylammonium
bromide (CTAB) for the fabrication of mesoporous.21 The nanoparticles are non-toxic,
biocompatible and responds to the external magnetic field, which made it be the best
candidate for the cell labeling, MRI contrasting reagent, and pre-concentration platform for
the trace amount analyte. In order to achieve ultra-sensitive detection assays for different
aging-associated diseases, we developed several direct assays for different biomarkers,
including microRNAs and protein biomarkers with the aid of total internal reflection
fluorescence microscopy for early diagnosis.
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1.4. Total Internal Reflection Fluorescence Microscopy
Fluorescence microscopy providing sub-cellular levels of resolution is a powerful tool in
biology. It allows direct visualization of the physiological processes, such as protein location,
associations, metabolism, motility and ion transport, within a living cell.22 Different types of
fluorescence microscopy are available including wide-field fluorescence microscopy (WFFM),
laser scanning confocal microscopy (LSCM), total internal reflection fluorescence
microscopy (TIRFM) and two-photon fluorescence microscopy(TPFM). Among them, TIRFM
not only has a high temporal resolution capability, but also significantly increases the signal
to noise ratio by lowering the background. TIRFM has a wide application including singlemolecule detection, focal adhesion in living cells, imaging of cargo transport, monitoring of
the ion channels and study the interaction of molecules within or near the cell membrane in
living cells.23
Total internal reflection fluorescence microscopy manipulates the evanescent field induced
from total internal reflection to eliminate the background fluorescence by constraining the
excitation of fluorophores to a thin region (around 100-300 nm). Total internal reflection is a
physical phenomenon which takes place when a light beam propagating from a medium
with higher refractive index to a medium with lower refractive index at an angle which is
greater than critical angle. The critical angle can be determined by Snell’s Law:
efg"# = efgij

kl
km

(Equation 1.4.1)

where n1 and n2 are the refractive index of the less dense and denser medium. The total
internal reflection is a continuous transition, which the light beam propagates at refraction
with tiny amount of reflection to total internal reflection when the light beam strikes at an
increase incident angle. In spite of the light does not propagates, a minute penetration of
the light can across the interface and propagate along the less dense medium, creating an
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electromagnetic field named evanescent field. The evanescent field can only propagate in a
limited region and decayed exponentially perpendicular to the interface. The penetration
depth of the incident light is usually around 100-300 nm.
The evanescent field energy can be determined as a function of distance from the interface:
no = np q

io

r (Equation

1.4.2)

where Ez is the energy at a perpendicular distance z from the interface, while E0 is the
energy at the interface.
The penetration depth is affected by the wavelength of light source, the incident angle and
refractive index of the media with lower refractive index, according to the following
equation:
s=

tu
vw(k j

l xyk l z

j ik { l )|m/l

(Equation 1.4.3)

where λi is the wavelength of light source in vacuum.
As demonstrated by the equation the penetration depth can be increased by (1) using a
light source with longer wavelength, (2) decreasing the incident angle; or (3) using a higher
refractive index medium as the less dense medium.
Since the intensity of the evanescence field decays exponentially, the penetration depth of
the field is very shallow. Only the fluorophores within the field will be excited, while the rest
remains silent. Therefore, a higher signal-to-noise ratio can be achieved. Meanwhile, the
photo-bleaching effect could be reduced.
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Figure 1.4.1 Schematic illustration of the working principle of TIRFM`
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The layout of the TIRFM-EMCCD imaging system is shown in Figure 1.4.2. A 488 nm cyan
laser was used as the excitation source. The laser beam is focused by a cylindrical lens and
eliminated with the aid of pinholes before it enters the prism with an incident angle of
approximately 70 o. The exposure of sample to evanescent field generated from TIR is
controlled by an uniphase mechanical shutter. The fluorescent images were recorded by the
electron-multiplying charge-coupled device (EMCCD) with the gain set at 2500-4000.
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Figure 1.4.2 Schematic illustration of the TIRFM-EMCCD setup. Pinholes is illustrated as P1,
P2, P3; Mirrors is illustrated as M1, M2, M3, M4; L is converging len; O is the 60x NA 1.45
objective; LP is the long-pass filter; EMCCD is the electron multiplying charge-coupled device.
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In the following chapters, we are going to demonstrate several direct and sensitive
detection assays using TIRFM for biomarkers of age-associated disease developed by our
group. The first project is a direct, versatile and ultrasensitive detection assay of protein
biomarkers for Alzheimer’s disease, followed by aptamer-based detection assay of protein
biomarkers for Alzheimer’s disease and the third project is detection of breast and
colorectal cancer associated miRNAs, and lastly the monitoring of the inhibitory effect of
zinc-based compound on the beta amyloid fibril.
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CHAPTER 2.

EXPERIMENTAL

2.1. Ultra-sensitive detection of protein biomarkers for diagnosis of Alzheimer’s
disease
Materials and Reagents
A Phosphate-buffered saline (PBS) was prepared by dissolving sodium phosphate monobasic
dihydrate (Sigma), sodium phosphate dibasic heptahydrate (Sigma) and sodium chloride
(Sigma) 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.
The commercial available antibodies were purchased and used without further purification:
12F4 (SIG-39142, Covance), 4G8 (SIG-39220, Covance), 11A50-B10 (SIG-39140, Covance),
HT7 (MN1000, Thermo Scientific), BT2 (MN1010, Thermo Scientific) and AT270 (MN1050,
Thermo Scientific). The human CSF is purchased from PrecisionMed (US).
Human serum sample was purchased from GeneMay, CSF samples were purchased from
PrecisionMed. Saliva and urine samples were obtained from healthy donors, who gave their
consent for this study.

Pretreatment of coverslides
All the coverslides were prewashed prior to use. In short, No. 1 22 mm square glass slides
(Gold Seal, Electron Microscopy System) were consecutively sonicated in household
detergent for 10 min, distilled water for 10 min twice, acetone for 10 min and ethanol for 10
min. The slides were then soaked in Piranha solution (H2SO4:H2O2 3:1) for 30 min and
sonicated for 30 min; then sonicated again in the solution of HCl:H2O:H2O2 (1:1:1) at 60 °C
for 30min, further soaked in Piranha solution for 30 min, followed by sonication for 30 min.
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In between each step, all the slides were rinsed with filtered H2O thoroughly. The slides
were stored in filtered water and blow-dried with nitrogen gas before use.

Preparation of flow cell
The flow cell was prepared by combining the pretreated coverslides and the lower 20 × 32
mm coverslides with double-sided adhesive tapes with a channel width of approximated 3
mm each. The volume of each channel was about 6.6 μL.

Preparation of the silica-coated iron oxide nanoparticles
The iron oxide nanoparticles were prepared by co-precipitation of ferrous and ferric ion
solutions in 1:2 molar ratios.1 The solution of 2.5 mM FeCl2 and 5 mM FeCl3 in 2 M HCl was
added to 62.5 mL 0.7 M NH4OH under mechanical stirring. Stirring was allowed for 30 min.
The nanoparticles were washed and redispersed in 12.5 mL distilled water, followed by the
addition of three aliquots of 2.5 mL 1 M tetramethylammonium hydroxide solution under
mechanical stirring for 24 h. The nanoparticles were washed as follows: 800 μL
nanoparticles solution was diluted with 4 μL 2 M HCl, centrifuged and redispersed in
distilled water.
The silica coating was done by sol-gel reaction. An ethanolic solution of TEOS (98%, Aldrich)
was added to a mixture of 4.85 mL NH4OH, 28.8 mL distilled water, 27.5 mL ethanol and 1.6
mL of the previously washed magnetic nanoparticles under mechanical stirring. Stirring was
allowed for 4 h. The nanoparticles were washed with ethanol and distilled water
respectively, and then redispersed in 5 mL distilled water.

Preparation of the iron oxide nanoprobes
The antibody was attached with the silica coated iron oxide nanoparticles via a crosslinking
reagent glutaraldehyde. In brief, a solution of 100 μL silica coated iron oxide nanoparticles
were added to an ethanolic solution of APTES (Aldrich) under stirring at 70 °C for 24 h. The
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resulting nanoparticles were further functionalized by GA (70%, Aldrich) under stirring for 2
h. In between each step, the nanoparticles were washed twice and redispersed in PBS. The
prepared nanoparticles were incubated with capture antibodies (11A50-B10 for Aβ40, 12F4
for Aβ42, BT2 for tau441 and AT270 for p-tau181) for 2 h. The resulting nanoparticles were
washed twice and redispersed in PBS.

Optimization of the immunoassay conditions
To optimize the concentration of the turn-on fluorophore used for labelling, the
immunocomplex were incubated with 1, 10, 20, 50, 100 and 200 μM dye. To determine the
concentration of the detection probes that appropriate for the detection, 3 mg/mL, 600
μg/mL, 300 μg/mL and 30 μg/mL nanoprobes were used for the detection. To optimize the
detection procedure, the co-incubation of the nanoprobes, target analyte and detection
antibody and the separate incubation; with and without an extra washing step after the
magnetic separation step were compared. To decide the concentration of the capture
antibody for immunoassay, 100, 500 and 1000 pM capture antibody were added for the
coupling with nanoparticles. To optimize the detection procedure, the co-incubation of the
nanoprobes, target analytes and detection antibody and the separate incubation; with and
without extra washing step after the magnetic separation were compared. To ascertain the
reaction time for different step, the nanoprobes were incubated at 37 °C with the target
analyte for 15, 30 and 60 min; the immunocomplex were incubated at 37 °C with the
detection antibody for 15, 30, and 60 min. To study the matrix effect of the cerebrospinal
fluid (CSF), the analyte was added into artificial CSF (aCSF, R&D Systems). To investigate
whether excessive antibody places any significant were added for the immunoreaction.

Selectivity of the nanoprobes
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To study the selectivity of the detection assay, four samples were prepared, probes for the
detection of Aβ42 incubated with (i) 0 fM beta amyloid proteins, (ii) 500 fM A

40,

(iii) 500 fM

Aβ42 and (iv) mixture of the beta amyloid proteins with final concentration of 500 fM each at
the optimal condition. To study the specificity of the antibody, four channels immobilized
with (i) 50 μM Aβ40, (ii) 50 μM Aβ40 with 500 nM Aβ42 antibody (iii) 50 μM Aβ42 and (iv) 50
μM Aβ42 with 500 nM Aβ42 were labelled with 500 μM SIM. The fluorescent images were
captured by TIRFM-EMCCD system.

Detection of target protein biomarkers
The calibration curve was established by correlating the average net intensity of fluorescent
molecules in captured images at each concentration of spiked target analyte. The net
intensity can be calculated by subtracting the intensity of 1×1 square pixel of the magnetic
immunocomplexes from that of individual background area on the image. The average net
intensity was obtained by taking average of the net intensities of 100 individual magnetic
immunocomplexes. Tau441, phosphorylated tau at Thr181, HFIP (Aldrich) treated Aβ40 and
Aβ42 monomer with a final concentration of 0, 5, 10, 50, 100, 250, 500 or 1000 fM was
incubated with the nanoprobes and detection antibody at the optimal condition, followed
by the labeling of the dye. The dye labeled immune-solution of 10 μL was injected into the
flow cell followed by the magnetic separation.

Quantification of the target protein biomarkers in human serum
The standard addition curve and external calibration curve were established by correlating
the average net intensity of fluorescent molecules in captured images at each concentration
of spiked target analyte and target analyte respectively. HFIP treated Aβ42 monomer with a
final concentration of 0, 250, 500, 750, 1000, 1500, 2500, and 5000 fM was incubated with
the 3x nanoprobes, serum, and detection antibody at the optimal condition, the excessive
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reagent was discarded after the immunoreaction by the magnetic separation. The
nanoprobes were then redispersed in PBS and labeled with the dye. The dye labeled
immune solution of 10 µL was injected into the flow cell.

Pretreatment of human saliva and urine sample
Both of the saliva and urine samples were pre-treated prior use. The saliva sample was
centrifuged at 1500 rpm at 4 °C for 5 min to remove debris. The sample was then stored at 20 °C. For the urine sample, it was placed in ice bath for 30 min. The urine sample was
centrifuged at 13,500 rpm at 4 °C for 15 min. The supernatant of the sample was treated
with 150 μL 100% (w/v) trichloroacetic acid, and left on ice for 1 h. The sample was
centrifuged again at 13,500 rpm at 4 °C for 15 min. The pellets were washed with acetone
for three times. The pellets were left to air-dry and stored at -20°C. The pellets were
redispersed in PBS prior use.

Quantification of the target protein biomarkers in human CSF, urine and saliva
The external calibration curve was established by correlating the average net intensity of
fluorescent magnetic immunocomplexes in captured images at each concentration of target
analyte. Three independent calibrations for Aβ42 monomer, tau441 and p-tau181 were
established. In short, the target antigen of concentration ranges from 0-5 fM (Aβ42) and 02.5 fM (tau441 and p-tau181) was incubated with the nanoprobes and detection antibody at
the optimal condition and the magnetic immunocomplexes were labeled with the dye. The
dye labeled immune solution of 10 µL was injected into the flow cell. The magnetic
separation was performed prior the imaging by the TIRFM. The CSF sample was diluted with
PBS before the immunoassay. The detection assay for CSF, saliva and urine samples were
performed using the same method as the standards. The fluorescence images were
captured by TIRFM with an excitation wavelength 488 nm.
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Verification of the developed assay with INNOTEST ELISA kits
INNOTEST β-Amyloid1-42, Phospho-tau(181P) and hTau Ag were purchased from Fujirebio
(Belgium). The detection of Aβ42, t-tau and p-tau181 was performed in duplicate following
the manufacturer’s assay protocol. For the quantification of Aβ42, 25 μL of Aβ42 standards
and CSF sample were added into the capture antibody coated micro-wells followed by 75 μL
biotinylated detection antibody. The mixtures were then incubated at room temperature
for 1 hr. The wells were emptied and washed with 1x wash solution for five times. Then, 100
μL peroxidase-labeled streptavidin was added to the wells and incubated at room
temperature for 30 min. The wells were emptied and washed with 1x wash solution for five
times. Next, 100 μL of the TMB substrate was added to the wells and incubated in the dark
at room temperature for 30 min. Finally, 50 μL of stop solution was added into each well
and the plate was shaken carefully for 1 min. The absorbance at 450 nm was recorded by
Benchmark Plus Microplate Reader. The quantification of t-tau was done as follows: 25 μL
of t-tau standards and CSF sample were added into the capture antibody coated micro-wells
followed by 75 μL biotinylated detection antibody. The mixtures were then incubated at
room temperature for 16 hr. The wells were emptied and washed with 1x wash solution for
five times. Then, 100 μL peroxidase-labeled streptavidin was added to the wells and
incubated at room temperature for 30 min. The wells were emptied and washed with 1x
wash solution for five times. Next, 100 μL of the TMB substrate was added to the wells and
incubated in the dark at room temperature for 30 min. Finally, 50 μL of stop solution was
added into each well and the plate was shaken carefully for 1 min. The absorbance at 450
nm was recorded by Benchmark Plus Microplate Reader. The level of p-tau was determined
by following approaches. In short, 75 μL of t-tau standards and CSF sample were added into
the capture antibody coated micro-wells followed by 25 μL biotinylated detection antibody.
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The mixtures were then incubated at 4°C for 16 hr. The wells were emptied and washed
with 1x wash solution for five times. Then, 100 μL peroxidase-labeled streptavidin was
added to the wells and incubated at room temperature for 30 min. The wells were emptied
and washed with 1x wash solution for five times. Next, 100 μL of the TMB substrate was
added to the wells and incubated in the dark at room temperature for 30 min. Finally, 50 μL
of stop solution was added into each well and the plate was shaken carefully for 1 min. The
absorbance at 450 nm was recorded by Benchmark Plus Microplate Reader.

Quantification of target protein biomarkers with spectrofluorimeter
To explore the possibility of the quantification of the biomarkers with commercial
fluorimeter, the external calibration curve of Aβ42 was established by correlating the
fluorescent intensity at the emission maximum of the fluorophores against different
concentrations of target proteins. Different concentrations of Aβ42 (0-1000 fM) was
incubated with the optimal amount of nanoprobes and detection antibody under the
optimal condition in 10% glycerol-PBS solution at 37 °C for 1 h. The resultant
immunocomplexes were labeled with 50 µM SIM and the fluorescence spectra of the
immunocomplexes was recorded by the fluorescence spectrophotometer (PTI QM-4/2005).
The quantification of Aβ42 in human CSF was performed using the same method as the
standards and the fluorescent signal was measured by the spectrophotometer.

Multiplex detection of target protein biomarkers
In order to demonstrate the multiplexity of the detection assay, 5 pM of the target protein,
Aβ42 and tau441, were incubated with their corresponding probes labeled with two different
fluorescent dye, SLAce and SIM, and detection antibody. The solution mixture was then
incubated with SIM and injected into the flow cell. The first-order images were then
observed under the TIRFM-EMCCD imaging system with a transmission grating.
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Stability of the turn-on fluorescent dye, SIM
The photostability of the fluorescent dye was studied by measuring the fluorescent intensity
of the solution with 1 mM fluorescent dye under the present and absent of Aβ42 in 1x PB (50
mM PB, pH 7.4) for every 5 mins. To examine the influence of salt on the performance of
the fluorescent dye, the 1 mM fluorescent dye was spiked in 1x PB with 0, 100, 200, 300,
400 and 500 mM NaCl with and without 100 nM Aβ42. To investigate the influence from
magnetic nanoparticles, the mixture of 1 mM dye and 100 nM Aβ42 was spiked in 1x PB with
and without 1 mg/mL magnetic nanoparticles. The fluorescent spectra were measured by
the fluorescence spectrophotometer (PTI QM-4/2005).
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2.2. Direct and ultra-sensitive detection of protein biomarkers for diagnosis of
Alzheimer’s disease

Materials and Reagents
A Tris-EDTA conjugation buffer (TE) was prepared by mixing 20 mM pH 8.0 Tris-HCl
(Invitrogen) with 1 mM EDTA (Sigma) in distilled water, while Tris-NaCl-EDTA buffer reaction
buffer (TNE) was prepared by mixing 20 mM pH 8.0 Tris-HCl with 1 mM EDTA and 250 mM
sodium chloride (Sigma) in distilled water. The pH of both buffers was adjusted to pH 7.4
with 1 M HCl. The buffer solutions were filtered through a 0.22 µm nylon membrane filter
and autoclaved prior to use. The aptamer for both Aβ and tau species,2 amplification probe
am1 and am2 were purchased from Invitrogen. Aptamer for Aβ: 5ʹ-AGT CTA GGA TTC GGC
GTG GGT TAA TTT TTT GCT GCC TGT GGT GTT GGG GCG GGT GCG-3ʹ. Aptamer for tau: 5ʹAGT CTA GGA TTC GGC GTG GGT TAA TTT TTT GCG GAG CGT GGC AGG-3ʹ. Am1: 5ʹ-TTT TTT
TTA ACC CAC GCC GAA TCC TAG ACT CAA AGT AGT CTA GGA TTC GGC GTG-3ʹ. Am2: 5ʹ-AGT
CTA GGA TTC GGC GTG GGT TAA CAC GCC GAA TCC TAG ACT ACT TTG TTT TTT-3ʹ. All
oligonucleotides were suspended in DEPC-treated water (Ambion) and further diluted to
appropriate concentrations with TNE buffer. The melting temperatures were predicted
based on the nearest neighbor method.
The commercial available antibodies were purchased and used without further purification:
12F4 (SIG-39142, Covance), BT2 (MN1010, Thermo Scientific) and AT270 (MN1050, Thermo
Scientific). The human CSF and serum were purchased from PrecisionMed.

Coverslips pretreatment and preparation of flow cell
All the coverslides were prewashed prior to use. In short, No. 1 22 mm × 22 mm glass slides
(Gold Seal, Electron Microscopy System) were successively sonicated for 10 min in
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household detergent, acetone, ethanol and distilled water. The slides were then soaked in
Piranha solution (H2SO4:H2O2) (v/v 3:1) for 30 min and sonicated for 30 min; then sonicated
again in the solution of HCl:H2O:H2O2 (v/v 1:1:1) at 60°C for 30min, further soaked in
Piranha solution for 30 min, followed by sonication for 30 min. In between each step, all the
slides were rinsed with filtered H2O thoroughly. The slides were stored in filtered water and
blow-dried with nitrogen gas before use. Flow cell was prepared by combining the
pretreated coverslides and the lower 22 mm

32 mm coverslides with double-sided

adhesive tapes with a channel width of approximated 3 mm each.

Fabrication of silica-coated iron oxide nanoparticles
The monodisperse iron oxide nanoparticles were fabricated by solvothermal method. Briefly,
1.5 g FeCl3H2O was dissolved in 20 mL of ethylene glycol:diethylene glycol (v/v 1:1), followed
by the addition of 1.5 g anhydrous sodium acetate and 1 g polyethylene glycol (Mw 600)
under vigorous stirring. The solution was then transferred into a 25 mL Teflon-lined
stainless-steel autoclave. The autoclave was heated to 210°C for 2 h, then cooled to room
temperature. The black particles were washed repeatedly with ethanol and filtered H2O.
The particles were sonicated with 0.1 M HCl for 10 min and rinsed extensively with filtered
H2O. The silica coating was performed by adding the nanoparticles to a mixture of
EtOH:H2O:NH3 (v/v 80:20:1) followed by the addition of an ethanolic solution of TEOS (500
µL TEOS in 5 mL ethanol) under sonication. The resulted particles were washed with ethanol
and H2O twice and re-suspended in ethanol.

Fabrication of magnetic Janus rods
The iron oxide nanoparticles were fabricated by previously-mentioned method. The
particles were coated with a thin layer of silica prior the synthesis of Janus rods. In
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short, the iron oxide nanoparticles were sonicated with 0.1 M HCl for 10 min and
washed thoroughly with filter H2O. The silica coating was performed by adding an
ethanolic solution of TEOS (100 µL in 1.5 mL EtOH) into a mixture of 48.4 mL of 32%
NH4OH:H2O:EtOH (v/v/v 1:8:13) with 20 mg washed magnetic nanoparticles under
sonication. The reaction was completed in 3 h. The formed particles were
centrifuged to discard excess reactants and washed with ethanol and water and
redispersed in 30 mL of ethanol. The Janus rods were prepared via wet-chemical
method. Briefly, PVP (3 g) was dissolved in 1-hexanol (30 mL) by sonication for 2 h.
Then, a mixture of 3 mL of the previously prepared nanoparticles, 840 µL H2O, 200
µL aqueous solution of 0.18 M sodium citrate 675 µL 32% NH4OH and 300 µL TEOS
was added was added to the mixture. After gently shaking for 3 minutes, the solution
was left undisturbed in oven at 50°C for 24 h. The product was centrifuged at 1500 g
for 1 h, the supernatant was discarded. The product was redispersed in ethanol and
the centrifugation was repeated at 1500 g for 15 min, 2 times with ethanol, 2 times
with water and again with ethanol. The product was finally magnetically separated
and washed with ethanol and redispersed in 1 mL ethanol.
Preparation of the nanoprobes
The nanoprobes were prepared by conjugating the capture antibody onto the nanoparticles.
The nanoparticles were first amino-functionalized by APTES, then conjugating the capture
antibody through cross-linking reagent, glutaraldehyde. In short, the nanoparticles were
added to an ethanolic solution of APTES (APTES:particles w/w 100:1) and stirred at 70°C for
24 h. The resulted particles were washed with ethanol twice and dispersed in 5%
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glutaraldehyde and stirred at room temperature for 1.5 h. The resulted particles were
washed twice with Tris-EDTA buffer (20 mM Tris-HCl, 1 mM EDTA, pH 7.4) (TE) and
dispersed in TE solution. Then an excessive amount of capture antibody was incubated with
the resulted particles at room temperature for 1.5 h. The resulted nanoparticles were
washed twice with Tris-NaCl-EDTA buffer (20 mM Tris-HCl, 250 mM NaCl, 1 mM EDTA,
pH7.4) (TNE) and redispersed in TNE solution.

Optimization of the working condition of the detection assay
To determine the optimal amount of the nanoprobes, different concentration of the
nanoprobes, 1, 10, 100, 1000 µg/mL, were incubated with 1 pM Aβ42 and 20 pM Aβ P, am1
and am2, at 72°C for 1.5 h and labelled with 100 µM SPOH. To determine the optimal
reaction time, 1 pM Aβ42 was incubated with the nanoprobes, 20 pM Aβ P, am1 and am2 for
30, 60 and 90 min respectively and labelled with 100 µM SPOH. To ensure maximum
coverage of the nanoprobes, the nanoprobes, prepared by 4-, 40-, 80- and 400-fold dilution
of the stock antibody solution, were labelled with 100 µM SPOH.
To determine the optimal concentration of the SPOH, the magnetic nanocomposites (MNCs)
prepared by incubating the 1 pM Aβ42 with Aβ P, am1 and am2 were labeled with 1, 10, 100
and 250 µM of SPOH.
All of the above-mentioned resulting MNCs were injected into the flow cell for imaging.

Quantification of the target protein
The calibration curve of the detection assay was constructed by correlating the average net
intensity of 50 individual MNC at each concentration of spiked protein biomarkers, Aβ42,
tau441 and p-tau181 of different concentrations (0-1000 fM) was incubated with optimal
amount of nanoprobes and 20 pM detection probe (A P, Tau P), am1 and am2, respectively
at 72°C for 1.5 h. The resulting MC was labeled with 100 µM SPOH and then flowed into the
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flow cell channel. The fluorescent images of the MNCs were captured by the total internal
reflection fluorescence microscopy (TIRFM) with an excitation wavelength 488 nm.

Simultaneous Quantification of the target protein with 10% glycerol
To explore the feasibility of detection with commercial fluorimeter, different concentrations
of Ab42 (0-1000 fM) was incubated with the optimal amount of nanoprobes, Aβ P, am1 and
am2 under the optimal condition in 10% glycerol-TNE solution at 72°C for 1.5 h. The
resultant MNCs were labeled with 100 µM SPOH and the fluorescence spectra of the MNCs
was recorded by the fluorescence spectrophotometer (PTI QM-4/2005).

Selectivity of the detection assay
To study the selectivity of the detection assay, four samples were prepared, mixture of Aβ42
nanoprobes and 20 pM Aβ P, am1 and am2, incubated with (i) 0 fM Aβ42, (ii) 250 fM Aβ40, (iii)
250 fM Aβ42, and (iv) mixture of 250 fM Aβ40 and 250 fM Aβ42. The MNCs were then labeled
with 100 µM SPOH and observed under TIRFM.

Enzyme-linked immunosorbent assay
INNOTEST β-Amyloid1-42, Phospho-tau(181P) and hTau Ag were purchased from Fujirebio
(Belgium). The detection of Aβ42, t-tau and p-tau181 was performed in duplicate following
the manufacturer’s assay protocol. For the quantification of Aβ42, 25 μL of Aβ42 standards
and CSF sample were added into the capture antibody coated micro-wells followed by 75 μL
biotinylated detection antibody. The mixtures were then incubated at room temperature
for 1 hr. The wells were emptied and washed with 1x wash solution for five times. Then, 100
μL peroxidase-labeled streptavidin was added to the wells and incubated at room
temperature for 30 min. The wells were emptied and washed with 1x wash solution for five
times. Next, 100 μL of the TMB substrate was added to the wells and incubated in the dark
at room temperature for 30 min. Finally, 50 μL of stop solution was added into each well
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and the plate was shaken carefully for 1 min. The absorbance at 450 nm was recorded by
Benchmark Plus Microplate Reader. The quantification of t-tau was done as follows: 25 μL
of t-tau standards and CSF sample were added into the capture antibody coated micro-wells
followed by 75 μL biotinylated detection antibody. The mixtures were then incubated at
room temperature for 16 hr. The wells were emptied and washed with 1x wash solution for
five times. Then, 100 μL peroxidase-labeled streptavidin was added to the wells and
incubated at room temperature for 30 min. The wells were emptied and washed with 1x
wash solution for five times. Next, 100 μL of the TMB substrate was added to the wells and
incubated in the dark at room temperature for 30 min. Finally, 50 μL of stop solution was
added into each well and the plate was shaken carefully for 1 min. The absorbance at 450
nm was recorded by Benchmark Plus Microplate Reader. The level of p-tau was determined
by following approaches. In short, 75 μL of t-tau standards and CSF sample were added into
the capture antibody coated micro-wells followed by 25 μL biotinylated detection antibody.
The mixtures were then incubated at 4°C for 16 hr. The wells were emptied and washed
with 1x wash solution for five times. Then, 100 μL peroxidase-labeled streptavidin was
added to the wells and incubated at room temperature for 30 min. The wells were emptied
and washed with 1x wash solution for five times. Next, 100 μL of the TMB substrate was
added to the wells and incubated in the dark at room temperature for 30 min. Finally, 50 μL
of stop solution was added into each well and the plate was shaken carefully for 1 min. The
absorbance at 450 nm was recorded by Benchmark Plus Microplate Reader.

Data analysis
Briefly, fluorescent images of 20 sequential frames acquired on different coordinates from
the channel using the WinSpec/32 software provided by Princeton Instruments. All the
images were analyzed by Image J. The fluorescence signal from a single MNC was obtained
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by measuring the fluorescence intensity of 50 individual MNCs randomly. Net intensity = 1 ×
1 square pixel of the MNCs – 1 × 1 square pixel of the corresponding background on the
image. The average net intensity was obtained by taking average of the net intensities of 50
individual MNCs.
Simultaneous detection of protein biomarkers
To achieve simultaneous detection, probes targeting Aβ42 and tau441 were prepared by
conjugating magnetic nanorods and magnetic nanoparticles with their corresponding
capture antibody. Mixture of these two probes were incubated with the target analytes,
aptamers and amplification probes, followed by the labelling with SPOH. The fluorescently
labeled magnetic nanocomposites were then injected into the homemade flow cell. The
fluorescent images were then taken by the TIRFM-EMCCD imaging system.
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2.3. Direct detection of miRNAs in serum samples for cancer diagnosis

Materials and Reagents
A Phosphate buffer (PB) was prepared by dissolving sodium phosphate monobasic dihydrate
(Sigma) and sodium phosphate dibasic heptahydrate (Sigma) in distilled water, while TrisNaCl-EDTA buffer reaction buffer (TNE) was prepared by mixing 20 mM pH 8.0 Tris-HCl with
1 mM EDTA and 250 mM sodium chloride (Sigma) in distilled water. The pH of both buffers
was adjusted to pH 7.4 with 1 M HCl. The buffer solutions were filtered through a 0.22 µm
nylon membrane filter and autoclaved prior to use. The MBP-149 and RP-149 were
purchased from Invitrogen. MBP-149: 5ʹ-CGA GGG A-3ʹ. RP-149: 5ʹ-TCG AAA AA-3ʹ. MB-149,
mir-149, mir-149-SM1, mir-149-SM2 and mir-149-SM3 were purchased from Integrated
DNA Technologies. MB-149: 5ʹ-/TYE563/CGA GGG AGT GAA GAC ACG GAG CCA GAT CCC
TCG/Iowa black RA-Sp/-3ʹ. mir-149: 5ʹ-UCU GGC UCC GUG UCU UCA CUC CC-3ʹ. mir-149SM1: 5ʹ-UCU GAC UCC GUG UCU UCA CUC CC-3ʹ. mir-149-SM2: 5ʹ- UCU GGC UCC GCG UCU
UCA CUC CC-3ʹ. mir-149-SM3: 5ʹ- UCU GGC UCC GUG UCU UCA CCC CC-3ʹ. All
oligonucleotides were suspended in DEPC-treated water (Ambion) and further diluted to
appropriate concentrations with TNE buffer. The melting temperatures were predicted
based on the nearest neighbor method. The T4 RNA Ligase 2 (NEB) was used following the
manufacturer’s assay protocol. The human serum sample was purchased from
BioreclamationIVT.

Coverslips pretreatment and preparation of flow cell
All the coverslides were prewashed prior to use. In short, No. 1 22 mm × 22 mm glass slides
(Gold Seal, Electron Microscopy System) were successively sonicated for 10 min in
household detergent, acetone, ethanol and distilled water. The slides were then soaked in
Piranha solution (H2SO4:H2O2) (v/v 3:1) for 30 min and sonicated for 30 min; then sonicated
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again in the solution of HCl:H2O:H2O2 (v/v 1:1:1) at 60°C for 30min, further soaked in
Piranha solution for 30 min, followed by sonication for 30 min. In between each step, all the
slides were rinsed with filtered H2O thoroughly. The slides were stored in filtered water and
blow-dried with nitrogen gas before use. Flow cell was prepared by combining the
pretreated coverslides and the lower 22 mm

32 mm coverslides with double-sided

adhesive tapes with a channel width of approximated 3 mm each.

Fabrication of silica-coated iron oxide nanoparticles
The monodisperse iron oxide nanoparticles were fabricated by solvothermal method. Briefly,
1.5 g FeCl3H2O was dissolved in 20 mL of ethylene glycol:diethylene glycol (v/v 1:3), followed
by the addition of 1.5 g anhydrous sodium acetate and 1 g polyethylene glycol (Mw 600)
under vigorous stirring. The solution was then transferred into a 25 mL Teflon-lined
stainless-steel autoclave. The autoclave was heated to 210°C for 1.5 h, then cooled to room
temperature. The black particles were washed repeatedly with ethanol and filtered H2O.
The particles were sonicated with 0.1 M HCl for 10 min and rinsed extensively with filtered
H2O. The silica coating was performed by adding the nanoparticles to a mixture of
EtOH:H2O:NH3 (v/v 80:20:1) followed by the addition of an ethanolic solution of TEOS (500
µL TEOS in 5 mL ethanol) under sonication. The resulted particles were washed with ethanol
and H2O twice and re-suspended in ethanol.

Preparation of the nanoprobes
The nanoprobes were prepared by conjugating the capture antibody onto the nanoparticles.
The nanoparticles were first amino-functionalized by APTES, then conjugating the capture
antibody through cross-linking reagent, GA. In short, the nanoparticles were added to an
ethanolic solution of APTES (APTES:particles w/w 2.5:1) and stirred at 70°C for 24 h. The
resulted particles were washed with ethanol twice and dispersed in 1.5% GA and stirred at
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room temperature for 1.5 h. The resulted particles were washed twice with Phosphate
Buffer (50 mM, pH 7.4) (PB) and dispersed in PB solution. Then an excessive amount of
streptavidin was incubated with the resulted particles at room temperature for 1.5 h. The
resulted nanoparticles were washed twice with Tris-NaCl-EDTA buffer (20 mM Tris-HCl, 250
mM NaCl, 1 mM EDTA, pH7.4) (TNE) and redispersed in TNE solution.

Optimization of the probes of the detection assay
To ensure maximum coverage of the nanoprobes, the nanoprobes prepared by 1.25, 6.25,
12.5, 62.5 and 125 nM of the AF555 stv, were flowed into the channel of the flow cell for
imaging. To determine the optimal amount of the MBP-149 for capturing of the target,
different concentration of the MBP-149, 1.25, 6.25, 12.5, 62.5 and 125 nM, were incubated
with the as-prepared probe and 10 pM mir-149, 100 pM MB-149 and 100 pM RP-149, at
57.2°C for 2 h and labelled with YOYO-1 (2:1 bp:dye).

Study of the hybridization condition of the detection assay
To determine the optimum hybridization ionic strength, TNE buffer with different
concentration of sodium chloride, 0, 50, 150, 250 and 500 mM were used for the
oligonucleotides dilution and hybridization reaction. To determine the optimum
hybridization time, hybrids of same concentration were incubated in TNE buffer for 30, 60
and 120 min respectively. To determine the optimal hybridization temperature, hybrids of
same concentration were incubated in TNE buffer at 52.2, 57.2 and 62.2 °C respectively for
60 min.
The above-mentioned hybrids were then incubated with the MBP-149-conjugated probes.
The magnetic hybrids (MHs) were labelled with YOYO-1 (2:1 bp:dye) and flowed into the
channel of the flow cell for imaging.

Study of the ligation reaction condition
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To determine the optimal amount of ligase used for the detection, the MHs prepared by
incubating the MBP-149-conjugated probes with same concentration of hybrids were
ligated with different amount of ligase, 0, 0.0005, 0.005, 0.05 and 0.5 U ligase for 1 h. To
determine the optimal amount of PEG8000 used for the ligation reaction, the ligation buffer
with different concentration of PEG8000 were used for the ligation reaction. The previousmentioned resulting MHs were labelled with YOYO-1 (2:1 bp:dye) and flowed into the
channel of the flow cell for imaging.

Standard curve
The calibration curve of the detection assay was constructed by correlating the average net
intensity of 50 individual MHs prepared by incubating the MBP-149-conjugated probes with
different concentration of mir-149 and optimal amount of MB-149, RP-149, poly-A and polyT. The resultant MHs were then ligated with the presence of PEG8000 and labelled with
YOYO-1 (2:1 bp:dye).

Selectivity of the detection assay
To study the selectivity of the assay, four different MHs were prepared by three different
single-base mismatched mir-149 and mir-149 were ligated with PEG8000 and labelled with
YOYO-1 (2:1 bp:dye). The fluorescent images of four different MHs were recorded by TIRFMEMCCD system.

Quantification of the target miRNAs in serum
Serum samples from cancer patients were store at -80 °C prior to use without further
modification. The quantification of target miRNAs was performed by standard addition
approach. The serum sample was spiked with different amount of synthetic mir-149 and
then incubated with optimal amount of MB-149, RP-149, poly-A and poly-T. The hybridized
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duplexes were then incubated with MBP-149-conjugated probes. The resultant MHs were
then ligated with the presence of PEG8000 and labelled with YOYO-1 (2:1 bp:dye).

Data analysis
Briefly, fluorescent images of 20 sequential frames acquired on different coordinates from
the channel using the WinSpec/32 software provided by Princeton Instruments. All the
images were analyzed by Image J. The fluorescence signal from a single MH were obtained
by measuring the fluorescence intensity of 50 individual MCs randomly. Net intensity = 1 × 1
square pixel of the MH – 1 × 1 square pixel of the corresponding background on the image.
The average net intensity was obtained by taking average of the net intensities of 50
individual MH.
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2.4. Study of the inhibitory effect of zinc-based compounds to amyloid peptide
fibrillation

Pretreatment of coverslides
All coverslides were prewashed prior to use. Briefly, No. 1 22 mm × 22 mm glass slides
(Menzel, Thermo Scientific) were successively sonicated in household detergent for 5 min,
absolute ethanol for 5 min, 1 M sodium hydroxide for 40 min, 100 mM acetic acid for 15 min,
and absolute ethanol for 5 min thrice. In between each solvent replacement, the coverslips
were rinsed with distilled water extensively and sonicate for 10 min. The washed coverslips
were dried completely at 120 °C oven.

Materials and Reagents
A Phosphate buffer (PB) was prepared by dissolving sodium phosphate monobasic dihydrate
(Sigma) and sodium phosphate dibasic heptahydrate (Sigma) 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.

Preparation of Aβ1-40 fibrils for seeding
Monomeric Aβ1-40 was purchased from rPeptide and used without further purification. The
stock Aβ1-40 monomer solution was prepared by dissolving 1 mg Aβ1-40 monomer with 400
µL 0.02% ammonia solution and stored at -20 °C until use. The seed was prepared as
previously reported elsewhere.3 In short, the stock Aβ1-40 monomer was diluted to 57.7 µM
with 1× phosphate buffer (50 mM sodium phosphate, pH 7.4) and incubated at 37 °C for 20
h under gentle shaking, and stored at 4 °C afterwards.

Preparation of control and inhibited Aβ1-40 fibrils by seed-mediated growth
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The fibrils were prepared by adding 1 µL of the previously prepared fibrils into 2.5 µL of
stock monomeric solution and diluted with phosphate buffer to final concentration of 50
µM; while the inhibition experiments were performed by adding compounds to the peptide
solution in 1:1. All of the control and inhibited fibrils were incubated at 37 °C for 24 hour.
The resultant peptide solutions were diluted by 10 times and labeled with thioflavin T (ThT,
λex = 450 nm, λem = 482 nm). The fluorescent images of the peptide solution were captured
by TIRFM-EMCCD imaging system with an excitation 445 nm diode laser (50 mW, LQC44540E, Newport, USA) with a band pass filter HQ480/40x (Chroma Technology Corp., USA).

Transmission electron microscopy (TEM)
Sample solution of 5 µL was dropped on a carbon-coated copper grid (CF200-Cu Electron
Microscopy Sciences) and negatively stained with 2% uranyl acetate. The dried sample was
visualized by a JEM 2100 TEM (JEOL, Japan) with an acceleration voltage of 210 kV for highresolution TEM images.
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CHAPTER 3.

RESULTS & DISCUSSION

3.1. Ultra-sensitive detection of protein biomarkers for diagnosis of Alzheimer’s
disease

Protein Biomarkers for AD
Beta-amyloid, tau, phosphorylated tau and α-synuclein are the most commonly studied
protein biomarkers for the neurodegenerative disease including Alzheimer’s disease (AD),
Parkinson’s disease (PD), Frontotemporal dementia (FTD), Lewy-body dementia (LBD),
Creutzfeldt-Jakob disease (CJD), etc. However, the diagnosis of the neurodegenerative is
difficult due to the overlapping of symptoms. While so far, no single biomarker was able to
distinguish one neurodegenerative disorder from others. AD, the most common type of
dementia, has drawn tremendous attention from the public in recent years. There are over
37 million patients currently suffering from AD and the number is expected to increase 3fold by 2050.1 To date, there is no cure for AD, but an early diagnosis and treatment can
ameliorate the symptoms of this devastating disease. As previously reported, treatment of
patients with cholinesterase inhibitors (such as donepezil, rivastigmine, and galantamine) at
early stage not only can significantly preserve the volume of the hippocampus, but also
conserve the functional and structural integrity of neurons.2 Hence, development of a noninvasive and accurate assessment of AD is critical not only for early diagnosis but also for
developing therapeutic strategies for AD treatment.

Diagnosis of AD
Currently, clinical evaluation, cognitive tests, and neuroimaging are the standard procedures
for the complete diagnosis of AD. Cognitive tests, including the Mini-Mental State
Examination (MMSE) and the Montreal Cognitive Assessment (MoCA), are able to
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distinguish mild cognitive impairment from aging by assessing brain functions.3
Neuroimaging is an objective, evidence-based approach for AD diagnosis through
monitoring the structural changes of the brain. Positron emission tomography (PET), single
photon emission computed
tomography (SPECT), and magnetic resonance imaging (MRI) are the most common types of
neuroimaging.4 Unfortunately, the major drawback of PET and SPECT is the need to
administer radioactive imaging agents into a patient. Although MRI is noninvasive, the
analysis of the subtle structural and functional abnormalities in these neurodegenerative
brains is quite expensive. More importantly, the development of the disease starts long
before any noticeable decrease in hippocampal volume or deposition of plaques and tau
tangles. Thus, development of a non-invasive assessment of the risk of AD is critical not only
for early diagnosis but also for developing therapeutic strategies for AD treatment.
Recently, 42-amino-acid formed from the amyloid-β precursor protein (Aβ42) and total (t-tau)
and phosphorylated tau (p-tau181) proteins were found to be important pathological
hallmarks for AD. Researchers discovered that the content of these proteins in the
cerebrospinal fluid (CSF) is highly correlated with Alzheimer’s disease occurrence. Most
importantly, the changes of the levels of Ab, tau, and p-tau due to AD occur almost 10–15
years before any symptoms, such as cognitive impairment and decline, are shown.5
Monitoring the subtle changes of these protein biomarkers can provide a promising
preclinical diagnosis of AD.
To date, there is no sensitive and cost-effective method for the quantification of the
aforementioned proteins. Capillary electrophoresis,6 resonance light scattering,7 surface
plasmon resonance,8 enzyme-linked immunosorbent assay (ELISA),9 and the polymerase
chain reaction (PCR)10 are the common approaches for peptide detection. However, these
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methods are limited by the requirements of sophisticated equipment, complicated steps
and long assay time, and low sensitivity. To achieve a higher sensitivity, single-molecule
detection technologies such as Simoa and Erenna were developed, in which the antibodies
are pre-labelled for signaling and an additional chemical reaction is required to break down
the immunocomplexes for detection.
Herein, we have developed a direct, rapid, inexpensive, versatile, and ultrasensitive
detection assay for the simultaneous quantification of the Aβ42, tau and p-tau181 proteins in
different biological fluids including cerebrospinal fluid, saliva, serum, and urine. The cost of
the newly developed assay is 1–2 orders of magnitude lower than that of the commercially
available ELISA kit. Thus, population wide screening and monitoring can be more feasible,
which particularly imposes a lower financial burden on developing countries. The detection
assay employs magnetic nanoparticles as the purification and preconcentration platform.
The target analytes are captured by the antibody immobilized on the nanoparticles and
labelled by a newly developed turn-on fluorescent dye, SIM. The fluorescent labelled
magnetic immunocomplexes are then detected using a fluorescence imaging system. A
remarkably low detection limit at the femtomolar level was achieved with minute
consumption of the sample (less than 20 mL of the biological fluid for the three AD protein
biomarkers) and the results are further validated using INNOTEST ELISA kits. This detection
assay can also be performed using a commercial spectrofluorimeter and thus is applicable in
a general laboratory setting. It has a high potential for clinical diagnosis.

Physical and binding properties of the fluorophores
The chemical structure of the newly developed fluorophore (provided by Prof. M.S. Wong)
for Aβ42, tau and phosphorylated-tau are shown in Figure 3.1.1, respectively. We previously
reported a fluorophore, namely SLAce for the fluorescent labelling of cancer protein
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biomarkers. However, we found that SLAce does not bind strongly with smaller AD
biomarkers to give rise to a large turn-on fluorescent signal for sensitive analysis. Instead,
we have developed a novel indolium-based turn-on fluorophore, namely SIM which affords
a strong fluorescence enhancement upon binding with AD biomarkers. SIM also showed
superior photophysical properties including fluorescence enhancement when compared
with the commercial dyes i.e. Thioflavin T, Thioflavin S, Congo Red and phycoerythrin for the
use of detecting Aβ42 and tau. Hence, the sensitivity and the cost-effectiveness of the
detection assay can be significantly improved. As listed in Table 3.1.1, both SIM and SLAce
fluorophores can be excited by a 488-nm laser but exhibit two very different emission
maxima (597 and 681 nm, respectively) which would facilitate multiplex detection.
Furthermore, SIM was also found to be photostable, its fluorescence was salt-independent
and not affected by the presence of the nanoparticle. (Figure 3.1.2)

46

R

N

N

I

SIM
R = CH2CH2OCH2CH2OCH3
Figure 3.1.1 Molecular Structure of SIM
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Figure 3.1.2 Photostability study of (A) SLAce and (B) SIM before and after binding to Aβ42 in
PB. The fluorescence response of (C & D) SLAce and (E & F) SIM against salt concentration in
the absence or presence of Aβ42 in PB. The influence of the magnetic nanoparticles on the
fluorescence response of the (G) SLAce and (H) SIM upon binding to Aβ42 in PB.
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SLAce
SIM
a

Solvent
PB
PB

λabsmax/nm
478
475

λemmax/nma
681
597

ФPL
0.003b
0.13b

excited at the absorption maxima; b using Rhodamine 6G (F488 = 0.95) as standard.

Table 3.1.1 Summary of the physical properties of the cyanine fluorophores.
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Detection scheme
Figure 3.1.3 depicted the detection scheme of the developed detection assay. The
nanoprobes were prepared by conjugating the APTES activated silica-coated iron oxide
nanoparticles with the monoclonal primary capture antibody for Aβ42 (clone 12F4, epitope
C-terminus), Tau441 (clone BT2, epitope aa 194-198) and p-Tau181 (clone AT270, epitope
pT181)17-21 respectively with the aid of a crosslinker, glutaraldehyde (GA). The silica coated
iron oxide nanoparticles were prepared as previously reported. In short, the iron oxide
nanoparticles were prepared by co-precipitation and coated with silica by sol-gel method.
The resulted nanoparticles were characterized by TEM and the average diameter of particles
is 100±15 nm (Figure 3.1.3). The magnetic nanoprobes were incubated with the biomarkers
and detection antibody sequentially. The magnetic immune-complexes were then labelled
with the fluorescent dye and injected into a flow cell fabricated from two cover slides. An
external magnetic field was provided by placing a magnet on the cover slides to attract the
nanoprobes towards the cover slide/solution interface for TIRFM imaging.
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Figure 3.1.3 Schematic illustration of the detection assay for the direct quantification of
target protein biomarkers. (B) A photo showing silica-coated iron oxide nanoparticles which
originally disperse in aqueous solution in the presence of the external magnetic field. (C) A
TEM image of the silica-coated iron oxide nanoparticles.
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As compared with the surface-based reaction, such as in SPR measurement which
performed on the glass slide, the magnetic nanoparticles provide a larger reaction surface, a
higher efficiency and thus a higher signal-to-noise ratio. The solution-based reaction
provides a higher efficiency for the immunoreaction since both of the nanoprobes and
target analytes freely diffuse in solution. Besides, the immuno-complexes are formed on the
surface of the magnetic nanoparticles. Not only the targets are pre-concentrated but also
the magnetic target immunocomplexes can be moved away from the unwanted reactants
online to the detection zone simply by using a small magnetic bar.

Optimization of the immunoassay
The sensitivity of the detection assay is crucial for analysis of the protein biomarkers of low
abundances in the CSF and other biological fluids. To maximize the detection efficiency and
the sensitivity of the assay, a series of optimization was conducted. Firstly, to ensure the
maximum coverage of the capture antibody on the nanoparticles, the nanoprobes were
prepared by incubating 1 nM, 500 pM and 100 pM capture antibody with the same
concentration of both the target protein and detection antibody. The higher the
fluorescence intensity indicated the higher the coverage of the capture antibodies to
capture the target. As shown in Figure 3.1.4A, the nanoparticles were saturated with the
capture antibody, when the nanoparticles were immobilized with 1 nM capture antibody.
Hence, the capture antibody at a concentration of 1 nM was selected for the detection
assay. An optimal concentration of the nanoprobes not only prevents the aggregation of the
magnetic immunocomplexes (found in

600

g/mL nanoprobes), but also provides

sufficient reaction platforms for capturing the protein targets. Figure 3.1.4B demonstrates
that 30 μg/mL of nanoprobes are insufficient but 300 μg/mL for 10 pM target. Hence, 300
μg/mL of nanoprobes were used for the detection. In general, the fluorescent signal
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obtained increases with the applied concentration of the fluorophore. The immune
complexes were incubated with 1, 10, 20, 50, 100 and 200 μM of turn-on fluorophore. As
illustrated in Figure 3.1.4C, the intensity increased sharply when the dye concentration went
up from 1 μM to 50 μM, reached maximum at 50 μM, and levelled off when the
concentration beyond 50 μM.

As beyond 50 μM, the higher amount of excessive

contributes to higher background noise. Thus, 50 μM of fluorescent dye was the optimum
dye concentration for the detection assay. The incubation procedure also affects the
antigen-antibody interaction. With that regard, there is a thousand-fold difference in size
between the monomeric Aβ42 and detection antibody, the steric hindrance is large for the
nanoprobes approaching the target in the target-detection antibody complexes in the right
orientation. Consequently, the target has a smaller chance being approached by the capture
antibody and so fewer target can be captured. As depicted by Figure 3.1.4D, the resulted
signal was higher when the nanoprobes incubated with the target and detection antibody
sequentially as compared with that performed instantaneously. Thus, the detection assay
was performed in 2 steps. Lastly, the optimal time for the immunoreaction was determined
by measuring the average net intensity of the magnetic immunocomplexes after 15, 30 or
60 min of incubation for each step. Figure 3.1.4E & F demonstrated that the resulting
intensity increased with the incubation time and reached maximum at 30 min, which was
set as the reaction time for the detection assay.

53

A

500 fM target
without target

7

10 pM target
without target

B

1

1 nM Ab1

500 pM Ab1

10pM target
Ab1 only

5

0.5

30

E
4

15
10
5
0

single step

two steps

3
2
1
0
1

300

4

3

2

1

10

20

50

100

200

Dye Concentration (μM)

100 fM target
without target

5

Average Net Intensity x10

4

20

4

Nanoparticles concentration (μg/mL)

30
25

5

0.0

100 pM Ab1

35

Average Net Intensity x10

2

1.0

F

100 fM target
without target

5

4

3

1.5

Average Net Intensity x10

4

0

Average Net Intensity x10

6

5

Average Net Intensity x10

4

Average Net Intensity x10

5

without target
100 pM target

7

2.0

6

D

C

4

3

2

1

0

0
15 min

30 min

Reaction time

60 min

15 min

30 min

60 min

Reaction time

Figure 3.1.4 Optimization of (A) concentration of capture antibody, (B) concentration of
capture antibody-conjugated nanoparticles, (C) concentration of dye, (D) incubation
procedure, (E) reaction time for the immunoreaction between capture antibody conjugated
nanoparticles with target protein (reaction 1) and (F) immunocomplexes formed by coupling
the target with capture antibody and detection antibody (reaction 2). Error bars, standard
error of mean n=3. (Average net intensity = (1 × 1 square pixel of 100 individual MICs) – (1 ×
1 square pixel of 100 individual background area on the image) / 100).
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Direct quantification of the biomarkers by single particle measurement
In order to demonstrate the performance of the developed detection assay, a calibration
plot of the average net intensity as a function of the target concentration was established
under the optimal conditions. Different concentrations of Aβ42, tau441 and p-tau181 (0-1000
fM) were incubated with probes and detection antibodies in 10% artificial CSF matrix and
labelled with the SIM. The limit of detection of Aβ42, tau441 and p-tau181 are 23, 14 and 34 fM,
respectively with a good coefficient of determination (R2 = 0.9993, 0.9988 and 0.9999,
respectively). As compared with those using our previously reported fluorophore, SLAce, the
fluorescent enhancement of SIM increased significantly (by more than 6 times) which
provides a higher signal-to-noise ratio improving the sensitivity of the detection assay
(Figure 3.1.5). Thus, the LOD for the corresponding target protein is lowered by 50% (Figure
3.1.6 and 3.1.7). With regard to the cut-off value of A

42,

t-tau and p-tau181 which are 530

pg/mL (117.4 pM), 350 pg/mL (7.6 pM) and 80 pg/mL (1.7 pM), respectively as reported, the
detection assay is capable of quantifying the AD protein biomarkers directly and thus
distinguishing AD patients from the population.

55

˚0˚eq
˚250˚eq

18

Fluorescent˚Intensity˚x10

4

16
14
12
10
8
6
4
2
0
SLAce

SIM

Figure 3.1.5 Fluorescent intensity of the mixture of 0 and 250 µM Aβ42 with same dye
concentration of SLAce and SIM.
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Figure 3.1.6 Calibration plot of the quantification of monomeric (A) Aβ42, (B) tau441, and (C)
p-tau181 by using SLAce. Different concentrations of target were incubated with the
nanoprobes under optimal condition. Error bars, standard error of mean n=3. (Average net
intensity = (1 × 1 square pixel of 100 individual MICs) – (1 × 1 square pixel of 100 individual
background area on the image) / 100). The limit of detection of Aβ42, tau441, and p-tau181 are
50, 24 and 50 fM respectively.
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Figure 3.1.7 Calibration plot of the quantification of monomeric (A) Aβ42, (B) tau441, and (C)
p-tau181 by using SIM. Different concentrations of target were incubated with the
nanoprobes under optimal condition. Error bars, standard error of mean n=3. (Average net
intensity = (1 × 1 square pixel of 100 individual MICs) – (1 × 1 square pixel of 100 individual
background area on the image) / 100). The limit of detection of Aβ42, tau441, and p-tau181 are
23, 14 and 34 fM respectively.
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Specificity of the assay
The specificity of the probes affects the accuracy of the detection assay significantly. To
evaluate the specificity of the assay, the probes for Aβ42 were incubated with the target
proteins, its homologous protein, Aβ40 and the mixture of them under optimal condition.
The average net intensities of Aβ40 and mixtures of Aβ40 and Aβ42 increase by 2.4% and 1.4%,
respectively (Figure 3.1.8A). ((signal from sample-blank)/blank×100% or (signal from
mixtures-signal from target)/signal from target×100%) There is a negligibly small increase of
the signal in the presence of the homologous proteins implying that the antibody-based
probe is capable of distinguishing these two similar peptides which are only different by 2
amino acids. The result agreed with our findings on the specificity study on the
unconjugated antibody (Figure 3.1.8B) and literatures which reported that 12F4 antibody is
specific to the Aβ42 due to the fact that the capture antibody (clone 12F4) bind to the Cterminus of the beta-amyloid proteins and is specific for the isoform ending at the 42nd
amino acid.11
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Figure 3.1.8 (A) Selectivity of the detection assay. The Aβ42 nanoprobes were incubated with
0 fM beta amyloid proteins, 500 fM Aβ40, 500 fM Aβ42 and mixture of 500 fM Aβ40 and 500
fM Aβ42. Error bars, standard error of mean n=3. (Corrected Average net intensity = average
net intensity of the sample – average net intensity of the probe) (Average net intensity = (1
× 1 square pixel of 100 individual MICs) – (1 × 1 square pixel of 100 individual background
area on the image) / 100). (B) Specificity of the Aβ42 antibody (clone 12F4). Relative Net
Fluorescent Intensity = (Average of Integrated Density of 10 positions of Aβ proteins with
12F4 antibody – Average of Integrated Density of 10 positions of Aβ proteins only) / Average
of Integrated Density of 10 positions of Aβ proteins only × 100%.
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Quantification of the target proteins in human biological samples
To demonstrate the feasibility and potential of the assay for clinical application, we here
applied the developed assay to quantify the biomarkers in different body fluids, including
CSF, serum, urine, and saliva. Firstly, CSF is believed to be the most representative of
biochemical changes as it is in a direct contact with the extracellular region of the brain. We
thus applied the developed assay to quantify the content of biomarkers in crude CSF
samples of healthy young donor (patient # 7515), healthy old donor (patient # 7577) and AD
patient (patient # 8014). To examine the precision of the assay, the CSF sample was diluted
with different dilution factor, ranging from 100- to 5000-fold, for the biomarkers. As shown
in Figure 3.1.9, there is a linear decline of the signal when the sample was diluted from 100to 5000-fold with a correlation of coefficient (R2) of 0.9949, suggesting the precision of the
detection assay is not affected by sample diluent. The content of the Aβ42 in the patient
7515, 7577 and 8014 samples are 484.05, 716.73 and 178.67 pg/mL, respectively. The
content of the tau441 in the patient 7515, 7577 and 8014 samples are 121.52, 126.76 and
708.4 pg/mL, respectively while that of the p-tau181 are 21.76, 23.48 and 79.25 pg/mL,
respectively.22-26 The measured results were further validated by the commercially
available INNOTEST ELISA kits as shown in Figure 3.1.10 while the profile of the biomarkers
was summarized in Figure 3.1.11. This elementary observation supports the previously
study that the level of Aβ42 decreases significantly during the development of AD. We found
that the expression profile of Aβ42, tau and p-tau in CSF for the young control and elderly
control were similar. But, there was a very different profile observed in the AD patient’s CSF
sample. The assay that we developed should facilitate the future massive clinical studies.
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Figure 3.1.9 Dilution linearity of the Aβ42 in human CSF sample. Error bars, standard error of
mean n=3. (Average net intensity = (1 × 1 square pixel of 100 individual MICs) – (1 × 1
square pixel of 100 individual background area on the image) / 100).
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Figure 3.1.10 Quantification of (A) Aβ42, (B) tau441 and (C) p-tau181 by ELISA and the
developed assay using SLAce and SIM as the reporter.
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Figure 3.1.11 Quantification of the biomarkers in human (A) CSF and (B) different biological
samples by external calibration. Error bars, standard error of mean n=3. (Average net
intensity = (1 × 1 square pixel of 100 individual MICs) – (1 × 1 square pixel of 100 individual
background area on the image) / 100).
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Since CSF samples can only be collected by lumbar puncture, which should be performed by
trained physicians, it is considered as an invasive procedure. To seek for non-invasive
alternatives, researchers also explored the content of the target proteins in other biological
samples including serum, saliva and urine for the correlation-ship with AD. Nonetheless, the
number of studies and the scale of studies have been limited by the availability and
sensitivity of the existing testing kits. There was very few literature reporting that the
salivary content of Aβ42, tau and p-tau in AD patients. Zhang et. al. identified salivary tau
and p-tau but not Aβ species, by mass spectrometry.12 Carro group found a small increase in
saliva Aβ42 content of AD patients.13 Both groups reported that the expression profile of the
three biomarkers in saliva and urine correlated well with the progression of AD. However,
the abundance of these proteins is much lower than that in CSF and serum making the
detection more challenging. Meanwhile, a larger-scale study on the potential utility of the
salivary Aβ42, tau and p-tau as AD biomarkers is essential for clinical statistical relevance.
There is an urgent need for an accurate, fast, highly sensitive and cost effective detection kit
for population-wide AD screening.
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Quantification of the target proteins in human biological samples
To demonstrate the versatility of the detection assay, the level of three biomarkers in serum,
urine and saliva were also determined. We firstly quantified the content of Aβ42, tau441 and
p-tau181 in a healthy donor’s serum sample and they were determined to be 340.07, 669.44
and 493.79 pg/mL, respectively. We compared the results obtained by an external
calibration method and a standard addition method to investigate the matrix effect on the
detection assay. The results depicted in Figure 3.1.12 suggested that they were comparable
with each other very well. Hence, with the usage of the magnetic particle and the specific
antibodies, the matrix effect on the detection is not significant. The quantification of protein
biomarkers in serum sample could be conducted with external calibration.
In view that the developed assay for the AD protein biomarkers has a detection limit at
femto-molar regime, we then determined the levels of salivary and urinary Aβ42, tau441 and
p-tau181 in a healthy donor’s sample. The concentration of the three biomarkers in saliva
and urine are much lower than those of CSF and serum. The content of Aβ42, tau441 and ptau181 in saliva samples of 4 healthy donors were validated with each other at around 100,
300 and 30 pg/mL as shown in Figure 3.1.13; while those in urine sample were 96.76, 118.68
and 16.88 pg/mL, respectively. These results were consistent with those from the ELISA kits
as listed in Table 3.1.2. Both the salivary and urinary contents of these three AD proteins
were found significantly lower than those found in the serum sample (Figure 3.1.11),
highlighting the importance of an ultra-sensitive but cost-effective detection assay for
population-wide diagnosis of AD.
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Figure 3.1.12 Quantification of the Aβ42 in human serum sample by standard addition. Error
bars, standard error of mean n=3. (Average net intensity = (1 × 1 square pixel of 100
individual MICs) – (1 × 1 square pixel of 100 individual background area on the image) / 100).
The concentration of Aβ42 was 353.43 pg/mL.
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Figure 3.1.13 Quantification of (A) monomeric Aβ42, (B) tau441, and (C) p-tau181 in saliva
sample of four individuals by ELISA and the developed assay using SIM as reporter.
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Saliva
Individual 1

Aβ42
tau441
p-tau181
Individual 2

Aβ42
tau441
p-tau181
Individual 3

Aβ42
tau441
p-tau181
Individual 4

Aβ42
tau441
p-tau181

ELISA (pg/mL)

% Difference

MICs (pg/mL)

RSD (%)

RPD (%)

90.25
56.65
25.35

6.99
0.07
0.19

97.25
61.77
26.68

7.58
3.08
6.70

7.75
9.03
5.26

ELISA (pg/mL)

% Difference

MICs (pg/mL)

RSD (%)

RPD (%)

113.68
443.85
41.4

7.02
11.76
5.56

108.11
457.27
38.09

2.08
9.77
1.59

-4.90
3.02
-7.99

ELISA (pg/mL)

% Difference

MICs (pg/mL)

RSD (%)

RPD (%)

115.07
276.48
12.16

1.71
7.69
15.65

121.38
294.11
11.91

10.30
6.45
2.02

5.49
6.38
-2.07

ELISA (pg/mL)

% Difference

MICs (pg/mL)

RSD (%)

RPD (%)

111.37
329.63
13.27

5.50
2.44
3.45

121.12
306.60
13.93

3.32
1.51
1.39

8.76
-6.99
4.95

ELISA (pg/mL)

% Difference

MICs (pg/mL)

RSD (%)

RPD (%)

88.66
107.30
16.22

8.57
0.15
0.05

91.46
112.67
16.76

17.68
4.94
12.40

3.15
5.01
3.35

Urine
Sample

Aβ42
tau441
p-tau181

Table 3.1.2 Concentration of 3 biomarkers in two types of biological fluid, saliva and urine. (%
difference = difference between duplicate / sum of duplicate / 2 x 100%; RSD (%) = SD /
Mean x 100%; RPD (%) = difference obtained by two methods / concentration obtained by
ELISA x 100%)
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Direct quantification of the biomarkers using a commercial fluorimeter
As inspired by the low detection limit that achieved, we also investigated the feasibility of
coupling the detection approach with a typical fluorimeter. In order to further enhance the
fluorescence signal given by the fluorophore in solution, 10% of glycerol was added into the
final solution. Using SIM as the turn-on fluorophore, a linear response with the limit of
detection for Aβ42 was achieved as 250 fM (Figure 3.1.14) by a conventional
spectrofluorimeter, suggesting that the detection assay was capable of quantifying the
biomarkers in a general laboratory setting. As summarized in Table 3.1.3, the results
obtained by ELISA, TIRFM and fluorimeter agreed to each other very well. However, the
sensitivity afforded by the fluorimeter measurement was found to be not adequate for
detection of tau and p-tau.
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Figure 3.1.14 The quantification of Aβ42 in human CSF samples as labelled with SIM in the
presence of 10% glycerol measured by a spectrofluorimeter. A linear range of 0-2500 fM of
Aβ42 were obtained. Error bars, standard deviation n=3.
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Sample

ELISA (pM)

TIRFM (pM)

RPD (%)

Young control
Elderly control
AD patient

107.21
158.75
39.57

111.87
165.17
37.60

4.35
4.05
-4.98

Fluorimeter
(pM)
110.28
155.17
39.72

RPD (%)
2.86
-2.25
0.36

Table 3.1.3 Concentration of Aβ42 determined by ELISA, TIRFM and fluorimeter. (RPD (%) =
difference obtained by the developed method and ELISA / concentration obtained by ELISA
x 100%)
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Simultaneous detection of Aβ42 and tau441 in CSF sample
Multiplex detection improves the accuracy and throughput of an analysis, most importantly,
it reduces the sample consumption and saves time. Taking advantages of the two
fluorophores, SLAce and SIM which could be both excited by 488 nm but possess
distinguishable emission profile, we further demonstrate the capability of the assay for
simultaneous quantification of the Aβ42 and tau441 with a minor modification of the
established protocol. The antibodies-conjugated magnetic probes for Aβ42 and tau441 were
first labelled with SIM and SLAce, respectively, before the immunoreaction with the target
and detection antibody. The dye-labelled probes were then simultaneous added into the
real sample to capture their corresponding target and detection antibody. The magnetic
immunocomplexes formed were then labelled with SIM. As a consequence, it gave a target
mixture of SIM-probes-SIM-labelled-Aβ42 and SLAce-probes-SIM-tau441. The sample solution
was then imaged and analyzed observed under TIRFM-EMCCD imaging system with a
transmission grating. Both the zeroth and first-order fluorescent images were obtained. As
shown in Figure 3.1.15, the SIM-probes-SIM-labelled-Aβ42 and SLAce-probes-SIM-tau441
exhibited emission peaks at 590 nm and 640 nm, respectively. The individual MICs can be
readily distinguished and identified by the spectra obtained from the first order images. The
quantification of target can be executed by measuring the zero-order intensity of each MICs.
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Figure 3.1.15 The zero and first order images of the fluorescent labelled magnetic
immunocomplexes (top), and the spectra of the magnetic immunocomplexes (bottom).
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Calibration curves for the quantification of Aβ42 and tau441 were constructed (Figure 3.1.16)
for the analysis of real samples. The concentration of Aβ42 in young control, elderly control
and AD patient were determined to be 496.36, 734.39 and 189.7 pg/mL, respectively; while
those of tau441 are 125.12, 135.61 and 740.96 pg/mL, respectively by this two-color
approach, which agreed well with the results obtained from both ELISA kit (484.05, 716.73
and 178.67 pg/mL for Aβ42 and 121.52, 126.76 and 708.40 pg/mL for tau441) and singlet
detection method (495.42, 750.86 and 196.48 pg/mL for Aβ42 and 131.01, 133.44 and
744.64 pg/mL for tau441).
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Figure 3.1.16 Calibration plot of the quantification of (A) Aβ42 by using SIM-labelled probes
and (B) tau441 by using SLAce-labelled probes. Different concentrations of target were
incubated with the probes under the optimal condition. Error bars, standard error of mean
n=3. (Average net intensity = (1 × 1 square pixel of 100 individual MICs) – (1 × 1 square pixel
of 100 individual background area on the image) / 100).
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3.2. Direct and ultra-sensitive detection of protein biomarkers for diagnosis of
Alzheimer’s disease

Diagnosis with Aptamer
Aptamers are promising alternatives to antibodies for biomarkers analysis. In 1990’s,
aptamer was discovered14 and provided an alternative to antibody-based detection assay.
Aptamers are single-stranded nucleic acid obtained from SELEX (Systematic Evolution of
Ligands by Exponential enrichment) with random sequences that can further fold into 3D
structures with binding site complementary to target proteins.15 In SELEX, the best binder is
selected through in vitro iterative selection procedure. In short, the predefined target is
incubated with a pool of around 1012 to 1016 single stranded oligos with around 30-80
nucleotides. The bound and unbound oligos are separated and the bound oligos are
selected and then converted to cDNA by PCR amplification of ssDNA or by reverse
transcription followed by PCR amplification and transcription for RNA. The steps are
repeated with increasingly stringent conditions (e.g. higher temperatures, shorter
incubation time or higher oligos/target ratios) to allow only high affinity oligos are
enriched.16 With the inclusion of negative selection cycles, the species which bind the matrix
or other compounds in the expected sample are eliminated.
Since both of the aptamers and antibodies are usually used as affinity reagents, aptamers
are often compared with antibodies. Aptamer has several advantages over antibodies,
including lower cost, tunable affinity, amenable to chemical modifications which can either
increase the chemical and biological stabilities or allow them to adapt to different platform
or different signal read out, stability to dehydration and heat, and the most importantly, the
aptamers can be used repeatedly with little loss of activity while antibody can be used for a
few times.16
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The synthesis of aptamer is a chemical process while that of antibody is a biological process,
which can avoid viral or bacterial contamination. Thus, the potential batch-to-batch
variation for aptamers is lower than that for antibody. Besides, the aptamers can retain
their folding by a simple annealing procedure of heating and cooling after a prolonged
storage at ambient temperature. The cost of shipping for aptamers is lower than that for
antibodies.

The most importantly, the aptamer can be applied together with other

technologies involving nucleic acid-based systems, such as DNA nanotechnology, DNA
computing and amplification techniques.17

The detection scheme
The detection scheme of the detection assay was explicated in Figure 3.2.1. The magnetic
nanocomposites (MNCs) formed by the capture antibody-modified magnetic nanoparticles
(MNPs-Ab), target proteins, aptamer and the amplifier were labeled with the custom-made
fluorophores. The labeled MNCs were then injected into the homemade glass flow cell and
separated from the bulk solution towards the cover slide/solution interface for TIRFM
imaging. The fluorescent images of MNCs were captured under TIRFM-EMCCD system using
488 nm cyan excitation laser.
The silica-coated iron oxide nanoparticles were prepared in two steps as previously
reported, solvothermal synthesis of iron oxide nanoparticles and coating it with silica by solgel method. The TEM images demonstrated that the nanoparticles were round in shape
with average diameter of 277 ± 8.8 nm (Figure 3.2.2). The resulting magnetic nanoparticles
were well-dispersed in solution and response to small magnet instantly.
The selectivity of the unconjugated antibody and aptamer were demonstrated in Figure
3.2.3. The ability for the antibody to discriminate the Aβ40 from Aβ42 is much higher than
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that of aptamer. Hence, the magnetic nanoprobes was conjugated with the antibody
instead of aptamer.
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Figure 3.2.1 Schematic illustration of the detection assay for the direct quantification of
target AD protein biomarkers.
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Figure 3.2.2 (A) TEM images of the silica coated-iron oxide nanoparticles. (B) Size
distribution of the silica coated-iron oxide nanoparticle, n=50. (C) Images of the silica
coated-iron oxide nanoparticles in the presence of external magnetic field.
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Figure 3.2.3 Specificity of the Aβ42 antibody (clone 12F4) and aptamer. Net Fluorescent
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aptamer or aptamer with amplification probes – Average of Integrated Density of 10
positions of Aβ proteins only.
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In order to pursue a higher detection efficiency, we firstly studied the effect of
concentration of probes on the signal. Although the higher concentration of the magnetic
nanoparticles in the detection assay increases the capturing efficiency, the target proteins
might also distribute themselves among the magnetic nanoparticles, averaging out the
fluorescent signal. An optimal concentration of the magnetic nanoparticles can strive for a
balance between capturing efficiency and signal output. Hence, the sensitivity of the assay
can be improved. Figure 3.2.4A illustrates that the fluorescence signal detected with 0.1 and
1 mgmL-1 magnetic nanoparticles was higher than 2 mgmL-1 and 10 mgmL-1, which do agree
with our hypothesis that an extra high concentration of the nanoparticles is averaging out
the fluorescent signal generated by MNCs. In order to obtain a high sensitive detection of
the target proteins without limiting the chance of the target reach the capture probe, 1
mgmL-1 of the magnetic nanoparticles was used for the rest of the experiment. To further
improve the performance of the detection assay with regard to the concentration of the
fluorophores, the relationship between the average net intensity and the concentration of
SPOH was studied and shown in Figure 3.2.4B. The net intensity of the MNCs was highly
dependent on the concentration of SPOH from 1 to 100 µM. Beyond 100 µM, the MNCs was
saturated with the dye. The result suggested that the optimal concentration of SPOH is 100
µM. As shown in Figure 3.2.4C, the fluorescence signal of the nanoparticles prepared by 0.8
nM of the capture antibody is the highest, implying the capture antibody surface coverage
on the nanoparticle was saturated. To study the optimal reaction time for the interaction of
the target protein, capture antibody, aptamer and the amplifier, the MNCs were incubated
at 72 °C for 30, 60, 90 and 120 min. As depicted in Figure 3.2.4D, the net intensity is the
highest when the MNCs were incubated for 90 min and decreases afterwards which implies
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that prolonged incubation may alter the conformation of the proteins or nucleic acids
affecting the binding of the probes and targets.
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Figure 3.2.4 Optimization of (A) concentration of capture antibody-conjugated probes, (B)
concentration of fluorophore (SPOH), (C) concetration of capture antibody and (D) reaction
time. Error bars, standard error of mean n=3. (Average net intensity = (1 × 1 square pixel of
50 individual MICs) – (1 × 1 square pixel of 50 individual background area on the image) /
50).
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Specificity
The accuracy of the detection assay is affected by the specificity of the MNPs-Ab
significantly. To assess the specificity of the assay, the probes for both Aβ42 and p-tau181
were incubated with their corresponding target proteins, proteins with similar structure,
Aβ40 and tau, and a mixture of target proteins and proteins with similar structure under
optimal conditions. In both cases, the difference in the average net intensities causing by
the presence of similar proteins were 1.0%, 0.9% (for Aβ case) and 4.8% and 0.5% (for tau
case) (Figure 3.2.5) (difference in signal between sample and blank)/blank × 100% or
(difference in signal between mixtures and target)/signal from target × 100%. There is a
negligibly change of the signal with the presence of similar proteins, implying that the
MNPs-Ab is able to distinguish these two pairs of similar peptides.
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Figure 3.2.5 Selectivity of the detection assay for Aβ42 and p-tau181 nanoprobes. The
nanoprobes were incubated with 0 fM of the target protein, 500 fM of similar protein and
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87

Calibration curve
The sensitivity of the detection assay for the quantification of protein biomarkers was
investigated by varying the concentration of the target proteins. Under the optimal
condition, a calibration curve of the average net intensity as a function of the concentration
of the target proteins was constructed (Figure 3.2.6). In short, target proteins of different
concentration ranging from 0 to 1000 fM was incubated with 1 mgmL-1 MNPs-Ab and 20 pM
of detection probe and amplifiers at 72°C followed by the labeling with the SPOH
fluorophore. By measuring the fluorescence intensity of 50 individual MNCs as a function of
the target proteins concentration, as shown in Figure 3.2.5, a linear curve with good
coefficients of determination with R2 = 0.9923, 0.9996 and 0.9981 for Aβ42, tau441 and ptau181 respectively. The limits of detection for Aβ42, tau441 and p-tau181 are 8.4 fM (37.9
fgmL-1), 4.3 fM (197.4 fgmL-1) and 3.6 fM (165.24 fgmL-1) respectively. In regard to the cutoff values of Aβ42, tau441 and p-tau181 (530 pgmL-1, 350 pgmL-1 and 80 pgmL-1), the detection
assay was able to quantify the target proteins directly for clinical diagnosis.
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Figure 3.2.6 Calibration curve for the quantification of monomeric Aβ42, tau441 and p-tau181
by usin SPOH. The nanoprobes were incubated with different concentrations of target under
optimal condition. Error bars, standard error of mean n=3. (Average net intensity = (1 × 1
square pixel of 50 individual MICs) – (1 × 1 square pixel of 50 individual background area on
the image) / 50).
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Detection of target proteins in real sample
To demonstrate the feasibility of the assay for clinical diagnosis, the developed assay was
applied to detect the target proteins in CSF and serum sample directly of healthy donors
(donor # 8523 and 7090093) and AD patient (donor # 8075). External calibration curves of
the three target analytes were constructed (Figure 3.2.6), the content of the Aβ42 protein in
the donor # 8075, 7090023, and 8523 CSF samples are 553.83, 741.17 and 244.96 pg mL-1,
respectively. The content of the tau441 protein in the donor # 8075, 7090093, and 8523 CSF
samples are 312.23, 241.07, and 143.06 pg mL-1, respectively, while that of the p-tau181
protein are 73.82, 53.27, and 35.28 pg mL-1, respectively (Figure 3.2.7). The above
expression profiles match with previous study that the level of Aβ42 decreases while the
level of tau441 and p-tau181 increases throughout the development of AD. As illustrated in
Figure 3.2.8, all of the results agreed very well with that obtained using a commercially
available ELISA kit. However, the expression profiles of Aβ42, tau441 and p-tau181 in the serum
samples are different from the CSF samples. As demonstrate by Figure 3.2.8, the content of
Aβ42 in serum samples are much lower than that in CSF samples (# 8075, 7090093, and 8523:
230.40, 261.91 and 133.01 pg mL-1). The content of tau441 and p-tau181 in both serum
samples from AD patient and elderly donor are much lower than that from young control
(tau441: donor # 8075, 7090093, and 8523: 103.49, 106.49 and 569.07 pg mL-1, p-tau181:
donor # 8075, 7090093: 26.43, 34.37 and 89.83 pg mL-1).

90

B
CSF
serum

600
400
200

800

0

CSF
serum

600
400
200

Patient Number

85
23

80
75

85
23

70
90
09
3

80
75

0

70
90
09
3

Conc. of A!42 (pg/mL)

800

Conc. of tau441 (pg/mL)

A

Patient Number

100

CSF
serum

80
60
40
20

70
90
09
3

85
23

0

80
75

Conc. of p-tau181 (pg/mL)

C

Patient Number

Figure 3.2.7 The profile of AD biomarkers (A) Aβ42, tau441 and p-tau181 in human CSF and
serum samples from AD patient (# 8075) and healthy donors (# 7090093 and 8523). Error
bars, standard error of mean n=3. (Average net intensity = (1 × 1 square pixel of 50
individual MICs) – (1 × 1 square pixel of 50 individual background area on the image) / 50).
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Figure 3.2.8 The quantification of (A) Aβ42, (B) tau441 and (C) p-tau181 in human CSF samples
using the developed assay (left) and commercially available ELISA kit (right). Error bars,
standard error of mean n=3. (Average net intensity = (1 × 1 square pixel of 50 individual
MICs) – (1 × 1 square pixel of 50 individual background area on the image) / 50).
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Direct quantification of the biomarkers using a commercial fluorimeter
With the achievement of the ultra-sensitivity of the detection assay, in order to further
increase the throughput of the detection assay, the feasibility of less sensitive
spectrofluorimeter was investigated. The fluorescence signal emitted by the fluorophore in
the reaction solution can be further enhanced, a 10% glycerol solution was added into the
final MNCs solution. As illustrated in Figure 3.2.9, a linear response with the limit of
detection for Aβ42 of 143 fM was achieved using SPOH as the reporter for the MNCs. Hence,
the detection assay was able to quantify the biomarkers in a general laboratory setting. The
detection assay using spectrofluorimeter was then applied to quantify the biomarkers in
human CSF samples, the results were shown in Table 3.2.1.
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Figure 3.2.9 The quantification of Aβ42 in human CSF samples in the presence of 10%
glycerol by a spectrofluorimeter. A linear range of 0-1000 fM of Aβ42 and detection limit of
143 fM were achieved. Error bars, standard deviation n=3.
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Donor #

ELISA (pM)

TIRFM (pM)

RPD (%)

8075
7090093
8523

563.72
712.82
264.54

553.84
741.17
244.96

-1.75
3.98
-7.40

Fluorimeter
(pM)
535.82
774.73
288.31

RPD (%)
8.68
8.98
-4.95

Table 3.2.1 Concentration of Aβ42 determined by ELISA, TIRFM and spectrofluorimeter. (RPD
(%) = difference obtained by the developed method and ELISA / concentration obtained by
ELISA × 100%)
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Simultaneous detection of protein biomarkers.
Multiplex detection not only can improve the throughput of analysis, but also minimize the
sample consumption and analysis time.

Direct and simultaneous quantification of

biomarkers can be achieved by measuring the fluorescent intensity of single nanoplatform
with different morphologies. As illustrated in Figure 10, a calibration curve of the average
net intensity as a function of the concentration of the target proteins was established, a
limit of detection of 15 and 4 fM with R2 = 0.9987 and 0.9989 were achieved for Aβ42 and
tau441 respectively. We further applied this simultaneous approach to quantify the
biomarkers in human CSF sample. As listed in Table 2, the results obtained by this approach
and ELISA were comparable with each other with relative percentage difference ranged
from 0.3 to 6.2%.
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Figure 3.2.10 Calibration curve for the quantification of monomeric (A) Aβ42 and (B) tau441
by using SPOH. The nanoprobes were incubated simultaneously with different
concentrations of target, corresponding aptamer probes, amplification probes and SPOH.
Error bars, standard error of mean n=3. (Average net intensity for Aβ42 = (1 × 10 square
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Donor #

8075
7090093
8523

Aβ42
detected by
ELISA
(pg/mL)
564
713
265

Aβ42
detected by
TIRFM
(pg/mL)
531
740
267

RPD (%)

Tau441
detected by
ELISA (pM)

6.2
-3.6
-0.7

319
145
236

Tau441
detected by
TIRFM
(pg/mL)
318
139
235

RPD (%)

-0.3
-4.1
-0.4

Table 3.2.2 Concentration of Aβ42 determined by ELISA and simultaneous approach by
TIRFM (RPD (%) = difference obtained by the developed method and ELISA / concentration
obtained by ELISA × 100%)
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3.3. Direct detection of miRNAs in serum samples for cancer diagnosis

Cancer Biomarkers – miRNAs
Other than AD, cancers are another leading cause of death. There are around 1.7 million
new cases in the United States in 2017.18
MicroRNAs (miRNAs), a class of small and non-coding RNAs with 17 to 23 nucleotides in
length, have drawn tremendous attention due to their important role in the regulation of
different cellular processes, including cell proliferation, differentiation and apoptosis.19 It
was discovered initially as an important regulator in the development of C. elegans in
1993.20 After that, a growing number of subsequent research has demonstrated that the
important role of miRNAs in nearly every part of physiological and pathological conditions.
The biogenesis of miRNAs involves a complicated process including the transcription by RNA
polymerase II in the nucleus to form primary miRNA (pri-miRNA). With the cleavages by
DROSHA and its cofactor DGCR8, premature miRNA is formed and then further processed by
DICER to form miRNA duplex in the cytoplasm.20
A large number of studies have suggested that there is a unique expression profile of
miRNAs in specific types of malignancies suggesting the miRNAs have a high potential to act
as biomarkers for the diagnosis, staging, progression, prognosis and monitoring of the
response to clinical interventions. Since miRNA can assist for the classification of different
breast cancer subtypes (miR-200 is high in luminal breast cancer while miR-222/221 is high
in triple negative breast cancers), it is highly preferred to the traditional gene expression
profile.21
Recent literature reported that microRNA 149 (mir-149) can either act as tumor suppressor
and an oncogene in different cancers.22 For example, loss of mir-149 leads to some
oncogenes for the renal cell carcinoma and prostate carcinoma gain their function;23 the
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increase of levels of mir-149 in nasopharyngeal carcinoma promotes the cell migration and
invasion.24 Colorectal cancer is the third most commonly diagnosed cancer for both men
and women in the United States25 and a common cause of cancer-related deaths in the
world,26 while breast cancer is the most common cancer for women in the United States.27
As previously reported, mir-149 act as tumor suppressor in both cancers and is
downregulated.22, 28

Detection Scheme
The detection scheme of the assay was shown in Figure 3.3.1. The magnetic probes were
formed by incubating the biotinylated capture probes and the streptavidin modified
magnetic nanoparticles. The probes were then incubated with the MB-149-mir-149
duplexes followed by ligase under the presence of PEG8000 in ligation buffer. The magnetic
duplexes (MDs) were labeled with an intercalating fluorophore YOYO-1 by electrostatic
interaction between the fluorophore and the phosphate backbone of the hybrids. All of the
unreacted reactants were removed by washing of the MDs with the TNE buffer. The labeled
MDs were then injected into the homemade flow cell. The MDs were moved from bulk
solution towards the cover slide/solution interface for TIRFM imaging. The fluorescent
images of MDs were recorded by TIRFM-EMCCD system using 488 nm cyan laser as the
excitation source.
The silica-coated iron oxide nanoparticles were prepared by solvothermal reaction followed
by sol-gel reaction. The TEM images revealed that the spherical nanoparticles have the
diameter of 114±12 nm. The resultant magnetic nanoparticles have a good dispersity in
solution and a quick response to external magnet (Figure 3.3.2).
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Figure 3.3.1 Schematic diagram of the detection assay for the direct quantification of mir149.
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Figure 3.3.2 (A) Size distribution of the silica coated-iron oxide nanoparticle, n=50. (B) TEM
image of the silica-coated iron oxide nanoparticles.
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Optimization of the detection assay
To achieve a highly sensitive detection assay, we performed a series of optimization with
respect to three different aspects, including the surface of the reaction platform,
hybridization condition and the ligation condition. Firstly, in order to ensure the magnetic
nanoparticles were completely modified with the streptavidin. The magnetic nanoparticles
were conjugated with different concentration of the fluorescently labelled streptavidin. As
illustrated by Figure 3.3.3A, the average net intensity of the magnetic nanoparticles reaches
maximum at 62.5 nM of streptavidin. An excessive fluorescently labelled streptavidin may
increase the background noise. Hence, the average net intensity of the nanoparticles
decrease when the concentration of streptavidin beyond 62.5 nM. Therefore, the
concentration of the streptavidin was set as 62.5 nM for the remaining experiment.
Although the higher concentration of the capture probe increases the capturing efficiency,
the crowded surface may increase the steric hindrance for the approach of the MB-149-mir149 duplexes. As shown in Figure 3.3.3B, the average net intensity of the MDs reaches
maximum when the concentration of the MBP at 12.5 nM agreeing with our hypothesis that
too much of the MBP will hinder the hybridization between the capture probes and the tail
of MB-149. Hybridization reaction is one of the key steps of the detection assay, the
hybridization condition, such as the ionic strength, hybridization temperature and
hybridization time, imposes an important role in this assay. The effect of the ionic strength
was firstly investigated. As shown in Figure 3.3.3C, the hybridization efficiency improved
under higher ionic strength as the shielding effect of the salt impose on the negatively
charged oligonucleotides. However, high ionic strength may also induce the magnetic
nanoparticles to aggregate, leading to the loss of signal due to misinterpretation of the
fluorescent images. Hence, the optimal NaCl concentration was 250 mM. Next, the effect of
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the hybridization temperature was studied. The temperature was set as ±5 °C of the
reported optimal temperature. As illustrated in Figure 3.3.3D, the average net intensity of
the MDs was reduced by about 50% at ±5 °C, which agreed with the reported literature that
the temperature effect on the hybridization efficiency was magnified with the use of LNA
modified probes. Hence, the hybridization temperature was set as 57.2 °C for the rest of the
experiment. Next, the optimal time for the hybridization was determined by comparing the
average net intensity of the MDs resulting from the incubation time of 30, 60 and 120 min.
As presented in Figure 3.3.3E, the average net intensity reached maximum at 60 min and
dropped at 120 min, which do agree with the reported literature that prolonged incubation
lead to the change of the conformation of the oligonucleotides. In this detection assay, the
ligation reaction allows the improvement of the signal. Therefore, the effect the unit of
ligase applied in the assay and the concentration of PEG8000 on the ligation were examined.
As shown in Figure 3.3.3F, a small amount of ligase does improve the fluorescent signal.
However, further increase of the ligase lead to a decrease of the signal, which may due to
the formation of other undesired products from target mir-149 and other excessive
deoxyribonucleotides. Hence, 500 µU of the ligase was applied for the following
experiments. It is well known that the polyethylene glycol can facilitate the ligation reaction
by increasing the viscosity of the reaction solution, the optimal concentration of PEG8000
were determined by adding different concentrations of the PEG8000 during the ligation
reaction of the MDs formed under the previous mentioned optimal condition. As shown in
Figure 3.3.3G, the average net intensity of the magnetic nanoparticle reached maximum at
20% of PEG8000, which agreed with previously reported literature. Hence, 20% of PEG8000
was applied for the rest of the experiment.
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Figure 3.3.3 Optimization of (A) concentration of streptavidin, (B) concentration of MBP, (C)
concentration of NaCl, (D), hybridization temperature, (E) hybridization time, (F) amount of
ligase, and (G) concentration of PEG8000. Error bars, standard error of mean n=3. (Average
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background area on the image) / 50).
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Standard Curve
The standard curve of the assay was constructed by correlating the average net intensity as
a function of the mir-149 concentration. The duplexes, formed by incubating MB-149 with
different concentration of mir-149 (0 to 10 pM), were incubated with same concentration of
magnetic probes and ligase consecutively under optimal condition and labeled with YOYO-1
afterward. Briefly, different concentrations of mir-149 ranging from 0 to 10 pM was
incubated with MB-149 before incubating with magnetic probes, RP-149, poly(A), poly(T),
ligase and in TNE-ligase buffer-PEG8000 buffer (v/v/v 7/1/2) and labeled with YOYO-1
afterward. The limit of detection of mir-149 is 314 fM with a good coefficient of
determination (R2 = 0.9992). (Figure 3.3.4)
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Figure 3.3.4 Calibration curve of the quantification of mir-149. Different concentration of
mir-149 were incubated with MB-149, RP-149, p(A), p(T) and capture probes and ligated
with T4 RNA ligase 2 with the presence of 20% PEG8000. Error bars, standard error of mean
n=3. (Average net intensity = (1 × 1 square pixel of 50 individual MICs) – (1 × 1 square pixel
of 50 individual background area on the image) / 50). The limit of detection is 314 fM.
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Selectivity
The accuracy of the detection assay is significantly affected by the specificity of the probes.
To demonstrate the specificity of the assay, the duplexes formed by incubating MB-149 with
the (i) buffer, (ii) target mir-149, (iii) mir-149 SM1, (iv) mir-149 SM2, (v) mir-149 SM3 and (vi)
a mixture of all these four miRNAs with a final concentration of 10 pM each were incubated
with the magnetic probes, RP-149, poly(A), poly(T) and ligase in 7:1:2 TNE:ligase
buffer:PEG8000 solution under optimal conditions. As illustrated in Figure 3.3.5, the false
response rates for the samples containing single base pair mismatch at position 5, 11 and 20
from 5’ terminus of target miRNA were 0.09%, 4.89% and 3.49% respectively (signal from
samples – blank)/blank×100%). Besides, the average net intensity detected in the mixture
was comparable with that in target only. It showed that the detection assay can
discriminate target miRNA from single base pair mismatch. Moreover, there is a difference
in the discrimination power of the detection assay in distinguishing different pattern of
single base mismatch. For both A-C mismatches (SM2 and SM3), the discrimination power is
higher when the nearest LNA-base is C instead of G. When both of the nearest LNA-base is C
(SM1 and SM2), the discrimination power for C-A mismatch is much larger than A-C
mismatch.
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Figure 3.3.5 Selectivity of the detection assay. The detection assay is capable of
differentiating the mir-149 from the single base mismatch. Error bars, standard error of
mean n=3. (Corrected Average net intensity = average net intensity of the sample – average
net intensity of the probe) (Average net intensity = (1 × 1 square pixel of 50 individual MICs)
– (1 × 1 square pixel of 50 individual background area on the image) / 50).
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Quantification of miR149 in real sample
As previously reported, mir-149 was reported to be down-regulated in both breast and
colorectal cancer. Here, we applied our developed assay to quantify the levels of mir-149 in
3 individuals (1 healthy donor, 1 breast cancer patient, 1 colorectal cancer patient). In order
to minimize the matrix effect from complex sample matrix, the quantification was
performed by standard addition method. In short, standard of mir-149 was spiked into the
sample matrix and incubated consecutively with the MB-149, RP-149, poly-A, poly-T; MBP149-conjugated MNPs and ligase. The concentration of mir-149 in the serum sample were
obtained by extrapolating of the calibration curve. As shown in Figure 3.3.6, three
independent calibrations were performed for the three serum samples. All of the calibration
curves demonstrates a good correlation of average net intensity against concentration of
mir-149 with coefficient of determination above 0.993. The levels of mir-149 in each sample
were multiplied by dilution factor of 25, since the serum samples were diluted by 25 times.
The levels of the mir-149 were found to be 30.5, 6.3 and 11.1 pM in serum sample from
healthy donor, stage 3A colorectal cancer patient and stage 2B breast cancer patient
respectively. The obtained results agreed with the literature that mir-149 is a downregulator for both cancers.
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Figure 3.3.6 Quantification of mir-149 contents in serum samples. A) Healthy control, B)
Stage 3A colorectal cancer, C) Stage 2B breast cancer by standard addition methods with
TIRFM. Error bars, standard error of mean n=3. (Corrected Average net intensity = average
net intensity of the sample – average net intensity of the probe) (Average net intensity = (1
× 1 square pixel of 50 individual MICs) – (1 × 1 square pixel of 50 individual background area
on the image) / 50).
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3.4. Study of the inhibitory effect of zinc-based compounds to amyloid peptide
fibrillation
The chemical structure of the new developed tetrapyrrole compounds (provided by Dr.
Qinghua Li) and Zn-based polymers (provided by Dr. Michael C.W. Chan) are shown in Figure
3.4.1 respectively. To study the inhibitor effect of Zn-based compound against aggregation
of Aβ1-40 peptide, samples of the Aβ1-40 peptide monomer were incubated with the presence
of 50 µM of the Zn-based compound. In order to accelerate the growth rate of Aβ1-40, a
small amount of fibrillary Aβ1-40 was added. The ThT was added to fluorescently labelled the
Aβ1-40 fibrils. The fluorescent images were captured with TIRFM with 445 nm laser excitation.
As depicted in TIRFM images in Figure 3.4.2, the length of the Aβ fibrils significantly reduced
with the presence of P7(L)-ZC-MCWC (polymer 1), P7(D)-ZC-MCWC (polymer 2), P8(L)-ZCMCWC (polymer 3) and P8(D)-ZC-MCWC (polymer 4), which is consistent with the TEM
images shown in the right. These images suggest that the polymer 1-4 could inhibit Aβ1-40
peptide aggregation. Polymers 3-4 demonstrated a better inhibitory effect due to a stronger
interaction between the compound and the peptide from a larger helical diameter.
Moreover, the inhibitory effect for L-isomer of both P7 and P8 polymers is better than their
corresponding D-isomer, which agreed with previous literature that chiral compounds have
distinct biochemical and pharmacological behaviors in human body.29
The inhibitory effect on the Aβ1-40 peptide aggregation of another set of disulfonimidesubstituted phthalocyanine (PcTSA) compounds were also studied. The TIRFM images in
Figure 3.4.3 demonstrated that the length of the Aβ fibrils reduced with the presence of
PcH2-TSA (compound 1), PcNi-TSA (compound 2), PcZn-TSA (compound 3) and PcZnMonTSA (compound 4), which suggest that all of the compounds is able to inhibit the Aβ1-40
peptide aggregation. The metal containing PcTSA may inhibit the Aβ aggregation by its self112

assembly around the Aβ oligomers which is similar to phthalocyanine tetrasulfonate
compound.30
The above results demonstrated that the compounds are of high potential to inhibit the
aggregation of Aβ. In order to have a thorough understanding on the functional properties,
inhibitory effect and clinical application of the compounds, the studies on the morphology,
binding affinities, fluorescent enhancement, fibrillogenesis kinetics from ThT assays,
mechanism of the inhibitory action by circular dichroism, cytotoxicity towards human
neuroblastoma SH-SY5Y neuronal cells by MTT assay, neuroprotective effect in cytotoxic
activities induced by Aβ proteins, ability to reduce the toxic effects induced by Aβ (ROS
generation and calcium influx) and ability to pass through the BBB of live animals by tail vein
injection and brain immersion of these compounds have to be performed.
To further investigate the inhibitory mechanism of the proposed compounds, the inhibitory
effect of the compounds and their related compounds, such as phthalocyanine
tetrasulfonate for the disulfonimide-substituted phthalocyanine and monomer, linear
polymer and polymer with lower degree of polymerization for the Zn-based polymers, will
be studied.
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Figure 3.4.1 Molecular Structure of (A) P7(L or D)-ZC-MCWC and (B) P8(L or D)-ZC-MCWC.
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Figure 3.4.2 Molecular Structure of (A) PcH2-TSA, (B) PcNi-TSA, (C) PcZn-TSA and (D) PcZnMonTSA.s
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Figure 3.4.3 TIRFM images (left) and TEM images (right) of 50 !M Aβ peptide incubated at
37 °C for 20 h in seed-mediated growth in the presence of (A) 40% DMSO, (B) P7(L)-ZCMCWC, (C) P7(D)-ZC-MCWC, (D) P8(L)-ZC-MCWC and (E) P8(D)-ZC-MCWC labelled with ThT.
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Figure 3.4.4 TIRFM images of 50 !M Aβ peptide incubated at 37 °C for 20 h in seedmediated growth in the presence of (A) 0 !M, 50 !M of (B) Pc-TDS-H, (C) PcZn-TSA, (D)
PcNi-TSA and (E) PcZn-MonTSA labelled with ThT.
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CHAPTER 4.

GENERAL CONCLUSIONS

TIRFM has been widely applied in both quantification and monitoring of different disease
biomarker. With the aid or TIRFM and iron oxide nanoparticles, a direct but ultra-sensitive
detection assay for biomarkers with minute sample consumption. In this thesis, different
ultrasensitive detection assay for different age-associated disease were developed. In short,
we have developed 1, antibody-based detection assay of protein biomarkers for diagnosis of
Alzheimer’s disease, 2, aptamer-based detection assay of protein biomarkers for diagnosis
of Alzheimer’s disease and 3, direct detection assay of miRNAs in serum samples for cancer
diagnosis. The TIRFM is further applied to monitor the growth of Aβ fibrils with the presence
of different types of compounds, including disulfonimide-substituted phthalocyanine and
zinc-based polymer.
In the foreseeable future, the sensitivity and throughput of the detection assay will be
improved by different means, including different amplification methods, improve the
quantum efficiency and the fluorescent enhancement of the fluorophore, develop
recognition molecules with better selectivity. Even though the developed assay is
inexpensive and able to quantify the biomarkers simultaneously with grating-based
fluorescence microscopy and quantify the biomarkers with commercial spectrofluorimeter,
there is a limited throughput and required labor. To further improve the feasibility and
attractiveness of the detection assay for clinical application especially the population-wide
screening, other techniques which can allow automation of the biosensor including
microfluidic and electrochemical biochip is preferable. Moreover, a simple and portable
detector can also increase the applicability of the developed assay in the clinical diagnosis in
the less developed country. With the collaboration of intra- and inter-disciplines of
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chemistry, biology, physics, engineering and computer science, the application of these
direct quantification assays can evolve into a mature biochip for simple, accurate and
inexpensive

point-of-care

disease

screening,
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diagnosing

and

monitoring.
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