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Nature materials achieve structural complexity by inducing a network of molecules
into forming elaborate hierarchical nanostructures. The efficiency of organizing these
assembly processes in respond to the structure changes demonstrates certain cellular
functions. However, attempts to explore the assembly of natural or non-biological
materials to help design a better system in the application of drug discovery and
biosensing nanotechnology still remain a major challenge. The aims of the research are to
develop new class of materials, examine their role on inducing biomaterials assembly to
form hierarchical structures, and to utilized their emergent properties for the new design
of a biocompatible system.

Amyloid-B peptides (AP) fibrillation is pathologically associated with Alzheimer’s
disease (AD), resulting in the development of AP inhibitor essential for the treatment of
AD. To this end, my research focused on the discovery of potential agents, including
resorcinarene and carbon dots, to help redirect the nature assembly of AP. Different
experimental and computational methods were examined, and these studies demonstrate
not only clues to understanding interactions involved in AP fibrillation, also a novel
strategy for the discovery of novel antiamyloidogenic agents for AD treatments.

Another topic of this thesis is to mimic the nature assembly to design a system for

diagnostic detection. Currently, different diseases and cancers are costly and require



complicated analysis methods, such as ultrasound (US), computerized tomography (CT)
scan, electrocardiography (ECG), and magnetic resonance imaging (MRI). What’s worse,
these strategies often delay timely treatment, and most diseases and cancers happen
without any symptoms. Thus, it is essential that new techniques be implemented for
parallel detection of several diseases at the same time to expedite clinical treatments. To
this end, the binding of antibody with antigen was performed based on the localized
surface plasmon resonance. The assembly of the antibody with the antigen successfully
provides an excellent platform for the biosensing. This study may also help lead to

breakthroughs in the sensing nanotechnology and future clinical use.
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Chapter 1 Introduction
1.1 Protein Fibrillation in the Extracellular Space

Nature materials achieve structural complexity by inducing a network of molecules
into forming elaborate hierarchical nanostructures.' The efficiency of organizing these
assembly processes in respond to the structure changes demonstrates certain cellular
functions. One of the primary goals of nanotechnology and biotechnology is to
understand, mimic, and affect these nature assemblies so as to be applied in biological,
chemical, and other scientific and engineering communities. Within biological systems,
the message that directs hierarchical assembly is ciphered within the Watson-Crick based
DNA and RNA. Peptide or protein, whereby expressed by these encoded genes, is the
major embodiment of biofunction. Research with regard to it can effectively help reveal
the rules of life secrets. Amyloid is one resulting production spring from nature assembly,
where normally soluble proteins assemble into insoluble fibrils that are resistant to
degradation. Extracellular deposition of these amyloid fibrils is believed to be
pathological hallmark of several amyloidogenic diseases, such as Alzheimer’s,
Parkinson’s, diabetes type I, multiple myeloma, neuropathies, and cardiomyopathies.” Of
all these amyloidosis, Alzheimer’s disease (AD) is the most common form of dementia
and has become a major threat across the globe.” Recent reports indicate 81.1 million
people are expected to be living with it by the year 2040,* and the financial burden is
estimated to be $236 billion in 2016 alone.” Therefore, the development of therapeutic
agents for AD, which can redirect the nature assembly, are undoubtedly at the center of

current and future research areas.



The precise mechanism of AD pathogenicity remains to be established, but one
considerable molecular etiology that underlies AD involves the aggregation of Ap 40 and
42 — 40/42-residue fragment of P-amyloid (AP) peptide, which are produced from
sequentially proteolytic cleavage of amyloid precursor protein (APP) by B- and v-
secretases.® APP is a transmembrane glycoprotein. The extracellular domain of APP
contains the N terminus of AP, while the transmembrane region donates the C terminus
of AB. The activity of B- and y-secretases gives rise to the N and C termini, respectively,
so as to yield AP 40 and 42. AP can assemble into flexible soluble oligomers in different
forms, but not all peptides follow the encoded assembly process “accurately”. What’s
worse, the misfolded oligomers, also known as seeds, can induce other AP peptides to
track the front ones, further promoting the formation of AP fibrils in a tremendously
effective catalytic cycle. To successfully redirect or impede the unhealthy assembly, the
inhibitor design involves effective binding towards initial Af monomer, oligomer, or
filament to disturb the original encoded misassembly process. However, in addition to it,
challenges arise with the discovery of potential antiamyloiddogenic agents also include: 1)
the toxicity of AP 42 oligomer, and 2) capability to penetrate is believed to be toxic to
nerve cells. Most scientists also proposed that the toxicity of AP oligomers is the primary
cause of AD.” Thus, along with redirecting the “false” nature assembly of AP, inhibition
of the toxicity of AP oligomers become another concern towards discovering
antiamyloiddogenic agents for AD treatment.

1.2 Recent Development of Cardiac Troponin I Detection
Cardiovascular diseases (CVD), heart and blood vessel disease, is mainly related to

atherosclerosis. Plaque building up inside the arteries, which limits the flow of blood, can



lead to atherosclerosis. There are a number of reasons, including lifestyle, that may cause
CVD. According to the report from the World Health Organization (WHO), there will be
over 23.3 million people who die annually from CVD by 2030.° In 2010 alone, CVD
placed a burden of a total cost of approximately 444 billion dollars in the United States.’
Myocardial infarction (MI), one of the clinical forms and also one of the most
immediately life threatening sorts of acute coronary syndromes (ACS), has caused the
most severe adverse cardiac events, such as the irreversible tissue injury in the
myocardium.lo The analysis of MI primarily depends on electrocardiography (ECG), but
only 57% of patients can be diagnosed correctly for acute myocardial infarction (AMI),
and AMI patients can even show normal or non-diagnostic EGC when presented to the

11, 12

Emergency Department. What is worse, 25% of AMI have happened without any

symptoms, like pain in the chest, back or jaw."* '*

Therefore, a rapid, sensitive, and cost-
efficient platform becomes an urgent demand to focus on to fulfill the diagnosis
requirements in AMI detection.

Biomarkers can indicate pathogenic processes resulting from different diseases, and
are widely used in basic and clinical research.'” Any small change of biomarkers
measured in the blood can predict the corresponding ongoing disease relatively correctly
and rapidly. The ideal biomarker for AMI should be in high concentration in myocardium,
and not exist in the noncardiac tissues.'® The earliest cardiac biochemical marker
employed includes lactate dehydrogenase isoenzymes, aspartate aminotransferase, and
total lactate dehydrogenase.'” However, none of them display high specificity to AML. In
2000, the European Society of Cardiology and the American College of Cardiology
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(ESC/ACC) announced a new criteria for the indication of AMI diagnosis. It is



recommended that the 99th percentile concentration of a healthy population with the
coefficient of variation should be 10% as the cutoff point to avoid false positive results.
Right now creatine kinase-MB, myoglobin, cardiac forms of troponin T (¢cTnT), and
cardiac troponin I (c¢Tnl) are valuable diagnostic biomarkers for AMI. Among these
biomarkers, cTnl is considered the gold standard for AMI, since it is usually produced
only in the myocardium and shows highly specificity to cardiac injury.”’ Since the
accuracy of AMI diagnosis reflected by electrocardiogram changes is very low, the
assistantance of cTnl biomarker measurements is required for accurate diagnosis. The
current research thus has focused more on fabricating a small-sized, rapid, and highly
sensitive biochip with the ability for point-of-care testing (POCT). In a typical term,
POCT is defined as a test operated near the patients.”' Depending on the different POCT
operating settings, such as doctor offices and emergency departments, there might be
minor differences in the definition of the term. According to the guidance and
recommendations developed by the National Academy of Clinical Biochemistry (NACB),
the turnaround time of POCT should be within 1 h with a specimen of plasma or whole
blood.”

Troponin complex, including cTnl, ¢TnT, and cTnC, together with tropomyosin are
located on the actin filament, and play an important role as a molecular switch mediating
calcium regulation in the contraction of skeletal and cardiac muscle. Human c¢Tnl single
isoform is made up of 209 amino acid residues, with a molecular weight of roughly 22.5
kDa.”** It can inhibit the actomyosin ATPase, and this function can be enhanced in the
presence of tropomyosin. The isoform of cTnl in myocardial tissue differs from the

25, 26

sequence of those in skeletal muscles. This difference allows the development of



highly specific antibodies to cTnl without cross reaction with other isoforms of troponin.
In a recent study,”’ 0.5 to 2.0 ng/mL cTnl concentration is regarded as the borderline
between normal people and patients. After the outbreak of AMI, the ¢Tnl concentration
can go up to 50 ng/mL within 3-6 h, and finally to a level around 550 ng/mL.*® In
addition, its concentration still remains elevated for a few days, while that of other
biomarkers will decline more rapidly.” The ¢Tnl level will go back to its standard status
in 6-8 days, such that the diagnostic window is long enough for detection.”® For
conventional cTnl detection methods, many drawbacks, including low sensitivity, and
high cost, inhibit their future practical use. Besides, for most tests in a typical hospital
setting, serum after a blood separation process is needed.”” ** Currently, large and
complex instruments, like Roche E 2010/602 cTnl, are used in most clinics,” but better
performance and properties, such as ultrasenstive rapid detection, label-free technique
improvements, and POCT still need to be considered due to the time critical nature of the

disease.

@ = antibody @ = antigen ‘Q = labeled antibody

Figure 1.1 i) Antibody was immobilized onto a substrate, ii) antigen was captured by the first

antibody on the surface, and iii) the labeled secondary antibody was bound to the antibody



1.2.1 Surface-Immobilized

For decades, immunoassay has been used as a tool for research in the fields of
biodetection and clinical diagnostics.* The signaling process has extensively expanded
from radiolabeling® at the very beginning to colorimetric®®, fluorescence’’,

3941 The first immunoassay for cTnl

paramagnetic®®, electrochemical®®, and others
sensing was fabricated in 1987 by radiation technique in a antibody-antigen-antibody
sandwich format.** Almost all the current ¢Tnl biosensor involves this sandwiched
structure at the localized site on the surface. Antibodies are produced in the blood by the
white cells. Antigen (biomarker) contains numerous epitopes, but the binding of antibody
to the unique epitope of antigen, providing the antibody-antigen-antibody sandwich
approach a high specificity. As illustrated in Figure 1.1, antibody (Ab) 1 is immobilized
onto a substrate via covalently or noncovalently bonding strategies, followed by
capturing the antigen (Ag) from the sample solution. The secondary Ab can be in a more
free format. Depending on the label of the secondary Ab, the immunoassay can display
different measurable properties, such as color, fluorescence, and electrochemical signal.
In such a way, the analyte of interest is able to be detected. However, the conventional
strategies require multiple laboratory steps and high expense without POCT performance.
Different portable immunoassay based c¢Tnl detection techniques are summarized in
Table 1.1 with regard to the method, analytical time, POCT, and detection limit. In the
following sections, we will present a review of different scientific reports on colorimetric
assay, fluorescent assay, paramagnetic assay, and electrochemical assay, respectively. We

will focus more on the different strategies used to improve the speed and sensitivity of

c¢Tnl detection.



Table 1.1 Performance and detection methods of different cTnl immunoassays

Method Platform Ana:llytlc POCT Limit Detection
Time  Potential
HRP Colorimetric 15 min High 0.027 ng/mL*
HRP Colorimetric 20 min Low 5.6 ng/mL*"
AuNP Colorimetric 10 min High 0.01 ng/mL*
PDMS-Au-Ag Colorimetric 1.3h Low 0.01 ng/mL*
Fluoro-microbead Fluorescence 40 min High 0.1 ng/mL"
QD, Protein A, . . 32 nM in PBS
AF-546 Dye Fluorescence I min High 55 nM in human plasma*
AMPPD-ALP Fluorescence 30 min High 0.1 ng/mL*
TiO, nanotube array 47
AM700 Fluorescence 2h Low 0.1 pg/mL
FITC Fluorescence 1 min High 5 pg/mL*®
Europium(I1I) Fluorescence 15 min High 2 pg/mL¥
Alexa Eluor 647 Fluorescence 2.5h Low 35 aM™
donkey anti-mouse I1gG
Aptamer Fluorescence Over 1 h Low 5.00 ng/mL*!
Erenna Immunoassay Paramagnetic 15 min High 0.2 pg/mL**
Magnetic Nanoparticles =~ Paramagnetic 5 min High 3 pM°!
Magnetic Nanoparticles =~ Paramagnetic 4.1 min High 0.50 ng/mL™>
Magnetic Nanoparticles ~ Paramagnetic 5 min High 0.03 ng/mL>’
HRP enzyme Electrochemical lh Low 1 ng/mL*®
QD Electrochemical 3.7h Low 4 pg/mL**
Au Nanoparticles Electrochemical 1h Low 0.2 ng/mL”>
Au Nanoparticles . 30
Ru-peptide Electrochemical 2h Low 0.4 pg/mL
Carbon nanofiber Electrochemical Over1h Low 0.2 ng/mL*
Aptamer Electrochemical 5 min High 1.19 ng/mL’®
Au film . . 39
Dextran layer SPR 35 min High 1.4 ng/mL
Peptide epitope SPR 5 min High 0.068 ng/mL"’
Au nanorod SPR 15 min Low 10 ng/mL>*



1.2.2 Colorimetric assay

The colorimetric immunoassay is based on the principle of the amount of the light
absorbed by the chromogenic reaction at the specific wavelength in the presence of
analyte. This type of assay was not developed until the year 1971, to avoid the hazardous
process from radio-immunoassay.® Generally the colorimetric assay is now known as
enzyme-linked immunosorbent assay (ELISA). Similar to the sandwiched assay principle,
Ag is captured by the Ab 1 at first, and the second enzyme linked Ab will be added to
form sandwiched complex. Finally the changed color and corresponding measurements

can determine the analyte quantitatively.

a) Flow Direction ® : b) Labeled
SRR R ’i antibody
<@ L 4 BSA
CRA N4 2C XK N § om
Y = Immobilized streptavidin antibody
_ Tio
® = Analyte 2
vt ® 'o nanotubes
S < o
L J
0. 0° .‘. C)

wd\

Quantum Dot

[ N N 2 N N

o = Biotinylated capture antibody

.“.‘ .'.‘ 9 Protein A
[ N N 2 2K N Alexfluor 546-labeled

. .
& = HRP-labeled detection antibody IgG Antibody

Figure 1.2 a) Capture antibody BD clone 12 was immobilized onto the surface by biotinylation.
Analyte, ¢Tnl, and HRP labeled antibody were sandwiched onto the substrate.”® b) Anti-goat troponin
antibody, c¢Tnl, and fluorophore labeled anti-mouse troponin were sandwiched onto a TiO, array.47 c)

The labeled capture antibody were attached to the quantum dot by a bridge molecule protein A%



Based on the basic principle described above, horseradish peroxidase (HRP) which
can initiate a chemiluminometric signal was widely utilized to build the colorimetric
assay.” ' Cho et al*® fabricated an ELISA-on-a-chip (EOC) biosensor for cTnl
(figure 1.2a). The sensor employed cross-flow chromatography technique, vertical
channel for holding the immune-strip and horizontal channel for detecting, and in such a
way variable signals were able to be detected at the sites of complex formation. A
monoclonal antibody (BD clone 12) which is specific to cTnl was functionalized by
biotinylation. Then another BD clone 12 was labeled by HRP, which is used to catalytic
oxidize a luminogenic substrate luminol. Analyte (cTnl), biotinylate functionilzed
antibody, and HRP labeled antibody were sandwiched onto the substrate via biotin-
streptavidin  interaction through vertical channel. Luminol passed through the
immobilized surface, and chemiluminometric signal generated was captured by a simple
detector installed in the chamber. After adding the c¢Tnl antigen, only approximately 20
min are needed for the incubation and measurement process.

In addition to HRP chemistry, gold nanoparticle (AuNP) based colorimetric assay is
another optional approach for c¢Tnl sensor, which is carried out by using AuNPs to
catalyze the silver reduction. In 2010, Wu et al.** developed a poly(dimethylsiloxane)
(PDMS)-gold composite film-based biosensor. Anti cTnl antibody and cTnl antigen were
captured onto the PDMS-AuNPs surface separately. Since the spot blocked by the cTnl
can influence the amount of the silver reduction, the color would be different in each
reaction wells. The method shows small size, cost-effective, and high sensitivity (0.01
ng/mL) characteristics, but over 1 h incubation time is needed after adding the antigen.

Similar to the Wu method,* Kim’s group rationally utilized the lateral flow assay (LFA)
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method without an additional operation step to analyze c¢Tnl.**

The LFA strip consisted
of different parts, including a sample pad, conjugate pads, nitrocellulose (NC) membrane,
and an absorbent pad. After adding antigen cTnl to the sample pad, the flow would pass
through conjugate pads which contained two different AuNP conjugates, and the cTnl
reacted 1st anti-troponin I antibody bearing AuNP. In addition, the 2nd AuNP would also
bound to the first AuNP through BSA and anti-BSA antibody interaction, which proved
to demonstrate higher signal intensity comparing to conventional LFA method. With the
sample flowing through the NC membrane, conjugated AuNPs were immobilized onto
the surface. The color intensity was measured followed by dipping the cut LFA strip into
troponin I containing well plates. Different concentrations of various troponin I from the
patient samples were successfully determined by this novel LFA method, and the
detection limit is as low as 0.01 ng/mL. Comparing to the Wu method, only 10 min is
needed for the detection. The next year, another AuNPs based LFA immunoassay was
developed.®® One more test line was added to the NC membrane, which effectively
achieves the simultaneous detection of different biomarkers. Both AuNPs based cTnl
detection strategies are cost effective, especially for the Wu method,* which employed
PDMS microchip, one of the most widely used cheap materials for making device. Also
the portability of such small size lab chip would be helpful in future research of cTnl
rapid and sensitive analysis.
1.2.3 Fluorescence Immunoassay

Fluorescence immunoassay is another form of optical biosensors. The first
fluorescence immunoassay can be dated back to the year 1941 by Coons et al..*

Fluorescence organic dye and fluorescent nanoparticles are mainly used as signal
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molecules to monitor the existence of target analyst. Various commercially available
fluorescent assay based cTnl detection instrument (Table 1.2) can offer results within 20
min, such as Abbott i-STAT, Roche Cardiac Reader, and Singulex Erenna System. In
2006, Wu et al.’” examined and modified the Zeptxtm system assay for ¢Tnl detection. In
this system, there contains flow immunoassays linked to a digital molecule-counting
machine, and performed with a fluorescent tracer labeled either 96- or 384-well plate.
Following washing, the remaining tracer would be sipped into the instrument. cTnl
specific antibody and serum specimen, in a sandwiched format to create the photoassay,
were pumped through a capillary into the instrument. Interrogation volume was
established inside followed by directing a laser beam through the capillary. Fluorescence
signal was able to be detected by the photo detector when the sample pass through the
interrogation volume. Serum samples from patients were tested using this system in a
pilot clinical study. High sensitivity with detection limit of 1.7 ng/L ¢Tnl concentration
was achieved, and the data also demonstrate the presence of AMI earlier than a
conventional cTnl assay, but further confirmation by research with larger normal and
diseased population with known clinical outcomes is needed. Although the commercially
available c¢Tnl assay is a lab-on-a-chip devices, and short time is needed with POCT,
measurement at a time by these systems requires high initial and high maintenance cost.
With regard to the cost efficient, the development of novel cTnl immunoassay is still
desired.

Ti0, nanotube array is an option to constitute a low cost biosensor. Shankar and co-
workers*’ immobilized 16-phosphonohexadecanoic acid self assembled monolayer (SAM)

onto a TiO, array (figure 1.2b). Comparing to direct physisorption or chemisorption,
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alkylphosphonic and TiO; interaction is stable and durable. Anti-goat troponin antibody
was coated onto the SAM monolayer via EDC/NHS coupling, such that cTnl could be
captured onto the surface. The secondary anti-mouse troponin was labeled by a
fluorophore. At last, the sandwiched structure formed by antibody-antigen-antibody was
detected by the fluorescence signal. In this ultrasensitive platform without the help of
enzymatic amplification, that as low as 0.1 pg/mL cTnl concentration detection was
accomplished. However, the antigen-antibody recognition is a slow kinetically step. In
this study, over two hours are required to complete the analysis. In another approach,
long time antigen-antibody incubation process is also needed. The technique named total
internal reflection fluorescence microscopy (TIRFM) adopted in the research is
interesting. It is well known for its single-molecule investigation of cell membranes.**
There are two types of TIRFM, one is prism-, and the other is objective-type. When a
fluorophore is close to the metal surface, both of its electronic and optical properties will
greatly change. Based on this metal quenching effect, the detection sensitivity can be
enhanced. Lee and Kang™ deposited gold onto the glass substrate, followed by
immobilizing protein A, antibody, antigen, fluorescence labeled antibody, respectively.
According to the distance between the fluorescent dye and the gold surface, the
fluorescent dye was not greatly quenched, but adsorption of dye leaded to the quenching
of its fluorescence. Therefore, such enhanced fluorescence was detectable. The advanced
performance of the system is about 7000 times lower in the detection limit comparing to
the conventional method. However, it is still a time consuming measurement.

Alkaline phosphatase (ALP) is broadly exploited for the fluorescent cTnl

33, 65-67

immunoassay, especially in the commercial products. Recently, Liu ef al.>* adopted
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the ALP chemiluminescence chemistry for the cTnl detection. At first, monoclonal anti-
cTnl was coated to the carboxylic acid modified magnetic beads via EDC coupling for
the purpose of the specific antigen-antibody interaction. After adding the other ALP
labeled cTnl antibodies, the excess of uncoupled ALP-antibodies were washed away by
running the magnetic field, which leads to the proportional relationship between residual
ALP and the cTnl concentration of the sample. Finally, 3-(2’-spiroadamantyl)-4-
methoxy-4-(3’-phosphoryloxy)-phenyl-1,2-dioxetane (AMPPD) was introduced as the
substrate for chemiluminescence of ALP. The combination of magnetic and fluorescence
strategy is promising for the fast and sensitive cTnl detection. In addition, the treatment
of AMPPD as amplification strategies is worth for further study to improve the detection

limit.

Table 1.2 Analytical characteristics of commercial cardiac troponin I assays declared by the

manufacturer®
th
Device (ﬁ(g)ﬂlf) ?;91g /IO{()) Detection Tag

Abbott i-STAT 0.02 0.08 ALP

Radiometer AQT90 FLEX Tnl 0.0095 0.023 Europium

Alere Triage Cardio 3 0.01 0.02 Fluorophor

Roche E 2010/602 c¢Tnl 0.16 0.16 Ruthenium

Siemens Dimension® EXL™ TNI 0.017 0.056 Chemiluminescence

Siemens IMMULITE® RxL CTNI - 0.07 ALP
Tosoh ST ATA-PACK - 0.06 ALP

In addition to the initiated fluorescence design, fluorescent nanoparticles is another

option for assay fabrication. A rapid and sensitive fluorescent-europium (III)-chelate-dye-
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nanoparticle based c¢Tnl assay was made in 2012.* Streptavidin was coated onto
microtiter wells, followed by conjugating biotinylated antibodies. The secondary
antibody was covalently coupled to europium (III)-chelated-dyed nanoparticles. Then
cTnl could be sandwiched into the two antibodies described above. After incubation and
washing, the fluorescence generated by the europium was measured in a time-resolved
mode. In both cases, the analytical time is approximately 40 min which is much better
than the TiO, nanoarray and TRIFM strategies. Also the limit of detection can both reach
to as low as 1 ng/mL.

Aptamer has recently been extensively studied and actively developed for the
possible therapy and diagnosis of diseases. This is because its specificity and stability are
usually superior to those of the antibodies. An aptamer is a single strand DNA (ssDNA)
or RNA (ssRNA) or a peptide loop which can specifically recognize a wide variety of
target molecules, such as chemical molecules, proteins, and even cells.®® Due to the
unique properties of aptamer, Dorraj ef al.*' most recently in 2015 selected an aptamer
from a 79 bp single-stranded DNA random library that was used to bind the human cTnl
from a synthetic nucleic acids library by systematic evolution of ligands exponential
enrichment (Selex). Among the several aptamers they selected, TnlApt 23 showed best
affinity in nanomolar range (2.69 nM) toward the target protein. Their experiment
showed that the detection limit of using aptamer—AuNPs-based assay was found to be 5
ng/mL, but over 1 hour detection process is still a weakness for this method. Although
the current detection limit of ¢Tnl using aptamer is not as sensitive as the immunoassay
methods, a much more sensitive aptamer and less time consuming will be soon developed

due to the progress of Selex.
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Recently microwave-accelerated and metal-enhanced fluorescence (MA-MEF) for
protein detection was reported.69 With the assistant of microwave-accelerate, only a few
minutes are needed in the incubation process. In 2011, Aslan and Grell®® applied this new
technique to the cTnl detection. Silver nanoparticle films (SNFs) were freshly made on
the amine terminated glass surface. Protein A was coated onto the surface for antibody
immobilization in the next step. cTnl was then added and captured by the antibody on the
surface. In the aid of microwave heating, the binding event only took 30 seconds. Finally,
FITC-labeled antibody was conjugated with the ¢Tnl by microwave heating for 30
seconds as well. During the fabrication, conjugation of antigen antibody processed
rapidly with the assistance of microwave heating. What’s more important, usual cheap
kitchen microwave is capable for the whole incubation process, which is an excellent
benefit for cost effective immunoassay construction. Another short time analysis design
was made by Stringer ef al.*® for ¢Tnl detection. Fluorescence resonance energy transfer
(FRET) was utilized to build a sensing architecture (figure 1.2¢). Quantum dots as a
donor was attached to an capture antibody labeled acceptor by a bridge molecule protein
A. When c¢Tnl was bound to the antibody, the conformational change of antibody was
initiated. The distance between donor and acceptor changed with this morphological
change. In such a method, the shift in energy transfer was measurable. After adding the
analyte c¢Tnl, only 1 minute is demanded for the measurement. The potential of either
strategies can see the promising future for the development of the cTnl detection.

In addition to the singly analyte immunoassay, multi-analyte chip assay is another
option for biomolecule detection64-66.”"7* The first CK-MB, ¢Tnl, and Mb assay on an

integrated optical waveguide was created by Plowman et al..” Different biomarkers
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including cTnl were sandwiched onto a multi-analyte sensor surface, and excited by a
silicon oxynitride integrated optical waveguide. In such a multi-analyte platform, the
simultaneous detection of several biomarkers and highly sensitivity make this type of
biochips capable of being point of care testing device. Although ELISA-based assay,
including colorimetric and fluorescent immunoassay, can detect cTnl rapidly with high
sensitivity, multiple experimental steps are involved, and they are a also time-consuming
process.
1.2.4 Paramagnetic Immunoassay

Paramagnetic particles (PMPs) have seen its applications in many areas, such as MRI
contrast agents and biomolecules separations.”* "> Typically, PMPs consist of an iron
oxide core with a high biocompatibility layer outside. The first proposed PMPs for
binding assay was made in 1970s.”"” Since then magnetic nanoparticles widely used as
a carrier for biomolecules detection, and prove to be able to increase the rate and the
sensitivity.”> " Majority of PMPs based immunoassay involves the antigen-antibody
sandwiched structure formation on its surface with PMPs being a reaction label.
Generally, reagents containing PMPs and antigen are added into a chamber in which the
bottom surface is coated with antibody. Antibody attached PMPs can capture the antigen,
and by the driving force generated from the bottom magnetic field, antigen can be
transported to the bottom surface rapidly. The unbound PMPs is washed away by the top
magnetic force in the chamber. By characterizing the bottom reacting surface, the antigen

is able to be detected successfully.
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Figure 1.3 a) cTnl and antibody coated magnetic nanoparticle were mixed in the channel. b) c¢Tnl
were captured by the antibody on the bottom surface, also sandwiched by the antibody coated

magnetic nanoparticle. ¢) Unbounding particles was washed away by the upper magnetic fields.’!

Prins’ group’' designed a multiplexed c¢Tnl immunoassays exploiting actuated PMPs
(figure 1.3). At first, antibody coated magnetic nanoparticles were mixed with the sample
to capture the cTnl analyst. Due to the large total surface area of the particles, the binding
was able to run fast and efficiently. In the next step, the mixed solution passed through
the cartridge by the driving force of electromagnets. In such a way, the particles can also
help concentrate the captured analyst on the binding surface, which leads to a less time
consuming incubation process. Finally, unbound and weakly binding particles would be
washed away by the magnetic fields generated from the upper surface. Since the cTnl
concentration is proportional to that of the magnetic nanoparticles, the reflected light
intensity from the surface is capable of sensing cTnl, by the mechanism of frustrated total
internal reflection. With the combination of magnetic technique and optical detection,
rapid and highly sensitive with a limit detection of 0.03 ng/mL cTnl is achieved.
Moreover, Kiely e al.”* developed another novel PMPs immunoassay based biosensor.
The advantage of it over the former method lies in no extra washing or other post
operations procedures. The alternative approach relies on the presence of the PMPs in the

sample to cause the increase of the coil inductance which leads to directly determination
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by using a bridge circuit. To accomplish the sensor construction, two reaction coil
surfaces, one for detection and the other for reference, were mounted onto the substrate.
In order to detect the PMP and enhance the binding process, an electromagnet was placed
under the substrate. A pair of antibodies for ¢Tnl were immobilized onto detection coil
surface and the surface of PMP, respectively. After adding the cTnl samples to the device,
c¢Tnl was sandwiched between the PMP and the surface. Due to the significant influence
of PMPs on the magnetic field, cTnl can be detected. The whole process finished within
4 min, and high sensitivity with recognizing 0.5 ng/mL cTnl was achieved in this study.
Comparing the paramagnetic assay and optical immunoassay (colorimetric and
fluorescent assay), the main challenges for optical immunoassay are the inherent opacity
and autofluorescence.”® To circumvent such a problem, paramagnetic assay is more
suitable in clinical diagnostics because of the nonmagnetic properties of surrounding
biological parts. In addition, PMPs can play a role as not only mixing the reagents, also a
transportation for the antigen to be delivered onto the surface rapidly. In another
combination of magnetic and optical approach to rapidly detect cTnl with high sensitivity,
Todd et al.*® achieved LOD of 0.6 ng/L with a dynamic range of >435 logs using single
molecule counting technology based Erenna Immunoassay System. Streptavidin modified
PMPs were attached to fluorescent dye labeled cTnl by streptavidin-biotin chemistry.
MPs were separated by a magnetic bed after incubating samples in a 96-well plate.
Before measuring, urea was utilized to disrupt antibody-analyte interactions to release the
cTnl from the MPs. For the Erenna Immunoassay System, samples were pumped through
a interrogation space contained capillary flow cell. Light reached the interrogation space

after passing through a dichroic mirror and a confocal microscope lens. When dye labeled
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cTnl passed by, emitting fluorescent light could be measured by the confocal microscope
lens and the detector.
1.2.5 Electrochemical Immunoassay

Electrochemical assay based biosensors mainly rely on the interaction between
transducer and target molecules. It is operated by the detection of an electrochemical
signals from the specific reaction. When captured by the immobilized surface antibody,
charges exchange occurs between host and guest molecules, leading to the change in the
current or voltage on the localized surface. Thus, based on the operating principle, the
electrochemical biosensor can convert the chemical information into a measurable

electrical signal.

Y o
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Figure 1.4 HRP labeled antibody was linked to the gold nanoparticles by glutaraldehyde molecule.”®

Use of nanoparticles in the electrochemical biosensors has drawn much attention to
the scientists over the past years. Variable novel c¢Tnl detection platform by using
nanoparticles has been reported. In 2011, Ahammad ez al.*® designed a highly sensitive
cTnl biosensor (figure 1.4). At first, the ITO surface was modified by depositing AuNPs.
Different linkers including cystamine and glutaraldehyde were chemically attached to the

AuNPs through self-assembly method. Then the anti-cTnl antibody were immobilized
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onto the AuNPs-modified ITO electrode surface by linker molecules. In such a method,
the cTnl could be captured onto the AuNPs-ITO electrode. Meanwhile, the secondary
anti-cTnl antibody was labeled by horseradish peroxidase (HRP) enzyme which can be
used to catalyze H,O, reduction. Finally, the sandwiched structure can be a powerful
nanohybrid to detect the concentration of ¢Tnl by measuring the changes of open circuit
potential during H,O, electroreduction. HRP is a common label for the detection
technology. Comparing to the HRP strategies employed in the optical immunoassay,
more incubation time was consumed in this method, though the high sensitivity of 1
ng/mL was achieved. Recently, Shan er al.’® developed a c¢Tnl biosensor showing a
higher sensitivity of 0.4 pg/mL. Two specific peptides were used as capture peptide and
report peptide, respectively. Gold nanoparticles, again utilized as amplification platform,
were electrodeposited onto the gold electrode. Capture peptide was self assembled onto
the gold nanoparticles via the well studied thiol-gold reaction. The report peptide was
labeled with ruthenium contained molecule at lysine via acylation reaction. After
incubating the electrode with c¢Tnl and the probe peptide, the response was
electrochemically generated.

One concern about fabricating the biosensor for clinical diagnostics is the smaller
sample size. Recently, microfluidics has been applied in different areas, such as cellular
behavior, optics, and sensing chips.* ®' The intrinsic feature of miniaturization of the
microfluidic system can help overcome the limitation of conventional immunoassays.
What’s more, the microfluidics can be integrated into various immunoassay. Recently, a
methodology was developed based on AuNPs-Poly(Dimethylsiloxane) (PDMS)

composite microfluidic systems.”* PDMS was cured with a series of holes on the
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substrate, followed by adding HAuCly aqueous solution to the hole to obtain GNP
contained microreactor cells. The anti-cTnl antibodies were absorbed in each
microreactor well to capture the cTnl. The secondary antibody was labeled by CdTe and
ZnSe quantum dots (QDs). After the sandwiched structure formed in the localized surface,
QDs were dissolved, and Cd*" and Zn*" could be detected by square-wave anodic
stripping voltammetry. This immunosensor demonstrates the success of integration of
microfluidics with electrochemistry to detect cTnl for clinical application. However, it is
well known that QDs are toxic materials, and also a label-free method is more welcome
in the cutting edge science today. In 2012, Bhalla ef al.” developed a unique label free
c¢Tnl biosensor based on the principle that electrical capacitance at the electrode surface
changes with the binding of highly charged antigens. In this study, negatively charged
citrate-capped AuNPs were electrodeposited on the electrodes using bulk electrolysis
technique. The specific anti-cTnl antibodies were coated onto the gold matrix. Since the
electrical capacitance increases at the electrode surface with the binding of ¢Tnl and anti-
c¢Tnl antibody, cTnl can be detected.

Platforms using carbon nanomaterials have recently been used for the detection of
cardiac biomarkers with superior sensitivity. The current limits of common sensing
platforms include long duration of assay processing, expensive equipment and use of
highly toxic or fluorescent labels. Periyakaruppan et al.*’ have recently reported a simple,
inexpensive, and label-free method to detect biomarker troponin-I using vertically
aligned carbon nanofiber (CNF) based nanoelectrode arrays. The anti-cTnl Ab was first
immobilized on CNFs, and the detection of human-cTnl in assay was achieved by using

electrochemical impedance spectroscopy and cyclic voltammetry techniques. The signal
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changes in electrical capacitance or resistance were due to the specific adsorption of Ab—
Ag interaction. The sensing system demonstrated a good selectivity and high sensitivity
against human-cTnl analytes with the lower limit detection at 0.2 ng/mL cTnl
concentration.

Similar to the paramagnetic immunoassay, the electrical biosensors can overcome the
limitation of inherent opacity and autofluorescence in colorimetric and fluorescence
immunoassay. Electrochemical based biosensors can also provide highly sensitive and
rapid sensing platform, making it a promising protein detection tool. However, the
detection environment, including the pH and ionic strength can disturb the sensing results.
In some cases, the electrochemical technique can not provide reliable specific binding
affinity due to the antibody isolation problem.”

1.2.6 Surface Plasmon Resonance

Besides colorimetric assay, fluorescence immunoassay, paramagnetic immunoassay,
and electrochemical immunoassay as mentioned above, surface plasmon resonance (SPR)
has emerged as a new optical detection component of biosensors by measuring changes
in the index of refraction upon adsorption.* This technique enables rapid detection of the
unlabeled proteins with a simple optical apparatus. In 2004, Masson et al.* reported a
fiber-optic-based surface plasmon resonance sensor for c¢Tnl detection in HEPES
buffered saline solution. Antibodies specific to c¢Tnl were attached to a
carboxymethylated dextran layer on a gold SPR surface. The constructed sensor had a
lower detection limit of 1.4 ng/mL. Compared with other methods, the advantage of their
sensor was that the probe surface with antibody attachment was stable for a few weeks in

a wide pH range (pH 2—12). Kwon et al.”’ recently constructed an SPR-based c¢Tnl sensor
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by crosslinking a monoclonal antibody as an epitope peptide onto a chemically modified
thin gold film. The performance of the sensor was determined by examining the SPR
signal intensity against cTnl concentration. They found that the SPR signal intensity was
directly correlated to the c¢Tnl concentration in the range of 0—160 ng/mL. The lower
detection limit of the sensor was 0.068 ng/mL cTnl, which was comparable to ELISA-
based commercial cTnl detection systems according to the statement of the author in the
paper.

In particular, gold nanoparticles with elongated shape (i.e. gold nanorods) have
attracted much attention for in the field of SPR application due to the fact that their
highly anisotropic shape exhibits much different optical properties from those spherical
gold nanoparticles.* Using anti-human ¢Tnl immunoassay on gold nanorods, Guo e al.”®
reported a convenient and rapid method for human cTnl detection in solution by SPR.
The sensing was based on changes of longitudinal localized SPR signal induced by
specific binding between cTnl antibody and cTnl. Although the detection limit of this
method was quite high (10 ng/mL), this study was the first report of taking advantage of
gold nanorods for sensing ¢Tnl, which was more sensitive for detecting compared with
that of spherical AuNPs.

It is essential to diagnosis of the cardiovascular diseases at the early stage, in order to
operate successful treatment for recovery of patients. Cardiac troponin I (cTnl) has
proven to be a significant biomarker for acute myocardial infarction (AMI). Therefore, it
is important to develop a rapid, sensitive, and POCT cTnl biosensor to assist the
diagnosis of AMI at very low concentration (less than 0.5 ng/mL) in the whole blood.

This review has hoped to demonstrate numbers of research with regard to the detection of
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cTnl for AMI. Despite the significant developments in the field, no ideal device has been
used for clinic application. The big challenge for the technology is the limit detection and
POCT measurement which includes small bench top device and hand-held instrument.
Future cTnl detection technology can be directed towards 1) miniaturization of portable,
sensitive, highly specific biosensors, 2) shorter analytical time evaluation including more
efficient incubation process, 3) cost efficient, 4) POCT measurements, and 5)
immunoassay suitable for multianlyte detection. Combination of all the features with
continuous efforts, the next decades will see the breakthrough in the field of c¢Tnl as a
biomarker for AMI diagnostics at the early stage.
1.3 Interactions between Carbon Nanomaterials and Biomolecules

Carbon, present in all forms of organic lives, serves for human in different aspects for
centuries, such as coal which is the main source of energy. When the size scales to nano
level, carbon nanomaterials and their colloids exhibit extraordinary properties in terms of
electrical,”* thermal,> chemical,®® and mechanical,”’ and own a unique place in
nanoscience technology. Three different dimensions, including zero dimension, one
dimension, two dimension, are the basic forms of carbon nanomaterials. This contains
carbon dots (C-Dots), fullerene, carbon nanotube (CNT), graphene, and graphene oxide
(GO) which is a graphene based material. Although these nanomaterials mainly consist of
only one element carbon, different structures of it show the extraordinary properties. In
addition to the architecture itself, the colloids whose solute particle size ranges from 10”
m to 10° m obtained from the carbon nanomaterial demonstrate excellent functions as
well.® C-Dots mainly act as nonmetal quantum dots, and demonstrate promising

potential in the development of bioimaging® and other clinic applications” owing to its
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excellent biocompatibility’’. Fullerene is a sphere shaped carbon nanomaterial. The
fullerene-biomolecule conjugates are widely investigated for the purpose of medical
applications.”> The special structure of the CNT indicates high sensitivity and fast
response for the reaction at its interface when used in the fabrication of nano electronic
devices.” A variety of CNT-based nanomachines have been built for biosensing
applications. Graphene was recently experimentally isolated but may have been used for
centuries, and regarded as the newest carbon nanomaterials. Since its discovery in 2004,”*
it has drawn much attention in chemistry and material communities. GO, as one of the
graphene based materials, has been investigated a lot in the area of biomedical field as

well.

Carbon Dots Fullerene Carbon Nanotube

d)

Graphene Graphene Oxide

Figure 1.5 Zero dimensional carbon nanomaterials, a) carbon dots, and b) fullerene. One dimensional
carbon nanomaterial, c) carbon nanotube. Two dimensional carbon nanomaterial, d) graphene, and e)

graphene oxide.

Biomolecule, associated with metabolism, consist of any molecule, including protein,

carbohydrate, lipid, DNA, and other big or small molecules, present in the living
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organism. The biomolecules show an influence on metabolism in different ways. Acute
myocardial infarction (AMI) is one clinical form of the cardiovascular diseases. When
the person is diagnosed with it, a protein named cardiac troponin I (cTnl) will be released
into the blood. Such that c¢Tnl is believed to be the gold standard biomarker for AMI.” In
addition, carbohydrate growing on the cell surface also plays an important role in
metabolism. Many biological processes, such as cell-cell adhesion and protein folding,
take place as a result of saccharides on the surface of the cell." *® To overcome the
obstacles and make more achievements in solving diagnostic and therapeutic biomedical
problems, many efforts have been devoted to the research in the field of biomolecules.
With its novel features, the family of carbon nanomaterials has been widely investigated
with its function in the biomolecule activity, and shows growing biomedical applications.
In this paper, different groups of carbon nanomaterials, including zero dimensional, one
dimensional, two dimensional nanomaterials, will be discussed based on their interactions
with biomolecules.
1.3.1 Zero Dimensional Carbon Nanomaterials

Carbon dots (C-Dots), zero dimension nanomaterials, have recently attracted much
attention due to its unique properties, such as low cytotoxicity, high photostability,
magnificent biocompatibility, and easy conjugation with biomolecules.” A myriad of
synthesis strategies have been developed to fabricate C-Dots. Oxidative acid treatment is
generally used to obtain C-Dots. Liu et al.”’ prepared C-Dots from the combustion soot of
candles. Polyacrylamide gel electrophoresis was utilized to purify the C-Dots. The
quantum yield (QY) of the C-Dots was relatively low, with the highest value of 1.9%.

Laser irradiation method for C-Dots fabrication was reported by Hu et al..”® This study
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opened a new way to prepare C-Dots.” Graphite powders was irradiated at first. After
boiling in perchloric acid, mixing with PEG, centrifugation, and separation, C-Dots were
obtained. The QY yields vary from 3 to 8%. Zhai et al.'® reported a microwave-assisted
pyrolysis method. Citric acid, the carbon source, and various amine contained molecules,
which are used for surface passivation agent, were utilized for the C-Dots synthesis. The
photoluminescent (PL) QY was 30.2%, and it is comparable to the common fluorescent
quantum dots. Electrochemical exfoliation is another way to prepare C-Dots. Li ef al.'"!
used graphite rods as anode and cathode, with NaOH and EtOH as electrolyte, and the
intensity of the current was 10-200 mA/cm®. Alkaline environment is important for this

approach. In 2013, Zhu et al.'”

employed hydrothermal method to form C-Dots. Polymer
shaped C-Dots were prepared by condensing citric acid and ethylenediamine. Then it was
carbonized to form C-Dots. Different characterizations, including transmission electron
microscopy (TEM), atomic force microscopy (AFM), Raman microscopy, NMR

spectroscopy, and other techniques, were applied. The QY was as high as 80%, which is

suitable for industrial production.
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Figure 1.6 a) Without carbon dots, insulin will fibril within 3.5 h. b) By the function of carbon dots on

b)

103

insulin, the fibrillation is inhibited within 5 days. " (Reproduced with permission from reference 103.

Copyright 2015 American Chemical Society)
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Recently, the effect of C-Dots on protein fibrillation was investigated for the first

time (Figure 2).'"

Human insulin was selected for the study. Different characterizations,
including UV-vis, Fourier transform infrared (FTIR) spectroscopy, X-ray photoelectron
spectroscopy (XPS), atomic force microscope (AFM), and transmission electron
microscopy (TEM), were performed for the C-Dots prepared from carbon powder. The
non-toxic property of C-Dots was demonstrated by incubating it with sea urchin embryos.
To monitor the kinetics of human insulin fibrillation, thioflavin T (ThT) fluorophore was
used. In addition, circular dichroism (CD) and AFM were applied over different periods
of the fibrillation process. According to the fluorescence study, three stages, including lag
phase, elongation phase, and saturation phase, were observed. That the interaction
between C-Dots and human insulin at the early stage makes the C-Dots inhibit human
insulin fibrillation was proposed in the paper. The study displays the inhibiting effect of
C-Dots on human insulin fibrillation, and shows the great potential of C-Dots in
application of biological systems.

The potential application of C-Dots for bioimaging was studied by Sun et al.'® for
the first time. The C-Dots were produced by laser ablation method with argon as carrier
gas. The products did not exhibit photoluminescence until the surface was passivated by
attaching organic molecules, and the observed QY ranged from 4 to 10%. The
mechanism of C-Dots photoluminescence was also discussed, which is attributed to the
surface energy traps as a result of surface passivation. Two-photon fluorescence materials,
such as CdSe quantum dots, have promising applications in bioimaging. However, due to
the heavy metal contained, the two-photon fluorescence materials have caused serious

problems, including hazard on human health and environment. Sun and co-workers'®
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moved on to investigate C-Dots for the function of multiphoton bioimaging. The same set
up as the previous one was performed to characterize the C-Dots. Human breast cancer
MCEF-7 cells were cultured to demonstrate the potential of C-Dots in cell imaging by two
photon luminescence microscopy. This study shows great capability of C-Dots in
bioimaging, and comparable to the best performing semiconductor quantum dots. In 2009,
Sun and co-workers'® discussed the use of C-Dots for in vivo and in vitro applications.
In the study, the PEGylated C-Dots were found to show strong fluorescence both in
aqueous solution and on the surface. Human breast cancer MCF-7 and human colorectal
adenocarcinoma HT-29 cells were utilized for the C-Dots toxicity assessment in vitro,
and nontoxic property of C-Dots, comparing to other heavy metal contained quantum
dots, were concluded. The toxicity evaluation of C-Dots in vivo were investigated by
using CD-1 mice, and these fluorescence nanomaterials demonstrated nontoxic to the
selected cell lines. Based on the results, C-Dots showed competitive bioimaging
functions to the commercially available heavy metal bearing quantum dots both in vitro

and in vivo applications. Tao et al.'”’

utilized C-Dots for vivo imaging in the near-
infrared (NIR) region for the first time. The C-Dots were obtained from the modified
traditional method of using mixed acid to oxidize carbon nanotubes and graphite. AFM,
FTIR, UV-Vis, and fluorescence microscopy were employed separately for C-Dots
characterizations. The in vitro cytotoxicity of C-Dots was tested by incubating C-Dots
with the human kidney embryonic 293T cell line. In vivo fluorescence imaging and in

vivo bio-distribution were demonstrated in mice over time. This work shows the

promising application of C-Dots in biomedical imaging.
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Fullerene, discovered at Rice University in 1985, was another zero dimension carbon
nanomaterial.'® Since then research regarding to fullerene-biomolecule conjugates,
besides the field of solar cell,'” has drawn much attention. Fullerene is a sphere shaped
molecule, and unable to dissolve in water which limits its applications in
biotechnology.''” Due to this reason, water soluble fullerene derivatives are largely
needed. The landmark work was the one performed by Friedman et al.''' in 1993. With
the model built via the program DOCK3, that the active site of HIV-1 protease (HIVP)
was able to host fullerene derivatives was found. In addition, the inhibition function of
the fullerene derivatives to the HIVP was examined experimentally. Followed by this
work, numerous efforts were devoted to the field of fullerene biomedical applications,
including attaching amino acides and peptides to the fullerene for the applications in the
neural diseases,''? binding DNA to the fullerene for the use of breaking DNA,'"® and

immobilizing carbohydrate onto the fullerene for photodynamic therapy'"

. Nowadays
research with regard to the field of fullerene-biomolecule is still active, and more
applications of fullerene also needs to develop.
1.3.2 One Dimensional Carbon Nanomaterials

Carbon nanotubes (CNTs) are important one dimensional nanomaterials which have a
cylindrical nanostructure.''> The CNTs length to diameter ratio could be up to 108."'° In
1991, Tijima reported a similar method to producing fullerene to prepare CNTs."'” The
CNTs were obtained on the negative carbon electrode via arc-discharge method. In
addition, different synthesis strategies have been developed to construct the CNTs, such

9

as laser ablation,'"® and chemical vapor deposition''”. The needle shaped carbon
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nanomaterial shows excellent properties like fullerene, and have been investigated by

numerous researchers for the valuable applications in the field of nano-biotechnology.
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Figure 1.7 a) Differential pulse voltammetry (DPV) was suppressed after the phosphorylation of

Tyrosine (Tyr) in the peptide residue b) The oxidation current signal was recorded in the presence of

kinase inhibitor which is able to prevent the phosphorylation of Tyr in the peptide residue.'®’

In 1974, individual molecules were introduced into electronic devices for the first

121 122 Qince then molecular electronics attracted much attention, due to the high

time.
sensitivity, fast response, and low detection limits.'** Carbon nanotubes are capable of
decreasing over-potential and improving sensitivity when incorporated into electronics.
Variable CNT-based devices have been fabricated to detect biomolecules, such as
proteins, DNA, and others.'** In CNT-based field effect transistor (FET), the CNT which
can provide faster electron transfer kinetics plays a role of channel, and the charge of

biomolecules like protein bind to the device followed by serving the gate for the current

flow.'* In 2007, Kerman et al.'*® studied the effect of protein tyrosine kinases (PTKs) on
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the phosphorylation of the tyrosine (Tyr) residue of the protein (Figure 1.7). A multi-
walled carbon nanotube was coated to the electrode to improve the detecting sensitivity.
A small molecule, 4-amino-5-(4-chlorophenyl)-7-(tert-butyl)pyrazolo[3,4-d]pyrimidine,
was used for the phosphorylation inhibition process. That the phosphorylation could
prevent phosphorylated Tyr oxidizing at approximately 0.65V was concluded. It was
concluded that phosphorylation could prevent phosphorylated Tyr oxidizing at
approximately 0.65 V. The research is important for the pharmaceutical development,
since PTKs is related to cancer. Another CNT-based FET was built by Wang and
Musameh.'*® The results confirmed the CNT could accelerate the electron transfer
kinetics. The CNT modified electrode showed high sensitivity and stability to insulin
sensing by amperometric measurements.

More interestingly, CNTs could be internalized by the cell via tip recognition and
rotation according to the report by Shi ef al.."*” With the aid of computer based model
and experiments, they found that the receptor on the cell membrane could bind to the tip
of CNT. In such a way, the CNT is capable of entering the cell, and providing a new
approach to send the cargo attached to the CNT into the cell for therapeutic applications.
CNT can also be used in energy storage. Lee and Lee'*® studied the potential of CNTs in
hydrogen storage through density-functional calculations. Two different sites for H,
chemisorption were found inside the empty space of CNT. The storage capacity of over
14 wt% (160 kg Hz/m3) were predicted in the paper. However, the experimental reports
with regard to the CNT-hydrogen storage can not achieve such a high level.'”” Chen et
al."* utilized the aligned CNT for hydrogen adsorption study at room temperature under

10 atm pressure. The capacity of storage could only get 5-7 wt%, which is much smaller
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than the computational study, but the pretreatment by heating samples to 300 °C could
increase storage capacity up to 13 wt%.
1.3.3 Two Dimensional Carbon Nanomaterials

Graphene is an atomically thin and two dimensional carbon nanomaterials. Since its
first experimental discovery in 2004, graphene has gained lots of popularity in
biological systems and applications of therapeutic properties due to its unique structure,
such as extremely large surface area on both sides and one atomic thickness. To improve
the sensitivity of biosensing system, graphene has been widely used to fabricate more
efficient nanodevices. As a novel semiconductor, graphene shows extraordinary
properties comparing to conventional industrial materials, such as silicon. For example,
there exists many electron collisions when current flow flows through silicon, which
limits its wider applications. Not only its fantastic electronic properties, graphene is an
outstanding conductor of heat, and also the world’s thinnest and strongest material.
However, unlike other semiconductor materials, there is no band gap between conduction
and valency band in graphene, bringing up problems for fabricating nano electronic
devices. For graphene based transistors, once the device is turned on, it is hard to be
switched off. To overcome such obstacles, many groups are trying to modify the

graphene to open up the band gap in graphene, thereby improving the sensitivity of the
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nano bioelectronics. Covalently ~ and non-covalently ™~ bonded strategies are generally
adopted to solve the problem. Recently, Mann ez al.'** developed a method to modify the
graphene via the aromatic moieties by non-covalent strategy. The approach studied in this
paper can provide promising applications in the field of sensing and biosensing.

Graphene oxide (GO) is a derivative carbon material of graphene. It contains carboxyl



34

groups at the edges, hydroxyl and epoxide groups mainly at the basal plane, and some
carbon sp” domains. Such different oxygen containing groups provide more active
reacting sites to link the molecule to the surface via covalent or non-covalent bound

strategies. In 2009, Lu et al.'*

immobilized dye labeled ssDNA onto the GO via the ionic
interaction (Figure 1.8). Since the small distance between the probe DNA and GO, the
conjugated organic dye was quenched after deposition. The restoration of dye

fluorescence proved the detection of target DNA, which is due to its interaction with the

released DNA from the GO.

Graphene Oxide Graphene Oxid

SN\ =ssDNA Iii)
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Graphene Oxide

Figure 1.8 i) Fluorophore attached DNA was absorbed onto graphene oxide, and its fluorescence was

quenched because of Forster resonance energy transfer (FRET). ii) Specific sequence ssDNA was

added to the surface, which leads to the fluorescence restoration.'™?

To understand the roles of GO in interacting with biomolecules, Li ez al."** studied
the effect of GO as a quencher on the fluorescent assay of amino acids, peptides, and
proteins. The work started with the fluorescence quenching of L-Tyrosin (Tyr) and L-

tryptophan (Trp) by GO. That the hydrophobic interaction and electrostatic interaction
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between amino acids and GO could contribute to the quenching effect was concluded in
the study. Also the quenching mechanism was discussed, and it was attributed mainly to
the static quenching. To test the fluorescence quenching of peptides and proteins by GO,
amyloid B-protein 40 (AP 40), human islet amyloid polypeptide (hIAPP) and bovine
serum albumin (BSA), human serum albumin (HSA) were selected separately for the
investigation. The work deeply addressed the interaction between GO and biomolecules,
and is important before applying GO to actual applications. GO can also be used for the
selectivity and sensitivity enhancement. Followed by this study, the influence of GO on
the determination of Trp was studied."’’ Different parameters including pH, temperature,
incubation time, and chemical reagents were screened to optimize the conditions. By
oxidizing the products from reaction of formaldehyde and Trp with the hydrogen
peroxide, the selectivity and sensitivity were enhanced in the presence of GO.

One important issue when applying GO to biosensing system is that the selective
detection of a specific protein from a biological fluid which contains various proteins. To
examine the interaction between lysozyme, which exist abundantly in body fluid, and GO
for biosensing, Li ef al.'*® demonstrated the strong and selective adsorption of lysozyme
on GO. The strong quenching effect of GO on lysozyme confirmed the lysozyme and GO
interaction, and this interaction was further characterized by zeta potential, dynamic light
scattering (DLS), and AFM. The nature of the interaction was determined to be
electrostatic interaction. After lysozyme adsorpted onto GO, that adding pH 11.5 NaOH

and precipitating it with CaCl, could release lysozyme from the GO surface. What” s

more, their strong interactions made lysozyme from binary and ternary protein mixtures

adsorpt onto GO as well. This study well addressed the fundamental problem, selective
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detection of abundant proteins, for the further development of GO based diagnostics
approach.

Besides peptides and proteins, the interaction between GO different lipid models were
also investigated by Li ef al.."”” To understand how the GO acts in the interaction with
lipids, the Langmuir monolayer was used, and five different lipids with the same alkyl
chain but different head groups were selected. The results showed that it is electrostatic
interaction that governed the lipids and GO interaction. An “edge-in” orientation of GO
was proposed for inserting GO into lipids.

The interactions between biomolecules and carbon nanomaterials offer an excellent
chance for the chemists and material scientists to dig into the field of nanobiotechnology.
A myriad of new discoveries in terms of carbon nanomaterials with biomolecules have
been made in the past decades. From the views of different forms of carbon nanomaterial,
recent developments and practical biomedicine applications were briefly summarized.
Not only fibrillation inhibition function of carbon quantum dots, also bioimaging ability
of these nano sized carbon dots shows great potential in practical applications. Fullerene,
another style of zero dimensional carbon nanomaterial, conjugated with other
biomolecules also attracts much attention due to the special properties. The one
dimensional nanomaterial carbon nanotube (CNT) is usually employed for the biosensing
system. The high sensitivity from CNT based nanobioelectronics gains its highly
popularity. Graphene was recently discovered, but graphene itself and its derivate such as
graphene oxide have been the hot topic in the area of biotechnology. Research regarding
to the interactions between these graphene based materials and biomolecules harvested

much in the past decades. Although the carbon in its nano scale shows unique properties,



37

challenges including biocompatibility and cost efficiency, coexist with opportunities.

More and more new sightings still need to be discovered.



Chapter 2 A Resorcinarene for Inhibition of AP Fibrillation
2.1 Background

Alzheimer’s disease (AD), the most common form of dementia, causes progressive
memory loss, behavior, and thinking problems."*® *° It has become a major threat for
human beings around the globe. Approximately 24.3 million people suffer from AD in

139190 1 accordance with a recent report,'! the number of the AD

the world nowadays.
patients is expected to increase up to 81.1 million by 2040. Over the past 30 years, the
etiology of the disease has been attributed to the accumulation of the extracellular
plaques, which are mainly composed of amyloid-f peptides (AB), and intracellular
tangles formed by tau proteins.” '** Much scientific research'**"'*’ has proven that
sequentially cleavage of amyloid precursor protein (APP) by BACEI and B- and y-
secretases can produce AP monomer, and the aggregation of A monomer into amyloid
fibrils is strongly associated with AD.'* In other words, AP plays a central role in the
pathogenesis of AD. Both AP 42 and AP 40 are primary isoforms of AP, where A 42 is
considered as the most toxic form,'” and AP 40 is the most abundant form."”® The
development of therapeutic agents targeting upstream secretases had been
unsuccessful.””! Thus the development of an inhibitor for early stage A fibrillation could
be a promising treatment of AD.'>

The major AP contains 40 or 42 amino acids with residues from 18 to 42 forming two

parallel P sheets."” Significant efforts and progress have gone into developing new

amyloid fibrillation inhibitors. AP fibrillation inhibitors are mainly designed in two

154-158 145, 159-162

different ways: peptides or peptide mimetics and organic compounds.

However, the challenge to design small molecules for AP fibrillation is because protein-

38
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protein interaction regions, approximately 20 nm? are larger than the protein-small
molecule interaction regions which are around 3-10 nm”.'® Most small molecules,
therefore, cannot afford adequate steric hindrance to prevent the aggregation.
Supramolecular strategy to block the aggregation process exhibits another option for
potent AD therapies. Lee et al. have demonstrated such a strategy by using
cucurbit[7]uril (CB[7]).164 However, the efficiency of the designed inhibitor is low. More
inhibitors — the reported lowest effective concentration ratio of the inhibitor to AP 42 is
approximately 100 — to prevent amyloid fibrillation are needed (Table 2.1). In addition to
less powerful performance on blocking AP aggregation, the cytotoxicity of AB 42 fibrils
cannot be delayed or inhibited by most other designed inhibitors (Table 2.1). It is, thus, in
dire need to develop inhibitors with sufficient potency to delay the onset of A
fibrillation and cytotoxicity of A} 42.

The utility of resorcinarene has expanded greatly in the field of supramolecular

chemistry and biochemistry.'®""’

Not only the semi-rigid structure and the m-electron
rich cavity, but also the hydrogen bonding sites of the molecule, provide an excellent
platform for the host-guest complexation." '® These compounds can be functionalized in
diverse manners for different applications, such as recognition of amino acids as well as
delivery tool in pharmacology.'® """ Inspired by such vital applications in host-guest
chemistry, we turned to the functionalized resorcinarene as a potential strategy towards
the inhibition of AP amyloid fibrillation for the first time. Figure 2.1 shows the AP
fibrillation pathway, where the partial denaturation of the peptide monomer initiates the

fibrillation route. The denatured monomers self-assemble into oligomers and in turn form

fibrils via protofibril formation. In a set of sequential events, resorcinarene is expected to
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interact with AP in a way that increases the steric hindrance for fibril aggregation and
abolishes the AP fibrillation process which may delay the toxic AP 42 as well. Herein, we
studied such a hypothesis by experimental method, including thioflavin T (ThT) binding
assay, circular dichroism spectroscopy (CD), atomic force microscopy (AFM), and
cytotoxicity assay, as well as theoretical approach using docking calculations and MD
simulations. These results demonstrate a great potential application of resorcinarene in
retarding AP fibrillation, and propose a new possibility for further optimization of the
inhibitor design. In particular, resorcinarene as a delivery system with recognition and
encapsulation properties will emerge as a promising agent for therapies of Alzheimer’s

disease.

Table 2.1 The comparison of different inhibitor towards blocking Amyloid B-protein aggregation

A La b | A La b Cyto
Molecule 40[21 Timge tu 42[z Timge tz toxi};ityc
Ours 0.1 | ~240 | ~480 | 0.1 | ~360 | ~1200 Yes
Supra | Cucurbitl7] 1 45 1 150 | 50| 10| <60 | ~100 | Yes
molecule uril 0
CLRO1'* - - - 1 - - -
Peptide LK7117527 - - - 05| <60 | 360 Yes
NV - - - 1 - - Yes
DC-AB1'" - - - 200 - - -
Small Catechol
molecule derivative'™ ) ) i I ) ) )
Tanshinones'®! - - - 1 - - -
Aromatic
Metal co-ligands'” 0.1 ) i ) ) ) )
Chelator HL3 and
HL4'® 6| - - ) ) )

* The smallest reported effective molar ratio of inhibitor to Amyloid B-protein.

® The time (min) required to reach half the maximum fluorescence intensity at the reported ratio of
inhibitor to Amyloid B-protein.

¢ Whether the inhibitor can reduce Amyloid B-protein cytotoxicity.
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Figure 2.1 A schematic overview in vitro study of AP fibrillation, which includes the conformational

transition from monomer to partially folded intermediate or oligomer to mature fibrils.

Figure 2.2 The structure of resorcinarene

2.2 Experimental Section
2.2.1 Materials

All solvents were purchased from commercial suppliers and used without further
purification. Amyloid B-protein 40 (purity 95.77%) and 42 (purity 95.19%) were

purchased from ChinaPeptides. All other reagents and starting materials were purchased
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from Aldrich or VWR and used without further purification unless otherwise noted.
Solutions were prepared from nanopure water purified from Milli-Q plus system
(Millipore Co.), with a resistivity over 18 MQ cm”. Compound 1 were prepared
according to our previously published literature procedures.'”” Deuterated solvents were
purchased from Cambridge Isotope Laboratories Inc. and used as received. ThT
fluorescence was measured by a fluorescence spectrophotometer (LS-55, Perkin Elmer)
at 25 °C with a slit width of 5 nm for both excitation and emission. Far-UV CD
spectroscopy was measured on JASCO J-810. Atomic force microscopy was used by
tapping mode with cantilever having a resonance frequency of ~170 kHz and typical
force constant of 7.5 N/m.
2.2.2 Methods and Characterization
Synthesis of resorcinarene

The resorcinarene was prepared according to our previous published literature
procedures.175 All characterizations, including NMR, mass-spec, and X-ray
crystallography, are consistent with previous reported results. Briefly, the resorcinarene
precurser was added to a solution which contained formaldehyde, sodium sulfide, and
water, and stirred for 4 h at 90-95 °C. The mixture was cooled down to room temperature,
and neutralized with hydrochloric acid. Acetonitrile was added to precipitate sulfonated
resorcinarene. Finally, the resulting product 1 (Figure 2.2) was recrystallized and washed

in the same solvent acetonitrile.
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Figure 2.3 a) Kinetics of 10 uM of AP 42 and AP 40 fibrillation: fluorescence intensity of Thioflavin
T (ThT) at 485 nm as a function of incubation time at 37 °C in 25 mM PBS, pH 7.4 with the ratio of
AP to 1 at 1:0, 1:0.1, 1:1, and 1:5, respectively. The final concentration was a 2-fold dilution with 20
pM ThT. Normalized ThT fluorescence intensity of incubated c) Ap 42 and d) AP 40 at 485 nm
against incubation time: no seeds added (red), preformed seeds added (blue). Preformed seeds were
collected after different hours incubation (2 h for A 42 and 0.17 h for A 40) of freshly made 10 uM
AP 42 and AP 40 solution. After gel filtration by running through Phenogel™ 5 um 10E4A column,
the collected solution was lyophilized. Then the resulting products were added to AP 42 and Ap 40 to
prepare 0.3 uM seeds solution. Fluorescence spectra of €) 0.15 mM 1 alone and f) 0.15 mM 1 with 20
uM Thioflavin T (ThT) as a function of incubation time at 37 °C in 25 mM PBS, pH 7.4. The emission
was monitored at 480 nm with the excitation at 440 nm. The ThT fluorescence was obtained for three

repeats of each sample. The error bars indicate the standard error of the mean.
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Thioflavin T (ThT) Fluorescence Assay

The kinetics of AP 42 and AP 40 fibrillation can be characterized by the fluorescence
increase of fibril-specific dye of Thioflavin T (ThT). To accomplish this, different
concentrations of resorcinarene, including the ratio of peptides to the resorcinarene at 1:0,
1:0.1, 1:1, and 1:5, were prepared for examination. At first, AR 42 and AP 40 were
dissolved in 1,1,1,3,3,3-hexafluoroisopropanol to stabilize the a-helix structure of the
peptides. After evacuating the solvent, the solution was filtered through a 0.2 pum
membrane to remove the pre-fibrils. Different concentrations of resorcinarene were
added to 10 uM AP in 25 mM PBS buffer solution (pH 7.4), respectively. Thereafter, the
mixture were incubated at 37 °C, and aliquots of incubation solutions at different time
points were collected and then diluted two times into ThT solution (25 pM ThT in 25
mM PBS buffer, pH 7.6). ThT fluorescence was measured by a fluorescence
spectrophotometer (LS-55, Perkin Elmer) at 25 °C with a slit width of 5 nm for both
excitation and emission. ThT emission was monitored at 480 nm with the excitation at
440 nm.
Circular Dichroism (CD) Spectroscopy

To gain insights into the effects of resorcinarene on the conformational transition of
AP, far-UV CD spectroscopy (JASCO J-810) were utilized to monitor the secondary
structure of AP over time.'’® Similar to the fluorescence characterization, aliquots of
incubation solutions described above were collected for CD spectra as well. The spectra
was recorded between 190 and 260 nm at room temperature by a 2 mm optical path

length quartz cell.
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Figure 2.4 Far-UV circular dichroism spectra of a) 10 pM AP 42 alone at 0, 12, 48, 72 h, b) 10 uM
AP 42 incubated with 10 uM 1 at 0, 24, 48, 96 h. ¢) 10 uM AP 40 alone at 0, 2, 4 h, and d) 10 uM AR

40 incubated with 10 uM 1 at 0, 4, 24 h, in 25 mM pH = 7.4 PBS.

Atomic Force Microscopy (AFM)

AFM images of samples withdrawn at different incubation times can be studied to
directly observe and monitor the formation of fibrils. Tapping mode was used to observe
morphologies during the fibrillation process. The cantilever has a resonance frequency of
approximately 170 kHz with typical force constant of 7.5 N/m. To scan the AFM images,
aliquots of samples withdrawn at different incubation times were diluted with pure water,

drop-coated on a freshly cleaved mica surface, and allowed to dry for at least 1 h.
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Figure 2.5 AFM images (size: 2.5 X 2.5 pm) of 10 pM AP 42 incubated with a) 0 uM, b) 1 pM, and d)
10 uM 1, respectively, and 10 uM AP 40 incubated with ) 0 uM and f) 10 uM 1, respectively, at 37

°Cin 25 mM PBS, pH 7.4.

Cytotoxicity Assay
Toxicity tests were performed in a new 24-well cell culture plate. In each well, health
fertilized eggs were incubated in 2 ml control sea water or 2 ml dilution of 1 in sea water.

For the 1 cytotoxicity test, the plate with fertilized eggs (Strongylecentrotus purpuratus
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sea urchins) was incubated at 15 °C for 48 hours until they reach prism stage embryos.
AP 42 fibrils and different A 42 - 1 complex were collected from incubated solutions.
The plate with fertilized egg (Lytechinus variegatus sea urchins) to test the inhibiting
effect of 1 on AP 42 toxic species were performed at room temperature for 24 hours until
they reach prism stage embryos. 100 of embryos are examined and rate of embryo with
normal development was calculated. Each experiment was repeated with similar results.

The error bars indicate the standard error of the mean.
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Figure 2.6 a) Cytotoxicity test of resorcinarene to seaurchin embryos. b) The inhibitory effect of
resorcinarene on the cytotoxicity of AP 42 fibrils at different molar ratios of AP 42 to resorcinarene. c)

Percentage of non-mobile embryos at different molar ratios of AP 42 to resorcinarene.

SDS Polyacrylamide Gel Electrophoresis

After incubating 48 h, SDS-PAGE of A - resorcinarene complex, including pure A
40 and 42, AP 40 and 42 with 10 uM resorcinarene, and pure AP 40 and 42 mixed with
10 uM resorcinarene was performed. The component of 18 % SDS-PAGE gel contains: 1)
5 mL 18 % resolving gel which is made up of 0.6 ml H,O, 3 ml 30% acrylamide mix, 1.3
ml 1.5 M Tris-HCI (PH 8.8), 50 ul 10% SDS, 50 ul 10% ammonium persulfate, 4 pl

TEMED, and 2) 1 ml 5% stacking gel which consist of 0.68 ml H,O, 0.17 ml 30%
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acrylamide mix, 0.13 ml 1.0 M Tris-HCI (PH 6.8), 10 ul 10% SDS, 10 ul 10%
ammonium persulfate, 1 pl TEMED. Each protein sample was prepared by dissolving
100 ng of pure protein in Laemmli sample buffer (Laemmli 1970) and boiling for 5
minutes before running on an 18% SDS-PAGE gel. After electrophoresis, the gel was
fixed in fixing solution (30% ethanol, 10% acetic acid) for 45 minutes and then processed
for silver staining using Pierce” Silver Stain for Mass Spectrometry kit (Thermo Fisher
Scientific, Waltham, MA). Picture of gel was taken by using Epson Perfection V370

Photo scanner.

2 3 4 5 6
Molecular
Weight
©
(7]
©
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3
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-

Figure 2.7 SDS-PAGE of AP and AP - resorcinarene complex. Each number represents 1) AP 42 at
incubation time 48 h, 2) solution of 1) mixed with 10 uM resorcinarene, 3) AB 42 - 10 uM
resorcinarene complex at incubation time 0, 4) A 40 at incubation time 48 h, 5) solution of 4) mixed

with 10 uM resorcinarene, 6) AP 40 - 10 uM resorcinarene complex at incubation time 0.

Ligand Docking and Molecular Dynamics Simulations
Possible binding modes of the resorcinarene to AP 42 amyloid fibrils were simulated

using Potential Energy Landscape Explorer web-server (PELE:
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http://pele.bsc.es/pele.wt).!”” We hypothesized that the resorcinarene can bind to the ends
of the filament and delay the amyloid fiber growth by interfering the monomer addition.
Accordingly, two most populated conformations from the PELE simulations with the
ligand bound on the top or the bottom of the filament were selected for the initial
configurations of the subsequent molecular dynamics simulations. Molecular dynamics
(MD) simulations of the ligand bound amyloid fibrils were carried out using Amber14
software.'” The molecular mechanics parameters of the resorcinarene was prepared
using the Generalized Amber Force Fields (GAFF).'” Atomic partial charges of the
ligand were computed using the AM1-BCC charge model embedded in the antechamber
program (Table 2.2). The amyloid filament was modeled using the AmberFF14SB force
fields."®™ The MD simulations were initiated from the two most populated structures
found from the PELE simulations. Each initial structure was solvated in an octahedral
box filled with TIP3P water molecules, where the solute molecule has 11 A margin from
the solvation boundary. Counter ions were added to guarantee the charge neutrality. Each
solvated system was equilibrated at 300 K for 6 ns, while keeping positions of all carbon
atoms at initial values. 100 ns production runs were followed, while restraining alpha
carbons of the filament at initial positions using weak harmonic potentials (spring
constant was 0.1 kcal/mol/A?).
Details of the PELE simulations

Detailed molecular structure of the amyloid filament (PDB Code: 2BEG) was
retrieved from Protein Data Bank (PDB). The amyloid fibril structure consists of five

chains of AP protein, spanning from Leul7 to Ala42. Using the amyloid fibril and a
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resorcinarene, 40 PELE simulations were repeated to produce > 24,000 ligand bound

conformations.

Table 2.2 Optimized coordinates and atomic partial charges of resorcinarene that are used for MD

simulations

Atom X Y Z. | AM1-BCC Partial Charge
Cl 0.305 | -3.151 | 0.263 -0.1463
C2 1.728 | -3.096 | 0.784 0.04915
C3 2.52 | -1.954 | 0.181 -0.1463
HI 2.23 [ -4.063 | 0.489 0.0822
C4 -0.047 -4.1 [ -0.724 0.156975
C5 -0.701 | -2.333 | 0.787 -0.0675
Cé -1.368 | -4.237 | -1.203 -0.10905
C7 -2.345 | -3.414 | -0.604 0.156975
C8 -2.038 | -2.475 | 0.401 -0.1463
C9 -3.152 | -1.693 | 1.056 0.04915
Cl10 |-3.237|-0.289 | 0.493 -0.1463
H2 -4.135| -2.21 | 0.798 0.0822
H3 -0.441 | -1.576 | 1.541 0.12275
Cll | -4.197 | -0.004 | -0.505 0.156975
Cl12 | -4373| 1.294| -1.03 -0.10905
Cl13 |-2425] 0.747 | 0.96 -0.0675
Cl4 | -3.557| 2.31[-0485 0.156975
Cl15 |-2.587| 2.06]| 0.506 -0.1463
H4 -1.654 | 0.531 | 1.713 0.12275
Clé6 | -1.774 | 3.207 | 1.062 0.04915
Cl17 |-0415] 3.263 | 0.392 -0.1463
HS5 -2.314 | 4.175 0.8 0.0822
C18 3.532 | -2.219 | -0.765 0.156975
C19 4.399 | -1.221 | -1.259 -0.10905
C20 4.173 | 0.092 | -0.803 0.156975
C21 3.179 | 0.401 | 0.151 -0.1463
C22 2.352 | -0.63 | 0.606 -0.0675
Hé6 1.561 | -0.397 | 1.333 0.12275
C23 3.115| 1.803 | 0.723 0.04915
C24 1.919 | 2.573 | 0.215 -0.1463
H7 4.046 | 2.351 | 0.364 0.0822
C25 2.084 | 3.482 | -0.851 0.156975
C26 1.047 | 4.332 | -1.294 -0.10905




C27 0.655 | 2.464 | 0.804 -0.0675
H8 0.503 1.74 | 1.618 0.12275
C28 |-0.203 | 4.176 | -0.665 0.156975
Ol 0.981 | -4.884 | -1.172 -0.5311
H9 0.664 | -5.721 | -1.71 0.457125
02 -3.629 | -3.596 | -1.068 -0.5311
HIO | -4.296 | -2.989 | -0.571 0.457125
03 -4.94 | -1.077 | -0.912 -0.5311
HI1 |-5.799 | -0.818 | -1.447 0.457125
04 -3.778 | 3.568 | -0.996 -0.5311
HI12 |-3.167 | 4.267 | -0.553 0.457125
C29 | -1.744 | -5.171 | -2.296 -0.24705
S1 -1.708 | -6.823 | -1.75 1.4213
HI3 | -1.087 | -5.012 | -3.194 0.085825
H14 |-2.743 |-4.893 | -2.73 0.085825
(ON) -2.554 | -6.996 | -0.523 -0.752533
06 -2.171 | -7.747 | -2.83 -0.752533
o7 -0.257 | -7.118 | -1.396 -0.752533
08 494 | 1.157 | -1.214 -0.5311
HI15 5513 0.941 | -2.02 0.457125
09 3.663 | -3.535 | -1.154 -0.5311
Hl6 4313 | -3.644 | -1.923 0.457125
010 3.273 | 3.607 | -1.531 -0.5311
HI17 3.982 | 2.951|-1.178 0.457125
Ol1 |-1.301 | 4.929 | -1.006 -0.5311
HI8 | -1.177| 545 ]-1.863 0.457125
C30 -5.33 | 1.605 | -2.123 -0.24705
S2 -6.975 | 1.524 | -1.563 1.4213
HI9 |-5.154| 0.929 | -3.003 0.085825
H20 |-5.092 | 2.601 | -2.588 0.085825
O12 | -7919 | 1.946 | -2.643 -0.752533
013 | -7.165| 2.383 | -0.347 -0.752533
O14 |-7.221| 0.071 | -1.184 -0.752533
C31 |-3.047 | -1.668 | 2.581 0.0202
S3 -3.187 | -3.321 | 3.316 -0.37845
H21 |-3.816|-0.997 | 3.013 0.067575
H22 | -2.068 | -1.265 | 2.929 0.067575
C32 | -4.776 | -3.943 | 2.741 -0.0235
H23 | -4.774 | -4.184 1.67 0.069033
H24 |-5.001 | -4.871 | 3.288 0.069033
H25 |-5.599 |-3.243 | 2.927 0.069033
C33 5.519 | -1.552 | -2.175 -0.24705
S4 6.954 | -1.964 | -1.262 1.4213

51
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H26 5.231 | -2.366 | -2.897 0.085825
H27 5.704 | -0.722 | -2.91 0.085825
Ol15 6.66 | -3.173 | -0.41 -0.752533
Ol6 8.084 | -2.268 | -2.198 -0.752533
017 7.321 | -0.813 | -0.366 -0.752533
C34 1.74 | -3.031 | 2.315 0.0202
S5 3.465 | -3.056 | 2.895 -0.37845
H28 1.161 | -3.866 | 2.754 0.067575
H29 1.267 | -2.102 | 2.699 0.067575
C35 3.578 | -4.608 | 3.805 -0.0235
H30 3.405 | -5.483 | 3.168 0.069033
H31 2.876 | -4.657 | 4.646 0.069033
H32 4.594 | -4.692 | 4.221 0.069033
C36 1.28 | 5.334 | -2.364 -0.24705
S6 1.811 | 6.859 | -1.695 1.4213
H33 0.378 | 5.452 | -3.021 0.085825
H34 2.018 | 494 |-3.114 0.085825
Ol18 0.764 | 7.38]-0.745 -0.752533
019 2.029 | 7.834 | -2.813 -0.752533
020 3.093 | 6.664 | -0.927 -0.752533
C37 | -1.638 | 3.168 | 2.584 0.0202
S7 -3.239 | 3.324 | 3.424 -0.37845
H35 [-0.948 | 3.962 | 2.932 0.067575
H36 | -1.199 | 2.211 | 2.944 0.067575
C38 | -3.897 4.9 | 2.855 -0.0235
H37 |-4.801 | 5.127| 3.44 0.069033
H38 | -4.185| 4.884 | 1.796 0.069033
H39 |-3.195] 5.731 | 2.999 0.069033
C39 3.180 | 1.744 | 2.25 0.0202
S8 3.502 | 3.372 | 2.989 -0.37845
H40 3.971 | 1.027 | 2.573 0.067575
H41 2.241 | 1376 | 2.703 0.067575
C40 513 | 3.833 | 237 -0.0235
H42 5446 | 4.751 | 2.889 0.069033
H43 5.889 | 3.066 | 2.563 0.069033
H44 5.13 ] 4.042 | 1.293 0.069033

Once the PELE simulations were finished, we analyzed the conformations of the Af
42 fibril bound to resorcinarene. First, we analyzed the center-of-mass (CM) position of

the bound resorcinarene on top or the bottom of the filament. We considered 1 A’ bins
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near the ends of the fibril. For each bin, the total number of occurrences that the CM of
resorcinarene were bound was counted. The most populated spatial bins on the top and
the bottom of the fibril were chosen and the corresponding conformations were used as
the initial configurations of the molecular dynamics (MD) simulations.
Analysis of solvent accessible surface area (SASA) and trans-rotational entropy

We used VMD software for the computations of solvent accessible areas of the

resorcinarene bound complex (SASA;py;), the amyloid fibril (SASA,.,¢) and the ligand

(SASA;;4). The buried solvent accessible surface area is defined:
ASASA = SASA mpr — (SASApyor + SASAy,).

From the MD trajectories of the complex, we separated the amyloid fibril and the
ligand to compute corresponding SASA values. The probe radius of the SASA value was

1.6 A.

The translational and the rotational entropies are defined11:

kg 2mm
Strans = 7 [5 +3 10g<[3h2 ) - 210g(p)]
kg 8m?
Srotation = 7 3+ log(T[IAIBIC) +3 10g ? - Zlog(a)

where m is the mass of molecule, 7 is temperature, f = kpT is the Boltzmann constant, h
is Planck constant, p is the number density (in units of mole), ¢ is the symmetry factor of
the molecule, and /4 p ¢ are three rotational moments of inertia. The rotational moments of
inertia were averaged over the last 20 ns of MD simulations, using VMD software. The

entropic contribution of free energy (-TS) is computed at 300 K.
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Figure 2.8 Predicted interactions of the resorcinearene and the AP 42 amyloid filament. Two of the
relatively stable interactions patterns are predicted using the PELE and the MD simulations: (a) and
(b). The last snapshots from the MD simulations are illustrated. Root-mean-squared deviations from
the initial docked structure (blue), the last configuration of the MD simulation (red), and the buried

surface area of the ligand-protein interface ( ) of each are plotted on bottom.

Figure 2.9 The top and the bottom of the A 42 fibril (PDB Code: 2BEG).

2.3 Results and Discussions
2.3.1 Inhibitory Effect of Resorcinarene on AP Fibrillation.

The cationic benzothiazole dye, thioflavin T (ThT), is well known for its specific
staining of amyloid fibrils, which enhances emission fluorescence. Figure 2.3 shows the
aggregation kinetics of AP fibril formation at different concentrations of 1 by the time

dependent ThT fluorescence assay. When incubating 10 pM AP 42 alone, the ThT
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fluorescent profile presented a lag phase within 3 h, a slow elongation, and a saturated
phase after 3 days, while AP 40 displayed a similar but faster fibrillation process with an
almost negligible lag phase which maintained less than 1 h, an elongation phase within 3
h, and a saturated phase after 4 h. To evaluate the inhibition activity of 1 against AP
fibrillation, AP were present with different concentrations of 1 at the ratio of the
resorcinarene to peptides of 0.1, 1, and 5, respectively. At a AP 42/1 ratio of 0.1,
suppression of AP 42 aggregation was observed, where the elongation phase did not start
until incubating for 12 h, in contrast to 3 h for Ap 42 alone to enter into the same phase.
Adding more 1, the fluorescent intensity decreased by over 50 % at the plateau. At AP
42/1 ratio of 5, almost no fibrils were observed as evidenced by the nearly flat curve
comparing to others. Overall, ThT profiles demonstrated that 1 inhibited AP 42
fibrillation in a dose dependent manner. 1 displayed a similar but more effectively
inhibition on A 40. 1 began to exhibit inhibition effect at AP 40/1 ratio of 0.1. When the
AP 40/1 ratio increased up to 1, the lag phase period extended to approximately 4 h. If the
concentration of 1 was further increased, 1 showed a stronger effect of fibrillation
inhibition, which retained active for 5 days. As control experiments, resorcinarene was
incubated alone at 37 °C for 24 h, and the fluorescence spectra of not only resorcinarene
(Figure 2.3e), also resorcinarene with 20 uM ThT (Figure 2.3f) showed no disturb
towards ThT assay tests above. To note, it is surprising to observe that Af 40 aggregated
faster than AP 42. It may attribute to the protein purity since impure protein tends to
aggregate more slowly. However, in accordance with Table 2.1 and results above, 1
exhibited excellent potential for effectively inhibiting both AP 40 and A 42 fibrillation.

The other reason leading to the faster AP 40 aggregation might be that the prepared
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amyloid-p peptides may contain seeds which can accelerate the fibrillation process.'®!"'*?

To further confirm our hypothesis, we carried out additional series of measurements with
regard to the aggregation of kinetics of AP 40 and 42. Preformed fibrils (seeds) were
added to AP 40 and A 42 at the beginning of incubation, respectively. By recording ThT
assay of aggregation kinetics, the lag phase time of both amyloid-f peptides with
additional seeds was found to decrease comparing to that without added seeds. In other
words, both AP 40 and Ap 42 with additional seeds aggregate faster than those without
seeds.

The AP peptides are mainly random coil or a-helical in the native conformation and
undergoing a conversion to -strand during the fibril formation, which is consistence with
ThT assay examination. To attain a clear perception of the effect of 1 on the
conformational conversion of AP 42 and 40 upon aggregation, far-UV CD spectroscopy
was employed to monitor the secondary structure of the AP peptides over time (Figure
2.4). Aliquots of AP 42 and 40 in the absence and presence of inhibitor were collected for
CD spectra at different time, respectively. Even though peptides were incubated in PBS
buffer which has an influence on the CD spectra, the spectra obtained is still
distinguishable. As shown in Figure 2.4a, AP 42 alone at incubation time 0 has a negative
band at around 197 nm, indicating that the initial secondary structure of A 42 adopted a
random coil form. After incubating 12 hours, this peak diminished and shifted slightly to
approximately 200 nm, suggesting the conformational change of A 42. Upon peptides
aggregation for 48 hours, a negative valley appeared at 213 nm, which is assigned to 8
sheet of mature peptide fibril. When present with 10 uM 1, AP 42 showed a similar

structure transition with adopting mainly random coil conformations as evidenced from
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Figure 2.4b. However, AP 42 did not completely convert to B sheet conformation even
after incubating 96 hours comparing to the study of AP 42 in the absence of 1. That is, 1
can potentially delay the conformational transition of AP 42. In the case of AP 40, Figure
2.4c showed a mixture of random coil, B sheet, and B turn forms. Upon peptide
aggregation, bands shrink demonstrating conformational change severely where a
significant decrease in the negative absorption around 200 nm. The final content of f3
strand conformers at 4 h was much more than that of initial Ap 40. In the presence of 1 in
AP 40 solution, it displayed a similar random coil dominated conformations, but
undergoing no transition with 24 h incubation, suggesting a delay of fibrillation process
(Figure 2.4d). It can be concluded that the inhibitory effect of 1 on conformational
transition of AP aggregation from random coils to  strand.

To directly observe and monitor the formation of these AP 40 and 42 fibrils, AFM
images were obtained in the absence and presence of 1. The inhibition effect of 1 on AP
peptides fibrillation is consistent with the previous observations. As illustrated in Figure
2.5, AP 42 fibrils were apparent after 72 h incubation in the absence of 1, whereas when
present with 1, especially with higher concentration, no long fibrils showed up during the
incubation. AR 40 went through the fibrillation process with a higher rate, and fibrils
were observed clearly only after 24 h incubation (Figure 2.5), comparing to the fact that
no long fibrils but a few protofibrils were recognized when incubating with the inhibitor.
To further confirm the contents of the ThT endpoint samples, a pellet assay with an SDS-
PAGE gel was prepared. Figure 2.7 shows that fibrils from the solution without 1 are
much larger than that with 1, which again reveals that 1 can retard the aggregation of

both amyloid-f peptides.
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To note, all the tested AP and resorcinarene mixtures contained the same amount of
AP, and any increase in the fluorescent intensity from ThT assay profile may indicate
more fibrils were formed. It is interesting to observe that the final ThT intensity of
resorcinarene mixed AP solution decreased and stabilized much lower than that of AP
alone, meaning less fibrils were produced. The amyloid fibril formation is a multi-stage
process that depends on the formation of small oligomeric species.** '™ '*° With regard
to the inhibition effect, we speculate that resorcinarene interact with AP filament at early
stage. The bound resorcinarene impede inter oligomers association by steric hindrance
and delay the onset of fibril growth. The hypothesis is in accordance with CD and AFM
study where AP fibrils were apparent in the absence of resorcinarene while a few
oligomers were formed in the presence of the inhibitor.

2.3.2 Cytotoxicity test of resorcinarene to sea urchin embryos

The effective inhibition of AP fibril formation by 1 suggests the potential capability
of 1 for therapy of AD application. A series of cell viability tests were conducted to
evaluate the cytotoxicity of 1 in the cellulous environment in which sea urchin embryos
were selected as a model system due to its extremely sensitive to hazardous materials,
and have been widely used for static acute toxicity of many chemicals test.
Strongylecentrotus purpuratus sea urchins (Marinus Scientific, Long Beach, CA) were
utilized in this study to test the toxicity of 1, and adult animals with ripe gonads were
used to collect gametes. Fresh eggs were washed for 3 times with cold filtered artificial
sea water and mixed with sperm to examine fertilization rate. Only eggs with a
fertilization rate greater than 95% were used for the toxicity tests. Three biological

replicates using three individual male-female pairings were performed. Figure 2.6a shows
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90 % of embryos retain a normal morphology after 20 h of incubation with the presence
of 20 pg/ml 1, in which concentration already exhibited significant effect on inhibition of
AB fibrillation, indicating low cytotoxicity of 1 to cells. Unfortunately, since sea urchins
are extremely sensitive to invading materials, when the concentration of 1 increasing up
to 1000 uM, most of the cells failed to survive under the incubation environment. The
effective inhibition of AP 42 cytotoxicity by 1 can suggest potential utility for therapeutic
applications. A series of cell viability tests were performed to measure such effects
induced by 1. Pure AP 42 fibril reduced the viability of sea urchins cells (Lytechinus
variegatus) in normal forms to 0 %, whereas the AP 42 — 1 complex delayed the
formation of AP 42 toxic species, where the rate of normal embryos increased to 81%
with 50 uM 1 (Figure 2.6b). In addition to the normal form of sea urchin cells, there exist
some cells alive but unable to swim. In figure 2.6¢c, 92% of embryos are alive but in
abnormal forms when present with 10 uM pure A 42 fibrils. Applying more 1, the rate
decreased, which indicated the reducing toxicity of AP 42 fibrils induced by 1.
2.3.3 Resorcinarene Binds to the Top and the Bottom of the Ap42 Filament

The detailed interactions between the resorcinarene and the amyloid filament were
studied using molecular docking and molecular dynamics (MD) simulations. The MD
simulations were initiated with bound resorcinarene on the top or the bottom of the
amyloid fibril (Figure 2.9). The bound conformations were identified from the results of
the docking simulations using the PELE software. Figure 2.8 shows two of the binding
modes of the resorcinarene resulting from the 100 ns MD simulations. After 80 ns of MD
simulations, the root-mean-squared deviation (RMSD) of all heavy atoms of the bound

resorcinarene converged to < 3.0 A from the last configuration at 100 ns. Of note, the



60

RMSD to the initial docked conformation increased to > 4.0 A as MD simulation
progressed, that suggests a conformational relaxation took place during the course of MD
simulations. The solvent accessible surface area of the ligand-amyloid fiber complex was
always smaller than that of the isolated ligand and amyloid fiber. The finding indicates
the ligand is always in contact with the amyloid fibril. The averaged buried solvent
accessible surface area (ASASA) over the last 20 ns was -767 A? for the mode 1 and -845
A? for the mode 2. We also computed surface area dependent non-polar hydrophobic
energies using the formula proposed by Honig’s group: E_hphobic = yxASASA, where y
is 0.05 kcal/mol/ A*."* The computed non-polar hydrophobic energies averaged over the
last 30 ns MD simulations are -38 kcal/mol and -42 kcal/mol for the mode 1 and the
mode 2, respectively. The amount of the non-polar interaction energies are sufficient to
overcome translational-rotational entropic penalty that is +26 kcal/mol less favorable for
binding. We analyzed favorable interactions across the interface of the bound
resorcinarene and the amyloid fibril. In the first binding mode (Figure 2.8), thiomethyl
groups of the resorcinarene were in contact with methyl group of Ala21 in the amyloid
bilayer interface. Also a sp® carbon of resorcinol is in contact with the sidechain of Leu34
and Phel9. Likewise, in the second binding mode (Figure 2.8), thiomethyl groups make
non-polar contacts with Val36 and Leu34. A sp® carbon of resorcinol is in contact with
the sidechain of Phe19.
2.4 Summary

In summary, the effective inhibition of AP fibrillation by resorcinarene was
demonstrated in vitro by the ThT assay, the circular dichroism spectroscopy, and the

atomic force microscopy. Using the computational methods, including docking
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simulations and MD simulations, the binding of resorcinarene was shown to be mediated
by both the non-polar interactions and the sulfur mediated hydrogen bonds. The
advantages that could arise with resorcinarene that is significantly better than others at
AP fibrillation inhibition include: (1) lower concentration required to block AP
aggregation, (2) low toxicity to seaurchin embryo, which is extremely sensitive to
hazardous materials, and (3) the formation of AP toxic species can be delayed, which all
make our designed inhibitor a promising candidate for the treatment of Alzheimer’s
disease. To our knowledge, it is the first time for the application of resorcinarene on the
AP fibrillation. Thus, with the remarkable inhibitory function towards AP fibrillation and
its capability in encapsulation, resorcinarene presented in this work shows great potential
to be applied in pharmaceutical industry or other areas for the treatment of Alzheimer’s

disease.



Chapter 3 Biocompatible and Blood-Brain Barrier Permeable Carbon Dots for
Inhibition of AP Fibrillation and Toxicity, and BACE1 Activity

3.1 Background

Within biological systems, the information that directs hierarchical assembly is
ciphered in the Watson-Crick structure based DNA and RNA, respectively, to induce the
formation of elaborate nature materials.”” '*” Peptide or protein, whereby expressed by
these encoded genes, is the primary embodiment of biofunction, and the effective
organization of their nature assembly in response to environmental and structural changes
demonstrates certain corresponding cellular functions. However, misfolded peptide or
protein can result in the irreversible damage to the regular metabolism.'®® It has been
established for decades that highly ordered peptide or protein aggregates deposited in the
brain can cause most neurodegenerative diseases, such as Alzheimer’s, Parkinson’s, and
Huntington’s."** Of all these amyloidosis, Alzheimer’s disease (AD) is a leading cause of
death worldwide, where no current cure but therapy for delaying its onset is available."®

The precise mechanism of AD pathogenicity remains to be established, but one
considerable molecular etiology that underlies AD involves the aggregation of amyloid-f3
peptides (AP), AP 40 and 42.% '** Both peptides are produced from sequentially
proteolytic cleavage of amyloid precursor protein (APP) by B- and y-secretases.'™ The
resulting AP peptides can assemble into oligomers, also known as seeds, and induce other
peptides to follow this misfolded process to further promote the formation of AP fibrils in
an effective “catalytic” cycle."" ' To redirect this “inaccurate” encoded pathway, the
design of antiamyloiddogenic agents for AD involves inhibiting the energetically driven

assembly process of amyloid plaques by their binding towards AB monomer, oligomer, or
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filament. To this end, many of peptides,'™ organic compounds,'’ and conjugated
nanoparticles'”” have been examined towards developing novel amyloid inhibitors.
However, in addition to inhibiting AP fibril assembly, very few of these addressed other
challenges arise with AD treatments, which include the capability to: 1) target upstream

secretases, - or y-secretases,'”> to cut off AB fibrils generation resources, 2) reduce the

9 194

toxicity of AP 42 oligomer,'” and 3) penetrate blood-brain barrier (BBB),'™ where
capillary endothelial cells are tightly interconnected to protect the central nervous system,
for delivery to pathological tissues. Therefore, before the development of potential drug
for better AD treatment can be realized, there is a need for new antiamyloiddogenic agent
that can resolve these concerns.

Carbon dots (C-Dots) — whereby first discovered accidently during purification of
carbon nanotubes - recently have emerged as a benign zero-dimensional nanomaterial

with its unique optical properties and biocompatibility.'*> '*°

With either top-down or
bottom-up strategy, the prepared C-Dots exhibit promising applications in bioimaging,'”’
optronics,'”® drug delivery,'”” and biosensiong,'® respectively. Previously, we have
managed to utilize human transferrin (HT) to deliver the C-Dots across the BBB in a
zebrafish model.*” Inspired by this, we turned to C-Dots as a potential drug candidate
towards designing a new BBB-permeable nanomaterials in application of AD treatment
for the first time. C-Dots posses large surface to volume ratios, and this low
dimensionality nanomaterials are expected to redirect the partially unfolded AP by
increasing the fibril steric hindrance as a result of their interaction with A monomer

(Figure 3.1). This hypothesis was examined by experimental and theoretical methods,

respectively. The synthesized C-Dots were also found to inhibit the active site of -
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secretases 1 (BACE1) enzyme and reduce the toxicity of AP fibril in vitro, respectively.
In addition, combined with our previous results, hereby, we further proved that the C-
Dots demonstrated higher binding affinity towards forebrain in a zebrafish model. These
results demonstrate an excellent potential application for further optimization of C-Dots

as an antiamyloiddogenic agent for AD treatment.
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Figure 3.1 The effect of blood-brain barrier permeable carbon dots on the inhibition of BACE1

activation and A fibrillation.

3.2 Experimental Section
3.2.1 Materials

Amyloid B-protein 40 (purity 95.77%) and 42 (purity 95.19%) were purchased from
ChinaPeptides. Human transferrin (iron saturated) was obtained from MP Biomedicals
(Solon, OH). Size exclusion chromatography column was packed from GE Healthcare
Sephacryl S-300 (Uppsala, Sweden). All other reagents and starting materials were

purchased from Aldrich or VWR and used without further purification unless otherwise
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noted. Solutions were prepared from nanopure water purified from Milli-Q plus system
(Millipore Co.), with a resistivity over 18 MQ cm™. Thioflavin T (ThT) fluorescence was
measured by a fluorescence spectrophotometer (LS-55, Perkin Elmer) at 25 °C with a slit
width of 5 nm for both excitation and emission. Far-UV CD spectroscopy was measured
on JASCO J-810. Atomic force microscopy was used by tapping mode with cantilever
having a resonance frequency of ~170 kHz and typical force constant of 7.5 N/m.
3.2.2 Methods and Characterization
Synthesis of C-Dots and C-Dots transferrin conjugates

C-Dots and C-Dots transferrin conjugates used in the experiments were prepared and
characterized according to our previous reported procedures.”” **" All characterizations
consist with previous reported results. Briefly, sulfuric acid (36 mL) and nitric acid (12
mL) were added to 1 g of carbon nanopowder in a 100 mL flask. The mixture was heated
with reflux to about 110 °C for 15 h in a sand bath. After the reaction, the acid was
neutralized by sodium hydroxide. After 3 times crystallization to remove the salt
generated and extraction by chloroform, the aqueous solution was dialyzed using MWCO
3500 bag against pure water for at least 4 days. Black powder was obtained after the
removal of water. The characterizations of the as prepared C-Dots were identical to what
we reported most recently using UV—vis spectroscopy, fluorescence, Fourier transform
infrared spectrophotometry, X-ray photoelectron spectrometry, transmission electron
microscopy, and atomic force microscopy. Solution-based zeta potential was
characterized using a Zetasizer Nano ZS System (Malvern Inc., UK) with irradiation

from a standard 633 nm laser.
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A typical procedure to conjugate transferrin to C-Dots is as follows. 6.7 mg of 1-
ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC) was added to 3 mL
of 2.0 mg/mL C-Dots dispersed in phosphate-buffered saline (PBS, pH 7.4). The solution
was stirred at the room temperature for 30 min, and a PBS solution (0.5 mL) of 4.0 mg
N-hydroxysuccinimide (NHS) was added. The resulted solution was then stirred for 30
min before a PBS solution (2.5 mL) of transferrin (15.0 mg) was added. The mixture was
then stirred for 2 h, and the resulted solution was subjected to a size exclusion
chromatography column (Sephacryl S-300) for purification. For the dye-transferrin-C-
Dots conjugates, the method of synthesis was similar but the amount of C-Dots, EDC,
NHS and dye-transferrin was 2.0, 2.3, 1.3, and 2.0 mg, respectively. To conjugate 5-
(aminomethyl) fluorescein to C-Dots (i.e. Fluor-C-Dots), 1.4 mg of 5-(aminomethyl)
fluorescein hydrochloride in 100 pL dimethyl sulfoxide was added to 3 mL of 2.0 mg/mL
C-Dots aqueous dispersion in PBS buffer at pH 7.4. After that, 6.7 mg EDC was added to
the mixture. Then, the mixture was stirred under room temperature for 2 h, and the
resulted solution was subjected to Sephacryl S-300 chromatography column for
purification. In each case of conjugation, the elution was checked by fluorescence
spectroscopy (Horiba Jobin Yvon Fluorolog—3). Slit width at the excitation and emission
was set at 5 nm. The elution was kept if the fluorescence spectra showed the presence of
C-Dots (excited using various wavelengths from 320 to 580 nm) and transferrin (excited
at 280 nm) at the same time. If fluorescent dye was used, the fluorescence spectra of the
kept elution needed to show the peak of the dye too. Sample was lyophilized to obtain

solid transferrin-C-Dots, dye-transferrin-C-Dots and fluorescein-C-Dots.



67

b) 3.5x10° T T

3.0x10° .

2.5x10° -
2.0x10°
1.5x10° F
1.0x10°F

5.0x10°

Fluorescent Intensity at 405 nm (CPS)

Fluorescent Intensity at 405 nm (CP:

0.0

0 005 01 1 5 10 20
C-Dots Concentration (ug/mL) Inhibitors

10 pg/mL C-Dots 260 pg/mL HT-C-Dots

Figure 3.2 Inhibitory effect of a) different concentrations of C-Dots and b) HT-C-Dots on BACE1
activity determined by FRET assay. 260 pg/mL HT-C-Dots contains approximately 10 pg/mL C-Dots

according to our previous published 1rep0rt.176

Fluorescence resonance energy transfer (FRET) assay

This assay was performed according to BACE1 Activity Detection Kit protocols
(Sigma, St. Louis, MO). 500 uM BACEI substrate solution was prepared by adding 0.5
mL of DMSO to the BACEI substrate. Then the prepared 500 uM BACEI substrate
solution were diluted to 50 uM using fluorescent assay buffer. Each final tested samples
contained 292 pL fluorescent assay buffer, 80 uL BACEI substrate solution (50 puM), 8
pL BACE1 enzyme solution, and 20 pL different concentrations of C-Dots. Samples
were incubated in dark at 37 °C for 3 h and terminated by a stop solution. The
fluorescence was measured using 320 nm excitation and 405 nm emission wavelengths.
The signal was obtained for three repeats of each sample. The error bars indicate the

standard error of the mean.
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Figure 3.3 Kinetics of 10 uM of AP 42 fibrillation: fluorescence intensity of ThT at 485 nm as a
function of incubation time at 37 °C in 25 mM PBS, pH 7.4 with 0, 2, 5, 10 pg/ml of C-Dots,
respectively. The ThT fluorescence was obtained for three repeats of each sample. The error bars

indicate the standard error of the mean.
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Thioflavin T (ThT) fluorescence assay
The kinetics of AP 42 and AP 40 fibrillation can be characterized by the fluorescence

increase of fibril - specific dye of thioflavin T (ThT). To accomplish this, different

concentrations of C-Dots, including 0, 2, 5, 10 pg/ml, were prepared for examination. At
first, AP 42 and AP 40 were dissolved in 1,1,1,3,3,3-hexa-fluoroisopropanol. After
evacuating the solvent, the solution was filtered through a 0.2 mm membrane to remove
the pre-fibrils. Different concentrations of C-Dots were added to 10 uM AP in 25 mM
PBS buffer solution (pH 7.4), respectively. Thereafter, the mixture were incubated at 37
°C, and aliquots of incubation solutions at different time points were collected and then
diluted two times into ThT solution (25 mM ThT in 25 mM PBS buffer , pH 7.6). ThT
fluorescence was measured by a fluorescence spectrophotometer (LS-55, Perkin Elmer)
at 25 °C with a slit width of 5 nm for both excitation and emission. ThT emission was
monitored at 480 nm with the excitation at 440 nm. The ThT fluorescence was obtained
for three repeats of each sample. The error bars indicate the standard error of the mean.
Circular dichroism (CD) spectroscopy

To gain insights into the effects of C-Dots on the conformational transition of A,
far - UV CD spectroscopy (JASCO J - 810) were utilized to monitor the secondary
structure of AP over time. Similar to the fluorescence characterization, aliquots of ThT
assay incubation solutions were collected for CD spectra. The spectra was recorded

between 190 and 260 nm at room temperature by a 2 mm optical path length quartz cell.
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Figure 3.4 Far-UV circular dichroism spectra of 10 pM A 42 incubated ¢) with 10 pg/ml C-Dots,
and d) without C-Dots and c¢) 10 uM AP 40 incubated with 10 pg/mL C-Dots and d) without C-Dots in

25mM pH=74PBSat0,2,5h.

Atomic force microscopy (AFM)

Tapping mode was used to observe morphologies during the fibrillation process. The
cantilever has a resonance frequency of approximately 170 kHz with typical force
constant of 7.5 N m™. Aliquots of samples withdrawn at different incubation times were
diluted with pure water, drop-coated on a freshly cleaved mica surface, and allowed to

dry for at least 1 h.
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Figure 3.5 AFM images (size: 2.5 X 2.5 um) of 10 uM AP 42 incubated a) in the absence of C-Dots,
and, b) in the presence of 10 pg/ml C-Dots, and 10 uM AB 40 after 6 h, c) in the absence of C-Dots,

and d) in the presence of 10 ug/ml C-Dots at 37 °C in 25 mM PBS, pH 7.4.

Cytotoxicity assay

Toxicity tests were performed in a new 96-well cell culture plate. In each well, health
fertilized eggs (Strongylocentrotus purpuratus sea urchins) were incubated in 200 puL
control sea water or 200 pL dilution of C-Dots in sea water. AP 42 fibrils and different
AP 42 — C-Dots complex were collected, respectively. The test was performed at 15 °C
for 24 hours until they reach hatching blastula stage embryos. 100 of embryos were
examined and rate of embryo with normal development was calculated. Each experiment

was repeated with similar results. The error bars indicate the standard error of the mean.
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Figure 3.6 The inhibitory effect of C-Dots on the cytotoxicity of AP 42 fibrils at different
concentrations of C-Dots. The control (ctrl) experiments showed the rate of embryo with normal

development without C-Dots incubation.

Zebrafish injection and imaging

Wild-type zebrafish (Danio rerio) at 6 days after fertilization were obtained from the
Zebrafish Core Facility at University of Miami. 4 nL of HT-C-Dots and C-Dots at 10
mg/mL PBS solution (pH 7.4) were injected into to the heart of anesthetized zebrafish by
tricaine. After 5 h, Leica SP5 confocal microscope was used to observe the injected
zebrafish under at 458 nm. The animal care protocol for all procedures used in this study
was approved by the University of Miami Animal Care and Use Committee and complies

with the guidelines of the National Institutes of Health.



Figure 3.7 Confocal fluorescent images of a) brain, b) dorsal, ¢) ventral section, (d) lateral view of
zebrafish after 5 h injection with C-Dots-HT conjugates, e) after 5 h injection with C-Dots, and f)

without injections.

Simulation details

The CG model for A monomers were converted from the PDB struc-ture (PDB code:
1Z0Q) by the Martinize python script (http://cgmartini.nl/index.php/tools2/proteins-and-
bilayers). The C-Dot was modeled by coarse-grained beads densely packed to form a
sphere with a radius of 2 nm. The surface of the C-Dots is either hydro-philic or
hydrophobic. In the hydrophobic C-Dot, all beads were SC4 type (aromatic non-polar). In
the hydrophilic C-Dot, the core beads were SC4 type while 2/3 of the surface beads were
P1 (polar) or Qa (charged) type. The simulated systems consisted of one C-Dot and one
AP monomer solvated in a cubic water box with a length of 17 nm. Counter ions and 0.15
mol/L. NaCl were added to the solutions. For the hydrophilic or hydrophobic C-Dot
system, a one-microsecond NVT simulations at 320 K was carried out. The integration

time step was 20 fs. All simulation parameters were consistent with that used in the
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parameterization of the Martini force field. GROMACS 4.5.3%* was used for all the

simulations.

Figure 3.8 AP monomer binds to the C-Dot with a) hydrophilic surface and b) hydrophobic surface.
Cyan spheres are the SC4 (aromatic carbon) and red spheres are Qa/P1 (COO-, C=0, OH) beads in the

C-Dot. Pink sticks represent the backbone of Ap 42 (PDB code: 120Q).

09

0.8
- 07
Q
8
€06
o
505
C
[=]
Z04
@
03
0.2
0.1
0
48]
I
o
b
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more contacts with the hydrophilic C-Dot than with the hydrophobic C-Dot. Most residues can have
contacts with the hydrophilic C-Dot, while only part of the residues have contacts with the

hydrophobic C-Dot.
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Figure 3.10 Radius of gyration of the AR monomer on the hydrophilic or hydrophobic surface. Error
bars show the standard deviation. The uncertainties of the mean are negligible compared to the error
bars. On the hydrophilic surface, the radius of gyration is larger with larger fluctuations, indicating

that the structure of the AR monomer is more extended and flexible.

3.3 Results and Discussions

Initially, fluorescence resonance energy transfer (FRET) assay was employed to
examine the effect of C-Dots on inhibition of BACE]1 activity. In this assay, the substrate
is attached to a fluorescence dye and a quenching group on each side, which significantly
reduces the fluorescence of the substrate due to the FRET. Upon the cleavage of the
substrate by the BACEI, the fluorescence of the substrate will be enhanced as a result of
the disturbance of the FRET. As shown in Figure 3.2a, when incubating C-Dots in this
FRET assay, the substrate fluorescence intensity decreased, and the higher concentration
of C-Dots, the more effective the inhibition of C-Dots on BACE] activity.

To evaluate the inhibition activity of C-Dots against AP fibrillation, different
concentrations of C-Dots were prepared for thioflavin T (ThT) binding assay, where ThT
exhibits enhanced fluorescence upon binding to amyloid fibrils so as to alter the
fluorescent spectrum with the growth of fibrils. In the absence of C-Dots, the ThT profile

of AP 42 showed a faster aggregation process, increasing immediately until it reached a
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plateau by around 4.5 h. When introducing C-Dots at 0 h incubation, it illustrated that 1)
the suppression of AP 42 can be observed with only 2 pg/mL C-Dots, and 2) the
fluorescence intensity decreased at saturation with the increase of C-Dots concentration.
However, adding 10 pg/mL C-Dots after 1 h incubation (Figure 3.2c¢), it promoted a
faster AP 42 aggregation than that in the presence of 10 pg/mL C-dots before incubation,
which strongly indicates C-Dots interact with AP 42 monomers to redirect fibril assembly
at the early stage. The ThT profile of AR 40 demonstrated similar results (Figure 3.2b and
3.2d). Both AP 40 and AP 42, therefore, can be inhibited by C-Dots in a dose dependent
manner. The ThT assay suggests potential utility of C-Dots for AD treatment, but the
effect of C-Dots on cytotoxicity of AP 42 fibrils also needs to be addressed. Sea urchin
embryos were selected as a model system, because 1) it has extreme sensitivity towards
hazardous materials, and 2) it has been widely used for the static acute toxicity test.
Aliquots of different ThT assay samples at 5 h were collected for the test. As shown in
Figure 3.6, AP 42 fibrils reduced the rate of embryo with normal development to 51 %. If
more C-Dots were added, the rate of embryo with normal development of sea urchin
embryos would be restored, which strongly indicates that the formation of AP 42 toxic
species can be delayed.

To attain a clearer perception of the effect of C-Dots on the conformational transition
of AP, far-UV circular dichroism spectroscopy (CD) was utilized to monitor the
secondary structure of AP 42 over time (Figure 3.4a and 3.4b). The AP peptides mainly
adopt a-helical or random coin in the native conformation, while they undergo a
conversion to B-strand during fibrillation process. Due to the effect of PBS buffer on the

CD, both AP peptides spectra is in the form of disturbance but still distinguishable. As
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illustrated in Figure 3.2b, in the absence of C-Dots, the initial secondary structure Ap 42
is random coil with a representative negative band at around 198 nm. After 2 hours, this
peak diminished and shifted slightly to approximately 207 nm, indicating the
conformational switch of AP 42. Upon further aggregation, a negative valley, which is
assigned to P sheet of mature peptide fibril, turned up at approximately 215 nm. In the
presence of 10 pg/mL C-Dots, it exhibited a similar conformational transition as
evidenced in Figure 3.2a. However, the structure of AP 42 did not completely convert to
B sheet conformation after incubating 2 hours, resulting in the fact that C-Dots can
potentially delay the conformational transition of AP 42. In the case of AP 40 alone,
Figure 3.2c displayed a similar secondary structure to that of AP 42. With further peptide
aggregation, bands shrink and there is a significant decrease in the negative absorption at
around 198 nm, suggesting severe conformational changes. The final content of 3 strand
at 5 h was much more than that of initial AP 40. In the presence of 10 ug/mL C-Dots, AP
40 showed a similar conformational transition with a delayed fibrillation process as
evidenced in figure 3.2d, where the structural shift was observed when comparing 2 h
curve in figure 3.2c and 3.2d. It is, thus, evidenced that C-Dots can partially suppress the
fibrillation of AP 40 and 42.

The ability of C-Dots to inhibit AP aggregation was also investigated by atomic force
microscopy (AFM), where the formation of these AP 42 and 40 fibrils can be directly
observed and monitored (Figure 3.5). AFM images were obtained in the absence and
presence of C-Dots, respectively, and the inhibition effect of C-Dots on AP peptides
fibrillation consist with ThT profiles and CD spectra. As shown in Figure 3.5a and 3.5c,

long AP 42 and 40 fibrils were apparent after 4.5 h incubation in the absence of C-Dots,
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whereas less fibrils with a small amount of short protofibrils appeared during the
incubation with C-Dots.

The experimental results revealed C-Dots can inhibit A fibrillation. To obtain more
details with regard to AP fibrillation by C-Dots, molecular dynamics simulations with the

Martini coarse-grained (CG) force field*®

were performed to study the interaction
between C-Dots and AP} monomers, which has been a valuable tool for the study of AP
peptides.”***7 In this study, the surface of C-Dots has a high oxygen content,””* which
indicates high hydrophilicity. In order to see the role of the hydrophilic surface, C-Dots
models with both hydrophilic and hydrophobic C-Dots were constructed.

The AP monomer can bind to the C-Dot with either hydrophilic or hydrophobic
surface, but the binding modes and the structures of the AB monomer are distinct. The AP
monomer has more contacts with the hydrophilic surface than with the hydrophobic
surface. Most of the residues can interact with the hydrophilic surface through the
backbone, while fewer residues have contacts with the hydrophobic surface (Figure 3.9
and 3.10), and PHE, ILE and LEU bind to the hydrophobic surfaces mainly through the
side chains. As a result, the A monomer forms more extended structures on the
hydrophilic surface (Figure 3.8), and the structures on the hydrophobic surface are more
compact. Analysis of the radius of gyration shows that the structural flexibility of the AP
monomer is also higher on the hydrophilic surface. Previous experimental and
computational studies suggest that increased flexibility inhibits fibril formation.**> 2%

Therefore, the extended structure and flexibility of the AP monomer induced by the

hydrophilic C-Dots are possible mechanisms for the inhibition of fibrillation.
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The key process to the success of the design of inhibitors is the delivery of BBB-
impermeable nanomaterial or molecules into brain. To this end, we previously used HT
to deliver the C-Dots across the BBB in a zebrafish model.*” Herein, we followed the
same procedure. Briefly, C-Dots loaded with HT were injected into the heart of
anesthetized zebrafish at 5 days post-fertilization (dpf), where the maturation of its BBB
developed as early as 3 dpf.**° Confocal fluorescence microscopy was used to examine
the brain sections of zebrafish in three dimensions by the normalized fluorescence
intensity after 5 h injections. Figure 3.7a demonstrated that C-dots bind to forebrain with
a higher affinity, comparing to the dorsal (Figure 3.7b) and ventral (Figure 3.7¢) section
images. In addition, the C-dots conjugates are still active in deactivating BACE1 and
retarding AP fibrillation (Figure 3.3f). Combined with our previous studies, these results
strongly suggest that C-Dots can be delivered across the BBB via a transferrin receptor-
mediated mechanism and further help AD treatments.

3.4 Summary

In conclusion, the inhibitory effect of C-Dots on AP 42 and 40 fibrillation was
verified by ThT assay, CD, and AFM. Molecular dynamics simulations showed that the
hydrophilic surface of C-Dots can help AP fibrillation inhibition. C-Dots were also found
to be effective in inhibiting BACE]1 activity and delaying the formation of AP 42 toxic
species in vitro, respectively. Given the tunable properties of C-Dots, transferrin was
engineered onto its surface for the delivery crossing BBB in a zebrafish model.
Combined with our previous results,”” HT managed to deliver the C-Dots across the
BBB to the forebrain section of zebrafish. To our knowledge, this is the first time for the

application of C-Dots on AD treatment in terms of 1) A fibrillation inhibition, 2) target
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upstream secretases, 3) reduce the toxicity of Ap 42 fibril, and 4) BBB penetration. C-
Dots presented in this work, thus, display an excellent potential to be applied in

pharmaceutical industry or other areas for the treatment of Alzheimer’s disease.



Chapter 4 Ultrasensitive Plasmonic Biosensors for Real-Time Parallel Detection of
Alpha-L-Fucosidase and Cardiac-Troponin-I in Whole Human Blood

4.1 Background
Novel therapies for disease prediction have increasingly been focused on in recent

development of nanotechnology, and, of these, biomarker or biological marker, has

209, 210

begun to stand out as a competitor to be against other developed strategies, since

the existence of any measurable specific substance can rapidly and correctly indicate the

211

corresponding ongoing biological conditions.” " While the interpretation of current costly

and relatively complicated analysis methods, such as electrocardiography (ECQ),
magnetic resonance imaging (MRI), and computerized tomography (CT) scan, usually

delay timely treatment, it is essential that biomarker arrays be implemented for parallel

212

detection of several diseases to expedite clinical treatment.” ~ Much work and progress

213-215

has gone into multiple biomarkers detection, especially immunoassay based sensing

219, 220

206 q: 1 - . . 217 218 .
technology,” > which includes colorimetric,” " fluorescence,” ~ paramagnetic, and

221

electrochemical assay.” The methodologies to construct these immunoassays, for

instance, horseradish peroxidase (HRP) initiated chemiluminometric assay,* fluorophore

222, 223 224, 225

or peptide tags, and modified nanoparticle platform, generally require an
antibody-antigen-antibody sandwiched structure. In a typical sandwiched immunoassay,
at the sites where antigen can be recognized by the antibody immobilized on the surface
at first, and followed by bounding to the functionalized secondary antibody which can
display corresponding measurable properties, bottom-up assembly of hierarchical

biological structures' are mainly employed as construction routes. However, the primary

limiting factors in the conventional detection techniques concern cumbersome and low

81
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sensitive platforms, which do not function well with whole human blood samples.?** %%’

For the improvement of cancers and many other diseases diagnosis, therefore, it is urgent
that a novel strategy with simple but more accurate system for different biomarkers be
developed.

Advanced development in the nanotechnology for the exploitation of localized

228-230

surface plasmon resonances (LSPR) — gold and silver nanoparticles exhibit such

effects at visible and near-infrared frequencies™ — in the applications of

232234 - 235, 236 .
as well as biotechnology,”™ “® have occurred in recent decades.

nanophotonics,
Since the discovery of this label-free LSPR based biosensor,”’ it has demonstrated great
potential to serve as a point-of-care testing (POCT) detector, where the medical
diagnostic testing is in proximity to the patient’s location. Even though there are other
detection strategies to convert plasmon energy to electrical signal, most failed in the
whole human blood test, and call for optical detection, making the overall sensing
platform expensive and bulky integrate these sensors on a small chip.

Previously, we have explored plasmon-field-effect based thin film transistor with
respect to highly efficient detections of plasmon energy, where a heavily doped n-type Si
substrate serves as a back gate, and a n-type ZnO film that is deposited onto the thermally
grown SiO, works as an active semiconductor channel.”*®**° The gate bias incorporated
in the device promotes an effective migration of induced hot electrons to cross the
Schottky barrier generated between gold nanoparticle (AuNPs) and ZnO. The AuNPs
utilized in the device displayed a strong plasmonic absorption at visible wavelength. By

increasing the thickness of the surrounding medium of AuNPs via chemical coating, the

effective refractive index can be changed, leading to the red shift in the plasmonic
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absorption spectrum. Based on this previous work and to overcome primary scientific
challenges described above, we developed an innovative plasmonic biosensor which is a
photoconducting device with plasmonic Au nanostructures. Our plasmonic sensing
platform with special architecture uses direct detection of the plasmonic energy induced
by AuNPs. This function can resolve the issue of using colored medium that typically
overlaps with light source wavelength. In addition to that, the small active area of the
sensor, which is physically seperated from electrodes and effectively improves the
number of times of bindings between the linker and the target antigen, not only requires a
trivial amount of analyte, but endows a high integration capability with multiplexing.
4.2 Experimental Section
4.2.1 Materials

All solvents were purchased from commercial suppliers and used without further
purification. All reagents and starting materials were purchased from Aldrich or VWR
and used without further purification unless otherwise noted. Alpha-L-fucosidase and
alpha-L-fucosidase antibody were purchased from Aldrich and MyBioSource,
respectively. Cardiac troponin I and cardiac troponin I antibody were purchased from
Hytest. Whole human blood were purchased from Aldrich. Solutions were prepared from
nanopure water purified from Milli-Q plus system (Millipore Co.), with a resistivity over
18 MQ.cm.
4.2.2 Methods and Characterization
Plasmon biosensor fabrication

Initially, a glass substrate was rinsed in acetone, methanol, and DI water for 15 min,

respectively. A thin n-type semiconductor film was then deposited onto the channel layer.
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A typical photolithography process and a wet etching process were utilized for the
channel isolation. To create electrodes, metal layers were deposited by electron beam
evaporation. The device became a fully functional plasmon biosensor after the lift-off
process. The fabricated sensors were characterized regarding their electrical performance
before gold nanoparticles (AuNPs) were incorporated onto the active layers. Finally, Au
was patterned onto the top of the semiconductor channel. The images of the device

structure are shown in Figure 4.1.

Inlet l Microfluidic Channel ? Outlet
1
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3 J

Antigen Antibody Au nanoparticle

Figure 4.1 The fabricated plasmon biosensor with microfluidic channel.

Microfluidic channel fabrication

The dimensions of microfluidic channel were selected according to the device size.
The injection was done using a commercial needle, making this device more suitable for
mass production and industrial use. Figure 4.2 displays the microfluidic channel mold
pattern on top of the device. In addition, the following process was followed to fabricate
the microfluidic channel:

1. Prepare Polydimethylsiloxane (PDMS) molding solution
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Mix Sylgard 184 Base with Curing Agent at a ratio of 10 (base, 25 g) to 1 (curing
agent, 2.5 g) by weight for 15 mins.

2. Remove all bubble from molding solution (PDMS)

Put the PDMS in Vacuum Chamber (Vacuum 25 psi for 15 mins twice)

3. Molding

a) Put a patterned wafer in a petri dish.

b) Pour PDMS on the wafer.

¢) Remove bubble again by using pipette (without vacuum chamber).

d) Put the Petri dish on an optical table, and wait for a day

4. Remove mold and Cut the patterned PDMS

5. Attach microfluidic PDMS to the device

a) Expose the device to ozone plasmon for 30 mins

b) Put the PDMS on the device by using Mask Aligner

Figure 4.2 a) Optical microscopy image of the integrated device. b) Microfluidic channel mold. c)

Integration of microfluidic channel with the fabricated sensor.
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Electro Optical Characterization.

One source meter was employed to provide the voltage biases for the electrical
characterization of plasmonic sensor (Figure 4.3). The spectral response measurement
was carried out at the probe station. The optical measurement system is made up of a
lamp, a lock-in amplifier, and appropriate optical filters. The light power was measured
using a NIST calibrated silicon photodetector and an optical power meter for the spectral

response calculation.
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Figure 4.3 Optical response of plasmonic sensor

Sensor packaging and measurement

As depicted in the figure 4.4, a housing for the sensor was 3D printed. In this housing,
a light emitting diode (LED) was placed at bottom of the sensor. The sensors were
connected to the lock-in amplifier as mentioned in the previous section using the probe
station. All the measured sensors were placed exactly in the middle of the circular hole to

maximize the optical response.
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a)

Sensors

/' Optical input

Figure 4.4 a) Sensing platform with b) the housing packaging 3D printed from c) the model.

4.3 Results and Discussions

To demonstrate the plasmonic sensor operation, we selected two specific biomarkers:
1) alpha-L-fucosidase (AFU), a valuable diagnostic biomarker for hepatocellular
carcinoma (HCC),** and 2) cardiac troponin I (cTnl), a blood borne biomarker
associated with cardiovascular diseases (CVD).” It is claimed that HCC, as the primary
malignancy of liver cancer, remains one of the most frequent and deadly cancers
worldwide, while CVD is considered to be the leading global cause of death, accounting
for 17.3 million deaths each year.”> *** The concentration of AFU and c¢Tnl — it has
proven to increase after the onset of diseases — to separate the normal people from

L, **! respectively. Through

patients are suggested to be 50 U/L and 0.5 to 2.0 ng/m
several careful measurements, herein, we show that the limit of detection (LOD) of the
proposed fabricated biosensor is much lower than the above defined borderline

concentration of AFU and c¢Tnl. Compared to other detecting approaches, the developed

novel device performed much better with respect to several parameters. The chip design
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of this portable parallel biomarker detector, and the analysis of AFU and cTnl biosensing
using PBS buffer and whole human blood will be described in the following section.

The plasmon biosensor, placed in a 3D printed housing accompanied with a light at
the bottom (Figure 4.4), was fabricated on a glass substrate with a thin n-type
semiconductor film. We created two electrodes by depositing electrode layers, and the
device in turn became a metal-semiconductor-metal photoconductor. AuNPs thereafter
were incorporated on the thin semiconductor film, which accomplished photo response
from the plasmonic absorption in photocoductor. The fabricated devices were
characterized using a custom electro-optical measurement setup. The electrical properties
were detected using a source meter, and the plasmonic spectral response was measured
using a modulated monochromatic light with a lock-in amplifier while the device was
biased with DC voltage. We used a customized LabView program that controls the
monochromator, the lock-in amplifier and picoam meter to obtain automated
computerized measurements. Based on this preliminary characterization of the sensing
unit, we identified the best conditions for voltage bias and the wavelength for optical
response. The monochromatic light was delivered through the glass substrate (bottom of
the sensor). This configuration enables a direct illumination of LED light to the
plasmonic AuNPs. Therefore, there is no light absorption by the blood in the fluidic
channel.

To minimize the sample size, and for further achievement in multiplexing detection
for AFU and cTnl, a poly(dimethylsiloxane) (PDMS) based microfluidic channel was
built by polymer casting. Followed by releasing it from the mold, the prepared

microfluidics, where present four independent microchannel, were carefully aligned onto
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the biosensor by utilizing optical microscopy. Next, | mM 3-mercaptopropionic acid
(MPA) ethanolic solution was injected into the microfluidic channel to modify the
AuNPs overnight. In such a way human cTnl antibody can be conjugated onto the AuNPs
via 1-ethyl-3-(-3-dimethylaminopropyl) carbodiimide hydrochloride (EDC) and N-
hydroxysuccinimide (NHS) chemistry. After 1 hour incubation, bovine serum albumin

(BSA) was added to block the non-specific binding site.
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Figure 4.5 Real-time measurement of a) AFU and b) c¢Tnl detection with blind protein control (red
line) and gold nanoparticle control (blue line). The mixed PBS buffer solutions with 4 U/L AFU and
0.5 ng/mL cTnl were injected into the biosensor at 750 s, respectively. The signal got stabilized at

around 1750 s.

To confirm the effectiveness of such a device in sensing technology, AFU and cTnl
detection were performed by the injection of the prepared samples in PBS buffer (pH =
7.4) into the microfluidic channel, respectively, with the sensor being turned on earlier.
Figure 4.5 shows the real-time measurement where the current fluctuates violently upon
the injection of the sample, especially injecting AFU. Since the voltage signal relates to

the thickness of the AuNPs, such fluctuation is attributed to the collision of the antigen
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against the modified AuNPs, which reflects the whole process of binding recognition of
antibody-antigen interactions. As is illustrated in Figure 4.5, the antigen absorbance
intensity increases were recorded as a function of time, and the signal got stabilized in
approximately 1000 s after the injection, which suggests the accomplishment of the
antibody-antigen binding event. By plotting the signal against different AFU and cTnl
concentrations, LOD was calculated to be 0.016 U/L and 0.015 ng/mL, respectively
(Figure 4.6). To further confirm the working principle, a series of control experiments,
including the sensing platform without AuNPs, and blind protein detection were
performed, respectively. AuNP is the key to the whole detection mechanism, and missing
of AuNPs, or the physiological absorption of AFU or c¢Tnl to the detection platform
surface, thus, present no results with regard to the detection of biomarkers, which is
consistent with Figure 4.5 where followed the same procedure as described above except
AuNPs attachment. Other than AFU and cTnl, insulin was also injected into the cTnl
biosensor as a blind protein sensing test, but as expected, no significant bindings were
observed in the detection window due to little binding of nonspecific secondary antibody
to insulin, which in turn confirms the specificity of the constructed biosensor.

As is known, protein adopts different conformations in different environments,
resulting in an impact on the antibody-antigen interactions. The whole human blood has
one of the most complex matrices that create lots of false readings. Whether the
developed device can be applied to the whole human blood or not is the dominant
scientific challenge, particularly for the optical sensing technology due to the absorption
from the blood. To this end, our sensing platform uses a wide-bandgap semiconducting

material (IGZO) which is transparent at visible to infrared spectrum. Therefore, we can



91

excite the plamonic nanostructure from the other side of microfluidic channel filled with
blood. Conventional surface plasmon resonance system with an Au film surface uses
similar excitation structure. But our sensor system uses much smaller sensing area that
allows excellent minimum detection limit. The other advantage of our plasmonic
platform is a strong signal-to-noise ratio. We use a lock-in amplification approach by
modulating the excitation light and take the response signal only from the specific
modulation frequency. This approach eliminates other noises from the ionic strength in
the medium, pH change, to temperature fluctuations. As a proof-of-concept, whole
human blood was selected for investigation on the AFU and cTnl detection. 40 U/L AFU
and 0.1 ng/mL c¢Tnl were mixed with whole human blood, respectively, followed by
injection into the microfluidic channel immediately. By comparing the control
experiment (whole human blood without any biomarkers), Figure 4.7 demonstrates a
similar curve — the sensing signals are over 12 % in contrast to the pure whole human
blood control results — to previous tests in detection measurements, thus confirming that
this portable plasmonic biosensor has a great potential for future clinical analysis.
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Figure 4.6 The plot of different concentrations of AFU (red spots) and c¢Tnl (blue spots) against their

corresponding signals.
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Figure 4.7 Real-time measurement of detecting a) 40 U/L AFU and b) 0.1 ng/mL cTnl mixed with
whole human blood, respectively, and the control experiments with the pure whole human blood (red

spots).

4.4 Summary

In conclusion, the portable plasmonic biosensor was fabricated by incorporating
microfluidic channel with designed microchip. The AuNPs embedded into the channel of
the microchip were conjugated with specific antibodies to enable the specificity of the
whole system. Furthermore, the developed biosensor has significant potential for POCT,
as well as capability for real time dynamic interaction monitoring of different biomarkers
at the same time in a parallel fashion. Considering the high sensitivity towards AFU and
c¢Tnl, where the LOD is calculated to be 0.016 U/L and 0.015 ng/mL, respectively, and
the wide applicable strategies for other biomarkers along with the excellent platform for
whole human blood samples, this plamonic biosensor can help lead to breakthroughs in

the sensing nanotechnology and future clinical use.



Chapter 5 Conclusion

Within cells, nature assembly is directed by the information encrypted in the
biomacromolecules mainly made up of proteins, nucleic acids and lipids." These
molecules are primarily responsible for most biological related functions, such as bio-
reactions, cell signaling and ligand binding, genetic information as well as the
construction of biological bodies. The slight change in structures could lead to dramatic
alternation in the biological functions, producing a negative impact on individuals.
Significant efforts, therefore, have been devoted to investigating the structures of these
biomacromolecules, so as to control the functions altered by the assembly, and of these,
nanomaterials chemistry has played an essential role in the last few decades.'”® However,
the concern arisen with the nanomaterials include the uncertainty of their interactions
with biomacromolecules, even though the exceptional benefits these nanomaterials derive
to the scientific community. In order to resolve this dilemma, we are trying to mimic and
redirect the assembly process for biomedical application.
Inhibition of Protein Fibrillation in the Extracellular Space by Redirecting Nature
Assembly

Amyloid-B peptides (AP) fibrillation is the hallmark of Alzheimer’s disease (AD).
However, it has been challenging to discover potent agents in order to inhibit AP
fibrillation. In my PhD career, I demonstrated the effect of resorcinarene'' and carbon
dots on inhibiting AP fibrillation in vitro via experimental and computational methods.
AP were incubated with different concentrations of our agents so as to monitor the
kinetics by using thioflavin T binding assay. The results, which were further confirmed

by far-UV CD spectroscopy and atomic force microscopy, strongly indicated that the

93



94

higher concentration of our agents, the more effective the inhibition of A fibrillation. A
cytotoxity study showed that when sea urchin embryos were exposed to our agents, the
majority survived due to their low toxicity. When our agents were added, the formation
of toxic AP 42 species was delayed. In addition, advantages arisen with the carbon dots
include 1) target upstream secretases, BACE1 and 2) BBB penetration. Computational
studies of AP fibrillation, including docking simulations and MD simulations, illustrated
that the interaction between inhibitor resorcinarene and AP is driven by the non-polar
interactions, and molecular dynamics simulations showed that the hydrophilic surface of
C-Dots can help AP fibrillation inhibition. These studies display a novel strategy for the
exploration of promising antiamyloiddogenic agents for AD treatments, wherein we also
successfully used resorcinarene and carbon dots to redirect the peptide aggregation
assembly.
Biosening Nanotechnology by Mimicking Nature Assembly

Cancers and many other diseases, such as hepatocellular carcinoma (HCC) and
cardiovascular diseases (CVD), have threatened human lives for centuries.”> A novel
technique for such disease prediction, therefore, is in an urgent demand for timely
treatment. Biomarkers - alpha-L-fucosidase (AFU) for HCC and cardiac troponin I (cTnl)
for CVD - have proven to be essential in the role of disease detection. In my PhD career,
I investigated an ultrasensitive plasmonic biosensor that converts plasmonic absorption to
electrical current in order to detect AFU and c¢Tnl in buffer and in whole human blood in
real time parallel fashion. The detection limit was calculated to be 0.016 U/L for AFU
and 0.015 ng/mL for ¢Tnl in PBS buffer solution, respectively. Combined with the

versatility of the strategies for different biomarkers, these results demonstrate that the
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developed biosensor, wherein mimicking the nature assembly, exhibits a promising

application for the prediction of cancers and many other disease.
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