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Selective Bottom-up Assembly of Biomolecules onto the

Silicon-based Structures

Student : Kun-Lin Li Advisor : Dr. Fu-Hsiang Ko
Dr. Tzeng-Feng Liu

Institute of Nanotechnology

National Chiao Tung University

Abstract

In recent years, the interdisciplinary Nanotechnology booms very quickly. Biosensor is one
of the applications of nanotechnology that combines the semiconductor industry and
biotechnology. Biosensor must assemble-biomolecules onto the surface of semiconductor
devices and have high sensitivity and specificity tothe target. In this thesis, my study is to
selectively assemble biomolecules onto the silicon-based structures.

At first, the surface of various substrates was modified by APTES and glutaraldehyde, and
the fluorescent molecules were immobilized onto them. We choose the suitable substrate for
immobilization. Thereafter, we immobilize the active enzyme sulfotransferase onto the silicon
dioxide, and the enzyme still has origin activity after immobilization.

We propose a novel material gold-silicide to form one-dimensional nanowire for the
application of the immobilization technique. We fabricated the poly-silicon nanowire through
direct e-beam writing and wet-etching. After depositing a thin gold film by using a sputtering
system, we annealed the poly-silicon nanowire to form the gold-silicide nanowire. The
resulting wafers were immersed in the aqua regia to remove the unreacted gold. After surface
modification by 1,2-ethanedithiol and SulfoSMCC, the various biomolecules are immobilized
onto the gold-silicide nanowire. The results of fluorescent images and electrical properties can

approve the gold-silicide nanowire is an excellent device for biomolecular detection.
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Chapter 1: Introduction

1.1 General Introduction

The interdisciplinary study of biology, chemistry, and electronics is more and more
important than ever before. Combining biotechnology and semiconductor technology, various
types of biochips and biosensors have now been developed to detect and monitor-specific
binding of biomolecules on the solid-state substrates [1]. The choice of suitable surface for the
purpose of biomolecular immobilization has become an increasingly important biological tool
in recent years. Genomics and proteomics research has elucidated many new biomarkers that
have the potential to greatly improve disease diagnosis [2]. Planar field effect transistor can be
configured as a sensor by binding of a charged species then results in depletion or
accumulation of carriers within the:transistorstructure [3]. The development of molecular
biology and electronics, as illustrated in Figure 1.1, make the market of biosensors and
bioelectronics keep growing. In this study, we-evaluate the suitable substrate often
encountered in the semiconductor technelogy and adapted it for selective immobilization of

an active enzyme, i.e. phenol sulfotransferase. We also proposed a new sensing material,
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Figure 1.1: The U.S. market for biosensors and bioelectronics.
Source: BCC, Inc; http://www.bccresearch.com



gold-silicide nanowires, with very simple fabrication procedures for biomolecular detection.

The selective immobilization of biomolecules onto silicon-based substrates at very high
efficiency and reliability is the key to combining molecule biology and electronics. The prior
step is to immobilize the molecules of interest onto the sensor chip surface. This
immobilization can be permanent in the form of a covalent bond or transient by means of
capturing. The immobilization technique used depends on the ligand type (protein, sugar,
DNA), the analyte to be used (small or large interactants) and the purpose of the study
(specificity, concentration, affinity, kinetics). In addition, the ligand must retain his biological
activity after immobilization. Information about the ligand size, pl, amino acid composition,
pH stability and possible sites for oriented coupling are beneficial in determining the
immobilization method to be used. The proper formulation is related with the buffer. For most
immobilization methods, a low salt.buffer with the exact pH is required. The pH of the
coupling buffer, which will change the surface and ligand charges, regulates the amounts and
speed in which the ligand goes towards the solid surface. In addition, the buffer components
should not interfere with the reaction/of.immaobilization.

Several covalent coupling chemistries are available to immobilize the ligand depending on
the available reactive groups. Primary amine groups (-NH>) present at the side chain of lysine
residues and the N-terminus of each polypeptide chain. Sulfhydryl/ thiol groups (-SH) present
on cysteine residues made available by treating disulfide bonds with a reducing agent or by
modifying lysine residues with a reagent such as SATA. Carbohydrate groups may be
oxidized to create active aldehyde groups (-CHO) for coupling. Covalent coupling is stable
and needs in general no modification of the ligand. The immobilization level is easily
controlled and the ligand consumption is very low. Hence, choosing a correct immobilization
method depends mostly on the nature of the ligand. The Table 1.1 is the recommended

chemistries for immobilization from Biacore [4].



Table 1.1: The chemistries to immobilize various ligands.

Biomolecules Amine Thiol Aldehyde streptavidin-
biotin

acidic peptides/proteins - + - #)

neutral peptides/protein + (+) (#) #)

basic peptides/proteins + (+) #) (#)

nucleic acids

polysaccharides

f=| =

+ recommended. (+) acceptable, - unsuitable, # requires ligand modification

Functional groups Amine Thiol Aldehyde streptavidin-
biotin

peptides/proteins

-NH, + i - (#)

-SH - + - (#)

-COOH - (%) - (#)

-CHO - - # (#)

polysaccharides

-CHO - - (#) 2

-COOH - (#)

+ recommended, (+) acceptable, - unsuitable. # requires ligand modification

Among these immobilization reactions,.amine coupling is the most popular coupling

chemistry. Most macromolecules contain amine groups that can be used in amine coupling.

Situations where amine coupling is less suitable is with acidic ligands (pl < 3.5), ligands

where an amine is in the active site, and with molecules possessing a lot of amine groups. The

choice of thiol coupling depends mostly on the availability of thiol groups on the ligand.

However, it is relatively easy to introduce the thiol groups on the ligand. The thiol chemistry

is more robust than the amine, so the coupling conditions are less critical. The thiol coupling

cannot be used under strong reducing conditions, since the disulfide bond is unstable for such

conditions. The choice of aldehyde coupling can be seen for specific case. For instance,

polysaccharides and glycoconjugates which possess the cis-diols and sialic acids are easily

oxidized to aldehydes.

We used the enzyme sulfotransferase to immobilize onto the surface of silicon oxide.

Sulfotransferases (STs) catalyze the sulfuryl group transferring from the universal sulfuryl




group donor 3’-phosphoadenosine 5’-phosphsulfate (PAPS) to a wide range of nucleophiles
including endobiotics (i.e., monoamines, phenyl compounds, hormones, proteins and
carbohydrate) and xenobiotics [5,6]. They have been implicated in the activation and
deactivation of hormones and carcinogens through the formation of sulfate conjugates [7]. In
recent research, membrane-associated proteins have been implicated in several biological
processes of great importance, including viral entry into cells, leukocyte adhesion, and
anticoagulation. More generally, enzymatic transformations of cell-surface proteoglycans by
STs appear to trigger vital molecular-recognition and signal-transduction events [8]. The
cytoplasm is a highly reducing environment (~mM GSH) in which protein cysteine residues
are maintained primarily in their thiol state [9]. Redox modification of Cys residues provides
a mechanism for protein regulation. Proteins can be S-glutathionylated [10] or S-nitrosylated
[11], especially during oxidative stress. Oxidative stress is involved in the pathogenesis of
various degenerative diseases including cancer.[12].

Redox regulation of recombinantirat phenol sulfotransferase (r-PST) has been shown to
include the modification of cysteine‘residues [13]. The ratio of the oxidized to reduced form
of recombinant PST protein has been linked to bacterial culture conditions, i.e., growth
temperature and oxygen supply [14]. This suggests that intracellular redox status, which can
be altered by external factors, may regulate PST activity under different conditions.

Biosensors often combine semiconductor devices and molecular receptors, and monitor
the analyte concentration through electric or optic signals. The common biosensor platform is
field-effect-transistor (FET), especially based on high surface/volume ratio materials:
nanowires and nanotubes [3, 15, 16]. Molecular electronic device, however, face a technical
problem that how to reliably interconnect molecules to terminals, and how to characterize and
analyze their electronic properties [17-19]. Similar to planar semiconductor FET, protein FET
(pro-FET) not only belongs to one kind of molecular electronic devices, but also is a pioneer

artificial-bio hybrid bioregulator [20]. In this case, the transfer of source-drain current is due



to the redox properties of a protein, blue-copper azurin, and a back gate modulates the transfer
of redox states. The immobilization of STs could help us study more models and mechanisms
of the STs themselves or apply them to other engineering fields.

The silicon-gold compound is usually considered the most promising eutectic combination
to realize a eutectic bond, because of its low eutectic temperature (363°C), the widespread use
in die bonding and the compatibility with aluminum interconnect [21]. The different
metastable phases with the composition ranges from Au,Si to Au;Si will have differently
structural and electronic properties [22-23]. We used poly-silicon to form gold-silicide
nanowires. The thickness dependence of silicide to sheet resistance and the thermal stability
of silicide on poly-silicon changed the electric properties of silicide [24-25]. The gold-silicide
nanowires were the first time to use to detect biomolecules at least in our knowledge. The
targets we used were streptavidin and antibody, individually.

Streptavidin is a biotin-binding protein isolated from culture broth of Streptomyces avidinii.
It can be crystallized from water‘or 50% isopropanol: The true native form of streptavidin was
isolated and shown to have a molecularweight of approximately 75,000. Streptavidin binds
four moles of biotin per mole of protein. This corresponds to 16.5-18 mg of biotin bound per
gram of streptavidin. The dissociation constant (Kg4) of the complex between streptavidin and
biotin is estimated at approximately 10™ M, which is one of the tightest non covalent
interactions known between proteins and their ligands. Streptavidin is also one of the most
stable proteins known [26, 27]. Biotin is a water-soluble vitamin found in every living cell in
all organisms. The tissues with the highest amounts of biotin are the liver, kidney and
pancreas. Cancerous tumors have more biotin than normal tissue. Biotin functions as cofactor
of enzymes known as biotin-dependent carboxylases. The role of biotin in carboxylases is to
act as vector for carboxyl-group transfer between donor and acceptor molecules during
carboxylation reaction [28].

An antibody is a large Y-shaped protein used by the immune system to identify and



neutralize foreign objects like bacteria and viruses. Each antibody recognizes a specific
antigen unique to its target. Immunoglobulins are glycoproteins in the immunoglobulin
superfamily that function as antibodies. There are five types: IgA, IgD, IgE, IgG, and IgM.
The antibodies have two primary functions: bind antigens and combine with different
immunoglobulin receptors specific for them and exert effector functions. In medical
applications, detection of particular antibodies is a very common form of medical diagnostics.
In biochemical applications, antibodies are used for immunological identification of proteins
using western blot, ELISPOT, ELISA (enzyme-linked immunosorbent assay) and flow
cytometry. In these assays, antibodies are used to detect proteins such as cytokines, receptors
or other antibodies. These purified antibodies are often produced by injecting the antigen into

a small mammal, such as a mouse or rabbit [29].

1.2 Motivation

Recently, there has been an increasing.demand to find simple and rapid methods for the
detection of specific protein, which can also be used easily in non-specialized laboratories.
The detection of specific protein is critical importance because protein mutation can induce a
couple of diseases. The traditional techniques for protein identification are enzyme-linked
immunosorbent assay [30], fluorescence immunoassays [31], and western blot [32]. The
drawback of above methods is time-consuming, tedious labeling process and poor sensitivity.
Semiconductor processing devices such as nanowires [33] and nanogaps possess the
advantages of low cost and high sensitivity. In this study, we selectively immobilize active
enzyme and propose a self-aligned one-dimensional gold-silicide nanowire to detect the

streptavidin molecule and specific antibody.



1.3 Thesis Organization

This thesis is to study the surface modification and immobilization reaction of
biomolecules onto various surfaces. A new kind of nanowire, gold- silicide nanowire, is
proposed to detect proteins which were widely used as the target molecule in the medical
detection or biological studies. For the sake of setting up the experimental system, it requires
lots of knowledge on the basic subjects to accomplish this research, including nanofabrication
technology related to lithography procedures, self-assembly technique, biotechnology, organic
chemistry, molecular biology, and electronics.

In chapter 1, the general immobilization concept is described. The biomolecules to be
immobilized and detected have also been mentioned. Some experimental ideas and techniques
from published literatures are cited and discussed in chapter 2. Chapter 3 briefly states the
experimental reagents and experimental procedures.for this research. In chapter 4, various
solid supports were used to immabilize specific protein. We discuss the better support and the
activity of immobilized enzyme. The novel gold-silicide nanowire for detect specific protein

was also evaluated. In the last chapter, the conclusions of this thesis are given.



Chapter 2: Literatures Review

In this chapter, we will review some important discoveries in the biosensor and
nanotechnology field. Nanotechnology involves the study, manipulation, creation and use of
materials, devices and systems typically with dimensions smaller than 100 nm.
Nanotechnology is playing an increasingly important role in the development of biosensors.
Sensitivity and other attributes of biosensors can be improved by using nanomaterials in their
construction. Nanomaterials, or matrices with at least one of their dimensions ranging in scale
from 1 to 100 nm, display unique physical and chemical features because of effects such as
the quantum size effect, mini size effect, surface effect and macro-quantum tunnel effect. Use
of nanomaterials in biosensors allows the use of many new signal transduction technologies in
their manufacture. Because of their submicron Sizes, nanosensors, nanoprobes and other
nanosystems are revolutionizing:the fields of chemical’and biological analysis, to enable rapid
analysis of multiple substances in-vive [1].“There is-plenty of room at the bottom,” as Nobel
physicist Richard Feynman pointed out more than 40 years ago [2]. Now we keep developing

the room by nanotechnology and the succeeding technology.

2.1 General Introduction

In Figure 2.1, three main disciplines including chemistry, materials science and
biotechnology are presented. Merging these disciplines will allow us to take advantage of the
improved evolutionary biological components to generate new smart materials and to apply
today’s advanced materials and physicochemical techniques to solve biological problems.
Both biotechnology and materials science meet at the same length scale (Figure 2.2). On the
one hand, biomolecular components have typical size dimensions in the range of about 5 to

200 nm. On the other hand, commercial requirements to produce increasingly miniaturized
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Figure 2.1: Chemistry is the central science for the development of applied disciplines
such as materials research and biotechnology. Materials science, which is based on
classic chemical research fields and engineering technologies, has led to enormous

advances in tailoring advanced modern materials [3].

microelectronic devices strongly motivate the elaboration of nanoscale systems [3]. Today’s
nanotechnology research puts a great emphasis on the development of bottom-up strategies,
which concern the self-assembly of (macro) molecular and colloidal building blocks to create
larger, functional devices [4]. Novel nanomaterials for use in bioassay applications represent a
rapidly advancing field. Various nanostructures have been investigated to determine their
properties and possible applications in biosensors. These structures include nanoparticles,
nanowires, nanotubes, and thin films. Functional nanoparticles (electronic, optical and

magnetic) bound to biological molecules have been developed for use in biosensors to detect
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Figure 2.2: A gap currently exists in the engineering of small-scale devices. Whereas

conventional top-down processes hardly allow the production of structures smaller than
about 100-200 nm, the limits of regular bottom-up processes are in the range of about
2-5 nm [3].

and amplify various signals [5-9]. The interdiseiplinary cooperation of various techniques can

solve the human-related diseases:

Colloidal quantum dots are the size of a typical protein, and thus it should be possible to

introduce colloidal quantum dots into cells. In 1998, colloidal quantum dots have first been

.

Figure 2.3: Cell labeling with quantum dots and illustration of quantum dot photostability,
compared with the dye Alexa 488. In the upper panels, the nucleus is stained red with

quantum dots and the actin fibers are stained green with the dye. In the lower panel, the

labeling is reversed.
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used for biological labeling [10-11]. It suggested that the photochemical stability and the
ability to tune broad wavelength of the quantum dots may make these materials extremely
useful for biolabeling (Figure 2.3) [12]. Colloidal quantum dots are robust and very stable
light emitters and they can be broadly tuned simply through size variation. In the past few
years, a wide range of methods for bio-conjugating colloidal quantum dots was developed
[13].

In Figure 2.4, boron-doped silicon nanowires (SiNWs) were reported to create highly
sensitive, real-time electrically based sensors for biological and chemical species. The amine
and oxide-functionalized SINWs exhibited pH-dependent conductance that was linear over a
large dynamic range and could be understood in terms of the change in surface charge during
protonation and deprotonation. Biotin-modified SINWs were used to detect streptavidin down
to at least a picomolar concentration:range. In addition, antigen-functionalized SINWs showed
reversible antibody binding and- concentration-dependent detection in real time. The small
size and capability of these semiconductor-nanowires for sensitive, label-free, real-time
detection of a wide range of chemical and biological species can be exploited in array-based

screening and in vivo diagnostics [14].
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Figure 2.4: Nanowire-based electrical biosensors. (a) Scheme showing silicon nanowires
functionalized with biotin. (b) On exposure to streptavidin, the nanowires show changes in
conductivity. Plot of conductance versus time for a biotin-modified SINW, where region 1
corresponds to buffer solution, region 2 corresponds to the addition of 250 nM streptavidin,
and region 3 corresponds to pure buffer solution. (c) A nanowire that is not functionalized
with biotin shows no response. Conductance versus time for an unmodified SINW; regions 1

and 2 are the same as in b. [14]
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Carbon nanotubes have attracted great attentions as nanoscale building blocks for devices.
The nano-dimensions, graphitic surface chemistry and electronic properties of carbon
nanotubes make them an ideal material for use in chemical and biochemical sensing (Figure
2.5) [15, 16]. Semiconductor nanowires and carbon nanotubes offer the greatest chance yet

for creating robust, sensitive, and selective electrical detectors of biological binding events.

[

509 100ny (©) 10 nM
- Spf 1M S 1M sA § 1 A 100 nm
& 04 «—100 nM = ¢
w 4 SA o i
< 100 M 2 107
T 50 BSA 5
2 T 09- 10nM
< £ BSA
5100 8 0
a w 100 M
BSA
e e =T CE TR
hCeCa s s acacazeszs=s=s] - . ‘ ‘ . 07 | | |
3%@%3%@%3%@%3%@%3%5;5‘}5;_, 0 4 8 12 16 0 500 1000 1500
Rau-E-S-E-S-2-%_s-e-1i #10° (s) t(s)

Figure 2.5: Nanotube-based electrical biosensors. (a)*Scheme showing nanotubes
functionalized with biotin. (b) Quartz-based microbalance signal of nanotubes after addition
of different concentrations of streptavidinZ(c) Electrical signal of nanotubes after addition of
different concentrations of streptavidin [16].

Nanofabrication processes typically use variations of the four basic operations of
photolithography, thin film growth/deposition, etching, and bonding to create
nanometer-sized objects. Nano-electromechanical system (NEMS) technologies are used to
produce complex electrical, mechanical, fluidic, thermal, optical, and magnetic structures,
devices, and systems with characteristic sizes down to nanometers. NEMS creates and uses
systems that have novel properties and functions because of their small and/or intermediate
size. DNA hybridization and receptor—ligand binding to microfabricated cantilevers produce
surface stress changes that have been measured directly for detection of analytes. A biosensor
is made by functionalizing one side of the cantilevers with receptor molecules and then
detecting the mechanical bending induced by the binding of a ligand [17].

Nanotechnology is revolutionizing the development of biosensors. Nanotechnology-based
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biosensors should be integrated within tiny biochips with on-board electronics, sample
handling and analysis. This will greatly enhance functionality, by providing devices that are

small, portable, easy to use, low cost, disposable, and highly versatile diagnostic instruments.

2.2 Immobilization Technique

A major advance in materials fabrication technology during the last 10 years has been the
development of self-assembly methods [19]. Self assembled monolayers (SAMs) provide well
defined structures and chemistries that can be systematically varied. Also, spatially defined
arrays of SAMs can be prepared by combining self-assembly with patterning methods such as
microcontact printing and photolithography [20]. In addition, SAMs can be used to
immobilize peptides, proteins, and other biomolecules to the surface to prepare the complex
surfaces required for well-defined biological experiments. A surface skill used in nature with
elegance and precision is the ability tororder.and organize complex molecules at surfaces.
Precision immobilization typically aims:to copyhature’s way of organizing molecules and is
thus an example of a biomimetic strategy. Possibilities for surface immobilization of
biomolecules are suggested in Table 2.1. The characteristics of successful precision
engineered biorecognition surfaces include the presence of one receptor site, an appropriate
surface density of those sites, controlled orientation of the sites, some molecular mobility to
enhance ‘‘docking,”” and stability (of the biomolecular conformation and the film integrity).
The ability to inhibit non-specific reactions (in particular, protein adsorption) is also essential
to succeed at emulating nature’s surface signal delivery strategy. The ultimate goals in surface
immobilization of biomolecules are high activity (functionality) and specificity. The
commonality in systems that show 2-D self-assembly are a relatively simple molecular
geometry, a driving force for interacting with a smooth surface, a lateral interactive force

between molecules to stabilize them in the crystal and a chemical group that forms the
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Table 2.1: Methods to immobilize active biomolecules onto surfaces [18]

Method

Comment

Non-specific adsorption

Non-specific covalent immobilization
Immobhilization on an antibody surface
HIS tags

Biotin/streptavidin

Crystallized protein layers
Immobilization to a template structure
Biomimetic recognition sites

Incorporation in a supported bilayer

Nucleotide conjugation/hybridization

Little control is afforded of protein orientation or activity; low durability

Little control is afforded of protein orientation or activity

Using monoclonal antibodies, protein orientation can be controlled

Histidine sequences (HIS tags) can be specifically engineered into proteins for
attachment and orientation

A flexible strategy for tightly fixing protein to surfaces; in vivo biological reaction to
streptavidin is a concern

Useful only in limited cases

An evolving field

An evolving field

As an emulation of the cell membrane this has the possibility to stabilize fragile
proteins

Many possibilities are being explored

Electrostatic A non-specific approach to immobilizing proteins when the protein has an isoelectric

point higher or lower than seven and a surface has a positive or negative charge

outermost surface of these systems. The scientific roots of this area of study lie in the
Langmuir—Blodgett deposition of lipids and surfactants [21]. The discovery in 1983 of thiol
assembly on gold [22] launched an explosion of publications and new discoveries.
Self-assembly of complex organic structures.on-solid surfaces has been observed for
phospholipids [23], silanes [24], n-alkylthiols [22,25, 26], porphyrins [27], nucleotide bases
[28], hydrocarbons [29], proteins [30], and many other organic structures.

The choice of a suitable immobilization method is mainly determined by the chemical and
physicochemical properties of the immobilization support and of the compound to be
immobilized. The adsorption of compounds onto a surface is the simplest immobilization
method. It is based on interactions between local dipoles existing on the interacting molecules.
The polarity of the molecule can be stationary due to polar groups, of which -OH, -NHa,
—C=0, NH-groups are of particular importance, as they form strong hydrogen bonds. Most
frequently biomolecules are bound covalently to the immobilization support through amino
groups, which are accessible on the exposed areas of the biomolecules. They react readily
with aldehyde and epoxide groups and with carboxylic or amino groups after activation by

carbodiimide- or succinimide-derivatives. Take protein as an example, after deposition of the
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protein solution an incubation step at room temperature in a humid chamber is sufficient for
efficient protein immobilization. This makes these procedures compatible with the fabrication
of semiconductor devices.

Silanisation is the most common procedure for the chemical modification of glass surfaces.
Amino groups are introduced by aminopropyltriethoxy- (or trimethoxy) silane. Treatment
with glutaraldehyde activates the surface by the formation of Schiff bases and free aldehyde
groups. Alternatively, bis-sulfosuccinimidyl suberate (BS®) is used as bifunctional agent
leading to the activation of the surface by the introduction of succinimidyl groups [31].

Epoxide groups are introduced via 3-glycidoxypropyltrimethoxysilane. Treatment with
periodic acid leads to their oxidation to aldehyde groups. Surfaces with aldehyde or epoxide
groups sometimes show reduced background signals, as no unspecific electrostatic
interactions are possible, whereas aminofunctionalized surfaces are usually positively charged
leading to the unspecific adsorption of negatively charged proteins [32].

Carboxylic groups are present.on the surface of carbonaceous electrodes or are generated
on the surface of gold layers by self-assembling-0f'thiol compounds, such as
1 1-mercaptoundecanoic acid [33]. These groups have to be activated to allow covalent
coupling of proteins, which is done by incubation with a carbodiimide, such as
1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC) in the presence of
N-hydroxysuccinimide (NHS).

Orient immobilization of protein must rely on the specific property of utilizing biochemical
affinity reactions. Protein A is a cell surface protein of Staphylococcus aureus, which is
capable of binding the Fc domain of immunoglobulins, especially of IgGs [32]. Protein G has
similar properties, but is obtained from Streptococcus sp. Group C. Proteins with an
extremely high affinity for biotin are avidin and streptavidin (dissociation constants of approx.
107" M). Due to the four biotin-binding sites on each protein molecule a layered structure can

be built with a biotinylated surface, a biotin binding protein in the second layer and the
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biotinylated capture protein [32]. A protein with hexahistidine tail could binds to
nitrilotriacetic acid in the presence of Ni*™ ions [34].

Protein-sensing devices are of increasing importance in the fields of diagnosis, monitoring
systems or biological research, as it is realized that proteins are one of the active compounds
in organisms. Thus their concentrations, covalent modifications, localizations and activities
within or outside cells, tissues or organisms reflect reactions of the organism to its
surroundings, which may be indicative of diseased states, toxic or other adverse effects or for

contamination with biohazards, such as microbial toxins.
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Chapter 3: Experiments

3.1 General Introduction

All the experiments were proceeded in National Chiao Tung University (NCTU) or
National Nano Device Laboratories (NDL). All the equipments were also conducted in our
laboratories in NCTU. The reagents were purchased commercially and used by following with
the directions unless specially mentioned.

All the reagents were listed alphabetically in the form of “Name {abbreviation; chemical
formula; purity; manufacturer}”. Some information will be omitted if not available or not
necessary. The following text will use the abbreviation of the reagent.
3-aminopropyltriethoxysilane {APTES; H>N(CH>);Si(OC,Hs)3; 97% purity; Sigma}

APTES was used to modify the property of the SiO, surface. The ethoxy functional
groups of APTES were displaced through formation of covalent bond between the
hydrophilic hydroxyl groups of the SiO, surface and the silicon atom of APTES. This
process leads to the formation of a molecular layer of amino groups for bonding with
biochemical materials such as DNA molecules.

Acetone {CH3;COCH3;; > 99.5% purity; Sigma}

Acetone was mixed with DI water to provide an environment that facilitates the APTES

binding to the Si0O, surface.
1,3-Bis[tris(hydroxymethyl)methylamino|propane {Bis-Tris propane;

CH;[CH,NHC(CH,0H);]2; >99% purity; Sigma}

This chemical was dissolved to prepare aqueous buffer with an unusually wide buffering
range, from approximately pH 6 to 9.5. A solution is usually titrated to the desired pH by

using hydrochloric acid. We use this buffer at pH 7 for the sulfotransferase.

Bovine serum albumin {BSA; for molecular biology, powder}
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Bovine serum albumin makes up approximately 50% of the total protein in serum. It is a
non-acetylated protein served as a blocking agent.
Carbonate-bicarbonate buffer capsule {Sigma}
This capsule contains carbonate and bicarbonate powders. Dissolve all the contents in 50
ml ddH,O to yield 0.1 M carbonate-bicarbonate buffer, pH 9.6.
Deionized and distilled water {DI water, ddH,O}
The water we used was purified with filters, reverse osmosis, and deionized system until
the resistance was more than 18 MQ. DI water was used to clean, wash, and be a solvent.
N,N-Dimethylformamide {DMF; HCON(CH3);; for molecular biology, >99% ; Sigma}
It was a solvent for dissolving many hydrophobic organic compounds like rhdamine in the
experiments.
1,2-ethanedithiol {HSCH,CH,SH;>98.0 %; Aldrich}
This chemical had very unpleasant smell and must-be handled in the hood. Any spoil must
be cleaned with active charcoalimmediately.
Ethylenediaminetetraacetic acid {EDTA; (HOOCCH;),NC,H;N(CH,COOH);; 99%
purity; CALBIOCHEM}

EDTA was used to capture cations, such as Mg®" and Ca®", that can be a cofactor of certain
enzymes which digest and destroy the structures of nucleic acids during experimental
processes.

Glutaraldehyde {OHC(CH,);CHO; Grade I, 25% in H,O; Sigma-Aldrich}
It was a traditional fixative in the histocytometry and electron microscopy. We used it as a
linker to combine two amine-contained molecules. This chemical needs to store at -20°C.
(+)-Biotin hydrazide {C;0H1sN40,S; ~98%; Sigma}
This reagent was for labeling surface functional groups and biologically active molecules
such as antibodies, lectins, sugars, nucleic acids or molecules with free carboxylic or keto

groups. Typically used for coupling to glycoproteins through the carbohydrate by hydrazone
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formation. Store at 4°C.
Hydrogen chloride {HCl; >99% purity; Sigma}
1 M HCl in DI water was used for pH adjustment.
Hydrogen peroxide {H,O0,; >30% purity; Sigma}

Hydrogen peroxide was mixed with sulfuric acid to form piranha solution which cleaned
the wafer surface.

Potassium p-nitrophenyl sulfate {NO,CcH40S0,0K; Sigma}

p-nitrophenyl sulfate was the substrate for chromogenic sulfotransferase or sulfatase.

p-naphthol {C,,H,OH; 99% purity; Aldrich}

B-naphthol was the substrate for the fluorometric assay of phenol sulfotransferase.

Phenol sulfotransferase (EC 2.8.2.9), from Rattus norvegicus
This enzyme is a gift from Prof, Yuh-Shyong ¥ang, college of Biological Science and
Technology, NCTU. Professor-Yang studied sulfotransferase for a couple of years. His lab
focuses on the reaction mechanism of enzymes, the development of the enzyme chip, and
enzyme engineering.
3’-phosphoadenosine 5’-phosphate {PAP; C;0H15sN5O0oP2; ~97%; Sigma}
This chemical was also a substrate of sulfotransferase.
Phosphate-buffered saline tablets {PBS, 1X; CALBIOCHEM}

PBS, a biological buffer solution, was used to increase the selectivity of the DNA chips by
washing away any non-hybridized nucleic acids. This chemical is dissolved in one liter
ddH,O to yield 10 mM phosphate buffer, pH 7.4, 140 mM NaCl, 3 mM KCL

Rhodamine B amine {C,3H3;N303; Sigma}
This chemical had fluorescent property and was reactive to the functional group of
aldehyde. It was very light-sensitive and must be store at 4°C . During using it, keep from

light with aluminum foil.
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Sodium tetraborate decahydrate {Na,B407 + 10 H,0; 99.5%; Sigma}

This chemical was dissolved in DI water as the concentration of 50 mM, providing the
buffered environment.
Sodium chloride {NaCl; > 99.5%; Sigma}
Sodium chloride was used to prepare SSC or other biological buffer.
Sodium hydroxide {NaOH; 98% purity; Sigma}

10 M Sodium hydroxide in DI water was used to adjust the pH of the HEPES/ EDTA
buffer solution.

Sodium phosphate dibasic dihydrate {NaH,PO4; >99.5%; Riedel-deHaén}

Sodium phosphate solution was a widely used biological buffer. This chemical was also
an ingredient of PBS.

Standard sodium citrate buffer {1X SSCrbuffer; 0.15 M NaCl, 0.015 M Na citrate, pH 7;
Sigma}

SSC was a kind of biological buffer and'controlling the stringency of hybridization. SSC
was prepared as stock of 20X concentration and dilute with DI water to the desired
concentration for use.

Streptavidin—FITC from Streptomyces avidinii {essentially salt-free, lyophilized powder,
> 5 units/ mg protein; Sigma}

This protein had a high affinity for biotin. Prior to use, the powder needed to dissolve in
the PBS. It must be stored at -20°C.

Sulfosuccinimidyl 4-[N-maleimidomethyl]-cyclohexane-1-carboxylate {sulfoSMCC;
Ci6H17N2NaQyS; Sigma}

SulfoSMCC was water soluble, non-cleavable and membrane impermeable crosslinker. It

contains an amine-reactive N-hydroxysuccinimide (NHS ester) and a sulthydryl-reactive

maleimide group.

20



Sulfuric acid {H,SO4; 98% purity; Sigma}

Sulfuric acid was mixed with hydrogen peroxide in a 3:1 ratio to remove impurities on the
surface of the wafer or devices. This material was very corrosive and dangerous. We must
handle it with carefulness and patience.

Tetramethyl ammonium hydroxide solution {TMAH; (CH3)4N(OH); semiconductor
grade}

0.262 N TMAH is used as the developer for positive and negative resist.
Tris(hydroxymethyl)aminomethane {Tris base; NH,C(CH,OH)3; >99.8%;
Sigma-Aldrich}

This reagent is often used as a buffer with EDTA at the ratio of 10 for DNA. The useful

pH range is 7-9.
Tween 20 {Polyethylene glycol sorbitan monolaurate; Sigma}

Tween 20 was a non-ionic detergent to control the stringency of hybridization.

3.2 Experimental

The experiments are divided into three parts. There are special reagents or machines in
every individual section. They will be mentioned in detail and some other supplements will be
described in the following text as well. During the experiments, the latex gloves, masks, and

protective clothing must be dressed in order to avoid unexpected dangers.

3.2.1 Immobilization of Rhodamine B
The interface and system integration must build on the stable immobilization between the
nanoelectronic devices and biomolecules. The first run was to assemble fluorescent molecule

onto the patterned wafer. We used two types of patterned wafers, one was the poly silicon and
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silicon dioxide, the other was poly silicon and silicon nitride. Figure 3.1 illustrates the
procedures to immobilize rhodamine B, a red fluorescent dye, onto the silicon dioxide for the
patterned wafer [1]. The procedure of immobilization of thodamine B was divided into three
steps. Step 1 was cleaned patterned wafer with fresh-prepared piranha solution (H,0O,:
H,SO4= 1: 3) for 1 hour then the derivatized it with APTES for 30 minutes at room
temperature. The sample was rinsed with ddH,O thoroughly after cleaning and derivatizing,
respectively. The temperature of the piranha solution must be hold above 85 °C to maintain
the oxidizing power. If the temperature dropped, add more hydrogen peroxide or renew the
piranha solution. It should be mentioned that piranha solution was very corrosive and
dangerous. We must handle it with carefulness and patience. The solvent of APTES solution
was constituted with the proportion of one part of acetone to five parts of ddH,O. We adjusted

the pH to 3.5 by adding HCI, and the APTES was added into solvent in the concentration of
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Figure 3.1: The three main steps of the immobilization of rhodamine.
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5%. Step 2 was to bake the derivatized wafer for 30 minutes at 120°C followed with
immersing it in the linker solution, 2.5 % glutaraldehyde [2], for 30 minutes at room
temperature. The sample after linking was rinsed with PBS. The baking was to enhance the
bonding of silicon dioxide to the APTES. The 2.5% glutaraldehyde solution was diluted with
PBS from the Grade I, 25% glutaraldehyde. Step 3 was to immerse the modified wafer in the
rhodamine B amine solution for 16 hours at room temperature. The sample was rinsed with
carbonate buffer and ddH,O thoroughly. Finally, these samples were observed by fluorescent
microscope. The powder of rhodamine B amine was dissolved in the DMF and adjusted the
concentration to 0.1 mM with 0.1 M carbonate buffer, pH 9.6. Because the rhodamine B
amine is light-sensitive, the solution should prepare freshly and covered the beaker with

aluminum foil.

3.2.2 Immobilization of Sulfofg'ansférase =
After the successful immobiiizaﬁon of .rthodamine B, we immobilize the phenol
sulfotransferase [3], a kind of enzyme that catalyzes sulfonation. In order to test the best
binding efficiency of the enzyme, we used the wafer with silicon dioxide film as the reaction

substrate. The immobilized sulfotransferase on the substrate was illustrated in Figure 3.2.

Teflon ring

Reartion solution

Silicon resin

Irrnobilized enzyoe

Figure 3.2: Cross-section (not to scale) of the apparatus for sulfotransferase immobilization.
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The teflon ring tightly contacted with the substrate and sealed with silicon resin before all the
following procedures to avoid the leakage of the reaction solution. This apparatus is
convenient for us to handle the measurement of the reaction solution by pipetman.

The whole procedure was divided into three steps (in Figure 3.3), we cleaned the wafer
with piranha solution for 30 minutes, follow with derivatization of the wafer with APTES
solution for 30 minutes at room temperature and baking the derivatized wafer at 120 °C for 30
minutes in the step 1. In the step 2, we substituted the linker from glutaraldehyde to
sulfoSMCC [4] due to the free functional group was thiol, not amine, on the surface of the
sulfotransferase. We immersed the sample in the 0.5 mM sulfoSMCC solution for 1 hour at
room temperature (SulfoSMCC was dissolved in 50mM sodium borate buffer) followed with
phenol sulfotransferase solution (50 mg/L) for 1 hour at 4°C. Finally, the enzyme-
immobilized wafer was immersedtin the 2-mercaptoethanol (50 mM in 50mM sodium

phosphate buffer) for 30 minutes to block .uanreactive sulfoSMCC at 4°C. At last, the
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Figure 3.3: The three main steps of the immobilization of sulfotransferase.
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2-mercaptoethanol solution was removed and added sodium phosphate buffer. In Figure 3.3,
the sulfotransferase is depicted in oval shape for convenience and not in the real size. To
know whether the enzyme was immobilized or not, observation of the activity of the enzyme
was a direct method. The phenol sulfotransferase catalyzed two reaction of the transfer of the
sulfuryl group from PAPS and p-nitrophenyl sulfate to the f-naphthol and PAP, respectively
(Figure 3.4). The two reactions are coupled to ensure the PAP and PAPS are continuous in
the solution and the p-nitrophenol product is still synthesizing. The absorbance of
p-nitrophenol at 400 nm can reflect the activity of the sulfotransferase. We added the reaction
solution prepared by ImM p-nitrophenyl sulfate, 2 uM PAP, and 50 uM B-naphthol in the 100
mM pH 7 bis-Tris propane to the reaction vessel and measured the absorbance with a UV/Vis

spectrophotometer (Hitachi UV/Vis-3300, Japan).
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3.2.3 Gold-Silicide Nanowire Formation and Binding of Biomolecules
Silicide formation and its properties are very important for biomolecular sensing, especially
as metal thin film deposited on silicon at low temperature. When the film becomes thinner,
the uniformity and the homogeneity of the silicide layer were challenged. The fabricating
sequence of gold-silicide film was first deposited a S00 nm poly-silicon on the
single-crystalline p-type <100> silicon wafer, then a 50 nm gold thin film at various annealing

temperatures of interest was applied to the formation of gold silicide film (Table 3.1). The

Table 3.1: The parameters of various annealing temperatures.

RTA temp (3 min) Furnace temp (1 hr)
temperature (C) | 350 | 400 | 500 | 600 | 650 | 300 [ 400 [ 500 | 600

RTA used annealing time of 3 minutes for any temperatures. The furnace annealing used
annealing time of 1 hour. The fabrication process.for the one-dimensional gold-silicide
nanowire was depicted in Figure 3.5: The p-type single crystalline <100> silicon wafer was
used in the following steps. The silicon wafer was grown a film of 5000 A silicon dioxide as

the isolation layer by thermal oxidization furnace. The following 100 nm poly-silicon film

was deposited by low pressure chemical vapor deposition. Then, the sample was spin-coated

\ Gold-silicide

Sl sub

Fugure 3.5: The process of the formation of gold silicide
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Figure 3.6: The schematic diagram of bridge structure. The nanowire and the pads were made of

the same material, gold-silicide.

with the negative electron beam resist (N EB-22A) by TEL CLEAN TRACK MK-8 system,
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and subsequently, electron beam formnow1re pa‘ttemmg (Figure 3.6). Bridge structure

constitutes of four pads and three nan Wﬂgj -—t%h;gz 1ength of nanowire is fixed 100 pm and the

"I =

width of nanowire ranges from 801‘1m td’@ﬁbm:n:l hefefectron beam exposure was carried out
L. &
. e .__"L_ ]
) C

by Leica WePrint 200 e-beam and Wet devg_bpﬁ‘fenf was by TMAH solution. The poly-silicon
film was etched by LAM TCP 9400SE, and the negative resist was stripped by thermal ozone
(Fusion Ozone Asher) and dipped in the mixed solution of HyO,:H,SO4 (1: 3) for 10 min. In
this moment, the patterned poly-silicon nanowire was ready to thermally deposit 10 nm gold
thin films by thermal coater. After the deposition of gold thin film, we annealed the nanowire
at various temperatures of interest (Table 3.1), the device was then immersed in the aqua
regia (HCL: HNOs= 3: 1) solution to remove the un-reacted gold metal. We used the HP-4156
analyzer to characterize the electrical signal of the patterned Kelvin structure, four pads for
probing and a single nanowire for measuring the electrical property.

Figure 3.7 illustrates the surface immobilization of rhodamine or biotin on the gold-silicide
nanowire. All the experiments here were proceeded at room temperature. We washed the

gold-silicide nanowires with ddH,O, ethanol, and acetone in order. Then, the nanowire was

27



\S,f;f
=
o= ] ©
i
e T
0.0 HH-..__.0
0 )
5H 3 R g
| | I
G CHa it
K % o
5 g ?
| |
A An i An
! 1,2-sthanedithiol ' SulfoSMOC ' H N—R :
AuSI, | N TAGST |, FAUSE, |—2— [ AuSi,
0
E =hiomaterials or
HSCHE CHZSH flaorescent materials

o
gfv@* 4
i o

N

o Ha
Figure 3.7: The process of immobilization of biomolecules to the gold silicide. R represents

rhodamine, biotin, or other biomelecules.

immersed in the 5% 1,2-cthanedithiol of DME solution for 30 minutes. After DMF, ethanol,
and ddH,O washing, the sample was again immersed in the 0.1 % sulfoSMCC solution for
one hour. SulfoSMCC was dissolved in the 100 mM sodium phosphate buffer, pH 6.8. The
sample also washed with sodium phosphate buffer after immersion. In order to confirm the
success of surface modification, we used the 10 mM rhodamine in the pH 9.6 carbonate buffer
to covalently bond with the sulfoSMCC for 2 hour and washed with carbonate buffer
followed with ddH,O. Due to the extremely high affinity of biotin-streptavidin interaction, the
pre-assembled biotin molecule can recognize the FITC-conjugated streptavidin molecule in
the solution. The gold-silicide nanowire washed and immersed in the 1,2-ethanedithiol and
sulfoSMCC as above procedure and was ready to assemble with hydrazide-biotin. The
hydrazide-biotin was dissolve in the DMF at 50 mM and dilute to 5 mM with 100 mM

sodium phosphate, pH 7.5. The nanowire was immersed in the biotin solution for 2 hours and
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also washed with sodium phosphate buffer to removal unbound biotin. The last step was to
immerse the biotin-assembled nanowire in the 0.1 % FITC-streptavidin solution for 2 hours.
FITC-streptavidin was dissolved in the PBS and dilute with the mixture of pH 7.2 10 mM
phosphate-buffered saline, 0.05 % NaNs, 0.15 M NacCl, and 0.1 % Tween 20. All the results
will be shown in chapter 4.

In addition to biotin-streptavidin system, we also immobilized other biomolecule, IgG. IgG
is a kind of immunoglobulin for humoral immunity. It has a strong affinity to its antigen. In
this experiment, we used mouse-IgG as the antigen and donkey anti-mouse IgG as the
antibody. The gold-silicide nanowire was cleaned then modified by 1,2-ethanedithiol and
sulfoSMCC as previously mentioned procedure. The modified gold-silicide nanowire was
immersed in the 5 pg/ ml mouse-IgG solution in 1X PBS, pH 7.0 for 2 hours. After washing
with PBS for 3 times, we blocked the device with 1% BSA solution in PBS, pH 7.0 for one
hour. The device also washed 3 times by 2% Tween 20 and 0.1% BSA in PBS. The 0.4 pg/ ml
donkey FITC-conjugated anti-mouse Ig@G-solution was added to immerse the device for two
hours. At last, the device washed by 2% Tween20-and 0.1% BSA in PBS for 3 times then
ddH,0 and immediately observed under fluorescent microscope followed with the

measurements of electrical property.
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Chapter 4: Results and Discussion

We have successfully evaluated the capability of immobilization on the various
state-of-the-art substrates for the semiconductor industry. The fluorescent images have
suggested that the suitable substrate is silicon dioxide. We also successfully fabricated
gold-silicide nanowires by using traditional furnace annealing methods and immobilized

rhodamine or biomolecules onto them.

4.1 Immobilization of Fluorescent Materials on Various Substrates

Figure 3.1 was the whole procedures' for théselective immobilization of model rhodamine
molecule onto various surfaces. The /free hydroxyl groups of silicon oxide could react with
APTES and leave a free amine group-on the'surface. The active aldehyde groups of

glutaraldehyde will react with the*primary amine. groups to form imine bonds. The remained

Figure 4.1: The patterned wafer of silicon oxide/poly silicon was immobilized

with rhodamine. The materials of dark and bright areas were poly silicon and
silicon oxide, respectively. (a) APTES-glutaraldehyde modified wafer. (b) The

patterned wafer without modification.
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aldehyde groups on the glutaraldehyde could react with primary amine containing molecules
such as amine-rhodamine. It was deserved to mention that we have tried three types of
substrates in common use for the semiconductor industry to choose the best substrate for the
binding candidate. This strategy will help us to design the pattern from the semiconductor
devices, such as the nanowires and nanogaps of the sensor.

In Figure 4.1a, the appearance of fluorescent rhodamine molecule on the silicon dioxide
patterns is shiny. On the contrary, the poly-Si region exhibits color. Figure 4.1b was the
image of no surface modification. The same dark image over the whole sample represented no
signals of fluorescence. This observation clearly suggests the rhodamine can be only
assembled onto the SiO, surface. The surface without any APTES and glutaraldehyde
modification can not conducted a selective assembly. As for the fluorescent image of the
patterned wafer of silicon nitride and the poly silicon in Figure 4.2a, there is no significant
fluorescent signal, except for thé contamination of the particles. The optical image of the
same field in Figure 4.2b showed the pattern.on the wafer. As a result, the silicon dioxide

was the best material to bind biomolecules by the procedures.

Figure 4.2: The patterned silicon nitride/poly Si wafer was immobilized with

rhodamine. APTES-glutaraldehyde-modified wafer was observed under (a)
fluorescent microscope and (b) bright-field microscope with the same field,

respectively.
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4.2 Immobilization of Biomolecules and their Activity

Once the model rhodamine molecule is successful immobilization, the phenol
sulfotransferase is also ready to be assembled. The surface of sulfotransferase contains several
thiol groups, so the attachment by amine group to glutaraldehyde liker is not feasible. We use
the sulfoSMCC linker to immobilize the active enzyme. The sulfoSMCC contains an
amine-reactive N-hydroxysuccinimide group and a sulfhydryl-reactive maleimide group. The
former could react with the primary amine group of APTES, and the latter could react with
the thiol group on the sulfotransferase.

The activity of the immobilized enzyme is compared with the suspended enzyme in Figure
4.3. The accumulation of the absorbance is the same within the duration of 80 minutes and
reaches the absorbance plateau at 0:17 thereafter. This observation can be explained that the
immobilized enzyme was locally collected on the ‘surface of wafer, and the reactants and
products were passed in and out'by diffasion..When the concentration was saturated near the

surface, the enzyme could not catalyze more substrates but the products intervened in the
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Figure 4.3: The comparison of the suspended sulfotransferase with the immobilized
one. The immobilized sulfotransferase on the wafer of silicon dioxide have the same

activity with suspended enzyme at least 80 minutes.
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activity of the enzyme. Finally, the enzyme could only catalyze the same amounts of
substrates and record the same absorbance.

Is the process of immobilization reversible and releasing a portion of enzyme into the
solution? We added the reagents and let the sulfotransferase catalyze them, measured the
absorbance at 400 nm every fifteen minutes. During the measurement, we make the reagents
to be reacted and then removed into the eppendorf every two measure points (Figure 4.4).
When the reagents were removed, phosphate buffered saline was added to maintain the
environment around the enzyme. Because the reagents were the same in the whole experiment,
the raise of absorbance was caused by the catalysis of sulfotransferase. Figure 4.4 also clearly
suggests the activity of immobilized sulfotransferase enzyme is still existed up to 160 minutes.
The absorbance is gradually increased during the period of catalysis except for the reagent
removal. After correcting the reagent removal effect, the relationship (inset of Figure 4.4)

between the absorbance and the accumulation ‘time exhibits the linearity with a good
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Figure 4.4: The catalytic activity of immobilized sulfotransferase. The reagents we
added and the absorbance was kept measuring every 15 minutes. During the period
experiment, there were four times of removal of reagents from the surface.

Inset: All the measurements when the reagents were catalyzed. The duration of

removal of reagents was deducted.

33



correlation coefficient (R* is 0.9886). In conclusion, we successfully immobilized
sulfotransferase onto the surface of silicon dioxide and maintained the activity of the enzyme.
The next section is to assemble the active enzyme onto the nanowires or nanogaps and to
detect its electrical property for higher sensitivity. We will also immobilize various types of

proteins and biomaterials for more applications.

4.3 Immobilization of Biomolecules onto the Gold-Silicide Nanowire and

Electrical Properties

4.3.1 The Gold-Silicide Nanowire Formation

Semiconductor processing devices such as nanowires and nanogaps possess the advantages
of low cost and high sensitivity. These devices.can be fabricated in a large volume to lowering
the cost. In this study, we aimed in developing.the gold-silicide nanowires for the
biomolecular sensing.

At first, we evaluated the thin film of gold-silicide for the purpose of biomolecular
immobilization. The eutectic temperature for Au-Si bonding from the Au-Si phase diagram is
at 363°C for 19 atom % Si, as shown in Figure 4.5 [1-3]. When the temperature was higher
than the eutectic point, gold-silicide structure will form and the gold atoms in gold-silicide
can not be removed by aqua regia. If we use the gold-silicide as a nanowire, we could
immobilize specific molecule onto it and achieve the purpose of detection. The gold atoms in
gold-silicide could bind with thiol group containing molecule such as 1,2-ethanedithiol
through sulfur-gold bond. The free thiol group could react with the maleimide group of
sulfoSMCC and form a stable thioester bond. The N-hydroxysuccinimide group of
sulfoSMCC could react with primary amines to form stable amide bonds. The primary amine

containing molecules in the experiments are amine-rhodamine, hydrazide-biotin, and
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Figure 4.5: Au-Si phase diagram.

4.3.2 The Gold-Silicide Thin Film Property
In Figure 4.6~Figure 4.12, we showed the SEM and fluorescent morphologies of the
gold-silicide thin film formed under various annealing temperatures, and then used to
immobilize rhodamine. Basically, the extent of gold-silicide film formation is related to the
annealing temperature. The gold-silicide in Figure 4.6~Figure 4.8 by furnace annealing
significantly has the higher gold-silicide density than that in Figure 4.9~Figure 4.11 by RTA.
Similarly, the fluorescent images in Figure 4.6~Figure 4.12 from the rhodamine molecules

assembling onto the film with various annealing conditions also support the viewpoint.

35



SEI 10.0kY X160,000 100nm WD 7.5mm

200 ¢m

Figure 4.6: The images of the gold-silicide film annealing at 400°C by furnace.
Upper: the SEM morphology. Lower: the fluorescent morphology.
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Figure 4.7: The images of the gold-silicide film annealing at 500°C by furnace.
Upper: the SEM morphology. Lower: the fluorescent morphology.
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Figure 4.8: The images of the gold-silicide film annealing at 600°C by furnace.
Upper: the SEM morphology. Lower: the fluorescent morphology.

38



NONE SEI 15.0k¥ X200,000 100nm WD 7.2mm

200 £ m

Figure 4.9: The images of the gold-silicide film annealing at 400°C by RTA. Upper:
the SEM morphology. Lower: the fluorescent morphology.
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Figure 4.10: The images of the gold-silicide film annealing at 500°C by RTA. Upper:
the SEM morphology. Lower: the fluorescent morphology.
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Figure 4.11: The images of the gold-silicide film annealing at 600°C by RTA. Upper:
the SEM morphology. Lower: the fluorescent morphology.
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Figure 4.12: The images of the gold-silicide film annealing at 650°C by RTA. Upper:
the SEM morphology. Lower: the fluorescent morphology.
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In order to verify the electrical property of the fabricated gold-silicide films, the sheet
resistance measurement was conducted. The electrical property of the gold-silicide film was
illustrated in Figure 4.13. The furnace treatment samples had lower sheet resistance than the
RTA samples for any temperatures. The samples having low sheet resistance meant the
gold-silicide film treated under the furnace system is an effective way to stable growing and

uniform distribution.
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Figure 4.13: The sheet resistance of the gold-silicide films by RTA and furnace

annealing.

4.3.3 The Gold-Silicide Nanowire Property
The SEM morphology of the various widths of gold-silicide nanowires were illustrated in
Figure 4.14~Figure 4.22. The gold-silicide nanowires at various design conditions were not
uniform for all the RTA samples. For the furnace samples, only the 200 nm nanowire
annealed at 500°C had the inhomogeneous property. Unlike the film’s result in Figure
4.6~Figure 4.12, the gold-silicide film can’t easily grow in the nano-region. This observation

can be attributed to the two reasons: (1) the RTA is too fast to make enough gold to react with
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poly-silicon, (2) the adhesion issue of gold-silicide requires a sufficient area to keep the intact
of thin film. Besides, the gold-silicide of different metastable phases with the composition
ranges from Au,Si to Au;Si will also produce different images.

The electrical properties of the nanowires annealed by furnace to form gold-silicide were
shown in Figure 4.23. The conductance of poly-silicon nanowire without silicidation process
is much lower than that with silicidation process. This observation is attributed to the residue
dopants effects. The theoretical conductance is also in the same range [4]. The gold-silicide
nanowires could be accomplished by furnace annealing at temperature higher than the eutectic
point, 363°C. The annealing temperatures including 400°C, 500°C, 600°C, and 650°C could
transform poly-silicon to gold-silicide, and the conductances were significantly heightening.

This phenomenon can be explained by the low resistivity of gold-silicide formation.

Figure 4.14: The SEM images of the gold-silicide nanowires with various widths
annealing at 300°C by furnace. The scale bar is 100 nm. (a) 80 nm (b) 100 nm (c) 120

nm (d) 200 nm

44



LR
“irc?f&&panowires with various widths

leﬁﬁ % " n. (a) 80 nm (b) 100 nm (c) 120

'l-\_ _..,.-' l"“

Figure 4.15: The SEM images of th
annealing at 400°C by furnace. T ﬁ'%
nm (d) 200 nm =

|

-

Figure 4.16: The SEM images of the gold-silicide nanowires w1th various w1dths
annealing at 500°C by furnace. The scale bar is 100 nm. (a) 80 nm (b) 100 nm (c) 120
nm (d) 200 nm
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(d)

Figure 4.17: The SEM images of the gold-silicide nanowires with various widths
annealing at 600°C by furnace. Thescale bar is '10'()'.1'1m. (a) 80 nm (b) 100 nm (c) 120

nm (d) 200 nm iy HAEIRS

\
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Figure 4.18: The SEM images of the gold-silicide nanowires with various widths
annealing at 650°C by furnace. The scale bar is 100 nm. (a) 80 nm (b) 100 nm (c) 120
nm (d) 200 nm
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Flgure 4.19: The SEM 1mages of the go],d 511Lc1de nanowires w1th various widths
annealing at 400°C by RTA. The soafe bar 18 100~nm (a) 80 nm (b) 100 nm (c) 120
nm (d) 200 nm  HEHO %

Flgure 4.20: The SEM images of the gold- Sthlde nanowires with various w1dths
annealing at 500°C by RTA. The scale bar is 100 nm. (a) 80 nm (b) 100 nm (c¢) 120
nm (d) 200 nm
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Flgure 4.21: The SEM images of the gold sﬂmde nanowires w1th various w1dths
annealing at 600°C by RTA. The scafe bar 1s 100=nm (a) 80 nm (b) 100 nm (c) 120
nm (d) 200 nm FIS kY%

Flgure 4.22: The SEM images of the gold- s1l1c1de nanowires with various widths
annealing at 650°C by RTA. The scale bar is 100 nm. (a) 80 nm (b) 100 nm (c) 120
nm (d) 200 nm
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Figure 4.23: The conductance of the poly-silicon nanowires with various widths (a)
and form gold-silicide after furnace annealing (b~f).

The inhomogeneous gold-silicide distribution was found at the annealing process. During

annealing, the gold atoms clustered, and silicon atoms reacted with gold to form silicide alloy

[5]. The Si-Au system forms the simplest eutectic alloy without any solid solution, as clearly

shown in the Au-Si phase diagram (in Figure 4.5). Therefore, the eutectic alloy structure
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Figure 4.24: The sequential mechanism of the formation of gold-silicide during

annealing.

likely consists of either lamellae of Au and Si phases or rods of Au embedded in the Si phase
[6]. Figure 4.24 was the possible mechanism during annealing process [7]. The gold atoms
and silicon atoms diffuse to form a solid solution when the temperature elevates. Only the
silicon atoms on the pads and nanowires contacts the agglomerate gold particles could turn to
island-like gold-silicide. After removing unreacted gold, the gold-silicide appears on the
surface and is able to immobilize:the fluorescent molecules or biomolecules.

Many factors affect the conductance of nanowire such as uniformity of silicide, phase
(constitution, structure) of gold-silicide, geometry.€ffect, narrow width effect [8], and narrow
width edge effect [9]. Each factor competes and dominates depending on the situation. The
uniformity and phase of gold-silicide are mainly decided by the annealing temperature and
time. The distribution and formation of island-like gold-silicide produce much barrier
between poly-silicon and gold-silicide. Based on the narrow width effect, the islands will
decrease the conductance and the phenomenon will dominate under small width. In the
geometry effect, if the gold coated on the poly-silicon nanowire and turned to the gold-silicide
with the same thickness, the percentage of gold-silicide to the total volume of nanowire will
increase when line width decreasing. At higher temperature such as 600°C or 650°C, the
phase of gold-silicide transformed to another phase which contained lower resistivity. The
ratio of silicide is enhanced in the edge area so the narrow width edge effect and geometry

effect dominate.
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4.3.4 The Immobilization of DNA onto Gold-Silicide Nanowires

Figure 4.25 showed the conductance of various widths of gold-silicide and binding to
DNA. The gold atoms in the gold-silicide could directly react with the thiol-containing
molecules. We first test the 20-mers DNA with 3’thiol-modification. The DNA sequence is
5’-TGTGAGGGATGTTTGGGAGA-3’-SH. The electrical property of gold-silicide nanowire
formed at 500°C by furnace was measured, and then directly immersed in the 100 pM DNA
solution made of T;oE; buffer (Tris base: EDTA = 10: 1) for 16 hour at room temperature.
After DNA immobilized onto the gold-silicide nanowire, the conductance was found to
increase obviously. The characteristic of negative charges of the DNA contributes more
electrons to carry onto the nanowire and let the conductance increase. Hence, the gold-silicide

nanowire can use to sense this type of molecule.
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Figure 4.25: The conductance of the gold-silicide nanowires of various widths with
3’thiol-DNA.

4.3.5 The Immobilization of Biotin and Streptavidin onto Gold-Silicide Nanowires
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Figure 4.26~Figure 4.34 are the images of gold-silicide pads and nanowires. The images
under optical microscope were the direct view of the pads and nanowires. The images under
red fluorescent microscope and green fluorescent microscope were pads and nanowires
immobilized with rhodamine and FITC-conjugated streptavidin, respectively. From these
images, we could discover the gold-silicide was formed and immobilized fluorescent
molecules obviously at various temperatures, except for 300°C . In addition, the best
temperature was at 500°C by furnace annealing from the best uniformity on the pads. The
annealing at 300°C obviously can not form the gold-silicide, and the pads were still clean.
However, the formation of gold-silicide with annealing at the temperature higher than 363°C

ensures the possible immobilization of biotin and binding of streptavidin.

Figure 4.26: The images of the gold-silicide pads and nanowire annealing at 300°C
by furnace. Upper: the OM morphology. Lower: the fluorescence of rhodamine.



Figure 4.27: The images of the gold-silicide pads and nanowire annealing at 400°C
by furnace. Upper: the OM morphology. Middle: the fluorescence of rhodamine.

Lower: the fluorescence of FITC-conjugate streptavidin.
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Figure 4.28: The images of the gold-silicide pads and nanowire annealing at 500°C
by furnace. Upper: the OM morphology. Middle: the fluorescence of rhodamine.

Lower: the fluorescence of FITC-conjugate streptavidin.
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Figure 4.29: The images of the gold-silicide pads and nanowire annealing at 600°C

by furnace. Upper: the OM morphology. Middle: the fluorescence of rhodamine.
Lower: the fluorescence of FITC-conjugate streptavidin.
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Figure 4.30: The images of the gold-silicide pads and nanowire annealing at 650°C
by furnace. Upper: the OM morphology. Middle: the fluorescence of rhodamine.

Lower: the fluorescence of FITC-conjugate streptavidin.
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Figure 4.31: The images of the gold-silicide pads and nanowire annealing at 400°C
by RTA. Upper: the OM morphology. Middle: the fluorescence of rhodamine. Lower:

the fluorescence of FITC-conjugate streptavidin.
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Figure 4.32: The images of the gold-silicide pads and nanowire annealing at 500°C
by RTA. Upper: the OM morphology. Middle: the fluorescence of rhodamine. Lower:

the fluorescence of FITC-conjugate streptavidin.
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Figure 4.33: The images of the gold-silicide pads and nanowire annealing at 600°C
by RTA. Upper: the OM morphology. Middle: the fluorescence of rhodamine. Lower:

the fluorescence of FITC-conjugate streptavidin.
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Figure 4.34: The images of the gold-silicide pads and nanowire annealing at 650°C

by RTA. Upper: the OM morphology. Middle: the fluorescence of rhodamine. Lower:

the fluorescence of FITC-conjugate streptavidin.

60



From the SEM and the fluorescent images of the nanowires and pads, there are still some
residual photoresists and unknown particles. It may be improved by extending the time period
of photoresist stripping and operating under cleaner environment.

Figure 4.35 showed the electrical property of various gold-silicide nanowires produced by
furnace at 500°C, the best condition in this experiment for the immobilization of biotin and

streptavidin. The conductance was influenced by the binding proteins and increased

obviously.
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Figure 4.35: The conductance of the gold-silicide nanowires of various widths with

biotin and streptavidin immobilization.

4.3.6 The immobilization of mouse-1gG and anti-mouse 1gG onto gold-silicide
nanowires
We choose the process of annealing by furnace at 500°C for this experiment according to
the previous results of the measurements of conductance and fluorescent images. The samples

were immobilized with mouse-IgG and FITC-conjugated anti-mouse IgG, and then directly
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observed under the fluorescent microscope. The SEM morphology in Figure 4.36 showed the
pad and various nanowires of gold-silicide. The nanowires were fabricated as our expected
widths. The binding of the mouse-IgG and anti-mouse IgG onto the nanowires and pads were

too tiny to be seen in the images.
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£ Figure 4.36: The SEM images of the
gold-silicide nanowires with various
widths annealing at 500°C by furnace
.59, _‘ then immobilizing mouse-IgG and

¥ hybridizing FITC-conjugated anti-mouse
IgG. (a) 80 nm (b) 100 nm (c) 120 nm
+| (d) 200 nm (e) pad.
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Figure 4.37 revealed the fluorescent images of the samples. The upper image was the
sample modified by 1,2-ethanedithiol and sulfoSMCC and successful immobilized
mouse-IgG and FITC-conjugated anti-mouse IgG. The lower image was the sample without

modification can not immobilize mouse-IgG and FITC-conjugated anti-mouse IgG.

Figure 4.37: The images of the gold-silicide pads and nanowires annealing at 500°C
by furnace. The fluorescence of FITC-conjugated anti-mouse IgG with (upper) and
without (lower) surface modification.

The electrical properties of the samples were shown in Figure 4.38. The samples with

linker modification could immobilize mouse-IgG and have no obvious changes (Figure

4.38a). When the anti-mouse IgG added to combine with mouse-IgG, the conductance
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increased significantly (Figure 4.38b). If we wash the sample with boiling water for 10
minutes, the mouse-IgG and anti-mouse IgG will denature and can not bind to each other [10].
The conductance restores to the value before immobilization. The sample without surface
modification in Figure 4.38c could evaluate the non-specific binding of the mouse-IgG and
alter some changes for the electrical property. The non-specific binding of mouse-IgG could
fix the anti-mouse IgG. The simultaneous existence of mouse-IgG and anti-mouse IgG on the

surface of the gold-silicide nanowire could affect the electrical property.
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Figure 4.38: The conductance of the gold-silicide nanowires of various widths with IgG
and anti-IgG immobilization.
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Although the BSA and the detergent Tween 20 were already used in the experiment, we
still need some efforts to reduce the non-specific binding in the future. In a short conclusion,
the gold-silicide nanowire could use to immobilize a specific biomolecule of interest by our
surface modification and binding techniques. We could direct observe the specific binding
under fluorescent microscope or measure the changes of electrical properties. The change
maybe due to that the current flows extremely close to the surface, the biological
macromolecules bound to the surface of a nanowire and undergoing a binding event with
conformational change or change of charge state, may thus affect the current flow in the
nanowire. This mechanism is beneficial for a biosensor with state-of-the-art semiconductor

manufacturing to detect low concentration of biomolecules.
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Chapter 5: Conclusions

The immobilization between the solid support and biomolecules is very important for the
interdisciplinary studies of biotechnology and semiconductor fields. The key to
immobilization is the surface modification. We firstly immobilize rhodamine by APTES and
glutaraldehyde modification onto various substrates and find out the best solid support is
silicon dioxide. The active enzyme, namely sulfotransferase, is also successfully immobilized
by APTES and sulfoSMCC modification on the silicon dioxide and still has the activity. We
also propose a new material of gold-silicide nanowires to immobilize biomolecules. We
fabricate the gold-silicide nanowires by annealing gold-coated poly-silicon nanowires,
followed with gold removal by aqua regia. The gold-silicide nanowires have controllable
widths and lengths. After surface modification with 1,2-ethanedithiol and SulfoSMCC, the
gold-silicide nanowires readily immabilize biomolecules such as hydrazide-biotin and I1gG.
The biotin and 1gG could bind to streptavidin‘and anti-1gG, respectively. We observe the
specific biomolecules under fluorescent:microscope and measure the changes of electrical
property. The proposed gold-silicide nanowires, for the first time, can be a very effective
means to sense various important biomolecules. These devices also possess the advantages of

very high sensitivity, label free and low cost.
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