Label-free DNA Sequence Detection Using Oligonucleotide
Functionalized Fiber Probe with a Miniature Protrusion

Xingwei Wang

Dissertation submitted to the Faculty of the
Virginia Polytechnic Institute and State University

in partial fulfillment of the requirements for the degree of

Doctor of Philosophy
in

Electrical Engineering

Anbo Wang, Chair
Ira Jacobs
Gary R. Pickrell
Kristie L. Cooper

Ting Chung Poon

August 8, 2006
Blacksburg, Virginia

Keywords: Fiber Optic Biosensor, DNA Sequence Detectiomdrilization, Hybridization,
Nano probe, Etching, Layer-by-layer Electrostatic Se§eambly
Copyright 2006, Xingwei Wang



Label-free DNA Sequence Detection Using Oligonucleotide Functionalized Fiber
Probe with a Miniature Protrusion

Xingwei Wang

(ABSTRACT)

DNA is the substance that encodes the genetic informatiaincls need to replicate and to pro-
duce proteins. The detection of DNA sequences is of greabitapce in a broad range of areas
including genetics, pathology, criminology, pharmacagas, public health, food safety, civil de-
fense, and environmental monitoring. However, the esthbtl techniques suffer from a number of
problems such as the bulky size, high equipment costs, ameddonsuming algorithms so that they
are limited to research laboratories and cannot be appdiesh{vivo situations. In our research,
we developed a novel sensing scheme for DNA sequence aeteieaturing sequence specificity,
cost efficiency, speed, and ease of use. Without the needlefd or indicators, it may be ideal

for direct in-cell application.

The principle is simple. With capture DNA immobilized onteetprobe by layer-by-layer self-
assembly, the hybridization of a complementary strandrgietaDNA increases the optical thick-
ness of the probe. Three kinds of sensors were developedogittwal fiber tip sensor has been
demonstrated with good specificity and high sensitivitytloget DNA quantities as small as 1.7
ng. To demonstrate the potential of this structure for pcatapplications, tularemia bacteria were

tested.

Two other micrometric structures were designed with speadivantages for different applications.
The micro-fiber Bragg grating interferometer (Micro-FBGIshhe intrinsic temperature compen-
sation capability. The micro-intrinsic Fabry-Perot ifiggometer (Micro-IFPI)features simple sig-
nal processing due to its simple configuration. SuccessNA Bnmobilization and hybridization
have been demonstrated onto #3em Micro-IFPI. Both structures have great potential for nano-

metric protrusion, allowing future in-cell DNA direct deteon. In addition, its quick response
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time leads to the potential for express diagnosis. What'semihie idea of nanoscale probe has
a broad impact in scanning near-field optical microscopy@®V, intracellular surgery in cell

sensing, manipulation, and injection.

Keywords: Fiber Optic Biosensor, DNA Sequence Detectiomddilization, Hybridization, Nano

probe, Etching, Layer-by-layer Electrostatic Self-assigm
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Chapter 1

Introduction

1.1 Motivation

DNA is an essential biological material whose base sequeniols the heredity of life [1]. The
detection of DNA sequences is of particular interest in ¢jeagpathology, criminology, phar-
macogenetics, food safety, and many other fields. Problesecated with the established tech-
niques include the bulky size, high equipment costs, and-tonsuming algorithms. Therefore,
such systems are limited to research laboratories and therapplied for in-vivo situations. The
motivation of this research is to develop a fiber probe bissemwith a miniature protrusion for
direct in-cell DNA sequence detection without the needdbels or indicators, featuring sequence

specificity, cost efficiency, speed, and ease of use.

Identification of the genetic changes that drive cancer n@ssjon is providing us with a variety
of molecular markers that may be valuable tools for earlect&in of cancer. Cancer is a het-
erogeneous group of diseases, each consisting of a seresnplex genetic alterations causing
uncontrolled growth and spread. The genetic changes dtuingrigenesis can be used as indi-
cators for detection of cancer cells in clinical samplesnBer studies indicate that these markers

can be used for cancer detection in different clinical sg#iwith unprecedented precision.
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Diagnosis and management of infectious diseases is anatpertant application for DNA sen-
sors. Infectious diseases are the third leading cause o dedhe United States and the first
cause worldwide. Since 1992, a greater awareness of ergargectious diseases and the threat
of bioterrorism has developed. Rapid detection of infeidiseases is of essential significance to

minimize illness, disability, death, and economic losses.

DNA hybridization sensors hold enormous potential foryadncer detection and rapid diagno-
sis of infectious diseases. Classical culture procedurbghahave been utilized in the clinical
microbiology laboratory for a century or more, are labdeirsive and time-consuming. As the ur-
gent need for a safer blood supply and food pathogen ideattdit, and the pressure to reduce the
health care costs intensifies the need for less labor-ineeaad more rapid clinical microbiology

tests increases.

Mycobacterium tuberculos{g B), the causative agent of tuberculosis, is a good examplE993,
disease caused by TB was declared a global emergency by tthe Méalth Organization (WHO).
Annually TB has a worldwide mortality rate of three milliomhe emergence of the modern TB
epidemic is linked with the HIV epidemic. The compromisedrione system of HIV sufferers
leaves them more susceptible to thetvberculosipathogen, which is highly infectious and trans-
missible [2]. Current methodologies rely on culture methadd diagnostic techniques, which
take up to 30 days to produce definitive results, due to themdly slow growth rate of Muber-
culosis[3]. In a complete genetic analysis system, the direct dieteof DNA could be completed
in minutes. Rapid diagnostic tests for infectious diseaags been shown to be highly valuable in

facilitating major improvements in disease management .

The most promising new technologies are nucleic acid arogtibn (NAA) methods, which have
improved sensitivity and specificity of tests in a format @atible with automation. Polymerase
chain reaction (PCR), developed by Roche Molecular Systeraaghton, CA), was the first NAA
method and has been the most successfully implementedalegyrin basic research and clinical
application. There are three basic steps: denature tamgetds, anneal primers, and amplify

the strands. With alternating temperatures, the PCR teghrigeates a double-stranded nucleic
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acid product called amplicons. By repeating the cycle séwenas, large quantities of amplified

product are produced.

After PCR amplicons are made, their sequence must be confirineatiety of methods have been
developed for the detection of the binding of the complemgrgtrand of DNA. Chip-based DNA
sensors offer sensitivity, specificity, and paralleliaatfor detection of selected DNA sequences
or mutated genes associated with human diseases. Thislid aldastrate on which capture DNA
is immobilized and after the binding of the complementargea DNA the binding is detected.
Fluorescent dyes are the standard label for gene chips. Wowbese dyes are expensive and they
can rapidly photobleach. Also, the readout of those arnayalves highly precise and expensive
instrumentation and requires sophisticated numericakalgns to interpret the data, which makes

the analysis time consuming [4, 5].

DNA chip detection schemes that use an electrical signaerahan the optical signal from the
fluorescent dyes are being developed by a number of reseamgpggcurrently. The idea, however,
is over 40 years old. The first experiments in this area wer@peed by Palecek who developed
methods to discriminate single as opposed to double-stthBNA through direct DNA reduction
[6]. Current techniques include nanoparticle-based ebatfDNA detection, redox-active reporter
molecules, enzymes as electrical transducers, diredretdemical detection, capacitance-based

detection, etc. [7].

However, many biological and medical applications requireell DNA detection. Generally
speaking, plant cells are on the order66..m, while animal cells are on the order tdum. The
chip biosensors with millimeter bulky size are no longeffisignt. Our main goal is to fabricate

nanometric size DNA sensors that can be inserted into aglidifect detection.

As far as materials are concerned, much effort has beent@w/@s the immobilization of DNA
probes onto various solid supports. Glass-slides, nilitdose-coated microscope slides, and
silicon-based DNA microarrays are widely used. Among théemals, silicon dioxide has a few
unique advantages. Firstly, silicon dioxide is biocompatiwhich makes it suitable for in situ

applications. Secondly, silicon dioxide is a durable matehat sustains high temperature and
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washes of high ionic strength. Thirdly, it is non-porousts® hybridization volume can be kept to
minimum thus enhancing the kinetics of annealing probesarget. Finally, optical fiber, whose
material is silicon dioxide, is an efficient media to transsignal. Therefore, in this research,

probe DNA is immobilized on the optical fiber tip.

In this research program, a micrometric protrusion was logeel and fabricated on the tip of an
optical fiber. Then capture DNA was self-assembled onto bex pfrobe. Once the complementary
DNA was hybridized with immobilized probes, the thickne$she fiber tip increased. Without
the requirement for labels or amplification steps, this hoamoscale DNA sensor will be able to
detect specific DNA sequence in seconds. This biosensondémy is promising for rapid, low

cost, selective, accurate and reliable in-cell DNA detecti

Such DNA sensors hold a great potential for early diagndstaicer and infectious diseases, for
on site detection of food contamination, for environmemtalnitoring, and for forensic studies.
A potentially major application could be the detection c# ffresence of pathogenic microorgan-
ism and analytes (carcinogens, drugs, mutagenic polkjtatt.) with binding affinities for the

structure of DNA during the testing of water, food, soil, goldnt samples.

1.2 Broader impacts

The DNA sensor is a kind of biosensor. Biosensors, capabletetting a biological phenomenon

by the conversion from biomolecular signals to physicahalg, have been developed during the
last two decades for environmental, industrial, and biao&dliagnostics. They usually consist
of a bioreceptor and a transducer. The bioreceptor can be selpisitive layer containing biologi-

cal recognition elements attached to the transducer. Bimsducer converts the physicochemical
perturbation produced by the interaction between the targgyte and the bioreceptor into a mea-
surable effect. Bioreceptors provide specificity becaueg éimable binding of the specific analyte
of interest to the sensor for the measurement with minimuerfi@rence from other components.

Biological sensing elements can be either a biological nubégcspecies (e.g. an antibody, an
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enzyme, a protein, or a nucleic acid) or a living biologicgétem (e.g. cells, tissue, or whole

organisms) that utilizes a biochemical mechanism for rettmg.

Extensive research has been devoted to the developmentokaof fiber-optic biosensors that
have paved the way for the development of the fiber-optic samsors. The development and
application of submicron fiber-optic chemical sensors wiiftal diameters between 20 and 500

nm have been reported [8, 9].

In addition, submicron fiber-optic biological sensors haeen developed and used to detect bio-
chemical targets inside single cells [10]. Single-celllgsia (SCA) technology is of great signif-
icance. First of all, in addition to providing a complememtonventional bulk cell assays, it can
provide dynamic analysis of interactions within individlliiaing cells. Secondly, when the number
of sample cells obtained from surgical procedures is lidjitend cannot be propagated for study,

SCA is especially important.

However, traditional techniques for intracellular anayequire “fixing” cell samples before anal-
ysis, which often destroys the viability of the cells and ngagatly change cellular architecture.
Micron and sub-micron fiber-optic biomedical sensors hasenbdeveloped and used to detect
biochemical targets inside single cells. They could prewite path to investigate important in-
tracellular biological processes in vivo because of theimmatly invasive nature of the technique.
Fiber optic sensors can consist of a biologically or chettyic@nsitive layer attached to an opti-
cal transducer. The transducer can thus convert the refstiiie anteraction between the sensing
layer and the target into a measurable effect such as amiedéctignal. The integration of these
advances in miniature structure technology and biotecgyotould lead to a new generation of
biomedical sensors with high sensitivity and good selégtier probing and sensing of living cells

at the molecular level.

In addition, such nanosensors can be very useful in the stbidgar-field scanning optical mi-
croscopy (NSOM). The combination of NSOM and surface-enbdrRaman scattering (SERS)
has been demonstrated to detect biochemicals on solidratdssivith sub-wavelength 100 nm

spatial resolution.
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1.3 Outline of dissertation

The major objective was to develop a fiber probe biosensdr aviminiature protrusion for in-

cell DNA sequence direct detection without the need forlgbe indicators, featuring sequence
specificity, cost efficiency, speed, and ease of use. Thanaseork described in this dissertation,
entitled “Lable-free DNA Sequence Detection Using Oligoeotide Functionalized Fiber Probe

with a Miniature Protrusion”, is focused on the followingugs:

1. Design and develop an innovative sensor scheme with leigéits/ity, sequence specificity,

and rapid response time, to meet the requirements of DNAiletection applications.

2. Design and develop the miniature sensor probe fabrit&ichniques and fabrication system

to meet the requirements of future in-cell DNA sequencediiete applications.
The layout of this dissertation is as follows:

1. The first chapter opens with an introduction to the impurteeeds of the in-cell DNA de-
tection sensors and the problems of current available tdogies, followed by the objective

and scope of my research.

2. Chapter 2 reviews in detail the existing DNA detection rod#) presents the concept of our
miniature fiber probe DNA sensor, and discusses the advesmtaighis novel idea over the

conventional ones.

3. In Chapter 3, different current nanoprobe design anddabon methods are given. Their

advantages and disadvantage are discussed.

4. Chapter 4 reviews different capture DNA bonding methods wie L-b-L ESA approach

emphasized.

5. In Chapter 5, the main factors that influence DNA immobil@aare discussed. The results

are based on a series of experiment trials guided by the hagwethod.
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6. Chapter 6 describes the fabrication of an optical fiber DAssr. Immobilization and
hybridization of DNA onto the fiber tip with L-b-L ESA are demstrated. The sensor is
proven to feature high sensitivity and good specificity. didiion, experiments on bacteria

samples are also given.

7. Chapter 7 introduces two kinds of sensor structures foopanoe design. Their specific

advantages and disadvantages are discussed.

8. Chapter 8 gives the results of immobilization and hybatdan of DNA onto the micrometric
tip sensor. The results demonstrate great potential faréutanometric-size sensor for in-

cell DNA direct detection.

9. Chapter 9 gives the summary and suggestions for the futone w



Chapter 2

DNA Sequence ldentification Schemes

With the progress of the Human Genome project and the disg@f¢he genetic basis of disease,
there is a tremendous demand for efficient instruments ttyzm@®NA-encoded information to

improve medical diagnosis and treatment.

DNA hybridization sensors play an important role in identfion of causal pathogens and deter-
mination of the presence of bacterial and viral speciesy @heof great significance in food safety,
environment monitoring, and public health management.q@tlabmethods are often inconvenient
because of their time-consuming process and the requitgoranained personnel and additional
reagent preparation. As a result, significant research éas thevoted to the development of DNA

sensors that are sensitive, selective and relatively sitaplise [11, 12].

As a kind of biosensor,a DNA sensor shares a similar simplecipte: a specific biochemical
receptor is attached to a transducer, which translatestiagnition result into a measurable sig-
nal [13, 14]. The main challenges associated with thesecds\are the sensitivity and the speci-
ficity of the receptor and the transducer. These problemsféea addressed by immobilization
of the specific sensing element in relatively high conceiatnaand choice of signal transduction
mechanism. A high concentration sensing element neardhsducer can serve as a kind of pre-

concentrating analyte before detection. Transductionhargisms to detect DNA hybridization
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include electrochemical, piezoelectric, and opticalsyst. The validity of the approach depends
on the biochemical materials to be detected. For examplpeesmetric transducers are particu-
larly suitable for redox enzyme systems, because recogngithrough an enzymatic reaction that
generates or consumes redox-active species to be detdttsebver, they are inappropriate for

detection of the hybridization of a DNA single strand with domplementary strand since their

selective recognition properties are based on affinity.

In order to convert the DNA-encoded information stored inMId number of fundamental issues
have to be resolved. In this chapter, the properties of DNAistroduced first. Then the current
identification procedures are reviewed followed by thealyems and need for improvement. The

design and operating principle of our nanoprobe in-cell Dd¢Asor are presented in the last part.

2.1 DNA properties

DNA (deoxyribonucleic acid) is the chemical responsibledeserving, copying and transmitting
information within cells and from generation to generatibinicleotides are single building blocks
of DNA. Since all DNA nucleotides contain a phosphate grong deoxyribose as the sugar, the
only difference among them is the nitrogen base. There arerfitrogen bases that can be used to
build DNA. Therefore, there are just four choices of nudlded (symbolized by A, T, G, and C),

as shown in Fig. 2.1.

The nucleotides bond to one another by linking up from phatggroup to deoxyribose to phos-
phate group to deoxyribose. This bonding causes them to &osmgle chain. However, DNA is
actually made up of two chains, the second chain, calledahgtementary chain, has an order of
nucleotides that corresponds in a particular manner to tsiecthain as shown in Fig. 2.2. They
are connected by hydrogen bonding (non-covalent) betwagadbases. A and T are connected

by two hydrogen bonds (non-covalent). G and C are connegtéree.

In a DNA molecule, the two strands, each resembling a helberiwine with each other. There-

fore, the two strands form a “double helix” structure. Thes#irst discovered by James D. Watson
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< A < Adenine (A)
C T < Thymine (T)

Guanine (G)

< C ( Cytosine (C)

Figure 2.1: Four nitrogen bases of DNA.

o
C_ -~ CETD

Figure 2.2: Complementary chains of DNA.

and Francis Crick in 1953.

The resulting double helix structure, including the locas® pairing and the overall helix pitch is
partially defined by base pairing and base stacking, as wéfleaconstraints imposed by backbone
conformation and sugar pucker. In solution, DNA is a righttied double helix structure, also
known as the B form. There are about 10 nucleotide pairs peghturn, and the distance between
two neighboring pairs is 0.34 nm. Hence, a turn is about 3.4 DMA structure may be in an A
form when salt concentration is high or alcohol is addeds Htill right-handed, but there are 11
base pairs per turn, and a turn is 2.3 nm. A third structune &form, which is left-handed. There

are 12 base pairs per turn, and a turn spans 4.6 nm.
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According to the Watson and Crick model, hybridization of twamplementary strands is a very

selective recognition process. There are two steps:

1. Nucleation: bonding between two short complementarioregof DNA,;

2. Rapid binding of the remaining base pairs to form the strand

Therefore, when a single chain of DNA is electrostaticadiif-assembled on silicon or silica sur-

faces, the complementary chain will be easily bonded to it.

The process of identifying the existence of a certain exgioesnvolves 6 steps:

1. Synthesis of the single-stranded capture DNA sequence.
2. Attachment of the capture DNA strand to a probe.
3. Introduction of the samples to be identified to the probesjueous form.

4. Hybridization will occur if the sample is complementarittwthe capture sequence on the

probe.
5. Washing away the remaining unattached samples.

6. Decision and measurement. If the targeted DNA samples ti@/complementary sequence
to the immobilized single-stranded DNA probe, then bondihipe bases from the two DNA
strands strongly combines the two together. The targetefl BNybridized at the surface.

Otherwise, the sample will be removed after washing.

2.2 Current DNA sequence identification techniques

In clinical molecular biology, it is often required to findetlexistence of a certain known DNA
expression in a given sample. The important tool for meagtihe expression of genes and char-
acterizing complex genetic activity changes is the hyhation of a complementary DNA strand

attached to immobilized DNA probe.
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A variety of methods have been developed for the detectidgheobinding of the complementary
strand of DNA according to the above steps. The sensors gmpigle stranded probe DNA that
is immobilized on the surface of the transducer and behavéseabiological recognition element
[13-16]. DNA biosensors have been based on electrochemiwhloptical methods, whereby
the local hybridization event is converted into an eleefrmr optical signal and measured. The
difference lies in the probe design scheme, the binding ooketietween capture DNA and the

probe, and the signal readout technique.

Electrochemical methods have been extensively studiext ghre electroactivity of nucleic acids
was discovered about 40 years ago. Most of them are indinentg radiochemical, enzymatic,
fluorescent, or electrochemiluminescent indicators. IB3-However, these techniques are incon-
venient due to their need for labels as indicators and theiessive pretreatments, which may

increase the risk of contamination and preclude in situ tooinig.

In comparison with the existing detection techniques ukabgls, label-free methods such as field
effect detection, surface plasmon resonance, the eléamoical method, QCM, surface stress
measurements, and AFM force measurements eliminate thérlpation from these attached la-

bels. In the following sections, different schemes areothiiced in detail.

2.2.1 Polymerase chain reaction (PCR)

PCR is not a DNA detection scheme; instead, it is a method teer@age quantities of copies of a

gene. Itis usually necessary to provide enough samplesfection or sequencing.

There are three major steps in a PCR:

1. Denaturation ap4°C" the double stranded DNA melts into single stranded DNA.A$ t

time, all enzymatic reactions stop.

2. Annealing ab4°C": At the beginning, ionic bonds are constantly formed andé&ndetween

the single stranded primer and the single stranded tempfétee primers fit exactly to the
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template, the bonds are stable and last a little bit longé&enTthe polymerase can attach
and start copying the template. Once there are a few baségbtine ionic bond between
the template and the primer has a stronger ionic attrachian the forces breaking them.

Therefore, it does not break anymore.

3. Extension atr2°C" This is the ideal working temperature for the polymerasecaBse the
temperature is higher, primers that are non-complemendettye template get loose again.

Only those bases complementary to the template are couptid 8’ side.

An exponential increase in the number of copies can be adaldiecause both strands are copied
at the same time. Therefore, after n cycles, there wilt’beopies. Usually it is repeated for 30 or
40 cycles. The whole process can be performed on an automatkndl, which can heat and cool

the tubes quickly.

2.2.2 Fluorescence-based optical DNA detection

Florescence-based optical DNA detection is one of the mgstilar methods in use. Before the
samples are introduced to the probe, some kind of fluorescabel is attached to the samples
to be identified. After the immobilization, fluorescence ragraphs are taken by CCD camera to

illustrate the final result of hybridization.

For example, Texas Red is used in reference [14]. Under iflation of a 100 W mercury lamp
with bandpass filter wavelength 595nm, the label emits flemerce at a wavelength of 615nm

corresponding to the red color in the visible spectrum.

However, this fluorescence-based optical detection tgcensuffers from many problems. First
of all, the fluorescent dyes are expensive and can rapidlyopleach. Secondly, the readout
involves expensive instrumentation and needs sophisticaimerical algorithms to interpret the
data. Thirdly, the process is time-consuming. These problgenerally limit its use to research

laboratories and make it hard to adapt this detection sclienus-site or point-of care use.
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2.2.3 Nanopatrticle-based electrical DNA detection

The basis for this detection is the use of gold and other nretabparticles as novel markers.
It has been shown that they can be easily modified by DNA, aadctimjugates are still able to
bind in a sequence-specific manner to complementary DNA1f]7,Labeling DNA targets with

nanoparticle instead of fluorophore probes greatly altexsrielting profiles of the targets from an

array substrate, which increases the specificity over timess.

One detection scheme uses the drop in resistance aftemti@dpiof gold nanoparticles [19-22].

1. Droplets of capture DNA are deposited and immobilized the gap between the electrodes.
2. Target DNA is bound with gold nanoparticles.

3. Silver enhancement step is used. Only with gold nandestes seeds can this process occur.
The silver particles will grow to the point at which they comecontact with one another

and the electrodes, thereby bridging the gap and produdiegistance drop.

4. Decision and measurement step. If no target DNA is pregetite gap, then there is no
binding of the nanoparticles. Then silver is not depositass the gap, and the resistance

remains high.

5. An electrical readout is connected to a PC and data candvenstn a LCD display.

Another method, called “scanometric DNA array detectiothwianoparticle probes”, [11] takes
advantage of oligonucleotide-modified gold nanopartictZbps and a conventional flatbed scan-
ner. Two gold particle probes are covalently bound withatigcleotides that are complementary
to a target. When encountering the target, these particleegrare polymerized and make a red-
to-blue color change for detection. It is reported that thesgivity can exceed that of the fluo-
rophore system by two orders of magnitude when coupled witigal amplification method in
which silver ions are reduced by hydroquinone to silver tregtéhe surfaces of the gold nanopar-
ticles [23-31].
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2.2.4 Redox-active reporter molecules

This method takes advantage of labeled redox-active reporblecules on the target molecule.
The charge transport from the reporter molecule to the reldetindicates the existence of hy-
bridization. The charge transport can take place eitheutii. 1) the DNA duplexes; 2) an

additional molecular wire; or 3) the surrounding soluti@2-f35].

Umek et al. describes an electrochemical ‘sandwich’ ag3age the target DNA is captured on the
electrode, a ferrocene-labeled signal probe is hybridiagtlie overhanging portion of the probe-
target complex. The molecular wire provides a pathway fectebn transfer between the ferrocene
label and the electrode. The electron transfer betweenetecene and the gold electrode is

detected as a Farradaic current.

Instead of measuring the electron transport after the digation, Willner et al. and Patolsky
used a system where they blocked the transfer to detect DIitAr the target DNA binds to cap-
ture DNA immobilized on a gold electrode surface, a redakadntercalator electrocatalytically
generates peroxide, which is then oxidized by horseradistxjdase (HRP). The product of this

reaction precipitates on the electrode, blocking the react

2.2.5 Enzymes as electrical transducers

There are two different methods to detect DNA based on enzgmeaction:

1. The product of an enzymatic reaction is used to block teeten transfer between the

electrode and the surrounding solution.

2. The product of the enzymatic reaction is reduced and thremiis measured.
Willner et al. and Patolsky take the first method. After theyéd DNA binds to captured DNA

immobilized on a gold electrode surface, a phosphate ismeatigally converted into an insoluble

indigo product which blocks the reaction.
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Lumley-Woodyear et al. and Campbell et al. take the secontiodetThe electrode is modified
with an electron conducting redox hydrogen. Capture DNA isohilized in this hydrogel and
then hybridized with biotin-labeled target DNA. A horsesddperoxidase (HRP) complex will
then bind to the biotin. Once the enzyme is bound in the hyaribgs electrically 'wired’. This

'wiring’ makes the electrode an electrocatalyst 61O, electro-reduction to water.

2.2.6 Electrochemical methods

Extensive efforts have been exerted in electrochemicahoakstfor DNA hybridization detection.

Detection of variation in capacitance or impedance has Heeronstrated.

Pusan National University uses the difference in the impedéefore and after hybridization.
Tae-Young et al. reported the impedance and admittancegeBaaccording to frequency vari-
ation before and after hybridization, which may be useful BNA detection. Lawrence et al.

employ impedance measurements on functionalized hetectistes [36]. The decrease of the
impedance values by hybridization indicates that doubvEnsgled DNA is more conductive than

single-stranded DNA.

DNA chips with metal electrodes of a 40 nm gap were developetirectly measure electrical
conductivity of DNA by Shingi Hashioka, et al. They measure électric currents between two
electrodes to detect the existence of DNA. Detection of & gerall amount of the DNA, on the

order of femtoliter, was demonstrated [37].

Capacitance monitoring is another direct detection mettiddeohybridization event. When the
target DNA species hybridizes with immobilized probes, tiiekness of the dielectric layer in-

creases; accordingly, the capacitance decreases. Thieaescribed by the following equation:

eepA

C==

(2.1)

where(' is capacitanceK)

€o is the dielectric constant of vacuurfy (m?)
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e is the dielectric constant of the layer
A is the active area of the devicaf)

d is the thickness of the dielectric layen].

2.2.7 Surface plasmon resonance (SPR)

Surface plasmon resonance occurs only at a specific angieidént beam because of the change
in refractive index, which depends on the binding of thegargolecules. The BlAcore system
(Pharmacia Biotech Co.) has been commercially available. iecaptical phenomena are in-
fluenced by many different factors near the interface of tirftase and solution, this method is

usually used qualitatively.

SPR is reported to be used to monitor hybridization kineticgold with the help of an applied
electrostatic field. It was demonstrated that a repulsiterg@l can denature mismatched DNA
hybrids within a few minutes, while leaving the fully compientary hybrids largely intact. By
adjustment of the electrode potential, matched and migdradtbybrids can be discriminated. Be-
cause the potential changes the shape of the surface plasswrance curve, the full curve rather

than simply the shift in the resonance minimum is accounted.

2.2.8 Quartz crystal microbalance (QCM)

QCM is a highly sensitive mass measuring instrument that eamsbkd in gas phase and in aque-
ous solution. A nanogram level increase in mass will indutieesar decrease in the resonance
frequency [38]. The core idea for DNA detection is to meashieemass change of the cantilever
caused by DNA hybridization through the shift of the resa®afrequency. The 27-MHz QCM
is reported to be highly sensitive to detect hybridizatiathaut using any DNA labeling in ionic

aqueous solutions.
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2.2.9 Surface stress measurements

Surface stress measurement detects an asymmetric sttessanilm due to an appropriate bind-
ing event [39]. One side of a microcantilever is functiopadl with a selection of biomolecules.
DNA hybridization generates a nanomechanical responseimicrofabricated cantilevers, which
can be optically detected [40]. It is reported that multipigabeled biomolecules can be simulta-
neously detected at nanomolar concentrations within raguévhen multiple binding assays are
used in cantilever arrays, detection of femtomoles of DNAlencantilever at a 75 nM concentra-

tion DNA solution is estimated.

2.2.10 Surface vibration spectroscopy in conjugation with electrophoresis

Ko-ichiro Miyamoto, et. al proposed a label-free methodnalgze the chemical bonding state of
DNA in situ (in vitro). The basis lies in the difference in tpectral features of hybridized DNA
and single-stranded DNA (ssDNA). It is detected by eledtavpsis in conjugation with infrared

absorption spectroscopy in the multiple internal reflacgeometry [41].

2.2.11 Atomic force microscopy (AFM)

Atomic force microscopy (AFM) was used to monitor DNA hybzation processes by measuring
attractive or repulsive forces between a silica tip and tissates that are as close to each other as
the order of the instrument’s resolution to make it posdibliake measurements over a small area.
For example, if the tip is first treated with negative chargken surface hybridization occurs, it
will increase the substrate surface charge and the reputsige subsequently. The change can be

determined from AFM force-separation curves [42].

In principle, AFM operates like the record player and thdustyrofilometer. To achieve atomic-
scale resolution, AFM incorporates a number of refinemeHtswvever, dull tips and tip-sample

interaction forces are the main obstacles for high-regoiuinaging of biological structures. Many
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attempts have been exerted to develop sharper tips, plyngrimproved microfabrication pro-
cesses. If a modified atomic force microscope tip is used, Abilge measurements may be able

to discriminate DNA hybridization with mismatched sequesnc

2.2.12 THz technology for label-free genetic diagnostics

Theoretical calculations predict that interbackbonetaticins of DNA molecules have a multitude
of intrinsic resonances in the THz frequency range. Thivides the basis for label-free DNA
detection. A number of research groups have performed ithagstigations on hybridized DNA

molecules by Raman, Fourier-transform, or time-domain Té¢hniques.

M. Nagel, et al. have demonstrated that hybridized DNA gatesra stronger shift from the original
center frequency than denatured DNA, and the shift is inqutogn to the hybridization degree of
the DNA molecules. In addition, the hybridized DNA exhiliten increased reactive index, higher
absorption, less viscosity, and smaller thickness in coispato the denatured samples. The THz

technique is reported to be able to detect femtomolar lewaldes and single-base mutation [43].

2.2.13 Combination techniques

In addition to the methods described in the previous sestimany other methods for DNA detec-
tion have been reported. Some approaches take advantageethman one technique to improve

the sensitivity. Following are some examples.

[0 Microcantilever resonance-based DNA detection with nanopdicle probes

This method combines the nanoparticle elements and fregusnft of QCM. The hybridization
reactions cause the attachment of gold nanoparticles, rendhiange is amplified by catalyzing
the nucleation of silver. The effective mass of the micraibawer is increased accordingly, which

shifts the cantilever frequency. The cantilever is 1/16@8 smaller than quartz crystal microbal-
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ance [44]. The method is reported to reach sensitivity afctedn for target DNA at a concentration

of 0.05 nM or lower.

[0 Fluorescence modulation of long DNA molecules adsorbed amt microelectrode surface

Masanori Udea et al. demonstrated fluorescence modulafi@Né labeled with dye that is
adsorbed onto a microelectrode surface. Under potentiatgey than about 1 V, the fluorescence
of DNA was quenched. By reducing the potentials to lower th&\)it was recovered. This can

be used for selective detection of DNA [45].

2.2.14 Problems of the current DNA sensors

The described methods for DNA detection offer enormous dppdies, but some hurdles remain.
For those detection techniques using labels, some kind ofeficence dye, or enzyme, or other
chemical has to be attached to the target before the sanmaldée e analyzed. This excessive
preparatory step not only can make the testing time-consginbut also increase the risk of con-
tamination, human error, or mechanical damage of the proleddition, labeling can modify the
DNA strand conformation. Fluctuations and fluorescenceieficy site dependence due to degra-
dation of fluorophore may deteriorate the quantificabilityl dower the precision of detection. In

comparison with this, the label-free methods eliminatepdurbation from these attached labels.

Another main challenge is that the bulky size of the sensobg@makes it impossible for in-cell
detection. In general, the sensor size is in the order oirmmalier, while the cell size is within

10-100 micrometer.
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2.3 Novel fiber probe with a miniature protrusion for DNA de-

tection

The basic configuration of our novel miniature fiber probedbdlA detection is shown in Fig. 2.3.
First, we will fabricate a fiber probe with a miniature praien on the fiber end. Secondly, capture
DNA will be immobilized onto the protrusion. Thirdly, thersgor probe will be inserted into a cell
and the sample attached. Finally, we will wash the remaiih away. If the target DNA is
complementary to the capture DNA and hybridization occilnes thickness of the fiber probe will
increase. Otherwise, if the sample is not the complememak, it will be easily washed away,

and the thickness will remain the same.

Figure 2.3: Optical fiber probe (a) with miniature protrusit) inserted into a cell (d) to detect

DNA sequence (c).



Chapter 3

Current Nanoprobe Fabrication Techniques

The fabrication of micro/nano scale probes is essentialtiacellular operation, such as our DNA
investigation application. There are two primary physieguirements for high quality probes.
The first is that the tip should terminate in a well-definedrape. Secondly, the probe shape
must allow access to the specimens of interest. As mention&hapter 2, in order to fulfill
the requirement of in-cell DNA detection application, thieefi probe has to be on the order of
nanosize. In transmission-mode, light is coupled to theegaide from an external source (such
as a laser) and directed through the tip of the probe. Thé jmtebe is one in which the incoming
electromagnetic radiation passes through only the vergftifimne probe. A single-mode optical

fiber is the most commonly utilized type and was selectedhisrgroject.

This chapter describes the material selection for the sgmebe and current methods for nanoprobe
fabrication, including pulling and etching. In additiorgvantages and disadvantages of different

methods are discussed.

22
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3.1 Material selection

A variety of materials, including cleaved crystals, semuhactor structures, glass pipettes, and
tapered optical fibers, have been reported for nanoprobefdion [46]. At the same time, much
effort has been exerted to immobilize DNA probes onto vaealid supports in different applica-
tions. Glass-slides, nitrocellulose-coated microscdipes, and silicon-based DNA microarrays
are now widely used. Glass microarrays with optical fluoeese detection, pioneered by Patrick
Brown'’s lab at Stanford [47,48], are now the most popular methecause an external CCD cam-
era can be used as the detection system. Recently, in ordacititate fabrication of “lab-on-a

chip” devices, there is surge in the study of silicon-basé\rrays.

The requirements of material to act as solid fixture for DN&:ar

1. Capability for immobilization and then hybridization @adily detectable quantity of func-

tional ;
2. Film stability;

3. Fidelity of the immobilized sequences.

In our study, for in-cell nanoprobe DNA sensor applicatieitica has a few unique advantages
over other materials.
1. Silicais a durable material that sustains high tempegatnd washes of high ionic strength.

2. It is non-porous so the hybridization volume can be kephiiwimum, thus enhancing the

kinetics of annealing probes to target.

3. Optical fiber, whose material is silica, is commercialjaiéable and common for signal

transmission, which can greatly reduce the signal detecoonplexity.

4. It has been shown that optical fiber can be pulled or etahvednoprobe, which is required

for in-cell applications.
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5. Last but not least, silica is biocompatible.

Therefore, our in-cell nanoprobe will be fabricated on thd ef optical fiber, whose material is

silica.

3.2 Fiber probe fabrication

There are a variety of techniques that have proven usefdider tapering down to a fine tip, but

the task is commonly accomplished by:

e Heating and pulling with a commercial micropipette puller;

e Chemical etching in a bulk etchant or at the etchant-solvestfiace.

3.2.1 Heating and pulling method

The heating-pulling method was developed by E. Betzig. Im#eging and pulling method, fiber
is locally heated by 8'O, laser and subsequently pulled apart. A single mode fiber ised on

a commercial pipette puller (Sutter Instruments) and ilhated by a focused'O, laser. When a
pre-set pulling velocity is reached, the laser is switchédmd after an adjustable delay a hard-pull
is exerted on the fiber, pulling both halves apart. The tipstdepends heavily on the temperature
and the timing of the heating and pulling, as well as on the sfzhe heating area. Several groups
have studied the fiber pulling process; in particular Vatasket al. have performed an extensive

study on the optimization of the pulling parameters of therfirobes.

The major advantage of this method is that the glass surfadbeotaper is very smooth. Also,
once the heating and pulling parameters are optimized, ébiedl taper and tip diameter can be

produced with high reproducibility.



Xingwei Wang Chapter 3. Current Nanoprobe Fabrication Teples 25

However, it is difficult to produce apex dimensions less thamm by this method. Also, the taper
is usually much longer than tips produced by etching, as showig. 3.1. Probes with a longer,
more gradual taper typically have lower transmission efficies than those with shorter tapered
regions, for a given tip aperture diameter [49]. What's mtre,longer taper usually means a less

robust structure.

Figure 3.1: Schematic illustration of different shape oé&fibp formed by (a)chemical etching; (b)
heating and pulling.

3.2.2 Chemical etching

Chemical etching is dipping the fiber into a hydrofluoric adifi{) solution. The etching process

is influenced by a number of parameters, such as

¢ the concentration of th& F solution,
e organic solvent on top of thH F' solution,
e the etching time and

e the type of fiber or dopant.
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The advantage of this method is that quantities of fiber wigih fip cone angle and small tip size
are obtained easily in a single step.

The major disadvantage of the etching process is the vegutar surface of the fiber after etching.

Among chemical etching, there are five main etching appresich

e Meniscus etching;

Selective etching;

Tube-etching;

Sealed-tube etching;

Kwong-Li probes.

Meniscus etching was patented by Dennis R. Turner in 1983 étching is typically covered by

a protective layer of hydrophobic chemical such as toluepeg/lene that serves two purposes:

¢ To form a meniscus along the fiber tip during etching.

e To prevent corrosion of the optical fiber above the tip redigrthe etchant vapor.

The etching process is shown in Fig. 3.2. The fiber is dipptalarstack solution of etchant and
etchant-insoluble organic solvent. Etching occurs at thietpvhere the meniscus is formed along
the fiber. At the beginning, the etchant wets the fiber surfgitie an initial meniscus height, as
shown in Fig. 3.2(a). As etching proceeds, the upward pufiance resulting from surface tension
decreases due to the reduction of the fiber radius in contdéicttiie etchant, illustrated in Fig.
3.2(b-c). Consequently, the meniscus height reduces meigedy until the portion of the fiber

below the oil is completely etched, forming the tip.

The properties of the protecting layer determine the shagkecantact angle of the meniscus

formed, and therefore the choice of this substance detesiilre cone angle that is produced at
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(a) (b) ()
Optical Fiber

Organic solvent

Figure 3.2: Schematics illustrating the formation of a fityer

the fiber tip. Pak at al. [50] have presented a technique basedheoretical model by a solution

of the Young-Laplace Equation to fabricate optical fibes tipth desired geometries. Experiments
also show that the final tip shape is governed by the dendiigreince, surface tension and con-
tact angle at the interface. These parameters can be aligr@thnging the organic solverft,

concentration, or etching temperature.

The controllable fiber tip discussed above also implies thamrawback of the meniscus etching
technique - the tip shape and its surface quality are quitsitbee to the etching environment.

Air movement, temperature fluctuations, vibrations, arath@ht concentration can have a strong
influence on the shape and symmetry of the meniscus-etclobe pind its surface roughness. If
the surface of the tip is too rough or is marred by other imgagibns, then the subsequent DNA
immobilization can be unstable, and, therefore, the whetesar probe will not be robust enough

for further detection.

[0 Selective etching (Ohtsu)
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Selective etching takes advantage of the different etctates exhibited between the core material
and the cladding surrounding an optical fiber. The cone-athéip is core, and it is formed not at
surface but deep inside the etching solution.

< Solution of HF"NH,F:H,0

For selective etching, a mixture &f F', N H,F’, and deionized (DI) water was used for the etching
solution. The volume ratio of these components is critiodhe etching rate of core and cladding

of optical fiber.

If the etching solution contains a volume 8fH,F' more than 1.7 times the others, the etching
speed of the core region is slower than that of the claddigmne Therefore, with this method a

taper shape can be made on the core region.

On the other hand, if th&V H,F' concentration is smaller than 1.7 times that of the otharts, a
inverted cone is made in the core region because the etchésglof the core is faster than that of
the cladding.

¢ Geometrical model

When aGeO, doped fiber is etched inBH F: H F': H,O = X:1:1 (volume ratio)

BHF' bufferedH F’

NH,F: 40wt%

DI H,O

X < 1.7 fiber is hollowed as Fig. 3.3(a)

X > 1.7 fiber is sharpened as Fig. 3.3(b)

[R1/R2] decreases with increasing X and converges to a cdnstare at X = 10~ 30. At X =

1.7, the ratio is equal to unity.
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Core (GeOs- 3104
Etching Time
u] Cladding (307 0

> B

Diissolation Rate in HF Diisgolation Rate in
Ri acid 10:1:1

- Etched shape: Core area
- Etched shape: Cladding area
- Original shape before etching

Figure 3.3: Schematic explanation of selective etching@é@-, doped fiber in (a) sharpening the
core, (RT>R2) and (b) hollowing (R&R2). The profile shows the etching rates of the fiber in (a)
HF,and () BHF : HF : Hb O =10:1:1.

With geometrical analysis of Fig. 3.3, the following retats between different parameters can be

obtained.

The cone angl@ of the hollow is expressed as

. (D R
Sin (5) = R—i, R > R,. (31)
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The cone anglé, and the apex diameter d of the sharpened core are expressed as

(0 R

sin (51) = ﬁl’ Ry < R», (3.2)

o1 —T/m), T<m,
g = ) ni=Tm) = (3.3)

0, T>mn

(&1 R] + R2

- , 3.4
1 R\ R, — R, ( )

To fulfill the requirement of size and shape of the final fibpy e can select different doping rate

materials, different concentration acids, and differeéahimg time [51-53].

T andr: Etching time

R1 and R2: etching rate of téeO, doped core and the pure silica cladding
rl: radius of the core

®: cone angle of the hollow

0: the cladding thickness

©1: cone angle of the sharpened core.

¢ Multi-step etching

According to the previous theoretical analysis, fiber prebape and size can be designed and
controlled. With one step etching, where only one kind ohgtg solution is used to sharpen the
fiber, it is difficult to obtain a fiber tip sharper than:h. To address this problem, Pangaribuan et

al. have put forward a two-step approach [54].

e First step: reduce the cladding diameter;

e Second step: sharpen the fiber.

By this method, the diameter of the apex can be as small as 3 timhigh reproducibility, with

control of the cladding diameter. Following this concepgny research groups are working on
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different fiber tip shape and size. R. Uma et al. reported i Ed®ethod to control the apex shape.
Takuya at al. modified the method with photolithography tordase the surface roughness. Shuiji
Mononobe at al. expanded the method into a 4-step approakctalncated a pencil-shaped fiber

probe. The apex diameter obtained is less than 10nm [54].

[0 Tube-etching (Zenobi)

The above etching methods usually suffer from environmeetasitivity. In 1999, Zenobi brought
forward the idea of tube etching, which can overcome thiblem. Rather than removing the
polymer jacket from the fiber prior to etching, the claddeerfibnd is immersed in the etchant,
which usually consists of a buffered hydrofluoric acid solut Another difference to Ohtsu’s

selective method is that the tip is formed at surface instéauthe deep etchant [54].

The fiber jacket is resistant to degradation by the etchitgfisn, and the entire etching process
takes place inside the hollow tube formed by the jacket. Aswshin Fig. 3.4, initially, the outer
regions of the fiber are etched slightly faster than the ceatal the formation of a conical shape
starts. As soon as a preliminary taper is formed, convedtarts to deliverd F' to the upper
region of the cone. The convection is driven by concentnagjradients caused by the etching

process itself and the gravitational removal of the reaqgpimducts §:0, and H, S Fg).

Because of the protective environment of the tube enclosiueeglass surface and taper shape is

extremely smooth. This is an obvious advantage over otleairgf methods.

While still producing large cone angles, tube etching fezguhe following advantages:

1. Tips with reproducible shapes are formed in a high yield;
2. The surface roughness on the taper is drastically recduced

3. The tip quality is insensitive to vibrations and temperatfluctuations during the etching

process.
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(a) (b)
Optical Fiber

Organic solvent
\ /ﬁ

Figure 3.4: Schematics illustrating the formation of a fityer

[J Sealed-tube etching

In 2003, J. Shi at al. [54] reported sealed-tube etching. filiee acrylate jacket i¢/ F' permeable
and geometrically in a “tube” shape. The key differencefiieg the fiber end is sealed wifti F-
impermeable plastic. ThH F' acid laterally diffuses into the jacket to etch the glassrfibghout
dissolving the jacket material, while in conventional twdiehing, H F' can diffuse both laterally
through the jacket wall and vertically from the bottom openl ®f the tube. As a result, this
sealed-tube etching can form two glass tips simultanedbslypper tip and the lower tip. Fig.

3.5 shows the schematics of the tip formation.

0 Kwong-Li (KL) method

In 2003, Kwong et al. developed the KL method. This methodthadollowing advantages:

1. The process is very fast and reliable;
2. Single step etching;

3. Sharp-angled probes2.1°;
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(a) (b)

Optical Fiber

Organic solvent

/

Sealed plastic

Figure 3.5: Schematics illustrating the formation of a fitygin a sealed tube.

4. Nanoscale tip diameters ef 1 um;

5. Experiments show that KL probes can penetrate throudimeshbranes with less mechan-

ical resistance than conventional pipettes and probes fmaeTurner’s Method.

The KL method combines a sacrificial boundary etching tespmmiwith Turner's method. By

controlling the initial etchant height in the sacrificialrbar, final tip profiles can be adjustable.

The key point for KL method is the introduction of glass tubias the sacrificial barrier to etch
the stripped fiber. During etching{ ' continues to etch away the inner wall of the glass tubing,
so the interfacial meniscus keeps falling. As a result, the firobe formed has a long taper and a

pointed tip.
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3.3 Other potential applications for nanoprobes

The fabrication of nanoscale probes has become essentmfacellular surgery. Besides in-cell

DNA detection, it has broad application in cell sensing, ipalation, and injection.

In addition, nanoprobes have been pursued for ScanningfidéddOptical Microscopy (SNOM)
applications since 1984. This technique allows potengical imaging on the nanometer scale,
and its spatial resolution can go down to sub 100 nm, whiclaridéyond the classical optical
microscopy diffraction limit. Like all other scanning pmIlmicroscopies, probe profile character-
izes the resolution of SNOM. Generally speaking, the smtikeprobe-tip diameter, the better the

achievable spatial resolution.

This chapter reviews the current methods for nanoprobeéction. In general, chemical etching
techniques are preferred over the pulling method becausieeatharper taper angle and corre-
sponding higher optical transmission efficiencies. In Céapt the design and development of

novel nanoprobes will be discussed.



Chapter 4

Layer-by-Layer Self-Assembly of
Multilayer Films Containing DNA

As discussed in Chapter 2, one of the key steps for DNA senboicéion is to immobilize the

capture DNA sequence onto the probe.

Different deposition techniques have been developed tictle sensing coatings on optical fiber.
For example, sputtering in a radio frequency planar magnedystem, electron beam evaporation,
chemical vapor deposition, immersion in gel solutions arahynothers. However, most of these
techniques are neither appropriate to control the thickeéshe coatings on the nanometer scale

nor to deposit materials on nonplanar substrates.

The reported immobilization methods based%, are:

e Covalent bonding formation method.

In the microarray field, a covalent coupling method has berlelyw used for the attach-
ment of oligonucleotide or high-molecular-weight probeglanar surfaces. However, this
technique requires activation of the underlying planafas@ with cross-linking reagents
and/or modification of the DNA molecule with amino, thiol, lwotin groups [55-57]. The

additional preparatory step increases the complexity @ptiocess and requires technically

35
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well-trained personnel.

e Langmuir-Blodgett (LB) technique.

The Langmuir-Blodgett (LB) technique is one of the most commmathods of nano-film

fabrication. One monolayer of the desired substance, r@ilyi adsorbed at the gas/liquid
interface, is efficiently built at a time to the substrate lobice. The LB apparatus includes a
Langmuir trough with a dipping device, an automated movbhleer, and a surface pressure
sensor to maintain a controlled surface pressure. Althowegr-perfect performance has
been demonstrated, such as long range ordering of monslayer multilayers of species
that self-assemble at the liquid surface, it is cumbersdmes-consuming and expensive

due to the high cost of the required apparatus and maintenanc

e Direct self-assembly method - Layer-by-layer self-asdedvmonolayers (L-b-L ESA) [58,
59].

It is a highly flexible approach for the creation of concetagdgplanes of functionality.

L-b-L ESA has been widely used in different applicationshsas non-linear optics, chemical
sensing and other functional films and devices. Comparedetdirtst two methods, it is much
simpler, more direct and cost-efficient. As opposed to themiéBhod, L-b-L ESA is independent
of the substrate size and topology. In addition, the LB tégpinn typically cannot be used to
form films thicker than several monolayers because defextsrand are replicated through the
film structure as additional layers are added. Unlike LB svd® L-b-L ESA processing permits
the molecular-level self-healing of defects that may odonundividual monolayers as additional
monolayers are gradually added layer by layer to the subsliing the synthesis process [60].
Individual layer thickness is controllable by factors sashconcentration, molecular weight, and
ionic strength. What's more, the process is performed witkemwsoluble molecules, which is
required for many biological macromolecules. Any solvaatessible surface is appropriate for
the coatings. Last but not least, in comparison with LB orgitgl vapor deposition techniques,

the instrumentation cost is very low. A variety of compositaterials have been successfully
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assembled with this approach, including organic compaémpolymers and virus particles, and
inorganic colloids. Therefore, in our work, immobilizatiof DNA was carried out by the L-b-L

ESA method.

Electrostatic self-assembly was first introduced by llet@%6. This is the original idea of con-
structing multilayer films composed of positively and négay charged colloidal particles, such
as silica and alumina. In 1990s, Decher and Kunitake redghe concept and reported the fabri-
cation of multilayer polymeric thin films composed of opfebi charged polyelectrolytes. This is

the layer-by-layer electrostatic self-assembly methdd.[6

Simply speaking, it involves the alternate dipping of a $tats into anionic and cationic solutions.
Each exposure deposits a reproducible quantity of matn@keverses the charge on the surface,
leaving it primed for the next layer of polymer. The strongi®mbonds between the oppositely
charged species form uniform, sturdy and stable films [61}cMof the work has generalized and
expanded the technique to various combinations of chargeghonents, including synthetic poly-
electrolytes, nanopatrticles, biopolymers such as prstalay minerals , dendrimers, metal col-
loids, silica, and other inorganic particles. Applicasanclude conducting layers, permselective
membranes, enzymeactive thin films, sensors, light-emgittiin films, selective area patterning,

electrochromic films, electrocatalysis, and noncentraagtnic films for nonlinear optics [62—70].

Research and experiments have shown that this remarkalgyesiechnique provides molecular-
level control over the thickness, which means that the tiesk of each layer can be varied at
Angstrom level. Therefore, it will be very promising for dat detection of DNA hybridization.
In addition, this approach has the advantages that it is@mvientally sound (all water based pro-
cessing), is readily amenable to automation and integratith current technologies, and can be
easily used to fabricate complex multilayer heterostmestwvith excellent control over molecular

architecture [71, 72].

This chapter introduces the basic steps of this self-asyen#ihod, followed by the function prin-
ciple. Then the factors that control the growth of multilesyare discussed. Finally, the feasibility

of DNA immobilization by this method are presented.
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4.1 Layer-by-layer self-assembly method

The L-b-L ESA process is based on the electrostatic attmadtetween oppositely charged poly-
electrolytes in each monolayer deposited. The depositiethod is described schematically in

Fig. 4.1. The process involves following steps.

1. Clean and treat the substrate to create a charged surfaéeg.14.1, we assume the outer

surface is negatively charged.

2. Dip the substrate into solutions of cationic polymersddew minutes and by adsorption
a monolayer of polyions is formed on the surface. Since tlsogtion is carried out at
relatively high concentration of polyelectrolyte, a numbgionic groups remain exposed to

the interface with the solution, and thus the surface chiargéectively reversed.

3. Remove the substrate and rinse it with water. The subdtestea net positively charged

outermost molecular monolayer.

4. Dip the substrate into solutions of anionic polymers. @henic molecules are adsorbed

onto the cationic surface and ionically bonded to the catipnlymer molecules.

Repeat 2)~ 4) in a cyclic fashion, alternating layer-by-layer moleauself-assembly multilayer

films can be obtained, and in principle, there is no limit foe final thickness.

The spontaneous, layer-by-layer self-assembly is basédeoionic attraction developed between
the oppositely charged species, which promotes strondayer adhesion and a uniform and linear
multilayer deposition process. The key to a regular mylétebuildup is the reversal of the surface

charge in each adsorbed layer [73—76].

Film properties are determined by the molecular speciesetationic and anionic components.
Since the polyanions and polycations overlap each othbeanhblecular level, the resulting film is
a homogenous optical material. The individual layer contmysand thickness can be controlled

and substrates may include metals, plastics, ceramicsanaonductors [77, 78].
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Figure 4.1: Schematics of the L-b-L ESA deposition proc&se symbols are over-simplified and

not used to represent the conformation of the polyeledialipains.

4.2 Factors controlling the growth of polymer multilayers

As one of the most versatile means available to control gtra@and properties at the nanoscale

level, the processing of polyelectrolytes into thin flmseamolecular layer at a time has been
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introduced in 4.1. Atfirst glance, the electrostatic natifrihe assembly process would seem to be
intuitive and somewhat trivial. However, it was shown quycthat the polymers are not stratified
into well-defined layers but are dispersed and interpetiegy ¥ 9]. Much research has been carried
out to understand the fundamental issues for better cawittbé structure, molecular organization,
thickness, and properties of the multilayer thin films. Rtdgtrolytes perform better than small
molecules because of the ionic bonds yielding good adhediatayer to the underlying substrate.
The conformation of the polymers at the newly created filnfas@ is mostly dependent on the
chosen polyelectrolytes and adsorption conditions, andhnhess dependent on the substrate or
the substrate charge density [80], because polymers adgebover underlying defects. Therefore,
the polymer rather than the surface determines the ovepensation of the surface charge by the
incoming layer. Accordingly, with the number of depositegdrs, the film thickness increases
linearly even if different substrates are used. When suiesttzarge densities are very small, only
few groups are bound to the first layer. A larger number of sgpty charged groups are exposed
to the solution. In this case, the linear deposition occuty after a few layers. Experiments have

proven that the thickness of the adsorbed layers can beuirezitat the molecular level [81, 82].

It is well demonstrated that the organization and thickrefssequentially adsorbed layers are
extremely sensitive to dipping solution pH, primarily dwethe fact that the charge density can
vary with change in pH [83]. For example, the increase in (@lylamine hydrochloride) (PAH)
layer thickness may result from the increasing surfacegehdensity of a previously adsorbed
poly(acrylic acid) (PAA) chain with increasing pH. In otheords, higher pH results in more highly
ionized PAA surface chains, and more oppositely charged P&alecules are needed to neutralize.
It is reported the transitions from very thick adsorbed tay@ nm) to very thin adsorbed layers
(0.4 nm) occur over a very narrow pH range. By controlling pth& thickness of an adsorbed
polycation or polyanion layer can be varied from 0.5 to 8 nmuafiety of groups are working on

the explanation of the phenomena and many models have beeghtiforward [84—86].

In addition, polyelectrolyte multilayer thickness is higllependent on the salt concentration, salt
type, solvent quality, deposition time, and polymer coriaion [84—-86]. Among these factors,

salt has the strongest influence on the amount deposited@er, which is directly related to the
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layer thickness. Here, the adsorption of polyelectrolyie® an oppositely charged surface is re-
garded as an ion exchange phenomenon where charged segepdaate small ions compensating
the surface charge [87]. The charged polymer segments cemjith added salt ions for charged

surface sites.

In addition, there is a tendency toward a certain value ofritexfacial overlap between a polyan-
ion layer and a polycation layer and a certain roughnessedfilth-air interface. Similar surface
roughness of the polyelectrolytes multilayers is obsemeggrdless of the roughness of the un-
derlying substrates. The cause lies on the property depeedan the polymers rather than the
substrate, similar to the self-regulation of thicknessantents per layer. Immersion of films in so-
lutions of salt and pure water “anneals” the surface andaeslthe roughness to smaller values. It
is hypothesized that the salt breaks and removes some dtfithre-eation bonds during the dipping

and rinsing steps. Therefore, a more equilibrated confoomaf the polymer chain is reformed.

Other research has focused on the compositional and stalidetails. Stephan T. Dubas et al.
evaluated the way net charge neutrality is maintained amad¢hat small ions do not participate in
charge balance [88]. Lowack and Helm, investigated steritedectrostatic interactions between
multilayer-bearing surfaces and concluded that ion pgicauses attraction between oppositely

charged polymers and an electrostatic barrier limits thewarhadsorbed [80, 89-92].

4.3 Assembly of thin film of DNA

The main idea of L-b-L ESA consists of alternation of the texahcharge after every layer depo-
sition. This implies that in principle there is no restractito certain polyelectrolytes and that the
construction of multilayer assemblies should also be pts$iy using DNA as a polyanion and

poly(allylamine) as a polycation. This is the key for immlatstion DNA onto our probe.

DNA is generally considered as polyanion due to the negatinggge of their sugar phosphate
backbone. Moreover, experiments have shown successfafs to positively charged lipid

monolayers .



Chapter 5

Polymer and DNA self-assembly on wafer

As discussed in Chapter 4, many factors, such as pH and salewtration, can influence the
surface quality of polymer and DNA films assembled onto thessate. The development of
biosensors based on DNA hybridization requires consiaeraf the hybridization conditions such
as the density of DNA, as well as the temperature, pH, and stinength. Careful control of these
parameters may therefore enhance the selectivity, satysiind speed of the sensor for DNA

sequence detection.

The effects of the local environment, such as the naturesoddifid substrate used, may directly in-
fluence the nature of the selective binding interaction. Comlynused materials include gold,

silica, and polymeric substrates. In aqueous solutiorferdift substrates have distinctly dif-

ferent interfacial properties, which can cause falsetpassignals due to non-selective adsorp-
tion of materials from solution. In addition, the substsateay alter the structure of immobi-

lized biomolecules since it may provide sites for adsogpiinteractions between the immobilized
biomolecules themselves and the substrate surface. Tt &fill influence the ability of the

immobilized biomolecules for the following selective bing.

According to the electrochemical method, the hybridizatedficiency of immobilized single-

stranded DNA to complementary strands exhibits a maximuth increasing immobilized DNA

42
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surface density. [93]

To maximize the surface concentration of the DNA immobdipato the final sensor head, optimal

parameters of the experiment environment need to be igetdst. Since the fiber sensor head is
in such a miniature size, from 12&m to 5 um to nanometric size, it is very cumbersome and
difficult to handle such tiny sensors in the execution of & s$ample matrix. Therefore, we took

advantage of 1-inch by 1-inch silicon wafers as the testarg@e to investigate the influence of

different factors. This demo experiment is meaningful #eo teasons: 1) the similar properties of
the sample silicon wafer and the fused silica sensor heaitheZimilar immobilization principle

and mechanism of polymer and DNA sample assembly onto tli@cgur

The surface concentration of DNA immobilized onto the stefes affected by the parameters of
both the precursor polymer and the DNA sample. Thereforeumexperiments, both contribu-

tions were investigated. In the following paragraphs, veedss our experiment design, and then
introduce our experiment methods and setups; finally weyaaalur results and select the optimal
parameters to maximize the DNA immobilization concentratnto the surface. These results are

very meaningful for the guidance of our further experiments

5.1 Polymer self-assembly on wafer

Polymer self-assembled thin film serves as a precursor.|agencrease the sensitivity of a biosen-
sor, such as our DNA sensor, it is important to control thelkiness and refractive index of the film.
Applying the DNA alone, it is impossible to change these pai@rs in a large range. Fortunately,
the assembly of polymer films can fulfill this task while reiaig the biological activity of the
biomolecules. Previous work has shown that varying therpelyspecies, the salt concentration,
the polymer concentration, the pH value, and the immersioe seems to change the thickness
and refractive index of the film [94]. Those factors are ndlynstudied separately not systemat-
ically. In this study, experimental design methods are iadpio determine the relative effect of

each of the factors.
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5.1.1 Experiment design

Experiment design is a method to organize the experimenizeply and efficiently to answer a
guestion or achieve a goal with enough of the right type odd#&h our research, the effects of
several factors need to be investigated. Instead of rursepgrate experiments for each variable,
it is more efficient to manipulate these variables in one Brpent. Moreover, when interactions
among variables are considered, experiments with moredhanndependent variable are neces-
sary. A full factorial design with all possible combinatgnan solve the problem. However, a
more efficient design, called fractional factorial desigren also provide meaningful results with
fewer runs or combinations. We take the advantage of thecraguoethod to analyze the data. In

this study, the requirement of the design can be describ&allaws.

e The number and levels of factors that are of interest: 7 evellfactors.
e The number of trials that can be afforded: less than 30.
e The desired resolution of the design: Major effects and teractions.
With an L-8 array, a fractional factorial design with 7 fact@and 8 runs is more appropriate than the

full factorial design. For each trial, we repeat the experits on 3 identical substrates. Therefore,

there are totally 24 samples.

Several studies show that there are two steps during pohdsorption [95]:

1. Polymer chains are anchored to the surface by some segidid is a fast process.

2. Dense packing the surface. This is a slower step.
Polyelectrolyte concentration plays a weak influence onatisorption if it exceeds a critical
threshold value. [96, 97]

The effect of salt concentration and pH is pronounced. Ireganhigher ionic strength increases
the thickness and density of the film [96—98]and roughnesiseo$urface [98,99]. Adsorption can
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Table 5.1: Factors and levels.

Factor Level1l Level2
pH:DNA 5.5 7.4
Csait:DNA oM 0.1M
Csair-polymer oM 1M
pH:polymer 55 3.0
Cation species PAH  PDDA
Buffer Water TE
Number of polymer layers 6 12
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be sped up by a small amount of salt, but slowed down when @attentration is high. This can

be explained by the competition between polyions and tte sal

There are mainly two effects caused by pH. On the one handstédblesh a given pH, the ionic

strength may be increased by addition of acid and base. Téysimerease the film thickness, as

discussed in the previous paragraph. On the other handelpotyolyte charge density may be

modified by pH. If the adsorbing polymer charge density igeased, the film will be thinner.

Otherwise, if the substrate surface charge density is ase®, the film will be thicker. Therefore,

there is an optimum pH range [100].

After some deliberation, factors and levels were selecsdisted in Table 5.1.

After six (6) or twelve (12) bilayers of polymers were growmao the sample, it was characterized
by variable angle spectroscopic ellipsometry (VASE). TB&RA was immobilized and the sample

investigated again by ellipsometry. Finally, the bindirapacity was evaluated by ellipsometry

using the complementary DNA.

The orthogonal sample matrix (L8) is listed in Table 5.2.

Process:
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Table 5.2: Orthogonal Sample Matrix (L8).

Trial pH: DNA Csalt: DNA (M) Csalt: poly. (M) pH: poly. Cation Buffr Layer No.

1 5.5 0 0 5.5 PAH  Water 6
2 5.5 0 0 3.0 PDDA TE 12
3 5.5 0.1 1 5.5 PAH TE 12
4 5.5 0.1 1 3.0 PDDA Water 6
5 7.4 0 1 5.5 PDDA Water 12
6 7.4 0 1 3.0 PAH TE 6

7 7.4 0.1 0 5.5 PDDA TE 6

8 7.4 0.1 0 3.0 PAH  Water 12

1. Pretreat the silicon substrate: piranha bath for one. hour

2. Grow polymer films onto the substrate.

All polymer concentrations are 2 mg/ml.

The anion for all samples is PSS.

The cation is either PAH or PDDA.

Immersion time: For the first two polymer bilayers, use fivexwe immersion times

for all samples. Remaining bilayers are at 1 minute.
3. Dry with nitrogen gas.
4. Measure the polymer thickness on the substrate with lips@ieter. (3 different locations)
5. Immobilize DNA onto the substrate.

e All DNA concentrations are 100g/ml.

o Immersion time: 30min.
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6. Dry with nitrogen gas.
7. Measure the DNA film thickness with the ellipsometer. f8edént locations)
8. Analyze the results and obtain information about

e Main factor influencing the DNA immobilization;
e Optimal factorial combination to increase the DNA immaialiion;

e Quality and thickness of DNA films.

9. Confirmation test: repeat 1) 8) with the optimal factorial combination.

DNA hybridization test on the substrates obtained fromrogtifactorial combination parameters.

5.1.2 Materials and sample preparation

All the water utilized during the experiments is Type | remiggrade ultrapure water. It is free
of pyrogen, RNase, Dnase and DNA. It is provided by reverseossr{Barnstead Diamond RO)
followed by ion exchange and filtration (Barnstead Nanopugsriond UV/UF,18 M ().

Polyallylamine hydrochloride (PAH), MW 70,000, polysodiw-styrenesulfonate (PSS), MW
70,000, and poly diallyldimethylammonium chloride (PDDMyv 200,000-300,000 were obtained
from Aldrich. All polymer concentrations were 2 mg/ml. Na@®dllinckrodt) was used to adjust
the salt concentration. pH values were adjusted by HCI or Na€ity a Corning 455 lon Analyzer

with ATC probe.

Silicon substrates were cleaned by piranha solutids(l,: H,SO, = 30:70 v/v) at room temper-
ature for one hour in a fume hood. Then the sensor was ulticatynrinsed in ultrapure water 3

times and dried under nitrogen.

A thin silica layer ¢ 2 nm) is naturally grown on the silicon substrates due to ia&itbn, and
generates negative properties when immersed in water i primarily through the dissocia-

tion of terminal silanol groups. After the substrate waswokd, it was immersed into the positively
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charged polymer (PAH) for the first layer assembly. The gabes$ were alternately immersed in
PAH/PDDA or PSS for 5 min for the first 2 bilayers and 1 min foe ttemaining bilayers. The

substrates were rinsed in ultrapure water for 1 min afteh émcer and then dried in nitrogen.

Samples were investigated by a variable angle spectrasetiigsometer (J. A. Woollam VASE)
to measure the thickness and refractive index of the sefrabled thin film at three different

locations across the surface. A simplified Cauchy model wed tesdescribe the refractive index:

B
n() =4+ 5 (5.1)

where A and B are the fitted parameters.

5.2 DNA immobilization on wafer

After testing the polymer films, the wafer was immersed ifte DNA sample for 30 minutes.
Then the wafer was rinsed with DI water and dried withflow. Again, they were measured with

the ellipsometer.

Taking advantage of the ellipsometer, this experiment can

e Demonstrate the feasibility of DNA immobilization onto thebstrate;

Evaluate the film quality and thickness grown onto the salstr

Evaluate the surface concentration of DNA onto the sulsstrat

Evaluate the DNA hybridization effect onto the substrate;

Provide reasonable clues for evaluation of all of the abdfeets on the 12%m optical fiber

sensor, and the nanoprobe sensor.
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5.3 Data analysis

The self-assembled polymer multilayer serves as the pseciitm. The variation of the polymer
film between each self-assembling process may affect theegulent immobilization of DNA as
well as the hybridization of the complementary DNA. In orderimprove the repeatability in

polymer self-assembly, high S/N ratios for both thickness efractive index are preferred.

The results were analyzed in Qualitek-4 (Qualitek Inc). &ffect of the factors on thickness and
refractive index are considered separately. Quality dtarstic (QC) indicates the direction of

desirability of the evaluation numbers. According to thigecra, S/N can be:

e Bigger is better;
e Smaller is better;

¢ Nominal is the best.

In order to control the thickness or refractive index of tioéymer self-assembly to a desired value,

“Nominal is the best” is selected.

5.3.1 Thickness of DNA immobilized onto the wafer

Our goal is to find the main factors that influence the resalts, what the optimal conditions of
these factors are. Through the use of Qualitek-4, main tsfigots for the thickness analysis are
shown in Figure 5.1. When a factor is changed from Level 1 tceL@y how much the mean
changes gives the clue to the relative importance of thefaEigure 5.2 shows this significance
factor in bar chart. For example, the pH of polymer and DNAehanuch higher effects on the S/N

ratios of thickness. Figure 5.3 gives the optimal condgiohfactors for the best S/N.
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Figure 5.1: Main effects of multiple factors (S/N) for thidss of polymer films.

5.3.2 Refractive index change after DNA immobilized onto the wafer

Figure 5.4 gives the importance of each factor to the rafraehdex after DNA is immobilized

onto the wafer. Figure 5-5 shows that pH of DNA is the domirfaator for the refractive index.
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Figure 5.2: Significant factors effect in percentage.
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Figure 5.3: Optimum conditions of factors.
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Figure 5.4: Main effects of multiple factors (S/N) for reftare index.
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Figure 5.5: Significant factors for refractive index in pamtage.
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5.4 Conclusion

In order to maximize the surface concentration of the DNA whitized onto the final sensor head,
optimal parameters of the experiment environment werestigated with Taguchi experiment
design method. An L-8 array was selected and 24 samples weasured. Taking advantage of the
Qualitek-4 software, we find that the main factors that infleeethe thickness of the immobilized
DNA layer is pH of polymer and DNA solution. To control the r&étive index of the DNA
layer, pH of DNA solution is the main factor. The softwarecatsovides the optimal factor levels
which can be confirmed in the experiments. These are very imgfahguidance for our future

experiments to increase the sensitivity of the sensors.



Chapter 6

Label-free DNA Sequence Detection Using
Oligonucleotide Functionalized Optical

Fiber

As presented in Chapter 2, our final goal is to design and dp\eltanometric scale fiber probe
for in-cell DNA detection. The immobilization of DNA will bachieved by the layer-by-layer
electrostatic self-assembly (L-b-L ESA) method. To suppiee feasibility of the concept of our
in-cell DNA detection sensor, one of the challenges was toafstrate successful DNA immobi-
lization to the fiber end. To achieve this goal, a fiber tip brosor was fabricated, which utilizes
a label-free method for direct detection of deoxyriboniecheid (DNA) sequences. The capture
DNA was immobilized onto the surface of a silica optical fibprby L-b-L ESA. Hybridization of
target DNA with complementary capture DNA increased thécapthickness of the fiber tip. This
phenomenon was detected by demodulation of the spectruriRadirg Perot (FP) cavity fabricated

in the optical fiber.

This chapter presents the experimental results that we dlateened. Sensor design and fabri-
cation are presented. DNA immobilization and hybridizatimve been achieved. Experimental

results demonstrate sequence specificity and high satysibvnanogram quantities of target DNA

56
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sequence with short ( 5 min) hybridization time.

6.1 Fiber tip biosensor

6.1.1 Sensor structure

This is a multi-cavity Fabry-Perot fiber sensor for thin filneasurements [101]. Yan Zhang has
developed the sensor and the program for signal demodulafie used this sensor for DNA de-
tection test and thin film measurements. The sensor has elshgth of hollow tube sandwiched
between two pieces of optical fiber, forming an air cavitywestn the lead-in and reflection fibers.
By cleaving the reflection fiber, a fiber cavity can be formeddditon to the air-cavity. Multiple
reflection signals from the interfaces of the air and fibeitas/form the interference fringe pat-
tern. Demodulation of this spectrum can give out an accuwaéy length with high resolution.

Therefore, the thickness of the fiber cavity length, whicbusfocus, can be obtained.

This fiber cavity length acts as the baseline for our furtkpeements. After growing 5.5 bilayers
of polymer films on the sensor, the fiber cavity length williegse. Then the capture DNA sample
is immobilized onto the sensor tip. If the immobilizationsisccessful, the fiber tip thickness will
increase again. Otherwise, if the film is not strongly bound aasily washed away, the film

thickness will not change.

The whole sensor is made of the same material, fused silichftee glass mechanical bonding
can be done by fusion bonding at high temperature. Figursttvs the basic schematic of the

structure. Figure 6.2 to Figure 6.4 are photographs of swstiuature.

6.1.2 Sensor fabrication process

The sensor fabrication includes two parts: air-cavity ifizddron and fiber cavity fabrication, as

illustrated in Figures 6.5 and 6.6. The fusion splice maydsenéd in a conventional electric-arc
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Figure 6.1: Sensor structure.

Figure 6.2: Sensor photo taken by an arc fusion splicer Kkrgi FSM-30P).

fusion splicer. The hollow tube fiber may be fabricated frohmodow tube preform drawn into a
fiber, in a manner analogous to making conventional optibalfiCleaving can be performed with
a conventional diamond fiber cleaving tool. Cleaving is penked with high accuracy (within a
few microns or less) so that the length of the bonded holldve tis accurate. To achieve high
accuracy, cleaving can be performed under a microscopernatively, after cleaving, the hollow

tube can be shortened by chemical etching or polishing.

During fabrication, we utilize the component testing sgs{€TS, Micron Optics SI720) to mon-
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Figure 6.3: Sensor’s side view photo taken from a micros¢dpess Axiovert 25).

Figure 6.4: Sensor’s endface view photo taken from a miops¢Zeiss Axiovert 25).

itor the whole process. After calibration, the standardaapfiber is connected to the CTS. After
each step of cleaving and splicing with the hollow fiber, tigmal strength is observed to control

the process within the error tolerance.

It is noted that the manufacturing process illustrated ibld®.6 employs conventional and well-
known fiber splicing and cleaving tools. Consequently, tlesent sensor is simple and inexpensive
to fabricate. Additionally, the materials required for stmction (hollow tubes and solid fibers)
are commercially available and very cheap. The presentséas high mechanical strength and
smooth optical surfaces that minimize optical scatterirfgese features are provided as a result of

the cleave and splice manufacturing method.
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Figure 6.5: lllustration of cavity fabrication.

6.1.3 Sensor’s features

In summary, the sensor has the following features:

1. Airgap: (30um ~ 45um): (Only 2 valleys can be investigated from the CTS)

e Shorter than this range: CTS cannot see 2 valleys and air gaptae calculated
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to form the fber cavity.

Figure 6.6: lllustration of fiber cavity fabrication.

correctly.

e Longer than this range: Fiber cavity length has to be mucgdom order to reduce
the interference and the signal separation. This will cdugh temperature cross-

sensitivity due to the high coefficient of thermal expangiGME) of SiOs.
2. Fiber cavity length: (10@ m ~ 150 um)

e Too short: difficult to separate coupled signals of air gaviber cavity and their mixed

frequencies.
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e Too long: Temperature cross-sensitivity will be high bessaaf the high CTE 05:0.
3. High visibility (20d B ~ 30dB): Controlled by the alignment of two SMFs.

4. High light intensity: Peak> 2 ~ 3dB.

6.2 DNA immobilization

6.2.1 Materials and process

The process of identifying the existence of a certain exgioasof DNA sequence involves immo-
bilization of the single-stranded capture DNA onto the fitygrwhich then becomes the “probe”.
Then, the probe is immersed into the sample. If the sequeibe @ample is complementary to
that of the capture DNA, hybridization occurs. Otherwis¢heé sample is not complementary, the

remaining samples on the probe can be easily washed awayragure deionized (DI) water.

To improve self-assembly growth characteristics, amatedenaturation, and allow sufficient con-
figurational freedom for hybridization, a multilayer polgetrolyte precursor film, polyallylamine

hydrochloride (PAH) and polysodium 4-styrenesulfonat8Pwere deposited by alternately im-
mersing the sensor in the polyelectrolyte solutions for B,ras indicated in Table 6.1. The sensor

was then rinsed with DI water and dried.

Sample molecules (nucleic acids) used in this study, asaell in Table 6.2, were purchased from

Genosys, and were used without further purification.

Table 6.1: Polyelectrolytes used in immobilization andriization experiments.

Name pH Concentration (mgl) Salt Concentration
PAH 5.0 2.0 0
PSS 5.0 2.0 0
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Table 6.2: Oligonucleotide sequences used in immobibpagind hybridization experiments.

Name Purpose Sequence (5’ - 3)
SSDNA-A Probe TCCAGACATGATAAGATACATTGATG
ssDNA-B Concentration test CATCAATGTATCTTATCATGTCTGGA
ssDNA-C  Negative control CTCACGTTAATGCATTTTGGTC

6.2.2 Grow PAH/PSS onto the sensor

[0 Materials and procedures
Polyelectrolyte solutions are listed in Table 6.1.

Procedure steps:

e Step 1: Agitate the sensorina WétSO, : H,O, (7 : 3) mixture for 1 hour and then washed

with DI water. The sensor tip is negatively charged.

e Step 2: Immerse the fiber sensor into PAH solution for 5 misyuéad the sensor head is

positively charged.

e Step 3: Rinse the fiber sensor with ultrapure water (Barnstéah@hd RO/Nanopure Dia-
mond UV/UF) for 1 minute.

e Step 4: Immerse the sensor into PSS for 5 minutes, and therdezed is negatively charged.
e Step 5: Rinse the sensor with DI water for 1 minute.

e Step 6: Repeat step2 step 5 for 5.5 bilayers. The outermost layer is positivelgrged
PAH.

e Step 7: Dry the sensor in a stream/of.

e Step 8: Measure the fiber cavity length.
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The experiment was carried outz2°C'. The experiment setup is shown in Figure 6.7.

Figure 6.7: Experiment setup.

0 Results analysis
Figure 6.8 shows the spectrum of the sensor after growintagdri PAH/PSS films.

Figure 6.9 shows the fiber cavity length changes accordinpgdayer number. Here, except
layer 2, the film growth is linear. This phenomenon is nornmalLib-L ESA technique. The
even thickness grown in the following steps indicate it$-Behling effect, which is one of the

advantages of L-b-L ESA method.

6.2.3 DNA immobilization (DNA immobilization thickness: 3.6nm)

[0 Materials and procedures

After the polyelectrolyte precursor films were grown on theefitip, capture DNA was immobi-
lized to make the DNA sensor probe. The DNA sequence for piobeDNA-A in Table 6.2. Its
characteristics are listed in Table 6.3. Usually it is siome—20°C'. Our experiment was carried

out at21.4°C'.
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Figure 6.8: Representative spectrum of the sensor afteriggdbilayer PAH/PSS films.

107. 050

107. 045

107. 040

107. 035

107. 030

Fiber/film thickness (um)

107. 025 ‘

Bilayer number

Figure 6.9: Polymer growth. Fiber/film thickness change®ating to the bilayer number growth.

Procedure steps:

1. Measure fiber cavity length before DNA is grown.

¢ Dip the fiber sensor into DNA solution.
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Table 6.3: ssSDNA-A used for probe.

Name  pH Concentration Salt Concentration
ssDNA-A 5.5 154.17%g/ml (19.26nM) 0.02M

e After 5 minutes, draw out the fiber sensor and dry it.
2. Measure fiber cavity length after DNA growth.

3. Plot fiber cavity length change before and after DNA gromthigure 6.10.

[0 Results analysis
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Figure 6.10: DNA immobilization. Fiber cavity length be¢oand after DNA growth. X-axis

indicates the time. Y-axis indicates the fiber cavity lengthmicron.

Analysis:

e DNA growth on the fiber tip is:

107.04874 — 107.04518 = 0.00356(pm) ~ 3.6(nm). (6.1)
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e Result agrees well with the result from [102], whose expeninsows DNA layer as thick

as 3.3 nm.

6.2.4 Repeatability (DNA immobilization thickness: 3.4nm)

In order to further demonstrate the feasibility of DNA imni@ation onto the fiber end with
layer-by-layer electrostatic assembly method, the eetipeeriment was carried out again.
[0 Fabricate fiber sensor for film thickness test

The fiber cavity length was 112.98&n.

O Grow PAH/PSS, then DNA onto the fiber sensors

¢ Material and operating environment

All solutions including PAH, PSS and DNA were at the same eoti@ation and pH value as that
of the previous experiment, as indicated in Table 6.1, Tél#leand Table 6.3. Also, the operating

steps were the same to make the results meaningful.

& Experiment results

Figure 6.11 plots the fiber cavity length changes accordirtge film growth. Here, except layer

2, the film growth is linear.
Figure 6.12 plots the fiber cavity length change before atet &NA growth.

Analysis:
e DNA growth on the fiber tip is
113.00593 — 113.00255 = 0.00338(um) =~ 3.4(nm). (6.2)

e Result agrees well with the result from [102], whose expeninsows DNA layer as thick

as 3.3 nm.
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Figure 6.12: DNA immboilizaiton. X-axis indicates the tim&-axis indicates the fiber cavity

length in micron.

e Result also agrees well with the previous experiment.
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6.2.5 Summary

Five bilayers of polymer film were grown, with PAH, the pos#ly charged polymer, as the out-
ermost surface. Then the sensor was immersed in ssDNA-Ai@olior 5 minutes (pH 5.5, con-
centration 154.17.9/ml, 0.02M NaCl). Two experiment results, as shown in Figure 6.13, etgic
that fiber thickness increases with 3.4 nm and 3.6 nm, whickeagell with the result from [7].
This indicates that DNA was successfully immobilized orite tip of silica fiber. After this step,

fabrication of the DNA detection sensor was complete.
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107, 047 113,004

107. 046 113,003

107, 045 113.002

107, 044

107. 043 113,000
n 1 = 9 13 17 21 23 29 v

113.001

Fiber film thickness (um)

CAta pai ks

Figure 6.13: DNA was successfully immobilized onto the fitj@with 3.4nm and 3.6nm thickness

respectively.

6.3 DNA sensor test: Hybridization
6.3.1 Specificity

[0 Materials and process
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Table 6.4: ssDNA-B and ssDNA-C used for probes.

Name  pH Concentration Salt Concentration
ssDNA-B 5.5  606:g/ml (76.5 nM) 0.02M
ssDNA-C 5.5 827.8g/ml (123.8 nM) 0.02 M

After the sensors were fabricated, they were tested forifspgcin complementary and non-
complementary DNA solutions. The complementary DNA samyds ssDNA-B obtained from
Genosys. The non-complementary DNA sample was ssDNA-C. hagacteristics of these two

solutions are listed in Table 6.4.

Two DNA ssDNA-A sensors were immersed into the complemgniX¥A ssDNA-B solution
respectively. After 25 minutes, they were taken out andddrid.0 nm and 4.3 nm thickness
increases were detected, indicating that the sensor caassfally detect the complementary DNA

sequence.

0 Hybridization

& Hybridization test 1 (DNA hybridization thickness: 4.0nm)

Here, (and in this chapter, ) fiber cavity length is the lergjtthe second bonded fiber section, and

its unit is micron. Airgap is the length of the hollow fiber irigron.

Figure 6.14 shows the fiber cavity length change after theg@®NA sequence was immobilized

and the complementary DNA sequence was hybridized ontolibetfp.

Analysis:

e Probe DNA layer: 111.0260-111.0220= 0.004n)=4.0 (nm)
e Complementary target DNA layer: 111.0300-111.0260=4.0)(hm

e DNA was successfully grown onto the fiber sensor head.
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Figure 6.14: Probe DNA immobilization and complementargéa DNA hybridization onto fiber
tip.

e Complementary DNA was successfully attached onto the DNArlay

& Hybridization test 2 (DNA hybridization thickness: 4.3nm)
We repeated the hybridization test with the same matenmldlee same process in the clean room.

Figure 6.15 and Figure 6.16 show the fiber cavity length gnavifporobe DNA immobilization and

complementary target DNA hybridization, respectively.

Analysis:

e Probe DNA layer: 105.0413-105.0382=0.0031n{) = 3.1(nm)
e Complementary DNA layer: 105.0456-1105.0413=0.0048] = 4.3(nm)
e DNA was successfully grown onto the fiber sensor head.

e Complementary DNA was successfully attached onto the DNArlay
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Figure 6.15: DNA immobilization onto the fiber tip to form theobe; DNA thickness is 3.1nm.
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Figure 6.16: DNA hybridization. Complementary DNA is hybzed onto the probe. The thick-

ness is 4.3nm.

The results are consistent with each other, and both agtbethva reference. This indicates that

the DNA sensor can successfully detect complementary DN esgce.
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[0 Negative control

In order to prove the sensor will not react to a noncompleargnDNA sequence, a negative
control test was carried out. The ssDNA-C sequence listéhble 6.2 was used. Two sensors
were tested using the same solution and process. Both iadizatthis kind of DNA sensor does

not respond to noncomplementary DNA sequences.
(0 Summary

For the negative control, two DNA sensors were put into the-cemplementary DNA solution

for 40 minutes and 1 hour respectively. The concentratiamofcomplementary DNA was much
higher than the complementary ones, and the immersion tiaemuch longer. However, the
length of the fiber tip did not change after washing the prolike @ water. This indicates that the
non-complementary DNA did not attach onto the probe. The Bi&Asor is capable of detecting

a specific DNA sequence. This is shown in Figure 6.17.

A novel label-free DNA sequence detection method has besodstrated. Using the L-b-L ESA
method, the capture DNA was immobilized onto the substriatfase. When complementary DNA
samples were hybridized, the thickness of the films incetaS¢herwise, the non-complementary
DNA sample could not be bonded onto the surface tightly ansleeasily washed away. Detection

of the thickness change indicated the successful hybtidiza

6.3.2 High sensitivity

To test the sensor’s sensitivity, we designed a setup tcdBf€A solution within a very small

volume.

[0 Syringe bubble

As shown in Figure 6.18, a small volume of complementary DAISon was generated by the
syringe. Figure 6.19 shows the setup. By decreasing the dregrem 0.8 mm to 0.5 mm, drop

volumes of 0.27ul and 65.4 nl were obtained. Experiments were carried out ile@ncroom.
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Figure 6.17: Detection of specific hybridization of 26-marget to immobilized probe; probe:
ssDNA-A immobilized on sensor tip; target: sSSDNA-B, 76 nmul/pH 5.5, 0.02 M NaCl, immer-
sion time 30 min; negative control: 22-mer ssDNA-C, 123.8 limlp immersion time 40-60 min.
The DNA can successfully detect complementary DNA, whereason-complementary DNA

attachment is observed.

PAH/PSS and probe DNA solutions are the same as listed ireTaldl, Table 6.2, Table 6.4,
and Table 6.5. Three kinds of complementary DNA sequence weed: ssDNA-B, ssDNA-D
and ssDNA-E. ssDNA-D is the mixture of sSSDNA-B and ssDNA-Qrtake the complementary
concentration as low &)3ug/ml. SSDNA-E is a mixture of SSDNA-D and ssDNA-C. The char-

acteristics are listed in Table 6.5.

Table 6.5: Complementary DNA solution used in syringe sifityitest.

Name | pH Concentration Salt concentration
ssDNA-D | 5.5| 303 g/ml (38.2 n M) 0.02M
sSDNA-E | 5.5 | 151 ug/ml (19.1 n M) 0.02M

&  163.6 ng sensitivity
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Figure 6.18: Small volume hybridization test. The fiber sens inserted into the small drop

(nanoliter) of solution generated by the needle tip of a 2&gasyringe.

Figure 6.19: Small volume DNA hybridization test setup. A ®fber sensor is fastened on a

holder on the left. DNA solution bubble is generated by argygion the right.

Sensor 4 and Sensor 5 were tested first using ssDNA-B soluiminle 6.6 shows the successful

detection of complementary DNA sequence.
Since the diameter of the volume was 0.8mm, the volume ofithye generated by the syringe was

4 08)°
V=zn (%) ~ 0.27 x 10-3(cm®) = 0.27(4l). (6.3)

Imi=1cm?

1l = 1mm3
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Table 6.6: Fiber cavity length change when complementary Dibridized onto Sensor 4 and

Sensor 5.

Sensor 4| Sensor 5
Before complementary DNAufm) | 111.5950| 111.4100
After complementary DNAm) 111.6000| 111.4140

4

Complementary DNA thickness (nm) 5

Concentration of complementary DNA was 606/m! The mass of complementary DNA was:

606 x 0.27 x 1073 = 163.62(ng) The experiment result indicates that the sensor can détect t

complementary DNA mass as small as 163.62 ng.

¢ 19.8ng sensitivity

Sensor 6 was tested first using ssDNA-D solution.

105. 4500

105. 4490

105. 4480

* DNA
u cDNA

105. 4470

105. 4460

Fiber gap (um)

M

105. 4450

105. 4440
0 20 40 60 80 100

Points

Figure 6.20: Hybridization of complementary DNA (m=19.8ogto the fiber tip.

Figure 6.20 indicates the successful complementary DNAiti#ation onto the fiber tip.
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Since the diameter of the volume was 0.5 mm, the volume is

4 (0.05\°
V=in (02&) ~ 65.4 x 10~ (cm®) = 65.4(nl). (6.4)

Concentration of complementary DNA wa83g/ml The mass of cDNA was303 x 65.4 x
107% = 19.8(ng)

The experiment result indicates that the sensor can deteadt mass of complementary DNA as

low as 19.8 ng.

[0 DNAdrip

To further increase the sensitivity of the sensor, we dee@dhe volume of the DNA solution
with another setup, as shown in Figure 6.21.First we usedyttiege to generate a drop of liquid.
Then we used the fiber sensor tip to touch and collect the dmp the syringe. Because of
the absorption of the liquid onto the solid surface, theitiquill stay on the tip and serves as the
container itself for DNA detection. Materials and processthe same as the previous experiments.

Experiments were carried out in the clean room.

]

Figure 6.21: Experiment setup. The solution drop is obthimg dipping the sensor tip into the
syringe bubble. The bubble can be as small as the size of #etifib

& 6.5ng sensitivity
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ssDNA-B was used for the complementary DNA solution.

Figure 6.22, and Figure 6.23 show the fiber cavity length ghamhen probe DNA and comple-

mentary target DNA were grown onto the fiber tip.

111. 4170
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111, 4166 ¥, % @ Y . r]
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111. 4160
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Figure 6.22: Immobilization onto the fiber tip to form the pep DNA thickness is 1.2 nm.
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Figure 6.23: DNA hybridization. Complementary DNA (m=6.%ig hybridized onto the probe.

The thickness is 7.3nm.

Analysis:
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e Probe DNA layer: 111.4164-111.4152=0.0012n
e Complementary DNA layer: 111.4237-111.4164= 0.0@n3)=7.3 (nm)
e Probe DNA was successfully grown onto the fiber sensor head.

¢ Complementary DNA was successfully attached onto the DNArlay

3
V= %W (%) ~ 10.83 x 10~%(cm®) = 10.8(nl). (6.5)

Concentration of cDNA is 606g/m! The mass of cDNA is606 x 10.8 x 107% = 6.5(ng)

& 3.3ng sensitivity
ssDNA-D was used in this experiment. The experiment wasschout in the clean room.

After dipping the sensor into the ssDNA-A for 40 min, the filmawity length was increased to
111.3923um. Then the DNA sensor was inserted into the complementarx Biution for 30
min, the fiber cavity length is increased to 111.394.

Analysis:

e Probe DNA layer: 111.3923-111.3892=0.0039)&3.1 (nm)

Complementary DNA layer: 111.3941-111.3923=0.00108=1.8 (nm)

DNA was successfully grown onto the fiber sensor head.

Complementary DNA was successfully attached onto the DNArlay

Volume: Since the diameter of the volume wa%nm, the volume was

3
V= %77 (g) ~ 10.83 x 107%(cm?®) = 10.8(nl). (6.6)
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Concentration of cDNA was 303g/ml. The mass of cDNA was303 x 10.8 x 107% =
3.3(ng)

This experiment indicates that the sensor can detect conepiary DNA sequence quantities as

small as 3.3 ng.
¢ 1.7ng sensitivity
ssDNA-E was used in this experiment. The experiment wagecbout in the clean room.

Analysis:

e Probe DNA thickness: 105.0419-105.0397 = 0.0022)(=2.2 (nm)
e Complementary DNA thickness: 105.0435-105.0419=0.0@1$€1.6 (nm)

e \olume: Since the diameter of the volume was about 0.3mmydhane was

4 [0.03\°
V= 37 (%) ~ 10.83 x 10~%(cm?®) = 10.8(nl). (6.7)

Concentration of cDNA wa$51.5ng/ml The mass of cDNA was151.5 x 10.8 x 107¢ =
1.7(ng)
This experiment indicates that the sensor can detect congpiary DNA sequence quanti-

ties as small as 1.7ng.

6.3.3 Summary
Good specificity was proven in the hybridization and negationtrol experiments by immersing
two sensors in the complementary and non-complementary S8ilition.

To evaluate the sensitivity of this label-free DNA sequedegection method to small quantities

of target DNA, the hybridization was observed in small vokan The fiber sensor was inserted
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into the drop of solution generated from a needle tip and tRA Drip. Sensor fiber cavity thick-
ness changes induced by hybridization shown in Figure & \@#¢ates that the sensor can detect

guantities as small as 1.7 ng.
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Figure 6.24: Hybridization of small quantities (1.7-19@ of complementary DNA sequence to

ssDNA-A probes immobilized on the sensor interface.

6.4 DNA sensor for detection of bacteria - Tularemia

As presented in the previous sections, our DNA sensor caressfully detect hybridization of
complementary DNA samples. This can be utilized as a verfuused efficient tool to detect
bacteria, which can be of significance in prevention of theag of infectious diseases, and de-

fense of biological weapons.

6.4.1 Tularemia

Tularemia (also known as deerfly fever or rabbit fever) is @fedtious disease caused by the

bacteriumFrancisella tularensigF tularensig. It is the subject of a fifth article in a series pro-
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viding recommendations for medical and public health manant. As R. R. Parker mentioned,
tularemia has the most diverse source among the infecti@miofials communicable to man. It
chiefly affects small mammals such as rabbits, rodents, areshas well as the insects that feed on
these animals. Through the contact with infected animlaé¢sdisease can be transmitted to human
beings and characterized by intermittent fever and swelhihthe lymph nodes. It can develop

severe and sometimes fatal illness. [103]

The causative agent of tularemfatularensis is one of the most infectious pathogenic bacteria
known. As few as 10 organisms inoculation or inhalation caumse the disease. Due to its extreme
infectivity, ease of dissemination, and substantial capdo cause illness and death, Civilian
Biodefense considefs tularensisto be a dangerous potential biological weapon. According to
an estimation from a World Health Organization expert cottesiin 1969, if an aerosol of 50 kg
of virulent F tularensisis dispersed over a metropolitan area with 5 million inheaii$, the result

would be 250 000 incapacitating casualties, including 1® d@aths.

However, presumptive laboratory diagnose§ dfilarensisare not easy. If routine laboratory pro-
cedures are used, isolation and identificatiofr afilarensiscould take several weeks. Therefore,
identification off tularensisin clinical specimens may be missed or delayed for days oksvda
laboratories, antigen detection assays, enzyme-linketuimoasays, immunoblotting, pulsed-field
gel electrophoresis, polymerase chain reaction, and ¢#icbniques may be used. Results from
antigen detection and polymerase chain reaction analgsibe obtained within several hours after

receipt of isolates.

Simple, rapid, and reliable diagnostic tests that coulddezluo identify persons infected wikh
tularensisin the mass exposure setting need to be developed. Our den§¥A detection is an

ideal candidate due to its simple principle, ease of usekgaisponse and low cost.

6.4.2 Experiment

[0 Materials and process
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¢ Heat killedF tularensisbacteria (2109 cellsil, 600nm)

e Blue: Strain TI0902

e Black: Strain LVS

¢ Double stranded probe DNA (2g/vial; EDTA buffer)

e schu4-330: 101 bp; complementary to Strain TI0902 (Blue}, fmncomplementary to
Strain LVS (Black).
e |pnA: 117bp; complementary to both Strain TI0902 (Blue) atmadis LVS (Black).

The materials are provided by the Department of Biomedic&ri®e and Pathobiology in the

College of Veterinary Medicine at Virginia Tech.
Pretreatment for bacteri@0°C' boiled water: 5 min

Pretreatment for DNA

e 100°C boiling water: 5 min (separate double DNA into single-stiath DNA)
e Immediately0°C' ice with ethanol alcohol poured onto it (keep single-stexhBDNA)

e Test during0°C' (keep single stranded DNA)

Procedure:

1. Grow 7.5 bilayer PAH/PSS onto the sensor
2. Dip the sensor into the ssDNA for 5 minutes. Rinse for 1 n@ntry and test.

3. Dip the sensor into the vial of bacteria for 5 minutes. Rilosel minute. Dry and test.
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0 Experiment results

Figure 6.25 indicates that the polymer is linearly growrodhe sensor with (105.5840-105.5710)/7.5=
0.0017¢m) =1.7(nm) per bilayer.

Figure 6.26 shows the schu4-330 DNA101/ Strain LVS Bactesaresults. DNA growth of 3nm
indicating successful DNA immobilization onto the senamface; -0.3 nm film thickness change

indicating no bacteria is attached.

Figure 6.27 shows the result from schu4-330 DNA 101bpfsr#0902 bacteria test: DNA growth
of 1.6 nm indicating successful DNA immobilization onto teensor tip; 7.8 nm film thickness

growth indicating successful bacteria attachment.

Figure 6.28 shows the result from the IpnA DNA 117bp/straSLbacteria test: DNA growth
of 1.2 nm indicating successful DNA immobilization onto teensor tip; 0.8 nm film thickness

growth indicating successful bacteria attachment.

Figure 6.29 shows the result from the IpnA DNA 117bp/stradid9D2 bacteria test: DNA growth
of 2.2 nm indicating successful DNA immobilization onto teensor tip; 8 nm film thickness

growth indicating successful bacteria attachment.

These results agree with the complementary chain principle
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Figure 6.25: [PAH/PSS], growth on the sensor.

105. 5880 | |
105.5875 M
105. 5870 |
105. 5865
105. 5860
105. 5855
105. 5850
105. 5845  owee®o"
105. 5840

0 10 20 30 40

¢ Polymer

mDNA 101
LVS bacteria

Film thickness (um)

Figure 6.26: DNA101/LVS Bacteria test: DNA growth of 3nm ioaiing successful DNA immo-

bilization onto the sensor surface; -0.3 nm film thicknesangfe indicating no bacteria is attached.
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Figure 6.27: Sensor 51 DNA 101bp/strain TI0O902 bacteriaa ©88IA growth of 1.6 nm indicat-
ing successful DNA immobilization onto the sensor tip; 7t8 film thickness growth indicating

successful bacteria attachment.
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Figure 6.28: Sensor 6 DNA 117bp/strain LVS bacteria test:A0j¥owth of 1.2 nm indicating
successful DNA immobilization onto the sensor tip; 0.8 nmfihickness growth indicating suc-

cessful bacteria attachment.
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Figure 6.29: Sensor 9 DNA 117bp/strain TI0902 bacteria tBMA growth of 2.2 nm indicat-
ing successful DNA immobilization onto the sensor tip; 8 nimfthickness growth indicating

successful bacteria attachment.
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6.5 Summary

In summary, we demonstrated a label-free DNA sequencetd#teuethod. Using the L-b-L ESA

method, the capture DNA was immobilized onto the substratase. When complementary DNA
samples were hybridized, the thickness of the film increaSgderwise, the non-complementary
DNA sample were not bonded onto the surface tightly and wasédyewashed away. Detection of

the thickness change indicated the successful hybridizati

Experiments show that the method is simple, cost-efficisetjuence specific, and sensitive to
nanogram quantities of the target DNA sequence. Moredversénsor can be used for detection
of bacteria. With different FP cavity designs, this methaeh de extrapolated into a range of

optical sensors for DNA detection featuring miniature stst efficiency, speed and ease of use.

After optimization, the sensor probe size can be furtheimmired.



Chapter 7

Nanoprobe fabrication design

Current methods to fabricate nanoprobes, such as heatingudiimd), and wet etching, have been
described in Chapter 3. Their advantages and disadvantegatsa described. Since our potential
application is to insert the probe into a cell for direct @éten, a strong and robust structure is
desired. Accordingly, the probe fabricated by etching,olhs shorter and stronger, with a larger
tip angle is thus preferred. This chapter describes two Intmeoprobe designs that use etching
to narrow the fiber tip into nanosize. The differences lieha in-fiber Fabry-Perot (FP) structure.
These two structures feature unique advantages such asraome compensation capability or

durability, which can fulfill different application req@ments.

This chapter introduces two novel intrinsic fiber optic BaPerot (FP) structures, both with a
micrometric diameter tip. These structures have greamnpiatéor further minimization to nano-
metric size. With such a tiny protrusion, the sensor can Berted into micron size cells for
intracellular measurements. The possibility of monitgrim-vivo biological processes within sin-
gle living cells could greatly improve our understandingceflular function. With the FP cavity
inside the fiber, the change in optical path difference (OP&)sed by the environment can be
demodulated. This label-free detection method is veryulsefbiological areas, such as DNA
hybridization detection. Compared with the currently aafalé techniques that usually consist of

fluorescent dyes, our method greatly reduces the cost anebses the reliability. It provides a

89
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valuable tool for intracellular studies that have applmad ranging from medicine to national se-
curity to energy production. In addition, the fabricatisrsimple including only cleaving, splicing,
and etching. The signal is stable with high visibility. Lasit not least, the structure shows great
promise for nanometric protrusion. Once this goal is ackdethe sensor can be inserted into most

cells with minimal invasiveness.

7.1 Wet etching

After the intrinsic FP cavity structure is constructed, fiber sensor tip is on the order of 125
diameter. The fiber probe size is reduced to micron to narmrsze by chemical etching (e.g.,
in HF). For safety considerations, etching is performed in therabal room with a fume hood

as Figure 7.1.

Figure 7.1: Fume hood.

Etching can be described as pattern transfer by chemigaigdd removal of a material from a
substrate. Compared to dry etching, wet chemical etchinggee a higher degree of selectivity.
In addition, wet etching often is faster and cheaper. In esearch, the wet etching method was

chosen.
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7.1.1 HF immersion etching

The etching process consists of immersing the completeos@nghe sensor head int9% H F’

etchant.

H F-based etchants are used mainly for silicon dioxide, bextney were observed to etch polysil-
icon very slowly. The most significant effects on wet-etctesaare: temperature, impurities in or
on the material being etched, and contamination. For fuified,she etch rate id9% H F at room

temperature is about/Am per minute. [104]

For pureH F' etching, the overall reaction is

Si0y + 6HF — H,SiFs + 2H,0. (7.1)

HF is a weak acid; it does not completely dissociate iftd and /'~ ions in water. The etch
rate of silicon dioxide increases linearly with the concations of bothd F' and H F; , while

being independent of the concentrationfof ions alone. Thed F;; complex attacks oxide about
4.5 times faster thai/ F'. Higher-order complexes, such & F,; , appear to occur at higher
HF concentrations (e.g49%H F) and attack oxide even faster th&h/, . Thus, the etch rate

increases faster than linearly withf” concentration. [104]

Therefore, the total etch rate curves are not linear. Afegtain amount of time, the etch rate
decreases a little. The reason is thBE molecules and{ F;, ions are consumed with time and

make theH F' concentration smaller than it was at the beginning. [105]

In our experiment, the sensor is formed by different kindBlr (such as Micro-IFPI, described
in 7.2), or fiber with different refractive index (such as kie=BGI, described in 7.3). In this case,

instead of simply rod etching, fiber etching is needed.

Optical fibers are drawn from fused silica and chemicallyeatbto slightly change the refractive
index of either the core or cladding. F&8% H F', the higher the germanium doping, the higher
the etching rate. For example, the etching rate of fusechséi about Jum per minute. 62.5/125

optical fiber is doped with germanium to increase the reffrachdex of the core. The etching rate
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of the core is about 24m per minute, while the cladding (fused silica) etching ramains 1lum
per minute. The doped core is recessed by etching with aamttmat eats the core faster than the

etch-resistant cladding. The depth of the recess can beotledtby the etching time. [106]

7.1.2 HF vapor etching

In order to control the etching results more accurately aedipely,H F' vapor was utilized in the
second step, similar to “finish machining”. In the first stégo@rse machining”), different kinds
of etching methods, such as tube-etching, selective ejcbic., can be utilized. In this first step,
the etching rate is much faster, and the surface is not eeailtrolled. In the second stefy I’
vapor etching, the etching rate is much slower and the vagrobe more evenly evaporated onto

the surface. This leads to finer control of the final size araghstof the structure.

7.2 Fiber Bragg grating interferometer with a micrometric tip

(Micro-FBGI)

In this structure, a Fabry-Perot cavity is formed by a Braggigg and the cleaved fiber endface.
The whole structure is then immersed into etchant sucH As(hydrofluoric acid) to obtain the

taper. Figure 7.2 shows photographs of such a structurard-ig3 shows the spectrum.

The final structure can be different shapes, as illustraideigure 7.4. For example, the grating
can be far away from the taper, shown in (a) and (c). On the bidnad, the grating can be tapered,
as (b) and (d). Because most light is still confined inside thre,¢he signal does not deteriorate
much. In addition, the taper can be very long and sharp, wimiai be beneficial when piercing

the cell. Or, it can be short with large cone angle to incrélaseobustness of the structure.
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Figure 7.2: Comparison of the Micro-FBGI structure (micronuetip, upper) with a standard SMF
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Figure 7.3: Spectrum of Micro-FBGI structure before etching

7.2.1 Novel features of Micro-FBGI

This micrometric fiber Bragg grating interferometer feasure

1. Miniature size: the tip is in micrometric size, and haspdaal to be decreased to nanometric

size.
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Figure 7.4: Diagram of the novel structure with a tip. (a) @ is not tapered and the taper is

sharp: (b) grating is tapered, and the taper is sharp; (¢hgres not tapered and the taper is not

sharp; (d) grating is tapered and the taper is not sharp.

2. Good signal: The cavity and the reflection surfaces anasitle the fiber core. Even when

the fiber is etched to nanometer size, the fringes will noer@tate much. The signal

strength and the visibility do not change because of the stadculations show that it is

easy to trace the fringe and obtain the nanometer changeiby tangth.

3. Intrinsic temperature compensation capability: Altjlouhe FP cavity length can change

when the physical length (e.g. DNA hybridization) or the parature varies, the envelope
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from the FBG is only sensitive to environment temperature eréfore, the temperature

effect can be easily compensated.

4. Compact structure: There is no abrupt step in the struottrieh makes it more robust and
compact. Also, this leaves less room for contamination.iniag®NA hybridization as an
example, most sample (e.g. DNA) will be attached onto the foel, with no aggregation

on the shoulder of the abrupt step.

5. Simple and efficient fabrication: The process mainlyudels FBG lasing, cleaving and

etching steps.

6. Biological compatibility: The whole structure is made a$éd silica with no impurity, which

makes it ideal for medical and biological applications.
7. High temperature capability: The structure can work atenlban600°C'.

8. Low cost: Standard commercially available SMF is the aatyuired material. After hydro-

gen loading, FBG can easily be formed. There is no need foliadéxers.

9. Robust structure: To test its robusticity, the tip of theveicstructure was forced on the
surface of 125:m diameter standard SMF many times. It bent with a large ¢urgdut did

not break.

10. EMI immunity and electric passivity: Such optical stire is immune to electromagnetic

interference.

7.3 Intrinsic Fabry-Perot interferometer with a micrometric

tip (Micro-1FPI)

The intrinsic Fabry-Perot interferometer with a microrneetip (Micro-IFPI) uses two different

mode field diameter (MFD) fibers to produce a reflective mifi@7]. An intrinsic Fabry-Perot
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interferometer (IFPI) is formed by the reflection from thignor and the cleaved fiber endface.
The whole structure is then immersed into etchant such asoftydric acid ({ F'), to obtain a

micrometric and even nanometric taper.

The mirror is formed utilizing only the splicing technigueat fuses two fibers with different MFD.
The combinations can be limitless, for example, single midmer with multi-mode fiber; single
mode fiber with different core sizes; multi-mode fiber witifelient core sizes; standard fiber with

customized fiber; etc..

Figure 7.5 shows the schematic of the FP structure. Fig@é@nd Figures 7.7(a)-7.7(b) show a

photograph of the novel FP structure with a micrometric tip.

Light

)

< = [

)

Figure 7.5: Structure of Micro-IFPI structure, fabricalsdsplicing two fibers with different MFD.

7.3.1 Novel features of Micro-IFPI

This novel intrinsic Fabry-Perot structure has the follogvadvantages:

1. Miniature size: The tip is in micrometric size. Theoratig it can be decreased to nanomet-

ric size.

2. Easy signal processing: Conventional analysis for sicagy FP sensor is much easier and

faster than demodulation of multi-cavity fringes..

3. Good signal: The fringes are stable with high visibilityre cavity and the reflection surfaces
are all inside the fiber core. Even when the fiber is etchednomater size, the fringes will

not deteriorate much. The signal strength and the vigthild not change because of the
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Figure 7.6: Comparison of the Micro-1FP1 structure with axsiard SMF. The Micro-1FPI structure
with a micrometric tip (upper) has a cavity length of 12én; standard SMF has a diameter of 125

1 m (lower). (Zeiss, Axiovert 25)

size. Calculations show that it is easy to trace the fringecdntdin the nanometer change of

cavity length.

4. Compact structure: If the junction is not etched, therémwat be an abrupt step in the struc-
ture, which makes it more robust and compact. Also, thisde#ess room for contamination.
Taking DNA hybridization as an example, most sample (e.gADNill be attached onto the

fiber end with no aggregation on the abrupt shoulder.

5. Simple and efficient fabrication: The process mainlyudels cleaving, splicing, and etching

steps.

6. Biological compatibility: The whole structure is made o$éd silica, which makes it ideal

for medical and biological applications.

7. High temperature capability: The structure can work atentban600°C'.
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(a) Comparison of the Micro-IFPI structure (junction(b) Comparison of the Micro-IFPI structure (middle

part) with a standard SMF. The Micro-IFPI structurepart) with a standard SMF. The Micro-IFPI structure
with a micrometric tip (upper) has a cavity length ofwith a micrometric tip (upper) has a cavity length of

7mm. (Zeiss, Axiovert 25). 7mm. (Zeiss, Axiovert 25).

Figure 7.7: Overview of the Micro-IFPI structure (Zeiss,idvert 25)

8. Low cost: Standard commercially available fibers are @efi.

9. Robust structure: To test its robustness, the tip of theelnstvucture was forced on the
surface of 125:m diameter standard SMF many times. It bent with a large ¢urgdut did

not break.

10. EMIimmunity and electric passivity: Such an opticalisture is immune to the electromag-

netic interference.

7.3.2 Spectrum of the Micro-I1FPI

The spectrum of the novel structure is shown in Figure 7.8 Jpectrum shows a strong fringe
pattern with high visibility. The cavity length is about 12@n, which agrees with the measured

result from the microscope.
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Figure 7.8: Spectrum of the novel FP structure with a micriimerotrusion.

7.3.3 Micro-IFPI sensor tip with 1.7 um diameter

For our DNA detection application, temperature variatiemot big and can be controlled in the
lab environment. Therefore, the micro-IFPI sensor is bétieits easy signal processing.

J Sensor structure

We fabricated a micro-IFPI sensor in the chemical room udgléfC. After suspending the sensor
in H F vapor for 46 minutes, the sensor configuration was as shoWwigiure 7.9. After additional
23 minutes, the sensor was as shown in Figure 7.10. Figutég¢aj-7.11(b) show the photo of a

Micro-IFPI sensor with a 1.Zm tip compared with a commercial 30n fiber.
1 Summary

With coarseH F' immersion etching, then delicaté /' vapor etching, the sensor tip has great

potential to be etched down to sub-micron size. Also, this step etching method taking the
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Figure 7.9: Sensor 1 configuration after 46 miit” vapor etching.
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Figure 7.10: Configuration of sensor 1 after an additional #8 FhF’ vapor etching.

advantage off F' vapor is a new method, which has not been found in the curiterdture.
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l 30 um

1.7 pm

——
(2) Commercially available 3pm fiber provided by (b) 1.7 um sensor tip (investigated from 500X micro-

Miconoptics. scope).

Figure 7.11: Photos of micron size sensor tip compared witbnamercial 3Qum fiber.

7.4 Conclusion

Two novel nanoprobe designs with in-fiber Fabry-Perot (RRicture are introduced. Featuring
unique advantages such as temperature compensationlggmataurability, these two structures

can fulfill different application requirements.

Sensors with micrometric diameter tip were developed astédie The sensors hold the potential of
further minimization to nanometric size. With such tiny pusions, the sensor can be inserted into
micron size cells for intracellular measurements. Theipdig of monitoring in-vivo biological
processes within single living cells is of great importaircenolecule biology, medicine, national
security, and energy production. Experimental resultsatestrate that with the FP cavity inside
the fiber, the change in OPD caused by the environment canrhedigated. The sensors can
serve as refractive index sensors. In addition, fabriogtiocess is simple including only cleaving,
splicing, and etching. The signal is stable with high vignpi last but not least, when parameters
are finely adjusted, the structures have great potentiat elveloped into nanometric tips. Once

this goal is achieved, the sensor can be inserted into midsteh minimal invasiveness.



Chapter 8

Label-free DNA Sequence Detection Using
Oligonucleotide Functionalized

Micrometric Tip

In Chapter 6, successful DNA immobilization and hybridiaatonto the 125:m diameter fiber
sensor end was demonstrated. Chapter 7 presents two novaimfiber optic Fabry-Perot (FP)
structures, both with a micrometric diameter tip. With tHe ¢avity inside the fiber, the change
in optical path difference (OPD) caused by the environmamt lse demodulated. This label-
free detection method is very useful in biological areasthla chapter, an intrinsic Fabry-Perot
interferometer with a micrometric tip (Micro-IFPI) was alst demonstrate DNA hybridization
detection. With L-b-L ESA, the capture DNA was immobilizedt@ the micrometric sensor tip
after the precursor polymer films. Hybridization of targ@i®with complementary capture DNA
increased the optical thickness of the fiber tip, which wasaed by the demodulation of the
spectrum shift. This demonstrates great potential forreunanometric scale fiber probes for in-
cell DNA detection.

102
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8.1 Preparation test and procedure

The fabrication procedures for the Micro-IFPI DNA hybridion sensor, including fiber selec-
tion, etching, rinsing, and polymer growth processes, werestigated, and a standard procedure

developed.

8.1.1 Sensor structure

As presented in Chapter 7, the intrinsic Fabry-Perot intenfeter with a micrometric tip (Micro-
IFPI) has a FP cavity formed by the reflection from a refleatimeor and the cleaved fiber endface.
The reflective mirror is a splicing point of two different nedield diameter (MFD) fibers. In
order to obtain a micrometric and even nanometric taperyvti@e structure is then immersed into
hydrofluoric acid { F).

A single mode (SM) fiber (Corning Inc.) and a 105/12% step index multimode fiber (Fiberguide
Industries, Inc.) were chosen. For the 105/125 optical filt@ch has a fluorine-doped cladding
with a smaller refractive index than that of the core, théietg rate of the core is smaller than that
of the cladding. After about 10 minutes’ etching, the claddof 105/125 is removed, and only the
core area is left. Compared with the 62.5/125 graded-index, fishich has a bowl-shape recess
after etching, the 105/125 fiber is much more flat and evenusecaf its step-index configuration.

After etching, the whole sensor is made of the same matéuidd silica.

8.1.2 Hydrofluoric acid testing

As presented in Chapters 7 and 8.1.1, the sensor must be dighéd’. Therefore, the sensor
endface where the probe DNA is immobilized will be treatedrbl solution. This surface treat-
ment may cause uneven growth of films. To eliminate this gnobla thorough rinsing procedure
was developed to clear the fiber surface after HF etching.imjrgrocedures were compared in

the following three tests, which produced sensors of egdlgntientical size and shape:
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Unetched sensor: 125m diameter sensor that was not exposed to HF.

Minimally etched sensor (Rinse Procedure 1): 12% diameter sensor; exposed to HF, but im-

mersed for a very short time (0.1 second); rinsed with rupmater for 1 minute.

Minimally etched sensor (Rinse Procedure 2): 42bameter sensor; exposed to HF, butimmersed

for a very short time (0.1 second); rinsed for 7 total minas$ollows.

Shake drops into thél F' beaker;

Running water, with carrier, 1min;

Stir with carrier in a beaker, 1min;

e Without carrier, only fiber, running water, 5min.

Films of the structure [PAH/PS&] were grown onto each sensor and the film thickness growth

trend was monitored.

O Unetched sensor

There was negligible difference in size or shape of the tee®sors tested. Figure 8.1 indicates
that [PAH/PSS] 5 is evenly grown onto the sensor tip. The x-axis indicatesitiraber of polymer
bilayers. In the top plot, the y-axis indicates the OPD. &é&ntrend with a slope of 9.3 is observed.
The average film thickness per bilayer is abeu& = 3.2(nm). In the lower plot, the y-axis

2x1.45
shows the residuals from the fitting line. We can see thatitieatity is very good.

0 Minimally etched sensor (Rinse Procedure 1)

Figure 8.2 indicates that [PAH/PSS]is unevenly grown onto the sensor tip. The x-axis indicates
the number of polymer bilayers. In the top plot, the y-axdicates the OPD. The average film
thickness per bilayer is thicker than the unetched senls;outa2%'45 = 8.3(nm). In the lower
plot, the y-axis shows the residuals from the fitting line. ¥8@ see that the linearity is not very

good. The residual is much bigger than that of the unetchesiose The sensor surface after HF
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Figure 8.1: Changes in the optical path difference (OPD) A8l[PSS} 5 is grown onto the un-
etched sensor. The average film thickness per bilayer istatauwe/(2n) = (9.3nm/2/1.45) =
3.2(nm).

etching the simplified rinse proceure is insufficient qyaidr polymer film growth, and thus not

suitable for the following DNA immobilization.

[0 Minimally etched sensor (Rinse Procedure 2)

Figure 8.3 indicates that [PAH/PSS]is evenly grown onto the sensor tip. The x-axis indicates

the number of polymer bilayers.

The average film thickness per bilayer in the first 2 bilaysm@hout 105

, . . . . o 8.5
The average film thickness per bilayer in the following 4 Yyolies is abouti2 SV 2.9(nm).
Early testing indicated some difficulties in the depositadrL-b-L ESA films on etched fibers.
Suspicions that residual HF on the sensor surface was thee caere confirmed in these tests.
It is evident that the unetched and thoroughly rinsed sesnsave a more linear trend, indicating
successful film growth. In addition, the bilayer thicknessaasonable. Therefore, the 7 minute

rinse procedure was adopted.
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Figure 8.2: Changes in the optical path difference (OPD) A$1[PSS} ; was grown onto the

minimally etched sensor, Rinse Proc. 1 (less rigorous ri)sin

8.1.3 Polymer materials

Similar to Chapter 6, polyallylamine hydrochloride (PAH)dapolysodium 4-styrenesulfonate
(PSS)(2.0 mg/ml, pH 5.0) were used as a multilayer polyedgde precursor film. Nucleic acid
sequences used in this study, as indicated in Table 8.1 wechgsed from Genosys, and were

used without further purification.

Table 8.1: Oligonucleotide sequences used in immobibradind hybridization experiments.

Name Purpose Sequence (5" - 3)) pH Con.(nmol/ml) Salt(M)
SSDNA-A Probe TCCAGACATGATAAGATACATTGATG 5.5 13.14 0.02
SSDNA-B Target sequence CATCAATGTATCTTATCATGTCTGGA 5.5 10.50 .0D
ssDNA-C Negative control CATCAATGTATCTTATCATGTCTGGA 5.5 89.8 .02




Xingwei WangCh. 8. Label-free DNA Sequence Detection Using Oligonuddiedunctionalized Micrometric TiglO7

471.36

471.34

y=0.0085x+471.2791

47132 1

47130

2nL{urm)

47128

47126

-
y=0.0105x+471.2466

471.24 1 L L L
n] 1 2 3 4 5 5] 7

Folyrner bilayer

Figure 8.3: Change in optical path difference (OPD) as [PAEP; was grown onto the min-
imally etched sensor (Rinse Procedure 2). The average filchritbss per bilayer in the first 2
bilayers is about 3.6nm. The average film thickness per éilaythe following 4 bilayers is about

2.9nm.

8.1.4 Rinsing procedure

Two types of rinsing methods were investigated for L-b-L E8# growth:

e Manually rinsing;

e Ultrasonic rinsing.

Ultrasonic rinsing can result in better repeatability. Hoer, the mechanical strength of the re-
sulting sensor is our first concern. Ultrasonic rinsing vestdd 1Q:m diameter SMF and 2bm
diameter Micro-IFPI sensors for 1 minute durations, andsthécture investigated under a micro-
scope. No visible damage occurred; the sensors are quisstroblowever, we have found that
for thinner tips, ultrasonic rinsing may cause detachméthefilms, especially when the bilayer

number is greater than 2. Therefore, in the remaining expaaris, we used manual rinsing.
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8.1.5 Procedures

Based on the results of the experiments described above, vedoged the following standard

procedure for the fabrication of micrometric tip DNA hyhigdtion sensors.

1. Sensor fabrication

Step 1: Fabricate the sensor with SMF and 105/125 MMF.
Step 2: Etch the sensor witt £ in the fume hood.
Step 3: Rinse the sensor thoroughly using the 7 minute proed€inse Proc. 2).

Step 4: Photography the sensor. Record the sensor spectdutmea®@PD (at least 300

data points).

2. Polymer growth

Step 1: Immerse the fiber sensor into PAH solution for 5 miswte

Step 2: Rinse the fiber sensor manually with ultrapure watern@ead Diamond

RO/Nanopure Diamond UV/UF) (DI water) for 1 minute. Dry im.ai
Step 3: Record the sensor spectrum and the OPD (at least 30palats).
Step 4: Immerse the sensor into PSS for 5 minutes.

Step 5: Rinse the sensor with DI water for 1 minute. Dry in air.

Step 6: Record the sensor spectrum and the OPD (at least 30paiats).

Step 7: Repeat step ~step10 for 7.5 bilayers. The outermost layer is positively
charged PAH.

Step 8: Plot the spectra shift of the sensor.

Step 9: Plot the OPD change after polymer growth.

3. DNA immobilization
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e Step 1: Immerse the sensor into sSDNA-A for 5 minutes.
e Step 2: Rinse the sensor with DI water for 1 minute. Dry in air.
e Step 3: Record the sensor spectrum and the OPD (at least 3Dpalats).

e Step 4: Plot the OPD change.

Similar procedures were developed to evaluate the sensa@ptrific detection of DNA
hybridization. ssDNA-B was used as the target sequence sDNA-C as the negative

control.
4. DNA hybridization

e Step 1: Immerse the sensor into sample solution (SSDNA-BDBN#-C) for 5 minutes.
e Step 2: Rinse the sensor with DI water for 1 minute. Dry in air.
e Step 3: Record the sensor spectrum and the OPD (at least 3Dfalats).

e Step 4: Plot the OPD change.

All experiments were carried out 28°C'. The experiment setup is shown in Figure 8.4. Since the
sensor is so tiny that a little bit of environment disturbarguch as a person walking, may cause
the signal instability, the film growth setup is stabilized@an optical table (Newton, Inc.) by two
magnets. No electrical equipment sits on the same tablenomaze the vibration. The sensor is
clamped by a fiber clamper, which is screwed onto a holder.iffheersion depth is consistent for
all the steps by controlling the holder. The immersion timeantrolled by a timer. The light is
launched through a coupler and the reflected signal is cdugaek to the CTS. The data is finally

transferred to a laptop by an Ethernet cable for data prowgss
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Sensor

Figure 8.4: Experiment setup for film growth.

8.2 Hybridization detection with a 125,m diameter sensor tip

To evaluate the effectiveness of the IFPI structure, thequores developed above, but eliminating

the etching step, were used to fabricate and test a.X5Mlicro-IFPI Sensor.

8.2.1 Polymer growth

Figure 8.5 shows the change in sensor OPD as [PAH/RS3]as grown onto the sensor tip.

The x-axis indicates the number of polymer bilayers. Theaaye film thickness per bilayer in

the first 2 bilayers is abou%%g)45 = 3.6(nm), in the following five bilayers{ ~ 7) about
8.5 ' 8.7

= 2.9(nm), and the final three bilayers ¢ 10) about = 3.0(nm).

2 x 1.45 2 x1.45
The inconsistency occurred between the 7th and 8th bilayasscaused by a pause in the experi-
ment. After the first 7.5 bialyers were grown, the sensor weesldn air overnight. The following
8th ~ 10.5th bilayers were grown on the second day. However, séiéihealing, the linearity was
good which indicates that the polymer films were evenly growto the sensor and can serve as a

precursor for the following DNA immobilization and hybradition.
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Figure 8.5: [PAH/PSS]; is grown onto sensor 15. The average film thickness per lbilaye

bilayersO ~ 2 is about 3.6 nm. The average film thickness per bilayer irybile3~ 7 is about

2.9 nm. The average film thickness per bilayer in bilayers B0 is about 3.0 nm .

8.2.2 DNA immobilization (DNA immobilization thickness: 4.5nm)

Figure 8.6 shows that ssDNA-A was successfully immobilinatb the sensor tip. DNA growth

! .. 471.3629 — 471.34
on the fiber tip is 71.3629 71.3499
2x 1.5

gyration of the ssDNA chain of about 2 nm, and smaller tharetid-to-end distance of about 5

= 4.5(nm). This is larger than the unperturbed radius of

nm, if a Gaussian coil of a Kuhn step length model is used fwuthstretched conformation of the
immobilized ssDNA. This may be caused by the salt concaatraAt low NaCl concentrations,
the negative charges on the DNA chain tend to repel each, stinetching the DNA strands. When
the concentration of NaCl increases, the Na+ alleviate thals@®n, and the DNA strands may
coil up. A further increase in NaCl may shield some of the phasp groups on the DNA strands
and make the DNA extend from the surface to form a brushlikecsire. Slight differences in

thickness may be caused by different ionic strengths of th& Bolution.
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8.2.3 DNA hybridization

Figure 8.6 also indicates that complementary ssDNA-B wasessfully hybridized onto the sen-

. : - . . 471.3714 — 471.362
sor tip. The thickness of the DNA hybridized on the fiber tlpswa7 372 <1 42 5029
2.9(nm).
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Figure 8.6: Complementary ssDNA-B was successfully hybedionto the fiber tip.

8.3 Hybridization detection with a 25 um diameter sensor tip

The feasibility of reducing the sensor tip size was demaitesti by using the procedures developed
above to fabricate and tesRaum Micro-IFPI Sensor.

8.3.1 Polymer growth

[0 Linearity of polymer growth

Figure 8.7 shows the change in OPD of the sensor as [PAH/R 3% grown onto the sensor tip.
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The x-axis indicates the number of polymer bilayers . In tpeglot, the y-axis indicates the OPD.
A linear trend with a slope of 13 nm/bilayer was observed. aVerage film thickness per bilayer

is about = 4.5(nm). In the lower plot, y-axis shows the residuals from the fiftiime.

2 x1.45
We can see that the linearity is very good.
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Figure 8.7: Change in sensor OPD as [PAH/R$S$las grown onto the sensatsum diameter).

The average film thickness per bilayer is about 4.5 nm.

8.3.2 DNA immobilization (DNA immobilization thickness: 2.9nm)

Figure 8.8 shows that sSDNA-A was successfully immobiliaatb the sensor tip.

8.4
DNA h on the fi i : = 2. :
growth on the fiber tip was;——— - 9(nm)

8.3.3 DNA hybridization

Figure 8.8 also indicates that complementary ssDNA-B wasessfully hybridized onto th& m
= 3.3(nm).

2 x 1.45

diameter sensor tip. The thickness of DNA hybridized on therftip was:
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Figure 8.8: Complementary ssDNA-B was successfully hybedionto the fiber tip.

8.4 Summary

In summary, label-free DNA sequence detection with a mi@wim tip sensor was demonstrated.
Using the L-b-L ESA method, single-stranded capture DNA wwasiobilized onto the sensor
tip. When the target DNA sequence was present in the DNA satepted, it was hybridized.
The consequent increased optical thickness of the film wistalbe detected; detection of this

thickness change indicates successful hybridization.

Experiments show that the method is simple and cost-efticMareover, a range of optical sensors
with different FP cavity designs can be extrapolated. Adtgimization, the sensor probe size can

be further minimized.



Chapter 9

Conclusions

9.1 Conclusions

The detection of DNA sequences plays an important role iremaér biology, genetics, pathol-
ogy, criminology, pharmacogenetics, cancer diagnogtcg] safety, environment monitoring, and
many other fields. In this work, a label-free direct DNA semgedetection scheme was developed.
Three kinds of novel fiber probe sensors with specific adgmsdave been demonstrated. Com-
pared with the current available methods, which are usualipbersome, time-consuming, and

expensive, this approach features sequence specificilyetfeciency, speed, and ease of use.

The principle is simple. With capture DNA immobilized onteetprobe by layer-by-layer elec-

trostatic self-assembly (L-b-L ESA), it is immersed in tlarple. If the sequence of the sample
is complementary to that of the capture DNA, hybridizati@eurs and the thickness of the probe
increases. Otherwise, if the sample is not complementagy,@gmaining samples on the probe can
be easily rinsed away. The difference among the three stegties in the design of the Fabry-Prot
(FP) interferometer formed inside the sensor for thin filmekhess measurement. Demodulation

of the output spectrum provides the detection results.

L-b-L ESA provides an effective and convenient method forADmobilization and hybridiza-

115
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tion onto fiber optic biosensors. The long-term stabilitg dow-absorption in NIR range of the
polymers makes them suitable as a precursor film for opticamsors where a 1310 nm or 1550
nm optical source is usually utilized. The effect of the euderistics of polymer and DNA solu-
tions on the hybridization quality of silicon wafer sampleas investigated by ellipsometry. The
Taguchi method was applied to determine the relative effetthe factors. The optimum condi-

tions for polymer self-assembly were obtained by systensttidy of the multiple factors.

A multi-cavity Fabry-Perot fiber sensor with 128n diameter was used. The sensor has a short
length of hollow tube sandwiched between two pieces of apfiber, forming an air cavity be-
tween the lead-in and reflection fibers. By cleaving the rafiadtber, a fiber cavity can be formed

in addition to the air-cavity. Multiple reflection signal®m the interfaces of the air and fiber cav-
ities form the interference fringe pattern. Demodulatidthes spectrum can give out an accurate
cavity length with high resolution. Therefore, the thickaef the fiber gap, which is our focus, can
be obtained. After deposition of several bilayers of polyiiens, capture DNA is immobilized
onto the sensor tip. Hybridization of complementary taf&i onto the sensor tip increases the
fiber gap, which can be obtained by the signal demodulatioqpeEEments demonstrate that the
sensor has good specificity and high sensitivity with detaatf target sample quantities as small

as 1.7 ng.

For future in-cell direct detection, two novel structuréattuse etching to narrow the fiber tip
into micrometric size were designed and developed. Thereifices lie in the in-fiber Fabry-Perot
(FP) structure. These two structures feature unique adgantsuch as temperature compensation
capability or durability, which can fulfill different apgiation requirements. Both of them have
high potential to be narrowed down to nanometric size. Witthsa tiny protrusion, the sensor can
be inserted into micron size cells for intracellular measugnts. The possibility of monitoring
in-vivo biological processes within single living cellswdd greatly improve our understanding of
cellular function. With the FP cavity inside the fiber, theange in optical path difference (OPD)
caused by the environment can be demodulated. This labeldigtection method is very useful in
biological areas, such as DNA hybridization detection. Caragd with currently available tech-

nigues that usually consist of fluorescent dyes, our methedaltly reduces the cost and increases
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the reliability. It provides a valuable tool for intracdbm studies that have applications ranging
from medicine to national security to energy productionadidition, the fabrication is simple in-
cluding only cleaving, splicing, and etching. The signastable with high visibility. Last but not
least, the structure shows great promise for nanometricysion. Once this goal is achieved, the

sensor can be inserted into most cells with minimal invasigs.

What's more, the idea of a nanoscale probe has a broad imp&xanning Near-field Optical

Microscopy (SNOM), intracellular surgery, in cell sensinganipulation, and injection.

9.2 Summary of contributions

This section lists the main contributions of this disséotat

¢ Demonstrated L-b-L ESA as an effective surface modificati@thod for immobilization of

DNA onto optical fibers.

e Optimized polyelectrolyte self-assembly for optical DNAtection by experiment design

and analysis.
e Developed a label-free DNA detection scheme.
e Developed an optical fiber tip sensor for DNA detection.
e Demonstrated the good specificity and high sensitivity efdansor for DNA detection.

e Designed and fabricated two micrometric biosensors, wig Ipotential to be developed

into nanometric ones.
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9.3 Suggestions for future research

Future work is suggested here for increase of the sengitivitl improvement of the specificity
of the DNA sensor, enhancement in the reliability of senabritation for nanometric structure,
diversification in the sensor structure, integration ofgkasing system and reduction of cost. An

outline of further investigations is described in the faling.

9.3.1 Improvement of sensitivity and specificity

The nature of the capture DNA used for selective recognitemalso exert significant effects on
the selectivity and the sensitivity of hybridization assaffactors such as probe length, mobility
and charge can significantly affect the stability of hybfisned in interfacial environments. [108]
A relationship between immobilization density, probe asdaility, and hybridization yield, sensi-

tivity and selectivity of an assay will be an interestingitop

The thermal stability of double-stranded DNA is dependenbase composition, as illustrated
by differences in Tm in oligomers of the same size the mageitof this reduction depends on
the number of mismatches and length of the duplex in questioaddition, the use of suitable
blocking buffer may be useful to separate the DNA with therftie and increase the reliability of

the sensor.

9.3.2 Nanoprobe design and fabrication

The nanobiosensor provides a valuable tool for intracailstudies, which allows scientists to
physically probe inside a living cell without destroying itt is of significance in applications
ranging from medicine to national security to energy praduc This area of research is truly
at the nexus of nanotechnology, biology, engineering afmnmation technology. Nanoprobe
design will be another very interesting topic to continus.réviewed in Chapter 3, there are many

different methods to fabricate taper fiber probes. Amongnthehemical etching is preferable.
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Investigation of DNA immobilization and hybridization effts onto the nanoprobe will arouse
great interest. The challenge will be the sensitivity of¢kasor and signal detection, i.e., how low

a concentration of the target DNA hybridized will be detelcte

The smaller the size of the sensor tip, the relative roughnésbe increased. More residuél F
from the etching process may be stay on the surface. Thiacitfeatment will greatly influence
the following L-b-L ESA. The worst effect may be the compl&tidure of film growth. Therefore,
the sensor needs to be thoroughly rinsed after etching. rocapto [109], PSS/PAH polymeric
films typically have a roughness of 4.5A. Thanks to the sektimg effect of the L-b-L ESA, the
roughness may be better after many bilayers film growth. Blstself-consistent growth requires
that surface charge density and surface roughness readarhe equilibrium value after each

adsorption cycle. [109]

Also, the rinsing and drying process are very critical fog thb-L ESA. Other research groups
[109] also have found out that the thickness may change dtlat @avernight storage and longer
time (two weeks’) "cooling”. The explanation is the remowald reentry of water. The estimation
is that approximately of the film's mass is loosely bound wabe our case, when the sensor tip
reaches much smaller size, the relative surface area witilogh bigger. The percentage of water
bound may significantly increase, which may be the causé®inicrease of film thickness for the

smaller size sensors.

As mentioned in the previous chapters, salt concentraigrgheat influence on film thickness and
roughness. Very high salt concentration may cause thedalifilm growth due to the propagation

of surface defects caused by increased roughness.

In addition, when the nanometric size diameter of the figieqrobe is much narrower than the
400nm wavelength of light, only target molecules bound édtioreceptors at the tip are exposed to

and excited by the evanescent field of a laser signal. Spsaiaguide analysis will be necessary.
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9.3.3 Development of signal detection and processing instrumentation

Currently we are using a Micron Optics si720 Component Tessiygfem (CTS) that operates at
1550nm for signal detection. To meet the requirements ajnar, the current system will require
modification to further improve the SNR. The reflected sigmairf the nanoprobe may be too
weak to be detected. The processing algorithm will also neéeé tailored for this particular kind

of sensor.

9.3.4 Packaging

Sensor packaging is very important to increase its robastaad ease of operation. For an on-
site or point-of-care application, it would be advantagetauhave a system in which the liquid
handling, the detection, and the readout of the sensor wallikee integrated in one system. This
integration would minimize problems due to contaminatiomechanical damage of the sensors,

and it would also be possible to automate the process in todave time and avoid human error.

9.3.5 Other sensor structure design

Based on this principle, a variety of DNA sensors can be deeelpincluding those based on a
FP cavity, which can be in-fiber or not. The sensor is not opjyliaable not only to the detection

of DNA hybridization, but also to the other in situ monitagiof the binding process in biosensing
applications such as antibody-antigen interactions. igrthe sensing material incorporated into

the sensor may expand the application area into gas and clesensing.



Bibliography

[1]

[2]

[3]

[4]

[5]
[6]

Y. L. Zhou and Y. Z. Li. Layer-by-layer self-assembly ofuftilayer films containing dna
and eu3+: Their characteristics and interactions with smalecules.Langmuir, 20:7208—
7214, 2004.

D. B. Young and B.D. Robertson. Approaches to combat tulbescas Current Opinion in
Biotechnology9:650—-652, 1998.

E.Cambau, C. Wichlacz, C.Truffot-Pernot, and V. Jarlievalgation of the new mb redox
system for detection of growth of mycobacterdaurnal of clinical microbiology37:2013—
2015, 1999.

S.Chanteau, L. Rahalison, L.Ralafiarisoa, J. Foulon, Mia#hina, L.Ratsifasoamanana,
E.Carniel, and F. Nato. Development and testing of a rapigmndistic test for bubonic and

pneumonic plagueLancet 361:211-216, 2003.
D.Jungkind. Molecular testing for infectious diseaSeience294:1553-1555, 2001.

E.Palecek, M.Fojta, and F.Jelen. New approaches in ¢lveldpment of dna sensors: hy-
bridization and electrochemical detection of dna and rrievatdifferent surfacesBioelec-
trochemistry 56:85C90, 2002.

[7] J.L.DeRisi, V.R.lyer, and P.O. Brown. Exploring the metitand genetic control of gene

expression on a genomic scafcience278:680-686, 1997.

121



Xingwei Wang 122

[8] W. Tan, Z.Y. Shi, D. Birnbaum S. Smith, and R. Kopelman. Sidsometer intracellular
chemical optical fiber sensorScience258:778-781, 1992.

[9] W. Tan, Z.Y. Shi, and R. Kopelman. Development of subrmiacbemical fiber optic sensors.
Analytical chemistry64:2985-2990, 1992.

[10] B.M.Cullum, G.D.Griffin, G.H.Miller, and T.Vo-Dinh. Imaicellular measurements in mam-
mary carcinoma cells using fiber-optic nanosensdsalytical Biochemistry277:25-32,
2000.

[11] T.A. Taton, C. A. Mirkin, and R. L. Letsinger. Scanometdoa array detection with
nanoparticle probesscience289:1757-1760, 2000.

[12] S.Moses, S. H. Brewer, L. B.Lowe, S. E.Lappi, L. B. G.Gilv&}.Sauthier; R. C.Tenent,
D. L.Feldheim, and S.Franzen. Characterization of singid-double-stranded dna on gold
surfacesLangmuir, 20:11134-11140, 2004.

[13] E. Paleek, M. Fojta, M. Tomschik, and J. Wang. Electefcal biosensors for dna hy-
bridization and dna damagBiosensors & bioelectroni¢43:621-628, 1998.

[14] G. Marrazza, |. Chianella, and M. Mascini. Disposablea drectrochemical sensor for

hybridization detectionBiosensors & bioelectroni¢44:43-51, 1999.

[15] H. Zhang, H. Tan, R. Wang, W. Wei, and S. Yao. Immobiliaatof dna on silver surface
of bulk acoustic wave sensor and its application to the stfdyv-c damage.Analytica
chimica acta 374:31-38, 1998.

[16] E.Souteyrand, J. P.Cloarec, J. R.Martin, C.Wilson, ltawe, S.Mikkelsen, and
M. F.Lawrence. Direct detection of the hybridization of #ytic homo-oligomer dna se-

guences by field effectlournal of physical chemistry.,B01:2980-2985, 1997.

[17] R.Lenigk, M.Carles, N. Y.Ip, and N. J.Sucher. Surfacerabgerization of a silicon-chip-
based dna microarrajLangmuir, 17(8):2497-2501, 2001.



Xingwei Wang 123

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

A. P. Alivisatos, K. P. Johnsson, X. Peng, T. E. WilsonJCLoweth, M. P. Bruchez, and
P. G. Schultz. Organization of 'nanocrystal moleculeshgsiina. Naturg 382:609-611,
1996.

S. Park, T. A. Taton, and C. A. Mirkin. Array-based elef detection of dna with nanopar-
ticle probes.Science295:1503-1506, 2002.

R.Moller, A.Csaki, J. M.Kohler, and W.Fritzsche. Elecél classification of the concen-
tration of bioconjugated metal colloids after surface apson and silver enhancement.
Langmuir, 17(18):5426-5430, 2001.

M. Urban, R. Moller, and W. Fritzsche. A paralleled reatlsystem for an electrical dna-
hybridization assay based on a microstructured electrodg.&Review of scientific instru-
ments 74:1077-1081, 2003.

E. Diessel, K. Grothe, H. Siebert, B. D. Warner, and J. Bzigter. Online resistance
monitoring during autometallographic enhancement ofocddll au labels for dna analysis.
Biosensors & bioelectronicd9:1229-1235, 2004.

L.Authier, C.Grossiord, P.Brossier, and B.Limoges. Guadshoparticle-based quantitative
electrochemical detection of amplified human cytomegalsvina using disposable mi-
croband electrode#\nalytical chemistry73(18):4450-4456, 2001.

C. A. Mirkin, R. L. Letsinger, R. C. Mucic, and J. J. Storho&.dna-based method for ra-
tionally assembling nanopatrticles into macroscopic neteMNatureg 382:607—609, 1996.

R. Elghanian, R. C. Mucic J. J. Storhoff, R. L. Letsinger, &dA. Mirkin. Selective
colorimetric detection of polynucleotides based on thtadise-dependent optical properties

of gold nanoparticlesScience277:1078-1081, 1997.

J. J.Storhoff, R.Elghanian, R. C.Mucic, C. A.Mirkin, and RLé&tsinger. One-pot colorimet-
ric differentiation of polynucleotides with single baseaenfections using gold nanoparticle
probes.Journal of American Chemical Socie20(9):1959-1964, 1998.



Xingwei Wang 124

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

L.A. Chrisey, G.U. Lee, and C.E. O’Ferrall. Covalent altia@nt of synthetic dna to self-
assembled monolayer filmslucleic acids researct24:3031-3039, 1996.

M.Dequaire, C.Degrand, and B.Limoges. An electrochahmgetalloimmunoassay based
on a colloidal gold labelAnalytical chemistry72(22):5521-5528, 2000.

M.Ozsoz, A.Erdem, K.Kerman, D.Ozkan, B.Tugrul, N. Tapglu, H.Ekren, and M.Taylan.
Electrochemical genosensor based on colloidal gold natioles for the detection of fac-
tor v leiden mutation using disposable pencil graphite tebeies. Analytical chemistry
75(9):2181-2187, 2003.

J.Wang, D.Xu, A.-N.Kawde, and R.Polsky. Metal nanojséetbased electrochemical strip-
ping potentiometric detection of dna hybridizatiomnalytical chemistry 73(22):5576—
5581, 2001.

J.Wang, G.Liu, and A.Merkoci. Electrochemical codieghnology for simultaneous de-
tection of multiple dna targetsournal of American Chemical Sociey25(11):3214-3215,
2003.

C. J.Yu, Y.Wan, H.Yowanto, J.Li, C.Tao, M. D.James, C. InT&. F.Blackburn, and
T. J.Meade. Electronic detection of single-base mismatahdna with ferrocene-modified
probes.Journal of American Chemical Society23(45):11155-11161, 2001.

E. M. Boon and J. K. Barton. Charge transport in d@arrent opinion in structural biology
12:320-329, 2002.

R.D. Mitra and G.M. Church. In situ localized amplificatiand contact replication of many
individual dna moleculesNucleic Acids ResearcR27:4830-4837, 1999.

K. Hashimoto, K. Ito, and Y. Ishimori. Sequence-specifene detection with a gold elec-
trode modified with dna probes and an electrochemicallyactye. Analytical chemistry
66(21):3830-3833, 1994.



Xingwei Wang 125

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

E.Souteyrand, J. P.Cloarec, J. R.Martin, C.Wilson, ltawe, S.Mikkelsen, and
M. F.Lawrence. Direct detection of the hybridization of #yetic homo-oligomer dna se-

guences by field effectlournal of Physical Chemistry,A01(15):2980-2985, 1996.

S. Hashioka, M. Saito, E. Tamiya, and H. Matsumura. yeimonucleic acid sensing device
with 40-nm-gap-electrodes fabricated by low-cost conesat techniquesApplied physics
letters 85:687-688, 2004.

Y.Okahata, M.Kawase, K.Niikura, F.Ohtake, H.Furuaaand Y.Ebara. Kinetic measure-
ments of dna hybridization on an oligonucleotide-immaeti 27-mhz quartz crystal mi-

crobalanceAnalytical chemistry70(7):1288-1296, 1998.

R. Berger, E. Delamarche, H. P. Lang, C. Gerber, J. K. Girskevie. Meyer, and H. Gn-
therodt. Surface stress in the self-assembly of alkanstbio gold. Science 276:2021—
2024, 1997.

J. Fritz, M. K. Baller, H. P. Lang, H. Rothuizen, P. Vettigé. Meyer, H. J. Gntherodt, Ch.
Gerber, and J. K. Gimzewski. Translating biomolecular gattion into nanomechanics.
Science288:316-318, 2000.

K. Miyamoto, K. Ishibashi, K. Hiroi, Y. Kimura, H. Ishiiand M. Niwano. Label-free
detection and classification of dna by surface vibratiorcgpscopy in conjugation with

electrophoresisApplied Physics Letter86:053902, 2005.

J.Wang and A. J.Bard. Monitoring dna immobilization amngbridization on surfaces by
atomic force microscopy force measuremengnalytical chemistry 73(10):2207-2212,
2001.

M. Nagel, P. H. Bolivar, M. Brucherseifer, H. Kurz, A. Boskeff, and R. Bttner. Integrated
thz technology for label-free genetic diagnosticApplied Physics Letteys80:154-156,
2002.



Xingwei Wang 126

[44] M. Su, S. Li, and V. P. Dravid. Microcantilever resonarzased dna detection with nanopar-
ticle probes. Applied Physics Lettey82:3562—-3564, 2003.

[45] M. Ueda, M. Takai, K. Taniguchi, Y. Takamura, Y. Horiikend Yoshinobu Baba. Fluores-
cence modulation of long dna molecules adsorbed onto a elentvode surfaceApplied
Physics Letters83:5086-5088, 2003.

[46] P. Hoffmann, B. Dutoit, and R. Salath. Comparison of meatedly drawn and protection
layer chemically etched optical fiber tipgltramicroscopy 61:165-170, 1995.

[47] B. A. F. Puygranier, S. Montgomery, J. Ashe, R. J. Turnad BR. Dawson. Imaging tip
formation in single-mode optical fibreklltramicroscopy 86:233-239, 2001.

[48] S. I. Hosain, Y. Lacroute, and J. P. Goudonnet. A simple-tost highly reproducible
method of fabricating optical fiber tips for a photon scagninnneling microscopeMi-

crowave and Optical Technology Lettei3:243-248, 1996.

[49] T. Held, S. Emonin, O. Marti, and O. Hollricher. Methamgroduce high-resolution scan-
ning near-field optical microscope probes by beveling @ptibers. Review of Scientific
Instruments71:3118-3122, 2000.

[50] T.H.W. Pak, K.Wong, and C. HoOptical Fiber Tip Fabricated by Surface Tension Con-
trolled Etching Hilton Head Island, South Carolina, 2002.

[51] S.Mononobe and M. Ohtsu. Fabrication of a pencil-skdp®er probe for near-field optics
by selective chemical etchingournal of Lightwave Technolog$4:2231-2235, 1996.

[52] R.U.Maheswari, S.Mononobe, and M.Ohtsu. Control of agieepe of the fiber probe em-
ployed in photon scanning tunneling microscope by a mefigttching methodlournal of
Lightwave Technology 3:2308-2313, 1995.

[53] S.Mononobe and M.Ohtsu. A model based on geometricastcoction in designing a
pencil-shaped fiber probe for near-field optidsurnal of Lightwave Technolog$5:1051—
1055, 1997.



Xingwei Wang 127

[54] T.Pangaribuan, S.Jiang, and M.Ohtsu. Two-step etchethod for fabrication of fibre
probe for photon scanning tunneling microscopgéectronics letters29:1978-1979, 1993.

[55] Y.Belosludtsev, B.lverson, S.Lemeshko, R.Eggers, R. ®/i€S.Lee, T.Powdrill, and
M. Hogan. Dna microarrays based on noncovalent oligontideattachment and hy-
bridization in two dimensionsAnalytical biochemistry292:250-256, 2001.

[56] G.U. Lee, L.A. Chrisey, and R.J. Colton. Direct measureinoéthe forces between com-
plementary strands of dn&cience266:771-773, 1994.

[57] Z.Guo, R. A. Guilfoyle, A. J. Thiel, R. Wang, and L. M. SmitDirect fluorescence analysis
of genetic polymorphisms by hybridization with oligonualiele arrays on glass supports.
Nucleic Acids Researc2:5456-5465, 1994.

[58] M. Boncheva, L. Scheibler, P. Lincoln, H. Vogel, and B. Ak@an. Design of oligonu-
cleotide arrays at interfacesangmuir, 15:4317 — 4320, 1999.

[59] T.-Y.Lee and Y.-B.Shim. Direct dna hybridization ddiea based on the oligonucleotide-
functionalized conductive polymeAnalytical chemistry73(22):5629-5632, 2001.

[60] Y. Liu, A. Rosidian, K. Lenahan, Y. Wang, T. Zeng, and R. Ca@. Characterization of
electrostatically self-assembled nanocomposite thirsfil8mart materials and structures
8:100-105, 1999.

[61] G. Decher. Fuzzy nanoassemblies: Toward layered paiynmulticomposites.Science
277:1232-1237, 1997.

[62] Y. Lvov, K. Ariga, I. Ichinose, and T. Kunitake. Assemglidf multicomponent protein films
by means of electrostatic layer-by-layer adsorptiaiournal of the American Chemical
Society 117(22):6117-6123, 1995.

[63] Y. Lvov, G. Decher, and G. Sukhorukov. Assembly of thimB by means of successive
deposition of alternate layers of dna and poly(allylamindacromolecules26(20):5396—
5399, 1993.



Xingwei Wang 128

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

Y. M.Lvov, Z.Lu, J. B.Schenkman, X.Zu, and J. F.Rusling.iréBt electrochemistry of
myoglobin and cytochrome p450cam in alternate layer-lpeddilms with dna and other

polyions. Journal of the American Chemical Societp0(17):4073—4080, 1998.

S. Watanabe and S. L. Regen. Dendrimers as building blemkmultilayer construction.

Journal of the American Chemical Society16(19):8855-8856, 1994.

D. L.Feldheim, K. C.Grabar, M. J.Natan, and T. E.MallouElectron transfer in self-
assembled inorganic polyelectrolyte/metal nanopartigterostructures.Journal of the
American Chemical Societ$18(32):7640-7641, 1996.

Y. Liu, A. Wang, and R. O. Claus. Layer-by-layer electaigt self-assembly of nanoscale
fe304 particles and polyimide precursor on silicon anccailsurfaces. Applied Physics
Letters 71:2265—-2267, 1997.

K. M. Lenahan, Y. Wang, Y. Liu, R. O. Claus, J. R. Heflin, D. Mar, and C. Figura.
Novel polymer dyes for nonlinear optical applications gsmnic self-assembled monolayer
technology.Advanced Materials10:853—-855, 1998.

Y.Lvov, K.Ariga, M. Onda, l.Ichinose, and T.Kunitak@lternate assembly of ordered mul-
tilayers of sio2 and other nanoparticles and polyidremgmuir, 13(23):6195-6203, 1997.

N. A. Kotov, I. Dekany, and J. H. Fendler. Layer-by-lagelf-assembly of polyelectrolyte-
semiconductor nanoparticle composite fildsurnal of Physical Chemisty$9(35):13065—
13069, 1995.

P. Stroeve, V. Vasquez, M. A. N. Coelho, and J. F. Rabolts tnsfer in supported films
made by molecular self-assembly of ionic polymerhin solid films 284:708-712, 1996.

J.-M.Levasalmi and T. J.McCarthy. Poly(4-methyl-Infene)-supported polyelectrolyte
multilayer films: Preparation and gas permeabiliylacromolecules30(6):1752-1757,
1997.



Xingwei Wang 129

[73]

[74]

[75]

[76]

[77]

[78]

[79]

[80]

[81]

[82]

M. Onda, Y. Lvov, K. Ariga, and T. Kunitake. Sequentiatians of glucose oxidase and per-
oxidase in molecular films assembled by layer-by-layeradtee adsorptionBiotechnology
and Bioengineerings1:163-167, 1996.

P. T. Hammond and G. M. Whitesides. Formation of polymerastructures by selective
deposition of polyion multilayers using patterned seeasbled monolayers as a template.
Macromolecules28(22):7569-7571, 1995.

D.Laurent and J. B.Schlenoff. Multilayer assembliesezfox polyelectrolytesLangmuir,
13(6):1552-1557, 1997.

A. Laschewsky, B. Mayer, E. Wischerhoff, X. Arys, P. Bartd, A. Delcorte, and A. Jonas.
A new route to thin polymeric, non-centrosymmetric coasinghin solid films 284:334—
337, 1996.

G. Decher, J. D. Hong, and J. Schmitt. Buildup of ultrathultilayer films by a self-
assembly process: lii. consecutively alternating adgampif anionic and cationic polyelec-

trolytes on charged surfacebhin solid films210:831-835, 1992.

S. W. Keller, H. Kim, and T. E. Mallouk. Layer-by-layessembly of intercalation com-

pounds and heterostructures on surfaces: Toward molecular

J. Schmitt, T. Gruenewald, G. Decher, P. S. Pershan,jelKand M. Loesche. Internal
structure of layer-by-layer adsorbed polyelectrolyte $ima neutron and x-ray reflectivity
study. Macromolecules26(25):7058—-7063, 1993.

C. Bariin, I. R. Mattas, F. J. Arregui, and M. Lpez-Amo. Qgati fiber humidity sensor based
on a tapered fiber coated with agarose ansors and actuators, B9:127-131, 2000.

M. A.; Fleer G. J.; Bohmer M. R. Hoogeveen, N. G.; Cohen Stu@ormation and stability
of multilayers of polyelectrolyted_angmuir, 12(15):3675-3681, 1996.

K.Lowack and C. A.Helm. Molecular mechanisms contrglthe self-assembly process of

polyelectrolyte multilayersMacromolecules31(3):823—833, 1998.



Xingwei Wang 130

[83]

[84]

[85]

[86]

[87]

[88]

[89]

[90]

[91]

[92]

D.Yoo, S. S.Shiratori, and M. F.Rubner. Controlling #a composition and surface wet-
tability of sequentially adsorbed multilayers of weak paéctrolytes. Macromolecules
31(13):4309-4318, 1998.

D.Yoo, S. S.Shiratori, and M. F.Rubner. Controlling #a composition and surface wet-
tability of sequentially adsorbed multilayers of weak magctrolytes. Macromolecules
31(13):4309-4318, 1998.

S. S.Shiratori and M. F.Rubner. ph-dependent thickbessvior of sequentially adsorbed
layers of weak polyelectrolyteddacromolecules33(11):4213-4219, 2000.

Richard G. Miekka Alan S. Michaels. Polycation-polyamicomplexes: Preparation and
properties of poly-(vinylbenzyltrimethylammonium) pelstyrenesulfonate).Journal of
Physical Chemistry65(10):1765-1773, 1961.

F. A. M.; Koopal L. K. Vermeer, A. W. P.; Leermakers. Adption of weak polyelec-
trolytes on surfaces with a variable charge. self-considield calculations. Langmuir,
13(16):4413-4421, 1997.

S. T.Dubas and J. B.Schlenoff. Factors controlling tteevgh of polyelectrolyte multilayers.
Macromolecules32(24):8153-8160, 1999.

J. B.Schlenoff, H.Ly, and M.Li. Charge and mass balancpalyelectrolyte multilayers.
Journal of the American Chemical Socigt20(30):7626—7634, 1998.

B. Giese, J. Amaudrut, A. Kohler, M. Spormann, and S. \&lyssDirect observation of
hole transfer through dna by hopping between adenine baskbyatunnelling. Nature
412:318-320, 2001.

D. Porath, A. Bezryadin, S. Vries, and Cees Dekker. Diraetisurement of electrical

transport through dna moleculdsature 403:635—-638, 2000.

Y. A.Berlin, A. L.Burin, and M. A.Ratner. Charge hopping ina Journal of the American
Chemical Societyl23(2):260-268, 2001.



Xingwei Wang 131

[93] A.B.Steel, T. M.Herne, and M. J.Tarlov. Electrochenhigaantitation of dna immobilized
on gold. Analytical chemistry70:4670-4677, 1998.

[94] D.Yoo, S. S.Shiratori, and M. F.Rubner. Controlling pga composition and surface wet-
tability of sequentially adsorbed multilayers of weak pagctrolytes. Macromolecules
31:4309-4318, 1998.

[95] P. Bertrand, A. Jonas, A. Laschewsky, and R. Legras. tbitrapolymer coatings by
complexation of polyelectrolytes at interfaces: suitabkgerials, structure and properties.
Macromolecular Rapid Communicatiqrizl:319-348, 2000.

[96] S. T.Dubas and J. B.Schlenoff. Factors controlling tfeewtih of polyelectrolyte multilayers.
Macromolecules32:8153-8160, 1999.

[97] Y. Lvov, G. Decher, and H. Moehwald. Assembly, struatucharacterization, and
thermal behavior of layer-by-layer deposited ultrathim§l of poly(vinyl sulfate) and

poly(allylamine).Langmuir, 9:481-486, 1993.

[98] S.L.Clark, M. F.Montague, and P. T.Hammond. lonic effeaf sodium chloride on the tem-
plated deposition of polyelectrolytes using layer-byeaipnic assemblyMacromolecules
30:7237-7244, 1997.

[99] L.Krasemann and B.Tieke. Selective ion transport acesdf-assembled alternating multi-

layers of cationic and anionic polyelectrolytésangmuir, 16:287—-290, 2000.

[100] N. G.Hoogeveen, M. A.Cohen Stuart, G. J.Fleer, and M. RnBer. Formation and stability
of multilayers of polyelectrolyted_angmuir, 12:3675-3681, 1996.

[101] Y. Zhang, K.L.Cooper, and A. Wang. Multicavity fabregqot interferometric thin-film
sensor with built-in temperature compensatioEEE Photonics Technology Letters
17(2):2712-2714, 2005.



Xingwei Wang 132

[102]

[103]

[104]

[105]

[106]

[107]

[108]

[109]

Y. Lvov, G. Decher, and G. Sukhorukov. Assembly of thims by means of successive
deposition of alternate layers of dna and poly(allylamimddcromolecules26:5396-5399,
1993.

D. T. Dennis, T. V. Inglesby, D. A. Henderson, J. G. Beatttl M. S. Ascher, E. Eitzen,
A. D. Fine, A. M. Friedlander, J. Hauer, M. Layton, S. R. Litidge, J. E. McDade, M. T.
Osterholm, T. O'Toole, G. Parker, T. M. Perl, P. K. Russeld & Tonat. Tularemia as a
biological weaponJAMA 285:2763—-2773, 2001.

D.J.Markos, B.L.Ipson, K.H.Smith, S.M.Schultz, R.dlf@dge, T.D. Monte, R. B. Dyott,
and G. Miller. Controlled core removal from a d-shaped optitser. Applied Optics
5:7121-7125, 1996.

K.R.Williams and R.S.Muller. Etch rates for micromauhig processing.Journal of mi-

cromechanics and microengineeririg256—269, 1996.

A. Grosse, M. Grewe, and H. Fouckhardt. Deep wet etcbfrfused silica glass for hollow
capillary optical leaky waveguides in microfluidic devicdsurnal of micromechanics and
microengineeringl11:257-262, 2001.

Z. Huang, X. Chen, and A. Wang. Intrinsic fabry-pe/split@/rot fiber sensor for tempera-
ture and strain measurementSEEE photonics technology letters7:2403— 2405, 2005.

L. M.Demers, L. A.Mirkin, R. C.Mucic, R. A.Reynolds, R. L.tenger, R.Elghanian,
and G.Viswanadham. A fluorescence-based method for detiegnihe surface coverage
and hybridization efficiency of thiol-capped oligonucldet bound to gold thin films and
nanoparticlesAnalytical chemistry72:5535-5541, 2000.

Y. Lvov, G. Decher, and H. Moehwald. Assembly, strwatucharacterization, and
thermal behavior of layer-by-layer deposited ultrathim$l of poly(vinyl sulfate) and
poly(allylamine).Langmuir, 9:481-486, 1993.



Vita

Xingwei Wang was born in Guangzhou, P.R. China, in 1978. Sheiwved her B.S. degree in
Electrical Engineering with a minor in Computer Softwarenfrdhongshan University (Sun Yat-
sen University), Guangzhou, P.R. China, in September 200@. r&eived her M.S. degree in
Electrical Engineering from Virginia Polytechnic Instituand State University (Virginia Tech),
Blacksburg, VA, USA, in 2004. She is expecting her Ph.D. degneElectrical Engineering in
August, 2006, from Virginia Tech.

She joined the Center of Optoelectronics at Zhongshan Wsityan 2000, focusing on research
about erbium doped fiber amplifiers, and liquid crystal Fabeyot tunable filters. In January
2003, she joined the Center for Photonics Technology at Maglech as a graduate research as-
sistant. She has authored or co-authored more than 20 Jand@onference papers, and 8 patent
disclosures. She has also contributed to the writing of @sals. Her current research inter-
ests include optical sensors for medical, chemical andsin@ul applications; nanoprobe design
and fabrication; self-assembled nanostructures; opiiceensing and biomedical devices; opti-
cal imaging; MEMS technology and electromagnetic wave agagpion. Her previous research

experience includes temperature, pressure, acoust),sand chemical sensors.

Ms. Wang is a student member of IEEE and OSA.

133



