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Abstract

In the coming years, genetic test results will be msirggly used as indicators that
influence medical decision-making. With chronic disease the rise and the
continuing global spread of infectious disease, novelrungents able to detect
relevant mutations in a point-of-care setting are beingeldped to facilitate this
increased demand in personalized health care. Howeverodiagor such demand
often requires laboratory facilities and skilled persinmeaning that diagnostic tests
are restricted by time and access. This thesis preaembsel configuration for lon
sensitive Field Effect Transistors (ISFETS) to be usea@ threshold detector during
nucleic acid base pairs match. ISFET-based inverterssme as reaction threshold
detectors to convey the chemical reaction level kmga& output once a threshold has
been reached. Using this method, novel DNA logic funsti@ame derived for

nucleotides allowing local digital computations.

The thesis also presents business models that enabléeshoblogy to be utilised in
point of care applications, and experiment as resuttdaniness models given for an

HIV point of care example are proposed.
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GLOSSARY OF ABBREVIATIONS

A Adenine

AIDS Acquired immune deficiency syndrome

ART Anti-retroviral treatment

bDNA Branched DNA

C Cytosine
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CHAPTER 1 - INTRODUCTION

As we enter a new wave of technology inspired bytljfesand healthcare, precise
and efficient point of care testing is becoming incredgiimgportant. The technology
to accurately detect a gene sequence in real-time woulddpra@nd-users with
personal medical care yet is unavailable outside a datnyr This presents

opportunities in areas where a real-time result eae §me, money and lives [1].

Contemporary sequencing and genotyping technologies are w®erigme

consuming and laboratory based. However, rapid progregsnome science puts on
a new horizon for low-density genotyping in POC se#in§ robust, low cost, and
laboratory free genotyping platforms are essentialufeatin POC settings, which
allow low-density genotyping to be extremely cost effitigvithout using heavy

laboratory equipment and skilled personal.

1.1 DNA LOGIC

For year scientists have been trying to implemenitaligomputations in cells by
creating in-vivo digital logic circuits using DNA binding Proteins, and gene
expression. Now, using the ISFET method for detectianuofeic acid, we are able to
achieve digital computation out of biological cells amit genetics. It is the
intention of this research to propose a novel methib®NA Logic using silicon
based transistors with chemical interactions totersa called DNA switches that
may performn-vitro computation. This particular work will be confined to swihg
based upon the marker for nucleotide insertions (SNP#$) tiwé application being

diagnostics. It is not the intention of this resbatc develop a point-of-care genetic
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testing device but rather to add some intelligence to semesors so that local

processing and computation of SNPs can be realizedlitimea

1.2 CHEMICAL SENSOR

A chemical sensor is generally comprised of sensing elent@nsducer, and the
readout circuit. The sensing element is the sensingbmaeta in the case of ISFET,
which can be silicon nitride or other oxides. The evalmatf sensor performance is
generally done by a table of sensor characters. SphcHicd sensitivity are the two
basic characters that chemical sensors are evaluatibe ligers and regulated by the
authorities [2, 3]. Common complications of chemicalsses includes hysteresis,
baseline drift, fineness and cross reactivity [4]. Sc#smthave been working to
optimise these issues in which sensors deviate fromidiéed. By merging and
integrating chemical sensing with electronic signal preiogs circuitry, many
undesirable characteristics of chemical sensing canmibigated through drift
compensation or intelligent processing on heterogeneounsorse to improve

selectivity [5].

1.3 BIO SENSING

A biosensor is a chemical sensor that integrates acdmgponent with a
physicochemical component for the purpose of detectingnafyte [6]. The sensor
uses a biological recognition layer to bind with the cabeion of the target species
to a transducer, as we can see in [7]. Various applitatiave been employed using
biosensors in past twenty years, including environmentdysis, medical treatments,
toxicology studies and military defences [8-11]. The twojomahallenges in

developing a biosensor are stability and reproducibility. 3éwsor often lacks the
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capacity for continuous monitoring, rapid respotises, intelligence and portability.

[11]

We can categorize biosensors into two groups by rtaire of the biological
recognition process. [12] The first group, biocgtialsensors, uses enzymes, cells or
tissues as immobilized components. The second gadtipity sensors, are based on
the recognition process of antibodies, membraneptecs or nucleic acids. In certain
transduction mode, biosensors can be made in titestate to provide chip-based

sensing of biomolecules, cells, neurons and nueleids. [13]

Sample

v. analyte
'.

Immobilized enzymes, Microorganisms

Immunoagents DNA, whole cells

Bioreceptors

Electrochemical: Potentiometry,
amperometry
Optical: Absorption, Fluorescence, reflection

Piezoelectric

Figure 1-1 Biosensor architecture

1.4 ISFET PLATFORM HIV NUCLEIC ACID TEST

The key objectives are to implement HIV detectiomipoint of care setting and bring
personalized medicine to the bedside in the managemf infected patients with
HIV. In addition to its timeliness in developing iRbof Care (POC) testing which
will be of immediate benefit to patients, the seatwill serve as a proof of principle

for POC detection of other host genetic polymorpisisand the detection and
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qguantification of infectious organisms. The work will alke important in the
development of lab-free diagnostics needed in the dpwel world and for other

diseases.

1.5 RAPID HIV TESTING KIT: BUSINESS MODEL OVERVIEW

With healthcare budgets already overstretched and feweersa— professional and
non-professional — available to meet these increasatbndee forecasted additional
demands are simply unsustainable using current pract@atorihg in the growing
patient demands for personalized treatment, medicinesemmites, it results in huge
cost pressures on healthcare. A new paradigm is requusing the ISFET
technology, we propose a novel business model wheliagsalcleic acid testing

machines to point of care facilities and institutiosealised.

In summary the thesis will discuss the novel agpiin of nucleic acid detection
based upon a semiconductor approach using ISFETs. The caideptA logic is
then invented as a means of implementing logical funstmf genetic information.
The application to the SNP detection as a point of caans for any application is
then experimentally confirmed. In the final chaptee #pplication of the DNA
Logic technique is applied to a novel HIV point of care de&te system and
experimental results are presented. The final chapteusBes the market potential of
the technology and the business model followed by comgucemarks and future

applications.
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1.6 SOLID-STATE ELECTROCHEMICAL SENSING

Electrochemical sensing is a practice of detecting tadgspecies through electrons
or by ion transfer across an electrolyte/electrodeerfimce. Since the 1930s,
electrochemical sensing has been widely used in practi¢®.al very matured and

well-characterized transduction method. [7]

Driven by commercial success in various applicatioesearches for more advance
solid-state physical sensors have begun looking towarddagewents in fabricating
chemical sensors on a semiconductor substrate. Thisbeslefit the sensors by
lowering manufacturing costs, standardizing wafer fabdoatprocesses and

integrating sensors with electronic circuitry. [14, 15]

There are clear advantages of utilising solid-statentdolgies in chemical sensing
application. The approach leverages the great investrhsatiad-state sensor industry
to meet the demand of better chemical sensors. Thegmal research works have
consistently making new discoveries about the anadytesthe corresponding ligands.
The integration of the new ligands on solid-state ssng® possible due to the
transduction nature of the ion or electron transfeéheftargeted species and the solid-
state substrate binding at the sensor surface. In @adldéiectrochemical detection is
relatively more cost effective over other alternatsadid-state transduction modes,

which require lenses and fluorescent labels for deteddo 16]

In spite of many advantages with using electrochemiessars, many of the
undesirable characteristics mentioned in have notbgen overcome. Thus, till
present day, researches to improve sensors performaxebden an on-going

assignment for many physicians and engineers.
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1.7 SOLID-STATE ELECTROCHEMICAL MICROSENSOR

TECHNOLOGIES

A solid-state micro-sensor is defined as a solid-stateoseembedded with sensing
elements such that the physical dimensions are oruthendlimetre scale and often
as planar devices, fabricated using procedures from theeatactronics industry.

Low cost, small dimensions, high reproducibility and insegility to electronic

circuitry are several key advantages of solid-staterelehemical micro-sensors. [17]
This section reviews various solid-state electrochemmtaro-sensor technologies
and their compatibility with the complementary meiaide semiconductor (CMOS)

fabrication process.

1.7.1 SENSOR MICROFABRICATION AND CMOS COMPATIBILITY

Sensor micro-fabrication is similar to semicondualierice fabrication. The main
difference between them is the planar electrodesnddr on the solid-state
electrochemical sensors substrates. The substratebecamade of ceramic, glass,
plastic and silicon to endure insertion into acids aadeb, and to be resistive to
various environmental conditions and physical deforma@ynimplementing thick-

film lithography of conducting pastes, or by thin-film metiposition processes,

electrodes can be patterned onto substrates [16].

Using batch fabrication techniques and lithographic proegsssensor micro-
fabrication is very low cost per sensor with high ogjurcibility. CMOS is the current
industry standard in terms of the production technologyign performance digital
and analogue integrated circuits. Its fabrication procedsghly standardized and

well characterized. CMOS-fabricated systems are ctlyréme best method for the
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realization of a minimum cost per sensor, minimuratdee size and minimum
process variation [18]. However, only a fraction ofdastate electrochemical sensors
can be produced using generic CMOS process. The majortiongaare due to

restrictions on the process flexibility in commerd@indries.

1.7.2 CONDUCTIMETRIC MICROSENSORS

The conductimetric microsensor is based on the measnterhthe conductivity of a
sample to find out the concentration of charges in aisalutherefore any particular
species in the solution will affect the measuremehusTthis is a technique which
exhibits low selectivity as we have mentioned in . Vditich a property, this sensor is
often used as an online detector after separation of xéuneai of ions by ion

chromatography [19].

Chemiresistors and chemicapacitors are examples of cometric devices that
serve as sensors for “electronic noses” and “eledromngues”, where pattern

recognition is more important than selectivity [20, 21].

1.7.3 AMPEROMETRIC AND VOLTAMMETRIC MICROSENSORS

A fixed potential is applied to a reference electrode, cgusinedox reaction in the
analyte, when implementing detection in amperometrg Eaction will trigger the

current to flow between the electrode and a working reldet Due to the possibility
of causing the fixed potential to alter when current padsesigh the reference
electrode, the three-electrode system is often usedattice to avoid such problems

by adding a third electrode, known as a counter electrode.

Voltammetric is a technique using time-varying potentidlere current-voltage
profiles are recorded and thus several species readtiiffesient applied potentials
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can be determined simultaneously in a single erpari. As a result, voltammetric

provides more information than amperometry andliéss limitation [22].

1.7.4 POTENTIOMETRIC MICROSENSORS

Potentiometry is an electroanalytical method whishbased on measurement of
potential between two electrodes. Between the tectr@des there is only negligible
current. The voltage is generated between an iectsee electrode (ISE) and a
reference electrode caused by a difference of cdrat®n between the analyte
solution and a reference solution. Potentiometrieasurements enable selective
detection of ions in the presence of a multitudeotbier substances. The reference

electrode is normally a silver/silver chloride (AgCl) electrode used as reference.

[23]
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Figure 1-2 Hectrochemical cell for potentiometric measurements with an ISE

At equilibrium, this potential is related to theni@ctivity a; on either side of the

membrane as defined by the Nernst equation:
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Equation 1-1 Nernst equation of potentiometric measurenm@ of an ion-selective

electrode [24]

_ RT ai,sample
Epem = Py In(————
Zj Qjint

for the ioni of chargez;, where R is the gas constant, T is absolute temperaar&

is the Faraday constant.
Since the activity of the ionin the internal solution is known, then

Equation 1-2 lonic concentration dependence electrodeogential

RT
Eem = constant + 2.303 —Flog a; sample
i

thus giving a variation 01;9Z£ mV in E,,.,, per decade variation in ion activity at a

temperature of 29%.

FET-based chemical sensors such as the ISFET, CHEMa##eTthe Work function
FET all fall into this class whereby the charge irusoh, exposed to a floating gate,

may be sensed via a stable reference electrode.

In this section, we have discussed various biosensorsvilimdainy chemical sensor
priory mentioned, it is desirable to keep to minimum-standard process steps. This
is because such steps will increase in manufacturingleoaty and thus will the cost

per sensor.

Sensors we have discussed prior to this section arer giiite CMOS-process
compatible or post-processing is needed either to deplesitrodes on the die or

attach membranes to make the sensors selective ticpecilytes.
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Fabrication of ISFETs can be achieved using standard MDSKEh the native
passivation of the CMOS process. [ZBjis is even so when using ISFETs as a
proton sensor that no extra processing steps are required to deposit the
membrane and with an external reference electrode, making the devices
selective to other ions requires deposition of other membranes. ISFETS are an
attractive option for proton sensing because they canfafikeedvantage of the merits
which come with implementation in a standard CMOS gsecwhich include
miniaturization, repeatability, minimal process vaaatihigh yield and low cost of

large volumes.

1.7.5 BENEFITS OF CHEMICAL SENSING WITH UNMODIFIED CMOS

ISFETS

The ISFET has great potential to be commercialized duis tanique features in
detecting genes through chemical reaction. Potential bewdéfusing ISFETSs to build

such systems include:

* Minimal or no post processing - CMOS ISFETs are infhigyesensitive to
hydrogerusing the native passivation of the die [25]

* Low power processing - Can be operated in weak invensiaich current is
governed by diffusion to give low power operation [26]

* Boltzmann relation to ionic current - Obeys a Boltzmdistribution in weak
inversion which can be used to implement chemically-gatedhannels [18]

* Monolithic integration - Can be integrated with its M@3Fcounterpart to
make differential readouts as well as to apply well-kmawcuit techniques

which are used in solid-state integrated circuits.
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» Array processing - Can be grouped into arrays to provide redoydard

spatiotemporal mapping

With these in mind we proceed by describing the backgroundecdpblications of

ISFET-based chemical sensor and operation of the ISFET.
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CHAPTER 2 SEQUENCING AND GENOTYPING

Molecular diagnostics is becoming a necessary tooladem clinic practice. The
eruption of the knowledge comes not only from the gegaesges but also mutation-
phenotype association and biomarker discoveries. Qritifl@mation such as drug
adverse selection, viral load monitoring, and pathogen fa=tion can be provided
through diagnostic technologies in the molecular legeldinicians when treating
patents. In more and more fields, molecular diagnoatiesssential and the only tool
to decide the treatment or prescription. These fielddude infectious disease
detection as well as individual variations. Examples larman leukocyte antigen
typing (HLA) for transplant matching, mutation tests ioncology, and
pharmacogenetic tests. These methods generally adapédimeologies that were
originally developed in research laboratories. Genertily clinicians in the first line

facing patients are not trained for the skills of moleicdiagnosis.

Demand for a rapid and simple nucleic acid test has beewy rapidly and the
market in the United States has approximately a doublé gligiwth from 2009 to
2010 [27]. The growth is partly due to the advance of molecdlagnostic
technology as well as the availability of markerec&use of the short windows for
effective action, in an area such as infectious déseastrol and management, rapid

testing for nucleic acid has been needed in diagnosiglaas prognosis.

A classic example is the management of Human immurmeedy virus (HIV)
infection, where the traditional detection based on umoassay requires long turn-
around time and lacks critical information, such as vstrain. Nucleic acid tests
have filled the gap and provided early detection and helpstivdrapeutic important
decisions.
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The field of nucleic acid test technology has been lgrdeminated with real-time
Polymerase Chain Reaction (PCR) technologies whighire a molecular laboratory
setup in clinical setting or primary care environment.séhmethods are established
in commercial molecular diagnosis kits, reagentsl astruments. The majority of

the tests employ fluorescent signal and nucleic acidiecagion methods.

A rising new era of personalized health care is demanfiingapid low-density
genotyping in applications for quick diagnostics, drug affic with toxicity
screening, and personal genetic tests. This made moleteidicine and medical
diagnostic test characterised less by treating sympémaisnore by looking into the
fundamental causes of disease with real-time didgntests. Therefore, more rapid,
real-time and more specific diagnostic tests will mp&ssible for earlier treatment of

countless maladies.

Although the cost of the lab-based tests have been reduasdtically and the tests
become popular and essential in detection of many intectissease, the gap is not
being filled in to improve the turnaround speed and reduce kilereqquirement.

Further reduction of the cost will benefit users in aggtions which have been priced

out and are not available. More detailed discussionvislio later chapters.

It is essential to include DNA sequencing in the discussiomolecular diagnosis.
The sequencing provides the ultimate information of the gemeékeup of an
organism, pathogen or host. Any nucleic acid based diagoasibe considered as a
reduction of the DNA sequencing technology. The basic pten@pd chemistry are
similar between PCR and sequencing, which is enabled byvdison-Crick base
pairing nature of nucleic acid [16]. With sequencing techngldgyusands to billions

of nucleic acid sequences could be produced in one assayamalor few bases are

4|Page



revealed by PCR or similar molecular diagnostic ass@ile sequencing technology
today has made a great progress but it still requires sfggcialised resources and
discouraging cost to sequence a human genome. It igdifécylt to use sequencing

as a molecular diagnostic tool before the next mhjeakthrough in sequencing
technology. As a solution, assays using relatively Enbgchnologies, such as real-

time PCR, are developed to fill the need.

With the speed of evolution of sequencing technologieshatld not be long before
the first diagnostic application using sequencing. Itdaasgle that the enabling
technology revolves around ultra-high density sequencibhghédmoment, the major
users of the current next-generation sequencing toolseasanch laboratories and
gene-discovery companies for applications such as diseageillance on dangerous
mutations, flu virus genomes, mutation disco, linkage stfdgystic fibrosis gene,

and clinical lab for cancer/disease diagnostic ogposis.

In October 1990, The Human Genome Project (HGP), foyntedfan its strenuous
thirteen years of international effort, concluded wah remarkable prominent
achievement in biochemistry by completing the sequencilgbdfion DNA subunits
bases in the human genome [28, 29]. In early 2005, the ales@tion of new DNA
sequencing technologies has dramatically revolutionised thectwe of the
sequencing industry [30, 31]. This was a direct result ohtdeous efforts made by
the consortium, numerous genomics researchers andlynmpobrtantly the emerging
novel sequencing technologies. This later developmentvedliofor a considerable
reduction in the cost of the sequencing process in addiigupplying innovative
and economical platforms for the next-generation ofAD3¢quencing. The scale of
reduction of sequencing time and cost is exponential, whichmparable to Moor’s

law in semiconductor industry [26]. Without using Sangaristhod [32], it is

35|Page



possible now to sequence a whole human genome within\ahic) costs only tens
of thousands US dollars [33]. This new generation of teclymd and research has
changed the landscape of DNA sequencing. The technol®ylydwme a push force
that has established a positive feedback ecology betemerging applications [34,
35] and creation of new markets. As result, new researcbNA sequencing
technologies will persistently grow[36] and continue terathe spectrum of the DNA

sequencing industry as innovative market opportunities arise.

Current state-of-art sequencing technology depends on sgntfelabelled nucleic
acid or detection by synthesis. The target moleculesidmuDNA or RNA. Here we
present some background knowledge about deoxyribonucleic (8dRh) and

ribonucleicacid (RNA) in the first half of this chapter, followed by overview of
various sequencing applications by density throughput. Finaky,conclude this

chapter with an overview of the current sequencing/gemgyechnologies.

2.1 DEOXYRIBONUCLEIC ACID AND RIBONUCLEIC ACID

Living organisms are complex systems, which are madelladrceells. It is estimated
that as many as tens of thousands of different proteenseaponsible for the normal
cell functions [37]. In order to regulate and program sumnpdicated networks of
proteins, an enormous amount of information is requireldetgtored and processed
correctly even in the most complex system. In thfsrmation system, it entails
specific structures of proteins as well as the regulatistruction of proteins. The
vast amount of information is coded and stored in theoge, which is made of

nucleic acids [38].

The structure of a nucleic acid contains two main partgse phosphate and
nucleoside. The backbone of a nucleic acid is madéos$ei sugar (RNA) or deoxy-
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ribose (DNA) and phosphate connecting nucleic acigslang chain. Each backbone
ribose is attached to one of four different nucleosideeb. The order of the
nucleoside in a long chain forms the basis of the segudiie regulation and gene
information are coded in the sequence. Genomic nucleid @& mostly
deoxyribonucleic acid (DNA) except in some virus genes, arel cded in
ribonucleic acids (RNA). The famous double-helix structofegenomic DNA
consists of two complimentary strands. Each strandsistnof sequence of four
nucleotide bases, adenine (A), cytosine (C), guanine (&)rgmine (T) as shown in
Figure 2-1. In the structure of a double-helix, a nucleotidendoa Watson-Crick
base-pairing relationship with another, such that A ispdonentary to T and G to C.
The double stranded structure is the basis for some cfuaietions in life, such as

replication of the genome, the process of copyindf itséorm new cells.

In the process of replication, the double-stranded streicsudenatured with the help
of replication machinery. Each strand then acts &emplate’, on which a new
strand of nucleic acid grows by adding complementary nuatgds to the template—
adenine (A), which can only pair with thymine (T) and cytesi@) can only pair
with guanine (G). The process is known as ‘chain extehsione the nucleic acid
chain is extended by adding one nucleotide after anothetheAshain extends, new
double-stranded DNA is created consisting of a strand thenexisting base template

and anther strand synthesised based on the template [38].
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DNA RNA

Nitrogenous Nitrogenous
Bases Deoxyribonucleic acid Ribonucleic acid Bases

Image adapted from: National Human Genome Research Institute.

Figure 2-1: The structure of deoxyribonucleic acid and ribonuctic acid. Reproduced

from National Human Genome Research Institute.

Unlike DNA, Ribonucleic acid (RNA) is usually a gie-stranded molecule. There is
hydroxyl group at ribose of RNA, which contributes higher chemical activity,

which makes RNA more susceptible to degradatiorotAer important feature of
RNA is that thymine of the four nucleoside is reglavith uracil. (Figure 2-1) The

uracil is paired with adenine in Watson-Crick baséring.

RNA plays an important role for the process of m@dg proteins. The messenger
RNA, which is a transcription from genomic DNA, hdg non-coding region of
genomic DNA removed. As the result, the sequencsRNA is more close to the

sequence of protein following the correspondingorsd Study of the messenger
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RNA reveals the snap-shot-of activity of the cellstissues. The expression of the
messenger RNA provides information as how cells are aggiland response to
extracellular stimulation as well as the differatioin of tissues. It is also vital as a
diagnostic tool such as the identification of cannssue or mechanism of the

metastasis.

RNA is also the genomic material in retrovirus, sucimfisenza virus or HIV virus.

The understanding and surveillance of the sequence oRN#® has been very
important in containing the spread of diseases. On thas@n of a new influenza
event, sequencing the RNA genome is the main methodaiotipe establishment of

the nature of the virus.

2.2 SEQUENCING, MARKETS, AND APPLICATIONS

2.2.1 SEQUENCING

Sequencing has become an indispensible method for biologszdrches as well as
applied service products. The emerging sequencing technoldgietoped on the
shoulder of the capillary-based Sanger method have afedetremendous amount of
the raw data. These raw data is not very useful wittftmequal development of bio-
information innovations. The data generated from the segquencing methods is
generally highly fragmentised genomic seqeuences. A ge&sstalorkflow of
emerging sequencing technologies contains four steps.thgstucleic acid (DNA or
RNA) is been purified and stabilised. The nucleic acid bellrandomly fragmentised
to fit into the size of sequencing length and for somethods enriched by
amplification in the second step. As a result offtagmentation, 1910’ of sample

sequence pieces are generated. Each sample is theotdisbp sequencing step,
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where the detection methods are involved. Two clasGdstection methods would
cover most of the current emerging technologies, sequenby synthesis
(pyrosequencing, lllumina/Solexa system, and Life TeclgylBolid system) and
sequencing by direct reading the nucleoside sequence of &raate string (Pacific
Biosciences, Helicos Biosciences and nanopore teohieslo[39]. At the end of the
sequencing step, a large number of the sequences of venmgiks, which overlap
each other, are assembled using bioinformatics methods. dégeee of the
overlapping between sequences generally refers to theagavef how deep the
sequencing is. A deep sequencing run can generate the nunmulesfside read 20
times more than the size of the sample. For exgnipde20 times of human genome

is 6x10° nucleotide base output.

2.2.2 MARKET

Bioinformatics is applied to the large number of the imfation generated in a
sequencing run. Genomic samples from different speciesbearesolved without
tedious strain isolation in metagenomic studies. Siigjladeep sequencing is
essential in fields such as epigenetic which plays apoitant role in cancer
development, high genetic variation study such as hum#mwocyte antigen typing,

and rare virus strain diagnosis in HIV therapy.

Consequently, the new sequencing methods are transformingortdctices and
enabling sequencing as a tool in clinical diagnostics, thoi@ogy, forensic biology,
as well as basic biology. The advent of sequencing tdaties and the emergence of
novel applications have driven the market to grow immagng he 454 Life Sciences
sale figure for 2009 is $143 million [40], $80 million for Lifeedhnology SOLid

system in a CityGroup report [41]. The largest marketesigoccupied by Illumina,
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which accounts for 60% of the total market in the sanperte According to the
consulting firm Scientia Advisors, the DNA sequencing kaarincluding system
sales, reagents, and service, is expected to grow $otn billion in 2009 to more

than $3.6 billion in 2014 [42].

2.2.3 APPLICATION

The DNA sequencing market is divided into various segmieyntapplication: Life

science research and drug discovery for further medichbmscience developments.
Due to the high cost associated with the current emgrggquencing methods and
low throughput of capillary methods, the commercial ajapions are restricted at the

moment.

Currently, major sequencing market sales are from bidbgiesearch project
founded by government or institutions or Pharma/biotech enfitld such as drug
discovery. The revenue has an estimated of $920.1 mifi@®10. Within 5 year,
the markets are expected to increase to $1.7 billion whiefuialent to a compound

annual growth rate (CAGR) of 13% [43].

The sequencing tasks from research project tend to be geoeeaty instead of gene
testing. The genomic sequencing work is still active in eanorganisms or re-

sequencing form individual variations.

Some limited applications are molecular diagnosis sichystic fibrosis, where the
variation is great. The interest is also increasingrioology. As tumour is typically
associated with multiple mutations and auto-mutatiodentification of mutation

components could be useful in making decisions for a spdbifrapy regime. It is

one of the personalised medicine applications [44].
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One high profile case that is trying to break away fréwn model is the direct to
consumer (DTC) personal genome service. This type of imodmbines the
technology providers, such as Illumina, and high stregpsfacing consumers, such
as 23andme. The customer submits the sample such as &althe shop, which
provides a list of pre-selected sequencing products. The seagdactory is then
commissioned to perform the test without knowing the iterdf the customer.

However, the type of service has been under scrutimy fegulatory bodies [45].

In a more narrowed field of sequencing, the interestfbagsed on some single
nucleotide polymorphisms (SNPs). SNP is a type of comgemme sequence
variation in a population. The variation is typicaflychange of one nucleotide at a
position while flanking regions are not changed. The apmicacovers some
common genetic disorder or variations such as drug adiespense. An example is
the administration of Warfarin. US Food and Drug Adntmaison (FDA) has advised
taking a SNP test on VKORC1 and CYP2C9 polymorphism for daosg diecision.
At the moment, high density sequencing, DNA microarray @eal-time PCR are

three major technologies used in SNP assays.

It is expected that much more applications in personabmés will be delivered in
the near future. The applications cover SNP detechimugh complex genome wide
screening or sequencing. Many applications in this field aréoyee established as a
standard practice. However, the emerging applicationsedamost expectation for
exponential market growth as predicted in the last mankport. The emerging

market value will be 10 times bigger in five years from r{figure 2-2).

Other emerging applications include diagnostic sequencing, geekhylation

analysis, and pathogen subtyping. Before sequencing is)@astiaroutine clinically
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diagnostic tool, cost and accessibility of the tedbgies would have to be cost

effective.
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Figure 2-2: The projected grow of sequencing applations[43]. The emerging
applications are expected to outgrowth the currentommercial applications at a CAGR

rate of more than 100% from 2010 to 2015.

High growth in the DNA sequencing market is fored#e in the near future. Driven
by technologies and market forces, the sequencingsingus shifting away from
stagnant and declining grounds in sequencing deagowmarket. Advent of DNA
sequencing as a premier genetic analysis tool fasezkisting applications such as de
novo whole genome sequencing in infectious dissaseeillance and entirely new
applications like epigenetic tag sequencing araifegint indication of this booming

market.
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2.2.4 HIGH-DENSITY SEQUENCING

The current sequencing technology development has beam djywthe throughput of
the sequence read per run. Part of the drive is due tgizeeand complexity of
genomes. Part of the reason is the cost of the st to constrains of the
technologies available in preparing sequencing DNA, it fBcdit to reduce the
preparation steps. Fragmentation and genome wide arapbficare essential for
high quality sequencing data. Currently, there are fewahailproprietary methods,
emulsion or bridge PCR, which limit the freedom of opem let alone the
preparation time incurred. In order to make the procesiseffective in terms of cost
and time, a large throughput of sequencing data is requiredisTdasieved by using
a higher density of the reactions and microfluidic s#llictures. Cost per mega base
read (USD/MB) is generally used to estimate the cosh®fsequencing run. At the
moment, the cost could be 2-40 dollar per MB, which isutlbme hundredth of the

Sanger method used in HGP projetalgle 2-).

Because of the cost and technology complexity involwekigh density sequencing,
it is not cost effective to sequence target less theawamega bases. On the other
hand, a lower density or a small target would requireiddifit detection technology or

special markets to keep the method market viable.

uUSD/MB No. run

Sanger 2742.9 340000
454 42.9 234
[llumina 2.1 40

Table 2-1: Cost and number of sequencing run of sequengra human genome [39].
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High-density sequencing application is defined as sequencing tinan millions of
base pairs per run. This includes full genome sequencing (&ewada de-novo
sequencing/re-sequencing). The method is usually limited to imwy sample
numbers in exchange for an ultra-high base read. Theottise sample preparation
and sequencing reaction are spreading over the enormousf gfe@ome. Even so,
the reported retail cost for the new Illumina HiSeq2000 ewist 10,000 USD for one
human genome wide sequencing announced by CEO J. Flatleyldm&vo Sachs

Healthcare Conference in 2010.

The capability of running deep sequencing makes high density seqmenciseful
tool in monitoring the event of emerging infectious dissa3he method could detect
conserved point mutations within samples along with tHd type. It is, therefore,

cost effective in surveillance of dangerous mutatioes 1% Influenza H1IN1.

The main users in this market would remain researchdsdnigs and biotechnology
companies because of the high cost associated witle¢hadlogies. Current players
in this market are 454 Life Sciences, lllumina Inc, and 8Blid Sequencing. The

average cost of sequencing systems in this market ishalfea million USD.

2.2.5 LOW-MID DENSITY SEQUENCING

Sequencing is a powerful tool in understanding variati@den individual as well
as phenotype association. It is particular useful enfisld of diagnosis, prognosis, or
clinical study. Giga-bases reading is not required iftdrget of interest includes a
few genes. Deep sequencing or coverage of the gene is desrdibiging out the

variations, especially for highly variable regions.
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Many researchers are interested in mutation discaaedylinkage study such as the
cystic fibrosis gene with larger sample number or dytome P450 variations with a
number of samples. The application does not requireséime number of base

reading since the length of gene is much shorter ttmgénome.

The copy number of a sequence or a gene can vary andhrtlion is associated
with a phenotype. The study is called the copy numbeati@ni (CNV). It has been
associated with autism, schizophrenia, autoimmune, an@rcdagelopment [46-48].
The genes of interest for CNV study are established andl&dge of the variations
is available. The needed CNV sequencing throughput is mushtHas the whole

genomic discovery [49].

The works on gene variation or CNV form the basisdadiagnosis market which
depends on sequencing. Diagnostic sequencing could be verficspea known

region of genome. Consequently, the sample preparatiald target the sequence of
interest. The fact that there is no need to randomhisefragmentation is crucial.
When sequencing a known gene, a typical strategy contaip$ifiaation using

specific primer sets. The primer sets are designed inssu@y that they anneal to the
conserved regions of the genome. The yield of the foimgtisequencing reactions
will be much higher than the randomised method. It i8 ptsssible to automate the

process without skilled users.

2.2.6 GENOTYPING

Gene variation between individuals or organism can bamafl 8s one nucleotide.
Single nucleotide variation (SNP) is known to asdecuith serious drug adverse
effects or infection response [50, 51].The internatioff@rte(SNP consortium) has
been trying to discover novel SNPs, associate the SbdlRdhenotypes, and build
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haplotype of the variation (HapMap)[52, 53]. A f&MNPs are associated with disease
or drug response phenotype. The rest of the SNPsadled silent SNPs. A non-silent
SNP could be found at crucial position of protaimdtion or regulation of protein

expression.
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Figure 2-3: Amino acid sequence variation in HLAB575801. The variation from
consensus sequence is shown in the table. The amiaoid sequence variation is

corresponding to gene sequence mutation or SNP [54]

For SNP discovery, deep sequencing is a reliabldadeto find out the variation.
The users of SNP discovery are mainly researchiutss, biotechnology firms or
pharmaceuticals. On the other end in the genotypmiaket, the mutation or variation
is known. The task is to query the sample aboudt®otype. There are a few methods
to detect SNP. Since the sequence in query isamdynucleotide, it is possible to use
a PCR method or a DNA microarray to detect SNPfhodigh these methods are
strictly limited to pre-defined known variation,e§yncan process much higher sample
numbers. With a typical micro-titre plate assay,sitpossible to run many PCR
reactions using a standard 96-well format at a .tingth PCR technology, the

requirement for sample preparation is much less thay sequencing methods.
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Therefore, the application of sequencing technologyheillimited to highly variable
regions, such that there are many SNP in a short ragficsequence. It is very
difficult to query multiple variations spreading overshort distance using PCR
methods. An example is show in Figure 2-3. In the caseRif4 epitope, the three

variations are within six amino acids, which is equimaite 18 nucleotides.

In such a field, direct sequencing is the best methogutsy the genotype of the
sample. The low to mid density sequencing methods do not pribvadehole picture
of a genome. However, genetic variations are few argt nfdhe genomic sequences
are the same between individuals. It is sensible tgetathe variations that are
relevant rather than sequence the whole genome. Wheeraghplication is very
specific, such as a particular drug response, low-miditgesequencing methods are

the better tools that provide critical information.

2.3 CURRENT DNA SEQUENCING/GENOTYPING

TECHNOLOGIES

2.3.1 INTRODUCTION

Innumerable technologies and resources have been promatieel HEP project with
profound impacts on biological researches, revolutionizingider spectrum of

biomedical research, and clinical medicine.

HGP has relied heavily on Sanger sequencing, which is tiomesuming and
extremely expensive (Table 2-1). The advanced DNA sequersithgdlogies have
resolved such drawbacks. It brings down the sequencingdcarsiatically.With the

introduction of the HiSeq 2000 earlier 2010 [55], the coseqgtiencing a full human

genome had dropped to the $10,000, which is helped by much higbaghput,
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comparing with the price tag of $48,000 a few years ago. In sases, where the
clinical relevance is obvious, the cost of sequencingnaainugenome can be reduced
to $9,500. The sequencing service is becoming affordable foismedl research

groups or individuals.

At the moment, the major DNA sequencing technology prosideciude [llumina
(Solexa), Life Technology (ABI and lon Torrent), Rec{#54 Biosciences), Pacific
Bioscience, and Helicos Biosciences. Companies devigjoghie nanopore methods
for sequencing [56-58] such as Oxford Nanopore Technologies [5%ré0}et to

produce commercial products in the market.

With the challenge of 1000 dollars per human genome, thet mommising

technologies are single molecule sequencing. Rather rdading the signal from
thousands of pre-amplified molecules, single-molecubueecing techniques can
read the signal from a single molecule. The signaildcde fluorescent labelled
nucleotides, such as Pacific Biosciences, or direaimgausing electrical signals,
such as nanopore methods. However, single moleculetidetds generally very
sensitive to background variation. The cost of the sequgrassembly is also a

challenging bottleneck.

Here is a short review about the evolution of the sexjngriechnology in detail.

2.3.2 1°T GENERATION SEQUENCING

The first generation sequencing is synonymous to the Samgghod. The method is
based on the chain terminator reaction. The sequencingrsta a purified double-
stranded DNA. Sequencing reaction is divided into four ddNNesuly synthesised

DNA is labelled by strand ( Figure 2-4) or by ddNTPs. The ssmpu&om a specific
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primer can be resolved by running on a high regoiudenaturing gel [61]. For each
Sanger run, the sample is split into four terminateactions, (ddATP, ddGTP,
ddCTP, and ddTTP). The terminator is a nucleotitEdague which is labelled with a
fluorescence molecule. When a strand of DNA is ipocated with a terminator, the
extension reaction is terminated due to the lackabive 3’ hydroxyl group on the
terminator. In each termination reaction, the esimmfrom a primer will terminated
at various positions. Once the terminator reactiares finished, each reaction is
applied to gel electrophoresis. From the resulthef gel read, a sequence can be

established to around one thousand bases. Theflearks illustrated in Figure 2-4.

TEChEGEATEAS
Denatured &7 Labedied
Template ) Primer

Add dNTPs and
Pol
OIYMETASE 46 ddA ¢aF dac Templaie/Product
HH T &
u i TECAGELEATCAG
sy GIARTE

dWCCGTAGY C

GCTTCLETAGTC

Denaturing Gel
a A TC

Labeiled Strands

a0 - o 0 B

Figure 2-4: Work flow of Sanger sequencing methodReproduced from Northwest

Fisheies Science Center.

The method, however, requires large amounts offrdgment in separate reaction
tubes. This is typically achieved by cloning tedogy. The genomic DNA has to be
sheered into millions of fragments, which are tfarmmeed into bacteria. Bacteria

grown in a single colony contains only one typdragment. Each colony is grown
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into larger amount in order to produce enough pidsmhich is purified for Sanger
sequencing. The process is illustrated in FiguBe Zhe target DNA sequence has to
be fragmentised and cloned into a bacteria plagbottom left of the graph). One
bacterial dot grown on an agar plate (bottom rigepresents one plasmid or one

unique fragment of template [62].

d DNA fragmentation
< —
b1 —1
< ]

Figure 2-5: Cloning step for Sanger sequencing [62]

The cloning step has severely increased the coityplek the sequencing method.
Millions of samples are going through growing baetepurification of the plasmid,
sequencing reaction, and electrophoresis. It issnoprising that it has taken more

than 10 years to finish a draft map of the humarogec sequence.

2.3.3 2"°P GENERATION SEQUENCING

The next generation of sequencing methods havdeththe complexity issue in the
preparation of the DNA sample. The complex clorsygtem is replaced kg vitro

amplification methods. The challenge of creatingpbited DNA fragments in a
physically separated space was solved by perforramglsion PCR using micro

beads. The reaction removes the need for cloniry pamification altogether. The
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method was pioneered by 454 Life Sciences, anchasvs in Figure 2-6. .In an
emulsion PCR, micro particles and DNA fragments mneed in a diluted solution
therefore part of the beads contain only one cdpyMA fragment in the first step.
Millions of bead in individual oil droplet go thrgh PCR simultaneously in a tube.
As the result, each template DNA is amplified witha@ontaminating each other
[63].The genomic DNA is fragmentised by sonicatmnsheering. After polishing
both ends of double-stranded DNA fragments, aroaligleotide adapter is added to
the fragment. The adapter will guide the DNA tertple anneal with a primer on a
microbead. When the solution of microbead and DNwylate is diluted, according
the Poisson distribution, fraction of the beadd willy have one DNA template per

bead.

1. Anneal DNA template to DNA
capture beads

Microreactor
containing clonal _—
. . -_—
amplification
reagents

2. Emulsify beads, DNA and PCR
reagents in water-in-oil
microreactors. Perform emPCR
(clonal amplification of the
annealed DNA).

3. Break microreactors,
retrieve DNA-bound —|

capture beads.

Figure 2-6: Work flow of emulsion PCR [63].

The ability of amplifying the genomic fragment in saangle tube reduces the
preparation time from weeks to a few hours. The sasing is more than thousands
fold as there is no need for growth media and gplmanagement. As there is only
one type of DNA template in each bead, the sequngnceaction at each bead

represents a full sequencing of one Sanger’s gel.
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12.3.3.1 454 TECHNOLGOY

454 Life Science [30] published the first sequentg of genome in 2005 using a
pyrosequencing method. The work-flow of the 454useging system FLX contains
the preparation of the DNA bead by emulsion PCRdilag the bead in the micro-
wells, sequencing by synthesis in each well, arsg4zalling with sequence assembly.
Nucleotide of A, T, G, and C flow through the beseluentially. The reaction
chemistry is based on the product from the DNA msiEn, pyrophosphate.
Pyrophosphate is used to as the energy sourcevi ldyht emission by luciferase as
shown in Figure 2-7. The emission is proportioralthe number of nucleotide
extended, therefore multiple insertions of a singleleotide can be resolved. The
density of the 454 micro-well is about 400,000 peip. However, the yield of read
from the chip is about 50% due to multiple-beadaimvell or empty bead without
DNA template. The light emission is detected byiagbtdetector through the optical
fibre. The read throughput is restricted by the benof active beads per chip times

the number of read length, which is about 400-8§89 b

-')\' i -~ Polymerase
B "
“‘\é !llllillll!l[|;]zl1|f
- _" 7 Anno.ﬂle-d
2> 3 ‘T\_ I primer
*)}I' Sulfurylase
oy Luciferase I.tlcilerlu

nght + Oxy Luciferin

Figure 2-7: 454 pyrosequencing reaction mechanismThere are three types of

microbead in 454’s system. The largest one is theNA beads. The enzymes and
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polymerase is immobilised to other beads such that thessembly can go through many

cycle of washing [64].

2.3.4 SOLEXA TECHNOLOGY (ILLUMINA)

The cumbersome step of cloning in Sanger sequencing iceepby the polony
method in Solexa Technology. The polony is defined aPtha colony on a solid
matrix in comparison to the bacterial colony on anr ggate. Solexa achieved the
polony by performing bridge PCR on a micro slide as shawfkigure 2-8. The
sequencing reaction is similar to Sanger method but thenaor could be activated.
Each terminator (A, T, G, and C) carries a unique flummesslabel. Photos of four
colours are taken and each colour represents an insatidhe corresponding

nucleotide.

After the reading is done, the blocker at 8ieend of the inserted nucleotide is
removed and the next round of terminators is introduced. Regé¢hé process builds

the sequence of the target template.

The method can achieve very high density since the DN#ter occupies a much
smaller space (10-100 nm pitch distance) than a microdeel. As the result, much

larger data throughput, 100 million polonies per chip, is possiiiethe method.
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Figure 2-8: Solexa bridge PCR mechanism. Each fragemt of DNA template is

amplified and forms a small cluster on the surfacef the chip, called polony [39].

2.3.5 HIGH DENSITY 3 GENERATION SEQUENCING TECHNOLOGIES

Numerous sequencing technologies have emerged dampanies such as Pacific
Biosciences, Oxford Nanopore, Cracker Bio. Howetlggse sequencing technologies
either require optical labelled detectors with vieigh resolution/speed or the difficult
to control pore detection at the current staterbfsatup. Many disadvantages then
may be, but high hope has been that the technslagield one day remove the need
for enzyme reactions used in pyrosequencing or ifiogtion. It is still early in term
of maturity of technology but single molecule déat has shown the potential for
very long read (> 1,000 bases) and capability @iy the methylation of the

nucleotide in CpG islands.

Oxford Nanopore Technologies and others are dewejog new generation of DNA
sequencing technology that does not require fluemts labels or optical

instrumentation. The method reads DNA bases dyr.e€tie measurement is possible
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by passing a strand of DNA through a very small holen@gyof different bases are
differentiated and recorded in sequence as the strdndblA moving through the

nano pores.

2.3.6 LOW DENSITY GENE SPECIFIC GENOTYPING TECHNOLOGIES

The genotyping is the process of determining the genotiyae mdividual by the use
of DNA micro arrays (Figure 2-10) or real-time PCR (Fig@r8). Due to current
technological limitations, the sequencing result fromoggring is partial even with
the ultra-high density of DNA microarray. However,natal relevant sequence
information generally is very concentrated in shegions since the protein-encoded
sequence only accounts for less than 2% of the total gefi6f). Sequencing by
microarray or real-time PCR could be effective whes $hquence variation is very
well known and conserved. However, @ novosequencing or sequence variation

discovery, it is better to use high-density sequencingpagedr Sanger’'s method.
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Figure 2-9: SNP detection using Tagman assay. Thé&\B in the graph is CYP2C9. In the
bottom graphs, it contains several samples in eadraph. The black lines represent the

homozygotes while the pink lines in the middle repsent heterozygotes [66].

Genotyping covers copy number variation (CNV), SNMBletion and insertion of
gene sequence. The new knowledge of epigeneticicagiph will cover the
methylation of the genome sequence [67]. It is alsoy useful in typing and

identifying infectious diseases. Viruses for instance, or bacteria, can be detected
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and genotyped for great clinical value [68]. Genotyping in this context may help
in controlling the spreading of pathogens, by tracing the origin of outbreaks. This

area is often referred to as molecular epidemiology or forensic microbiology.

mRMNA
DNA
l CDNA synthesis
PCR

1 cDNA
Amplicon(s) Labeling and
1 Transcription

Labeling and Labeled cRNA
Fragmentation 1

Fragmentation

Figure 2-10: The DNA microarray [69]

Apart from pharmacogenetics applications in genotyphuman beings, the
technology is also crucial in individual identiftean, When testing for father-
/motherhood for instance, scientists typically onged to look at 10 or 20 genomic
regions (like single-nucleotide polymorphism (SNRs)determine relationship or
lack thereof. That is a tiny fraction of the humgenome, which consists of three

billion or so nucleotides.

Genotyping mainly focuses on molecular diagnosgienome-wide SNP pattern
discovery, direct-to-consumer (DTC) personal genétssts such as 23andme and

Navigenetics.
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2.4 SUMMARY

DNA sequencing technologies continues to be currently nimtedl by the Sanger
chain termination method. Motivation for faster, sierptechnologies, which can
sequence genomes within a day, are actively sought andmeantechniques to rival

the Sanger technique are emerging.

Nucleic acid tests (NAT) have a wide range of applicatiand markets. They can
detect the presence of a few copies of cellular,eo@dt or viral genome and with a
specificity that is capable of detecting a single basengd in the nucleic acid
sequence. The existing applications in the market includedétection of single-
nucleotide polymorphisms (SNPs), human genomic variatieing| and bacterial
detection and sub-typing. However, to date the currenl N#stems require
intensive capital investments, complex laboratory thasgachines, and trained
laboratory technicians.We are starting to see a divergence in sequencing
technologies, as each sequencing methods concentrateavingy clearly defined

advantages and potential applications that differ frorathkrs.

In order to develop a point-of-care setting NAT devicalell free detection platform
is inevitable. We propose a novel approach based on ourimesation. This

approach utilizes the fact that during the amplificatidrmicrobial nucleic acid by
PCR, where there is an exponential release of pro&sudting in a pH change, which

can be detected using an lon Sensitive Effect Transid®iF&ETs).
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CHAPTER 3 - ISFET-BASED NUCLEIC ACID

REACTION DETECTION

3.1 PROTON RELEASE MECHANISM

Nucleic acid detection by ISFET depends on the protonseléam a nucleic acid
reaction. The proton balance after the hydrolysis miceic acid is dependent on the
dissociation constants of acid and base species irsdlwion. The production of
proton causes change of pH, which could be detected by ISHEEI Henderson—
Hasselbalch equation derivpBl from the acidity in biological and chemical systems
as shown in Equation 3-1. [57] The equation is used to fiadetuilibriumpH in
acid-base reactions and estimatesghieof a buffer solution. Equations are shown

below:

Equation 3-1 Henderson Hasselbalch Equation

[47]
pH = pKa + 10gm

Equation 3-2 Equilibrium Constant

AT|[H*
g, = A
[HA]
wherepK, = —1log(K,), andK, is the acid dissociation constant for the non-djgeci
Bronsted acid-base reaction. In addition, in Equation8-2epresents the ionic form
of the relevant acid, and [HA] and THare the molar concentration of the quantity

within the solution.
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According to the Henderson-Hasselbalch, pié of a solution containing an acid-
base conjugate pair can be calculated. Thus, the numberotdns release is
contingent to the acid-base equilibrium after the reactEssentially, when the
protons generated pass the buffer capacity,pthewill drop to a new acid-based

chemical equilibrium. [58]
Here are two example cases:
Case 1

The initial chemical equilibrium is establishedvéi, therefore

_ [47]o _ [A71o[H" o
pH, = pK, + log-;r—[m]0 and K, = T (1)

Also, from the mass balance,
[HA]total = [HA]O + [A_]o (2)

This is useful since the actual concentration at angivae is difficult to know. We
know at least two things, (i) boundary condition (stgr concentration) and (i) one
of the components in real time measuremdit? | in this case) We can work out the

rest components by applying the mass balance and thégegmlequations.

When one adds mofd~] salt, such a#/,A, the equilibrium balance is disrupted and
new balance will be reached to maintain a constant KgheAhew equilibrium, some
of the[A~] will be removed by forming complex wiflii*]. Here we do not know
the final[A~] after adding the knowWiV,A],. We can measure tipdd value. If thepH

=pH,, then

_ [47]1 47
pH, = pK, + log (HALL and we can get the value of (HAL 3)
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The final concentration dfA~], and [HA], can be work out using mass balance,

where

[HA] ot = [HAo + [Ao] (4)
[HA]sorar + [NaAl, = [HA], + [A7]y (5)
Case 2

The same initial equilibrium was established. This tmwe,add more alkalineVM(aOH)
in with the pH meter recording the reading in real time. Adding the gkahlso
disrupt the old equilibrium. When the new equilibriumatesd, with the help gbH

meter, you should know thgH value in real time. Let’'s assume itpH,.

Again we can use the Henderson Hasselbalch equation kooubthe ratio ofA~],

and[HA], since theX, is a constant. That is to say,

[A7]2 _ _
log . = PHz — K, (6)
From the mass balance, we know
[HAltotar = [HA]Z + [A_]z (7)
In the end, you can find out the concentration off ] and A~]

Since the reaction is only depending on the nucleic aadtion. It is plausible to
extend a single base insertion to continuous multiple-baactions, such as the case
in DNA and RNA amplification. Because there is no reggiimodification in the

reaction mixture, the application is a truly labelefidetection of nucleic acid.
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3.2 DNA AMPLIFICAION BY POLYMERASE CHAIN REACTION

(PCR)

The Polymerase Chain Reaction (PCR) was first intredun 1984 for replication
and amplification a fragment of double-strandis®NAfrom a given DNA template.

Typical components of a PCR include: [70]

1. Thermal cycling temperatures between 9850

2. Nucleic acid template as few as 1 copy

3. Two oligonucleotides acting as sense and antisense EmdaiNTPs
4. Potassium chloridier stabilization odsDNAas well as ionic strength
5. Thermal stabl®NA polymerase such dsaqpolymerase

6. Magnesium ion forag polymerase activity.

PCR selectively amplifies a region of dsDNA to a tgbitx1C fold in 35 cycles of
thermal cycling. The time needed for 35 cycles range fi@minutes to 2 hours
depending on the thermal mass of all materials in taeroycling. When
diffusion/activity is not considered, the amplificatitss exponential of 2 where n is
the cycle number. In practice, the efficiency is legs one and therefore the fold of
amplification will be less than 1.7As the rule of nature, it is impossible to amplify
anything indefinitely. The possible restrictions on PCRpld#ioation include the

increased concentration of pyrophosphate and decayed eazyinity. [71]
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3.2.1 INTRODUCTION TO NUCLEIC ACID LABEL-FREE DETECTION

We use PCR for two purposes, selective amplificatio Klenow fragment extension
and nucleotides detection in the integrated devienow fragment is aDNA
polymerase, which works at @7 The name comes from the Danish scientist, H.
Klenow, who published the method of making the pwyase from E. colDNA
polymerase. The size of the Klenow fragment is &a@@kDa with dimension around
7nm x 8nm x 9nm Figure 3-1. It has one react# group on the surface, which

may be able to form a covalent bond with pure g[&€l]

Figure 3-1 3-D structure of Klenow fragment.

To implement a Klenow fragment extension we musit fuse a pair o6sDNA
primers to amplify both nucleotide variations itaageted location. It is the detection
ssDNAprobe in the Klenow Fragment extension assay difldrentiates and gives
the signal if there is a match. An alternative rodtinvolves using a modified primer
in thessDNAprimer set. The 3'-end of the modified primer rhagwith the targeted

nucleotide and forms mis-pair with another nuctmtiraq like Klenow fragment,
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which lacks of 3'-5' exonuclease activity, extends ¢méy matched primer. Only the
matched nucleotides are amplified exponentially wheih lpoimers match with the
sample. The mismatched nucleotides are also amplitiethb amplification is linear

to the cycle numbers. [24, 72]

3.2.2 DNA POLYMERASE ACTIVITY:

The principle of nucleic acid detection relies on thection of DNA polymerases.
DNA polymerases are responsible for matching DNA sequendis the right
nucleotides and for catalysing the insertion of the entcdes on a growing DNA
primer. Below is a list of critical activities and @pgations that are important to the

DNA Logic detection.

1. 3'OH extension from ssDNAprimer hybridized to a longessDNAtemplate.

2. The activity is dependent dfg?* and use dNTP as the substralég?* is know

to affect the non-specific extension from a mis-maticB'OHssDNA.

3. The KF should only extend matched 3'OH primer-templatdeduput we have

seen non-specific extension from a mis-matched 3SIHNA
4. The pH tolerance is believed to be betweald andpHO.

5. The stamina of KF is low (processivity) at around 10Qigdere it stops extending

and dissociated from tlisDNA

Tag DNA polymerase which has polymerisation activity extendssgi2NA primer
from the 3'-OH. The enzyme is relatively stable at Higimperature less than @
There are varieties dfaq polymerase. Most of them are modified chemicallyvah

antibody blockage to reduce the activity at room temperaiure blockage can be
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removed via an activation step normally held &t®%or a few minutes before the
cycling programme. Each cycle comprises denaturation, Bmmeend extension. The
cycle is repeated 30-40 times in a PCR reaction. Eattitedhree steps has a different
temperature which is utilised to control the associatiopolymerases and dsDNA as
well as the hybridisation of ssDNA. It is possible torgee the annealing and
extension in one step, which reduces the total reactmoa tequired to finish
amplification. Below is a list of important obsetieas and factors that are specific to

a PCR reaction.

1. Extension from the 3'-end hydroxyl group of ssDNA primer hybridized to a

longerssDNAtemplate.

2. Magnesium ion is essential for activity. Typicahcentration is between 1.5mM to

2mM on top of thev g?*-dNTPcomplex.

3. Higher magnesium ion concentration increases thwitg but also increase

likelihood of non-specific amplification.

4. The processivity is at hundreds bps and reaction spaédus 1 kbps per second.

5. We have seen not difference in amplification betweH8 and pH6.

1.1 RNA AMPLIFICATION

Reverse Transcription Polymerase Chain Reaction (RR}PG the reverse
transcriptase wher@NA is reverse transcribed tNA using a reverse transcriptase
and primers. This is an important step allowing the perdoca of PCR sincBNA

polymerase can act only on DNA templates [73].
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In the initial phase of the reaction reverse trapsase (RT) converts thBRNAto

double strande®NA as in RT-PCR Figure 3-2.

\ Probe 1 with T7 RNA Polymerase Promotor

RNA Target Gene

l Hybridise! Reverse Transcriptase

Target RNA is degraded by RNaseH
Activity of RT

Figure 3-2 RT: Converts RNA to dsDNA

Subsequently theDNA is cycled betweefRNA and DNA in an isothermal process

Figure 3-3.
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Figure 3-3 cDNA cycled between RNA and DNA in an @hermal process

The reactions above take place in a single processlting in one million fold

amplification in 60 minutes. [74]
1.2 FROM DNA TO PH DETECTION

Polymerase chain reaction (PCR) is the processpication and amplification of a
fragmentdsDNAfrom a givendsDNAtemplate. In the procesdsDNAIs denatured
into ssDNA. Once the melting process is completd?dlP, DNA polymerase and
magnesium ion will do the annealing and the extensd the melted ssDNA to form

a new strain of identical dsDNA.

Equation 3-3 Protol reaction from nucleic acid extaion

DNA Polymerase
dNTP+ DNA - PP + DNA,+ xH

Pyrophosphate

Klenow Fragment extension (Figure 3-4 and Figur8),3also called exponential
amplification of nucleic acid, follows the same gedure as PCR but given a strain of
targetedssDNA primer. In other words, when the target primer ahas the sample
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fragment ssSDNA the fragment will extend while releasing protossd will not

otherwise Equation 3-3.

dNTPs
oH 3’
5 D
11 |
3’ ATGC ————— 5’
|PPE+nH' |
Mo
Con s ey
3"~ ATGC — 5’
KF

dNTPs+dsDNA,, =y PPi+dsDNA_+nH*

Figure 3-4 Klenow Fragment extension — matching —rpton release

oNTPs |

: Mt

oH3’
5 — G’
3 ATGC ———— 5’

STTTTITIX
3 - ATGe 5

KF
dNTPs+dsDNA, * PPi+dsDNA_+nH*

Figure 3-5 Klenow Fragment extension — mismatch wlit no proton release
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1.3 ION SENSITIVE FIELD EFFECT TRANSISTORS REACTION

MONITORING

1.3.1 CONCEPTS

G reference electrode

dectrolyte solution

+—— sensing area —»

p-type substrate

Figure 3-6 pH-ISFET scheme by Bergveld

The ISFET is a device that has gained much atteritio use as @H sensor. Being
robust, cheap and small in size, it has rapidlyobee competitive with conventional
ion selective glass electrodes. The device, widakell described in the literature [25,
75, 76], consists of a transistor similar to aitradal MOSFET but with the insulator
surface exposed to an electrolyte solution to fanmon-sensitive area, and a remote
gate provided by a reference electrode. The reshetransistor is encapsulated to
isolate the device from the electrolyte. The sengitis explained partly by the site
binding theory and also by a fast dynamic electeoubal exchange component
occurring at the surface of the ISFET [75]. Theildojium between the binding and

unbinding of charged ions at the gate surface besomn function of analyte
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concentration, which is measured as a change in thimgeo drop across the
electrolyte/insulator layers. This change in voltagefien described as a change in
ISFET threshold voltage [25, 75] or alternatively as aarmediate pH-dependent

chemical potential between insulators surface and refereclectrode [76] as

illustrated schematically in Figure 3-7.

In the past, the ISFET has been prone to problems oéregst and drift. Therefore,
there has been a reluctance to use it in critical bdacaéapplications. However, the
method proposed in [77] made ISFET applicable. Changes betinsertion and

non-insertion of nucleotides are always compared such theatmeasurement of
absolutepH values is not necessary. We expect the pH changeiffisartion reaction

should be proportional to the number of insertions.cAlis measurement is not
required when the relative difference between inseréiod non-insertion is enough
for monitoring. The use of the ISFET in this mannerossidered as a novel method

of applying the sensor for DNA analysis.

An ISFET pH detection mechanism for nucleotide incorporation ceeatpossibility
of incorporating the detection method into existing «ychrray sequencing
technologies such as pyrosequencing, allowing procedural iSoapbn and cost
reductions by eliminating the need for Iluminescence, fhaengce, and
electrophoresis [77]. Thus, this particular method peri@ detection outside
mainstream laboratory facilities and allows identiima by individuals such as

clinicians and consumers in a point of care setting.

When chemical reactions cause discrete changes inicdleconcentrations, these
changes can be used as an indication for the presémlcesaction. For example, the

sequencing of individual base pairs in a strand of DNA duenuoleotide
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incorporation may cause a changglth Detecting this change in reaction serves as a
positive marker for that nucleotide; therefore confirmisgpresence in that strand of
DNA. The ISFET is based on a MOSFET with a remote @edference electrode)
exposing with a chemically sensitive insulator to an si¢de. Field-effects from

ionic charge interaction at the insulator surface oflf®RET causes shifts in the
ISFETI -V characteristic. The insulator in contact with thecgolyte is chosen

according to its chemical properties and sensitivity fgadicular ion. For thgH-
ISFETSs dealt in this thesis, use of silicon nitride aoghaium oxide membranes are

common [25, 75, 76].

Any voltage applied to the reference electrode is coupledhe electrolyte to the
insulator surface, wherep-dependent charge from ions on this interface modulates

the channel current, causing the observed shifts in thETSransfer characteristic,

thus modulating its threshold voltayg .

Equation 3-4 Threshold voltage of ISFET [72]

Q + QSC ¢S
Vth(ISFET) = (Eref + (plj) - ((peo - xeo) - SSC - 2¢f + 7 = Vth(MOS) + Vchem
(0D:¢

Equation 3-5 ISFET sensing and surface potential

¢
Vchem = (Eref + ¢lj) - ((peo - xeo) - 7771

V,emiS @ grouping of chemical potentials at the insulator sarfa whichg,,is the
only pH-dependent term:

Equation 3-6

Peo = 2-3UTa(pszc — pH)
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U, is the thermal voltagkT/q, pH .. the pH required for zero charge on the

insulator surface andr a dimensionless sensitivity parameter representing

ISFET’s sensitivitySrelative to the ideal Nernstian sensitivity:

Equation 3-7 Sensitivity of ISFET

S

o=
SNernst

The dependence &4, on pH is modelled using a combination of the site-bigdin
theory and the Gouy-Chapman-Stern double-layer mpeg], which can be
reconciled in a behavioral macro-model represeamauch as that of Martinoia et al.

as shown in Figure 3-7.
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Figure 3-7 ISFET behavioural macro-model

A final simplification of this model is to grouplahemical potentials independent of

pH by substituting Equation 3-6 and Equation 3-7iBtpuation 3-4 and Equation 3-5
giving:
Equation 3-8

Venem = v + 2.3aUrpH

where y is a pH-independent grouping of chemical potentials. Withtaken as
constant to a first-order approximation, the thoddlvoltage of the ISFET is linearly

proportional to pH, but is strongly temperature efefent due to scaling by the
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thermal voltage. [76, 79] It is this changepid representing in a change in transistor
threshold voltage which gives rise to a change in thesigeor’'s drain current. The

device as with the normal MOSFET can operate in egtieng or weak inversion.

1.3.2 WEAK-INVERSION ISFETS

The weak inversion region of a MOSFET is a regionpration of the transistor for
which V< V,, and diffusion of charge carriers rather than drift asran electric

field dominates the channel current. The large-signal equédiodrain current in a

MOSFET biased in the weak inversion region is given by:

Equation 3-9 Drain current in weak inversion region [74]

I = 1,0 6%) (1 _ (—)) _ [ZnﬁU%e(VGzaZ”)e((";BTV BS)] (1 _ e(‘Z;’S))

where B=KW/ L, \,, is the threshold voltage fof,s =0 andn is the sub-threshold

slope factor and saturation is assumed \gg>4U; . It is suggested that this

equation also holds for a weakly inverted ISFET, sindeadtlitional chemical
phenomena are represented as the modulation of its dldesbltage by the
potentialV,;.,,, Which is linearly proportional t@H. The significance of operating
the ISFET in weak-inversion is not only the low cutrand voltages involved, but
also that since the drain current of the ISFET is egptally related to its threshold
voltage which is proportional tpH, and pH is in turn logarithmically related to
hydrogen ion concentration, a direct relation betweamdrurrent and hydrogen ion
concentration will be apparent. [76, 79]pM fluctuation,pH can be seen to scale the

current as follows from Equation 3-4, Equation 3-5 and Equ&@:

AVTO=AVCh6m = 2.30{UTApH (8)
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From Equation 3-9, witls =0 and assuming saturatioWg > 4U ):

Vcs) (—AVTO —2.3lZUTApH)
e

ID(VTO + AVTO) = ZnﬂU%e(m nUr ) = IDQe( nUr (9)

Finally substituting in the logarithmic dependence mfl on hydrogen ion

concentration:
Equation 3-10 Definition of pH value

pH = —logyo[H"]
Equation 3-11 Drain current and proton concentration

(—2.3aUT(— In A[H+]/2.3)
Ip (VTO + AVTO) = IDQe nUr = IDQA[H+]a/n

This shows that the quiescent drain currggtin a weak inversion ISFET that is
scaled by a known and temperature independent power oihgeclra hydrogen ion
concentration. This is a significant result, which dobé manipulated into a more
useful linear relationship. The indea/if) of [H*] will always be between 0 and 1
since 0 <o < 1 andn > 1. To achieve direct proportionality betwdéh ] and drain
current,AV,,, can be amplified by a gain A such th@¥/n = 1 before converting it to

a current.

Alternatively, using a chemically tailorgaH sensitivity such that/n=1/x (wherex is
real), the drain current can be raised to a poxasing simple trans-linear circuits.
The latter method is presented herein because it &rge-bignal approach and

therefore operable over a wigél range.
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1.4 SIMULATION RESULTS

This simulation presents an output of an ISFET whenetlis apH change. Here we
assume a reverse transcription WiRNA to form DNA such thatDNA is the only
input. The simulation does not include the boundary cmdthat the reagent will

deplete in the end of the reaction. It only shows &ggitirend of the pH value trace.

7.85
7.8
7.75 -

/.65 -
Q

7.55 -
7.5 I I I

PCR cycles

Figure 3-8 Simulation results - pH drop after reaction. he pH decreases rapidly when

there is enough amplicon accumulated between 20 and 30 cycle

The simulation demonstratgaH response in a PCR reaction. The condition used in
the simulation is 0.1pM template concentration, 300 lpased amplicon, and the

amplification efficiency coefficient 0.7 in each doublinfgRCR cycle. As shown in

The result above proves the theory that ISFETs easwhitched on when protons are

released from primers extension.
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1.5 SUMMARY

In this chapter, we have demonstrated the theoretsad fior the chemistry as well as
the ISFET responses. By monitoring the pH change of &inuacid reaction and
comparing with a control experiment, it is possible tonitar the reaction. The
integration of the reaction chemistry and ISFET semsmuld enable a true lab-in-a-

chip format of biosensor.

Building on the simple method of a single extension us8tET, one can increase
the density of the reaction drastically using standarddSMrocess, which could be
applied to ultra-high throughput sequencing. The leverage ofCM©S sensor
technology also applies to POC, where critical infation of pathogen infection

could be identified by ISFET-dependent nucleic-acid amptiicamonitoring.

77|Page



CHAPTER 4 - DNA LOGIC

4.1 INTRODUCTION

The feasibility of digital computation in cells hasvays attracted much interest.
Attempts have been creating-vivo digital logic circuits using DNA binding
Proteins, and gene expression has gained much interest.J80]method should
permit numerous improvements for nucleic acid testing ideit®f mainstream
laboratory facilities and allow identification by indiuals such as clinicians and

consumers in a point of care setting.

Similar to the process that electronic microprocessorcontrol electromechanical
devices, biochemical reactions can be used as biochermmatto control discrete

electrical events. Although the construction of theseuts has been explored
theoretically since the birth of molecular biology, remt practical implementations of
reaction changes due matching biochemical events has latietareation of

chemical-logic circuits.This chapterproposes a novel method of DNA Logic, a
subset of chemical-logic, using silicon based transistath chemical interactions to

create so called DNA switches that may perfarraitro computation.

4.2 DNA LOGIC THEORY

The pH detection of CMOS ISFET is possible becauseeqgiflthsensing capability of
the CMOS passivation layer, which happens to be silicoid@i In order to create
ISFETs in unmodified CMOS, the standard MOSFET fromtdehnology is used
with an extended floating gate to the passivation inrot@esense ionic changes on

the insulator. Because it is one and the same withMBSFET, integration of
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ISFET/MOSFET pairs is possible to create highly olibhic chemical sensing
systems. In addition to this the decreasing feasize of the transistor according to
Mores law, allows implementation of miniaturizedEST's, which can be combined to

form large-scale arrays for parallel biochemicalgassing.

When chemical reactions cause discrete changeseamical concentrations, these
changes can be used as an indication for the presdra reaction. For example, the
sequencing of individual base pairs in a strand DNMA due to nucleotide
incorporation may cause a changelih[77]. Detecting this change in reaction serves
as a positive marker for that nucleotide; therefooafirming its presence in that

strand of DNA.
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Figure 4-1 Reaction monitoring of a base pair matcland mismatch

Figure 4-1 shows an example whereby we can seeetietion due to a matching
nucleotide using the protocols described in [7#}e Teaction is measured with an
ISFET, whereby the decrease in source voltageatekca decrease jiH. Assuming
reaction took place at@H of 7.8, and assuming near Nernstian sensitivitg@hV,

the change of 25mV results in a @B change. By setting a threshold just above the
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mismatch voltage, this reaction can be simplifisdaachemical logic boolean 0-1
result which can confirm the presence of a matehaggregation of all these results
could then be used to sequence the genome usingrmmnal combinatorial digital

logic functions.

The operation of the ISFET as a means of implemgrdi“DNA logic” unit capable

of calculating truth-table type outputs is an attikee idea for array-based algorithmic
processing. The sooner the conversion to digitat @ signals, the less the effect of
degradation from interconnects and sources ofference between the sensor chip

and any off-chip interfacing.

To demonstrate how aptly ISFETs can be used fartiipe of operation, we present
an adaptation of the standard CMOS inverter, Figit&a), which performs aH

thresholding operation when one of the MOSFETs@aced by an ISFET, Figure
4-2(b). The circuit can be implemented in strongveak inversion, but for low power

operation, the analysis herein is restricted tokweaersion.

T W

J@:
| M2
(V5
&
{al i

Figure 4-2(A) Standard CMOS inverter and (B) ISFETbased inverter OR “pH

thresholder”
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DC Response

vorit (vpheb vout (vphe7) vout (vphe8)

vin = 1.26V

Vout (V)

vin ()

Figure 4-3SIMULATED V4, VERSUSV;, AT PH 6,7,8

The standard CMOS inverter in weak inversion hastthnsfer characteristic shown

Figure 4-3. At the switching threshdlg,;,, M1 and M2 have equal drain currents
giving:

Equation 4-1

I
Vpp — |VT0p| + In (ﬁ) Vron

Vint/z = I
1+In (ﬂ)

Igp

where the sub-threshold slope for NMOS and PMOSasseimed equal. We have
already seen from a behavioural point of view thatISFET can be considered to be
a MOSFET with a chemically sensitive threshold agé#, wheréeV, ,,.,, varies
approximately 55m\fiH [74]. Therefore, if the NMOS in Figure 4-2(a) is regdc
with by an n-channel ISFET as shown in Figure 4:2ifte switching threshold will

be given as [81]:
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Equation 4-2

I
Voo = [Vrop| +1n (722) WVron + Veren]

Vint/z = i
1+1In <ﬂ)

Igp

4.3 SIMULATION RESULTS

The simulated transfer characteristic of the ISFB$edl inverter circuit Figure 4-2(b)
in buffer solutions opH 6, 7 and 8, is shown in Figure 4-3. The circuit wasutated
in the UMC 0.2m CMOS technology/,;,; = 2.5V, using a simplified version of the
Martinoia macro-model [78] with perfectly linepH sensitivity (constant for all pH
and temperature). Device dimensions were 50/50 for n-typETSX1 and 50/10 for

p-type MOSFET M2.

pH 3 4 5 6 7 8 9 10

Vinn(V) | 1.148| 1.176 1.204 1.231 1.258 1.286 1.31 1341

Table 4-1Effect of pH on switching threshold

The effect of pH on the switching threshold is shown abl& 4-1 and illustrated in
Figure 4-3. A consequence of this characteristic is th&t,iis fixed, then switching
will occur exclusively due to a change in pH. Moreovee, pil threshold at which
this switching occurs can be set by our choic&;@s shown in Figure 4-4. For
illustration, it is shown that the output is high fad > 4 whenV,, is fixed at 1.18V

and for pH 8 wheW;, =1.26V.
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Figure 4-4 SMULATED P H SWITCHING THRESHOLDS FOR DIFFERENT INPUT BIAS

VOLTAGES

The significance of this simple circuit is thatigt a type of pH comparator, not
switched by a 0 or 1 on the gate input, but by ag#s than or greater than a chosen
threshold. Simulation results have shown the uag#st region around the threshold
pH to be approximately 0.3 pH units. This is n¢heless a potentially useful
technique for array-based thresholding operatiohera/trends and not accuracy are
the focus. Discrete pH changes caused by eventsagiprimer extension for Single
Nucleotide Polymorphism (SNP) detection extend thkesholding” to “DNA logic”,
which has a practical utility in the direct transtion of a DNA input to a binary
output as shown in Table 4-2. Figure 4-7 showautimmulations showing how the
measured data from nucleotide incorporation wowdcbnverted to a digital output

by the ISFET-based DNA logic “NOT” gate in Figure&4

pH < pHth DNA Input Output
0 mismatch 1
1 match 0

Table 4-2 Truth Table of DNA Logic “NOT” Gate
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4.4 DNA LOGIC CHIP

4.4.1 MEASURED RESULTS

This section presents the measurements of the Dig#c Ichip. This unmodified
CMOS ISFET chip was fabricated with AMS 0,3 technologies, containing four
invertors in each corner for protons detectionufeg4-6 and Figure 4-Shows the

layout of an inverter on the chip with p-type MOSFEnd n-type ISFET, which is

the same layout shown in Figure 4-2.

Figure 4-5 World first DNA Logic Inverter with p-type MOSFET and n-type ISFET[82]

Figure 4-7 shows the DNA logic inverter are pH #&res however the switching
transient is about 1V. With the result, we can dahe an indication of a working

inverter with an unmodified CMOS ISFET.

In addition, switching transient of 1V is an isdnepractice. Normally in a point of
care (POA) setting, the amount of sample inputfisnonot enough to trigger the
switching mechanism of an inverter. Thus, to resakis problem, we propose a

circuit solution by employing feedback to a prograable gate ion sensitive field
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effect transistor's (PG-ISFET) electrical gate sti@ht switching the transistor can be

achieved for changes pH as low as 0.1 units.

Logic Output

16 1.8 2 22 24 26 28 3 32
Reference Electrode Voltage

Figure 4-7 Data Result¥/,,,; versusV;, atpH 4,7, 9
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4.4.2 PG-ISFET BASED CHEMICAL LOGIC FOR REACTION MONITORIG

This section presents the use of a Programmable GateSdasitive Field Effect
Transistors (PG-ISFET) to form chemical-logic gatsréaction monitoring. A PG-
ISFET sensor is integrated with standard MOSFETs tm far chemical-inverter,
which switches when a chemical reaction reachestaicahreshold. By employing
positive feedback to the electrical gate, switchingcisieved for changes ipH as

low as 0.1 units. Using this, chemical-logic arrays bansynthesized to carry out
highly parallel chemical processing functions for appices such as DNA

sequencing.

Implemented in typical 0.3%um technology, this implementation overcomes the
limitations imposed on standard chemical logic inverthre to implementation in
CMOS [82]. As a result, it can be used to digitize clesnig reaction, which allows
parallel combinational logic functions to be implementgiving high throughput and

instantaneous results from large-scale arrays.

In order for a chemical logic signal to be derived, ange inpH needs to be
converted to a discrete value. In [82]a simple ISFET/MBEBHverter shown in
Figure 4-8 was proposed which could cause switching due to a cimapbe When
implementing ISFETs in unmodified CMOS however, tha¢age on the floating gate
of the ISFET is divided down due to the passivation cagram®, which exists due to
S;N, passivation [83]. The result is that a largét swing is needed to switch this
type of inverter, which makes it extremely difficultr fieeactions, which only cause a

change of pH unit or less as in Figure 4-1.
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Figure 4-8 ISFET based chemical inverter

The PG-ISFET [84] can be used to resolve this ibsu@corporating feedback to the
programmable gate of the ISFET through a cascadengfe stage amplifiers as is
shown in Figure 4-9. As a result the switchinghef themical logic block occurs very
rapidly even with small changes pH. When the ISFET is biased with a stable
reference electrode, typically Ag/AgCl, a potentlédl. is established between the
insulator of the device, which containgB dependence described Wy, ., and an

offset due to the presence of trapped chatg¢83]:
Equation 4-3

V,G = VG - Vtc - Vc/zem,
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Figure 4-9 PG-ISFET chemical logic inverter

Equation 4-4
Verem =y +2.3a-UpH

wherebyU, is the thermal voltage of the device, is a grogpof non-chemically

related potentials angis a number ranging from 0-1, describing the réidacin

sensitivity from the Nernstian response, typica®mV/pH.
Equation 4-5

Ve " Cpass + Vg " Ceg + Vs Cos +Vp * Cep
Cr

Ve =

The floating gate voltage of the PG-ISFBZ, , is established by a weighted sum of
the voltages applied to the reference electrod®uthV., and the control gate,
throughV,;, Equation 4-3[85]. Each weight is determined by tapacitance of its

input normalized by the total capacitance of tlwatihg gate. FoW/ this occurs
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through the passivation capacitanég,,., and for V; through the control gate

capacitorC.;. Connecting a diode between load and drain of the PGSkt
cascading the output to another single stage amplifiewslthe output of the

chemical-logic inverter to be described as:
Equation 4-6

_gml-gm3

fole FG
4

~ gm2-gm

Considering now the case thaitl decreases, this causes a decreadg jn, which
causes an increaseVf, , which causes an even larger increasé.jnbecause of the
two gain stages. By employing local feedback of this voltagde electrical control
gate of the PG-ISFET, a very rapid transitiorVjp from 0-1 may be achieved for a
very small change ipH if the device is biased, through the reference electjode,
below the switching threshold of the device. A resetadwitas been added to ground

the control gate prior to a reaction so that the imvertay switch.

The chemical logic inverter in Figure 4-9 was designedl imulated in a typical
0.35um process using a Verilog-A model based on the measutdtsrex the
fabricated PG-ISFET. Figure 4-10 shows the output ofrtherier with and without
feedback wherv; is increased ramped from 0-3.3V. What can be seen isnthiag
open loop case due to capacitive division through the péssivtaie inverter fails to
switch whereas in the closed loop case it rapidlyches after a voltage of 693.3mV.
Assuming the PG-ISFET in buffer solution is biased tdélew this potential, thus
any decrease ipH due to a chemical reaction will cause the invertemtitch. Figure

4-11 shows the results for a decreaspHhfrom 7.8 V with the reference electrode
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biased at 1.47 V. What we can see is that the busipiiches by changes of OpH

and lower satisfying the constraints for the reacshown in Figure 4-1.

Transient Response

— Nout<0> — Nin — out<i>
35

l‘_____————-_

25 = ——

22.0
>15
1.0

7 / M0(693.3ms, 693.3mV)

OG AT NS . ’ I

0.0 5 1.0 15 20 25 3..0 35
time (s)

Figure 4-10 Open and closed loop simulated results
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Figure 4-11 chemical logic simulation due to a chaye inpH

Here we presented a chemical-logic inverter basethe PG-ISFET. By employing
local feedback the inverter is capable of switchimigpH changes as low as OpH.

This is useful for identifying chemical reactionsch as those produced during base
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pair incorporation of DNA. This then facilitates theeusf standard CMOS

combinational logic to sequence the genome in a para$ialdn.

4.5 DNA LOGIC APPLICATIONS

4.5.1 SINGLE NUCLEOTIDE POLYMORPHISM

This section presents the application of ISFET-baseelrtiers for reaction threshold
detectors to convey the chemical reaction level lmg& output once a threshold has
been reached. Using this, DNA logic functions are deriveddzleotides allowing
identification of multiple SNPs. This logic is extedd® facilitate a combination of
SNPs, deriving gates, which give a simple Yes/No answvéreir presence. A DNA
logic ‘NOR’ gate is derived for an application where t&bPs need to absent in

order to determine drug delivery.

The key aim is to achieve computation out of biologiedlscand their genetics. In
this section we propose a novel method of DNA Logicgisiticon based transistors
with chemical interactions to create so called DNA&ves that may perform-vitro
computation. This particular work will be confined to shitg based upon the
marker for nucleotide insertions, Single Nuclide Polymorphjsmth the application

being for diagnosis of disease.

SNPs are receiving considerable interest due to the dtémdly offer for disease
diagnosis, screening and personalized drug therapy and medicBiEP is defined
as a mutation of a single base affecting at leasbfl&defined population. Although
they do not necessarily cause disease, their agsociaith disease and with effects
on the pharmacokinetics of many drugs provides informattwndiagnosis and

pharmacological treatment options for many differdiseases. There are currently
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over 1.8 million identified SNPs. In this sectiore wropose an extension to the
method of applying ISFET technology to the detectdthese SNPs, which could be

applied to develop a cost-effective disposableaevi

In prior sections, we have shown how the ISFET mgigeDNA input such as the
presence or absence of a SNP will cause a chargé which can be converted to a

binary output using a simple adaptation of the “N@gic gate. Table 4-2
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Figure 4-12() Measured data from pH response during nucleotide icorporation
during primer extension when no SNP is present (log 0) and when SNP is present

(logic 1) and (b) simulated output from DNA logic nverter circuit

That principle can be extended to multiple DNA itgpto create other DNA logic
circuits to perform simple logical operations, whigrovide a yes/no answer. Often
the presence or absence of a combination multifllesScan give information about

the risk of genetic predisposition to certain dég=sasuch as heart disease or Type Il
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diabetes [86]. Furthermore, some SNPs are linked to drugboietm and therefore
can be used to predict whether a patient should takehaohnidpw dose of certain
prescription drugs. In the case of warfarin, a blood-thinnoggng a high dose in
people with certain SNPs could cause excessive bleeding.SIWPs in particular
have been found to correspond with lower dose requiresnéaé to the fact that they
indicate slower metabolism of the drug. These SNPSarthe “CYP2C9*2” and

“CYP2C9*3” alleles, and a patient with either or both ofdta SNPs will require a
lower dose of warfarin [87]. For illustration, a sinfigld “truth table” for warfarin

dose as predicted by CYP2C9 genotype, is shown in Table 4-3.

CYP2C9*2 | CYP2C9*3 | Dose

Absent (0) | Absent (0) | High (1)

Absent (0) | Present (1) | Low (0)

Present (1) | Absent (0) | Low (0)

Present (1) | Present (1) | Low (0)

Table 4-3 Truth table of warfarin dose predicted from CYP2C9 genotype

Table 4-3 corresponds to a “NOR” relationship, which canniggemented using
ISFET-based DNA Logic. The circuit of the DNA-NOR gag shown in Fig. 7 where
the classical MOSFET is replaced with ISFETs atitipeits, with appropriate DNA
probes and biochemical reagents to detect nucleotide inctomoduring primer

extension [77]. The simulation results are shown igufé 4-14, where the four
vertical dash lines divide the simulation into fourufes corresponding to the truth

table inputs shown in Table 4-4, where either SNP A or 8N®present in a DNA
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sample. This simulation clearly demonstrates tHa¢rwa single base is detected on
either ISFET, then the output will be zero. Onlnédither ISFET detects a SNP will

the result be a digital one.

Figure 4-13 DNA Logic “NOR” Gate with ISFET

pH<pHthA pH<pHthB

(SNP A present) (SNP B present)

0 1 0
1 0 0
1 1 0

Table 4-4 Truth table of DNA Logic NOR Gate
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Figure 4-14 Simulated output response from DNA-NORircuit for reactions in truth

Table 4-3

In this section, we have demonstrated the feasiholi using DNA to switch on and
off transistors to create a synthetic form of DNAit. This will be useful in two
applications, either to create DNA computation asatension to the work already
being pioneered within cellular computing or ascdiéed in this letter for point-of-
care SNP logic on silicon chip based technologiék the advantages therefore of
disposability, portability as well as leveraging te economy of scales of semi-

conductor technologies.
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4.6 SUMMARY

Here we have demonstrated the feasibility of DNAdaas a true DNA switch. The
transistor is controlled by the presence or absenee@¥A target. By combining a
few DNA logic switches, it is possible to perform geypag in a POC setting. In the
next chapter, we are presenting a business model fat vapl detection using the

ISFET detection platform.
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CHAPTER 5 - ISFET PLATFORM HIV NUCLEIC

ACID TEST

5.1 INTRODUCTION

Human immunodeficiency virus (HIV) is known to cause Acglirenmune

Deficiency Syndrome (AIDS). The spread of the virusoissidered by World Health
Organisation (WHO) pandemic and has caused tens of msilbd deaths worldwide
since the first reported case. UN report in 2009 showauh#er of global infection
is about 30-33 million [88]. The trend of new infection peaked996 as shown in
Figure 5-1. It is clear that international effort beéwe health regulators,
pharmaceutical industry, charity organisations and biotdogp@ompanies has paid

off in reversing HIV spreading.

The effectiveness of the WHO in dealing with such a pasmteequires close

collaboration in health policy, disease preventioh/ Hiagnosis, therapy and patient
care and support. One key area in combating the pandemddion is awareness of
the infection status for people living with HIV. The iaitiresponse of a person
infected with HIV resembles a flu-like iliness in thest four to eight weeks. Typical
symptoms include fever, headache, diarrhoea, and fatigfter an initial acute

phase, the individual usually recovers but may live Witld without knowing for 5-

10 years before the AIDS illness starts. Without awasenéshe infection, there is
great risk that the disease will spread over the inteateed O years. It is therefore
necessary and critical to implement early detectiah @onstant surveillance of the

epidemic.
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Figure 5-1: the statistics of HIV infection between1990 and 2007 [88]. In recent year,

2.5- 3 millions are infected every year.

Awareness of people living with HIV has been ondhgf obstacles of managing the
HIV infection. Fewer than 10 percent of people vhtlV in Asia and Pacific and less
than 25% in Sub-Saharan are aware of their setoss{&6, 89]. The undetected
infection is not specific to developing countriéiss reported that 70 percent of those
visiting sexually transmitted disease clinics githout known being a HIV carrier in
developed countries [56, 90, 91]. There has beravainitiative, Provider-Initiated
HIV Testing and Counselling (PITC), which encoursgemore proactive approach in
HIV testing. With the PICT, the HIV testing is iisited and provided by the primary
health providers. In one report on immigrants inlgiten, the persistent stigma

associated with the disease and fear for the owcbas been cited as the reason
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stopping more uptake of HIV test [92]. In anothepart, the barrier includes long
waiting times in getting a test, lack of supporteaunselling, and privacy issues [93].
The new initiative is to improve testing coveragel éherefore to enrol people living
with HIV to care and supporting system along wiisBng voluntary counselling and

testing route.

: ," Reverse Transcriptase

Figure 5-2: Structure of Human Immunodeficiency Virus. The size of the virus is about

100 nm in diameter [94].

To support both initiatives, it is crucial to prdei a technology that enables testing
and improves services. There are rapid HIV testsliBgnosis in field and laboratory-
based detection methods. Each category covergdiiffdields of HIV assays. The
rapid tests are deployed as the front line tramsfsurveillance/diagnosis, while

laboratory-based assays are more for confirmagets tand prognosis.

The rapid tests detect the presence of a humawoalyti which is an immune response
to HIV infection. The human antibody is producederafseroconversion, which is
about few months after HIV exposure. As the resuktye is a window of infection,
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when the antibody test will fail in detecting thefeiction. On the other hand,
laboratory-based methods detect the presence of virdgr girotein or genetic,
materials. Consequently, it is effective in diagndsisacute HIV infection. One of
the laboratory-based methods is to monitor the existefhogral genetic material,
which also has applications in prognosis and care managesmeh as viral load or

drug resistance.

The structure of HIV has been studied extensively. Gbmplete particle is also
known as a virion, comprising a lipid-bilayer jacket aroudiet-shape capsid core as
illustrated in Figure 5-2. HIV is a retrovirus in whichetlgenetic material is RNA
instead of DNA. In each virion, there are two identicapies of positive single-
stranded RNA sequence and two copies of reverse tnatesgiin the capsid. The
capsid is made of two thousand copies of viral protein p24. @onemtary DNA is
produced by reverse transcriptase and integrated into thenrhgemome by integrase
once the virus enters a cell. On the outside, the yalset is a mixture viral protein
gp120 and gp41l with the lipid bilayer originated from the hunedinndhere the virus
was produced. The number of surface protein, gp120/gp41l is abowpiéed @er
virion. For viral detection in the early course of HiMection, viral RNA and p24
could be found in the circulation as early as 1 week ak@osure. However the

circulating p24 will disappear after the acute phase dusetmtection cycle of HIV.

Two species of HIV infect humans: HIV-1 and HIV-2. Both veasshave a similar
genetic makeup. The genome is composed of two copiessiivposingle-stranded
RNA that codes for the virus's nine genes, enclosed by aat@aipsid or viral coat.
The single-stranded RNA requires enzymes for the developaf the virion. One of
these enzymes, reverse transcriptase (RT), transcelgle-stranded RNA into

double-stranded DNA. The RNA genome consists of nine g@ap pol, eny, tat,
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rev, nef vif, vpr, vpu, andtev), which in turn encodes 19 proteins. Three of these
genesgag pol, andeny, contain information needed to make the structuraleprst
for new virus particles. Genetic sequences within thesesgare common to both
HIV-1 and HIV-2, but not other viruses and so can providestindt recognition

modality.

It is important to note that the gene sequences of HIY batween regions and
individuals due to the high error rate of the genome r&dic mechanism. The
variation could be the result of a natural protectionHtv. Change of the genetic
content result in the mutation in its protein. Thendeaof evading the host attack
could be increased by mutations of the envelop proteins wheheaognised by
immune system. Since the structure of HIV is verypdinthe odds of a tolerating
mutation is much larger in HIV than in organisms suchy@ast orE. coli. An
example showing the degree of variations in three geog@algdopulations is shown
in Figure 5-3. It is therefore very important that theigle of any HIV diagnostic kit
takes into account the dynamic variation of the genes #lso known that the
dominant HIV strain in an individual living with HIV coulchange depending on the
treatment regime and the discipline of exercising tgame [95]. It is usual that there
are more than one strains of HIV co-infected a patidhie mutations or gene
variations may or may not be associated with drugtesgis. The HIV medications
have to take these issues into account to deliver spé@itments. Therefore the
effectiveness of the therapy is correlated withdheveillance and early diagnosis of

the gene variations.
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Figure 5-3: Phylogenetic tree of 197 HIV-1 samplegsom Kinshasa and from Bwamanda
and Mbuyi-Mayi in Democratic Republic of Congo. The0.1 bars at the bottom of the

graph represent 10% variation [96].

Following infection with HIV, the virus binds to drenters a class of white cells
known as T-lymphocytes. Only a subset of T-lymplesycarrying cluster of
differentiation 4 (CD4) is infected as the routesafry. The invasion of the HIV virus
particle is initiated by the binding of CD4 recepto the gp120 on the envelope of

HIV particle, which initiates endocytosis procesfgEs.

The HV replication is illustrated in Figure 5-4.t&f a cell is infected, HIV multiplies
within the CO}" lymphocytes and is then released by killing thét aed releasing

virus particles that then infect further €T -cells.
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Figure 5-4: Primary HIV infection and replication. HIV particle associates with human

lymphocyte via interaction between gp120, CD4, an@CRS5 [98].

In a few weeks after viral exposure, the HIV regliocn process reaches a maximum
as well the number of circulating virion. Billiomd virus particles are produced each
day in the acute phase and the individual is higffigctious at the stage. During this
acute phase of the infection there are no overtpgyms although the body is
producing antibodies against the virus, specificajainst the gp120 protein. Also
during the acute phase there is an increase irs \particles and a fall in T-cell

numbers which we can see in the viral load andomlht in Figure 5-5.
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Figure 5-5: Viral load and immunological response DHIV infection.

Sometime in the 3-6 months following infection timelividual ‘seroconverts’, the
level of antibody reaches a plateau, virus numfzdrand CD" cell numbers recover.
This asymptomatic state can last for years and usually during this period that

individuals are diagnosed as being HIV positive.

It is not surprising that people living with HIV dwt understand the viral conditions
until the start of the AIDS iliness due to the véogg asymptomatic period. In more
developed countries, late diagnosis contributea substantial proportion of newly
infected HIV individuals [99, 100]. The late diags®has several implications in HIV
management and care support. The choice of mealicatilimited in the AIDS stage
and the health condition of the individual gengr&ltoo poor to support the therapy.
Strategies to improve the early diagnosis are megdo include routine HIV test in
primary care condition such as the PITC scheme panodiding HIV tests in non-

medical environments where adequate counsellingagable [101].

Studies show that early detection of the virus doabically prevent the spread of the

disease. The majority of the peoples, who learhatithy are HIV positive, tends to
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modify their behaviour to reduce the risk of HIV transsion [102, 103]. In addition,
early detection of the virus also reduces morbidity andatiky and improves quality

of life

5.2 HIV TESTING OVERVIEW

The testing can be classified as diagnosis and prognosidiich diagnosis provides
result for people newly living with HIV and prognosis e the therapeutically

effectiveness and medical support.

HIV diagnosis generally tests for the presence afantor antibody specific to HIV-
1 and HIV-2. A reactive result indicates the presemdaistory of HIV infection. The
standard WHO/UNAID protocol on HIV assays includes tlsteategies in calling the
assay result as shown in Table 5-1. For screening otethitdood or organs for
HIV, a one-step test is carried out. ELISA is usuaked to in the strategy for its
ability to process large quantities of samples with lavst.c Reactive response or
intermediate results will result the donated sampiaedgdiscarded. When individuals
are in clinical counselling for HIV, the diagnosis invaviops of testing using
different methods and mechanisms depending on the preeatdrthe case. In low
prevalence situations such as early diagnosis when ie@ symptom of illness, a
supplement test is needed to confirm a positive readingoOtte confirmatory tests
is Western Blot (WB), where the antibody specifiti¥ proteins are being verified.

WB requires more skilled intervention and is not destyfor the first test.
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Table A. UNAIDS and WHO recommendations for HIV testing
strategies according to test objective and prevalence of
infection in the sample population

Objective of testing Prevalences of  Testing

infection strategy

Transfusion/transplant safety All prevalences I

Surveillance -10% I

<10% I
Clinical signs. 30% I
Diagnosis symptoms of <30% I
HIV
infection’
g 1 0% II
Asymptomatic <10% I

Table 5-1: HIV testing strategies and test objectiz [104].

Another class of first-line HIV test is the rapg&st, which produces result in less than
30 minutes. The rapid test can be performed infild using whole blood, serum,
urine, or even saliva samples. The rapid test cbaldised as a screening assay as a

well as diagnostic assay.

When the objective is medical support for peopladj with HIV, viral load and drug
resistance are the focus. The viral load indic#teseffectiveness of the medication.
A viral load lower than 50 copies per ml of bloed donsidered as undetectable.
Increaseing viral load is a rebound and sign offéliled therapy. Nucleic acid test is
the standard methods in viral load assay. Theqeshtifies the amount of the viral
RNA or pro-DNA using nucleic acid amplification tewmlogies such as PCR. The
type of assay is extremely sensitive and a muchtahaindow period compared with
an antibody/antigen assay. However, specialisetitfaand training is required to
ensure the test quality, which associates with nhigher cost. The turn-around time

is generally several hours before the result islavie [105].
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Incubation with sample.
HIV specific antibodies binds
to the antigen.

Immobilised HIV antigen

Binding of antibody specific The labelled enzyme
protein which is labelled. generate coloured product

Figure 5-6: ELISA work flow example. In this exampk, the target antigen could be
recombinant HIV fragments. The sample is applied tahe immobilised antigen. If there
is HIV-specific antibody, it will bind to the antigen. The detection of the antibody by
immunoglobulin binder produces colour or light [75]. The graph is an illustration of a

general work flow.

5.2.1 ANTIBODY AND ANTIGEN TESTS

These type of tests covers a broad range of predud assays. HIV antibody tests
are highly sensitive and have advantages of beiegpensive and accurate. This
makes it the most apposite test for routine vietkdtion. One of the first HIV test to
be widely used is the enzyme-linked immunosorbenibady test (ELISA, Figure
5-6). The type of assay could be automated in riierglate format, which allows a

really large volume of samples. When used in diagnoELISA positive can be
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inconclusive. Risk history of the individual, and clinipatigment on the visit should
be included in the assessment. A second independers teqtiired as a confirmation

test.

The emerging rapid tests circumvent the long turn-arounte tand provide
alternatives to regions with limited resources and $ample numbers. The principle
of detection of the rapid testing kit is the same @&sBEhISA. The rapid kit has the
antigen and reagents packaged in a compact and machine rfinegt. fdypically
recombinant peptides resembling the HIV proteins are immedils a membrane.
In the presence of antibodies specific to HIV, thebaxies bind to the peptides on
the membrane. These antibodies are only produced afteoseersion by the human
body as the response to HIV invasion. The detectidheoantibody-peptide complex
is achieved by labelled immunoglobulin binder, such as protefmom of bacteria.
The immunoglobulin binder could be labelled with gold ngaaticles. When the
binders are concentrated at the line/dot of the HIV adtipa visible line or dot will
appear. The detection cascade is sensitive and simpley dfahe tests have been

granted CLIA waiver status in using whole blood samples €ratd).

However, a clear disadvantage of antibody testseidalse negative result during the
acute phase of infection. This is due to the gradual develtpaiedetectable HIV
antibodies. The vast majority of people take approxim&e@lgays after infection for

their antibodies to be noticeable.
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Brand Time Viral type Sample type Format

OraQuick 20 HIV 1/ HIV 2 Blood, plasma or oralifiu

Uni-Gold 10 HIV 1 Blood, serum, or plasma )

Clearview 15 HIV 1/ HIV 2 Blood, serum, or plassemples

Reveal HIV 20 Whole blood, serum, or plasma. —
of

Table 5-2: The short list of third generation HIV rapid tests.

5.2.2 NUCLEIC ACID TESTS

There is clinical correlation between the conceéimraof circulation virus and
progress and risk of AIDS. When newly HIV posititee supporting system will
decide the therapy regime based on the individuahg history, any medical

complications, and the viral load in blood.

For people who have lived with HIV, a key indicatof anti-retroviral treatment

(ART) failure is an increase in viral load. Curdgrthe turnaround time for such tests
is usually one week, and in the event that a pab@nART has an increased viral
load, it is necessary for the patient to re-attelimdc, commonly four weeks from the
time of the first appointment, and during this pdrit is likely that drug resistance
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will have continued to develop, thus limiting theadable options for changes in the
drug regimen. The development of a lab-free HN\AMoad test would serve to avoid
such problems and reduce laboratory costs in a étting, as well as being a priority
in global health to determine ART failure (insteafl CD4 cell count/clinical

symptom development) and to diagnose mother-tactibinsmission (instead of
antibodies which limits tests to children 18 montiisge). The work proposed would
validate the detection and quantification of bottavHIV RNA and proviral DNA,

paving the way to develop diagnostics for otheusas including hepatitis B and C.
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Figure 5-7: The fluorescence signal during a PCR. fireshold cycle number is usually

used as the parameter in quantitating the amount oftarting material [106].

Nucleic acid test (NAT) currently is the only edtsiied method for determine the
viral concentration in the circulation. In the tesample RNA or DNA, is amplified
using polymerase mediated synthesis. The ratidh@fproduct to the sample would
reach 16° at the end of the reaction. The speed of amplifiettleic acid
accumulation is proportional to the amount of inpainple. Quantification is done by

comparing the accumulation against a known conffbe amplification is hard to
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match by ELISA while obtaining the specificity. Over thst twenty year, PCR has
become the standard to quantify the small amount of isuatéd which is otherwise
undetectable [106-109]. The quantitative detection happens aathe time as the
amplification. As the result, the method is alsdechleal-time PCR. There are many
techniques in obtaining the real-time quantification, whickariably require
fluorescent intervention. One of the examples of dbantitative PCR is shown in

Figure 5-7, where the technology is Sybr Green PCR.

The cost of a NAT assay is, however, considerably mmole expensive compared
with ELISA assays. If large sample number are to begased using NAT, current
products on the market would require substantial advant&dumentation to be
setup and automated. Although NAT is not being used as a priasmay for

diagnosis, it could shorten the window period betweégction and detectability of
the disease. In order to enable NAT in a point of eemaronment, it will need new

technology to circumvent the assay cost and machingleaity.

When using biological sample for NAT, the current protaeguires viral RNA is to
be purified to high grade before amplification. It renmowample difference and
inhibitors which affect polymerase. The following sigpo convert RNA into cDNA

by reverse transcriptase (RT) before being amplified $ycand enzyme cassette.

PCR is the technology behind the Tagman assay [76], famgle. Sets of short
oligonucleotides specific to viral genome bind to the WGEANA. The amplification is
then followed using the hybridised oligonucleotides. D&iaads by the hydrolysis of
a labelled reporting oligonucleotide, which is specifichte amplified product. The

release of the labelling probe is detected as fluoresaceciEases.
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Amplification could also be achieved using T7 RN&lymerase/reverse transcriptase
cassette in Gen-Prob products. After amplificatitwe, resulting nucleic acid products
are hybridized to specific oligonucleotides boundthe vessel wall, and are then
made visible with a probe bound to an enzyme. Theuat of virus in the sample can

be quantified with sufficient accuracy to detece#ifold changes.

Figure 5-8: Branched DNA (bDNA) detection. The targt nucleic acid is captured by
capture probe, which is immobilised on the surfaceThe enzyme (Alkaline phosphatase)

is conjugated to the bDNA [110].

There is another class of NAT which does not udgnperase to amplify the nucleic
acid but use enzyme to amplify the signal. BrancbB&bA technology from Chiron
uses densely packed enzyme on a recognition brdmalaeic acid which associates
to the target complex through hybridisation [11The target complex comprises
capture/amplifier/preamplifier oligonucleotides akown in Figure 5-8. Capture
oligonucleotides are added to bind and immobilise éxtracted RNA to the wall of
the vessel. Amplifier and preamplifier oligonucleles are added to bind at several
locations with the RNA. Finally bDNA with enzyme rgagates bind to several
locations to those oligonucleotides. The denselgk@d enzyme action causes a
colour reaction, which allows quantification of thieal RNA. Monitoring the effects

of antiretroviral therapy by serial measurementplagma HIV-1 RNA with this test
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has been validated for patients with viral loads gre#ttan 25,000 copies per

millilitre.

The NAT assay is effective in early diagnosis ancm®ssl in prognosis. There is a
clear advantage for HIV detection and quick viral loadults. However the
performance of these methods mentioned, are not design@dPOC environment.
With the advance of PCR technologies, improvemenpagmerase performance,
and integration with microfluidic structures, a new gatien of NAT is coming to

address the need. The first wave of the technology advanthe integration of the
miniaturisation and traditional fluorescent PCR or hybatlon technologies. FDA
approved assays and product such as Osmetech (€5¥s8rWarfarin sensitivity)

and Cepheid (Xpelt' MRSA) are starting to test the acceptance in printame

environment. Despite the use of microfluidic structure metochip, they require a
large instrumental setup combining amplification and detec#\s the result, these

methods are classified as chip-in-a-lab devices.
5.3 ISFET NAT PLATFORM

We propose the ISFET NAT platform could provide an altitredo the current NAT

methods based on the following:

1. Disposable sensor and analyser

2. The integration of detection of nucleic acid and angdiion with CMOS is a
true lab-in-a-chip technology.

3. It is versatile to form the platform into a high-déypsutomatic unit or rapid

result in a resource restricted environment.
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Our objectives are to implement HIV detection ipant of care setting and to bring
personalized medicine to the bedside in the managemf infected patients with
HIV. In addition to its timeliness in developing BCQtesting which will be of

immediate benefit to patients, the section of timesis will serve as a proof of
principle for POC detection and quantification dher infectious organisms. The
work will also be important in the development déb-free rapid NAT assay needed

in the developing world and for HIV and other dses

HIV-1 RNA

one step rt-pH-PCR

Figure 5-9: The goals and project of HIV-1 diagnos. The projected project uses ISFET

technology and one-step RT-PCR for viral amplificaion.

This work contributes to the proof-of-concept steipich amplifies and detects the
HIV virus in a simplified condition. The enabledchkmology platform will be
incrementally developed to exploit its potentialeaBOC detection system for HIV-1

virus load testing and streamline the sample pedjmar (Figure 5-9).

The concept structure of the ISFET NAT platformsi®wn in Figure 5-10. It has
been verified that the ISFET reagdll change on a nucleic acid chain extension that

generates protons. The presence of a matchingt taeggience correlates with"H
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release as shown in the graph. The logic is estaddi between the nucleic acid target

and the ISFET readout. The method is highly scalabtause

1. No camera or optical detector needed

2. Mass manufacturability powered by use of the stath@MOS process

DNA sample

with matching

sequence
DNA detection
probe

DNA extension
+
releases H

Multiple microfluidic chambers \
each containing unique DNA
probes, nuclectides and reagen

Microfluidic assembly
Chamber N containing reactionchambers,
channels, and access ports

CMOS IC with ISFETs,

- = temperature sensors, heaters,
ISFETN and instrumentation and control
circuitry

Figure 5-10: Device structure of POC ISFET deviceMultiple sensors are integrated
with corresponding fluidic structures. Detection of reaction is carried out in each

discrete electrode.

5.4 LABEL-FREE HIV-1 DETECTION BY ISFET

A non-infectious strain of HIV-1 virus, 8E5 from 1&€are was used as the model
sample. The virus is purified from cell culture antked with screened human serum
with known concentration, 20,000 copies/mL. Theusithas same sequence and
structure as standard HIV-strain, HXB2[111], ap&kdm one mutation at 3241

position which causes a frame shift to the polyrsefd12, 113].

The development of the test has accomplished IS#dEdction using a one step PCR

divided into three stages,

115|Page



1. Sample preparation
2. Validation of design and rt-PCR

3. pH-PCR of HIV in one step

The sequence of the primers used in the rt-PChéas tested and optimised (Table
5-1). It is found that the extra primer (SID4) f@verse transcription step increases

the yield significantly. The PCR primers (SID5/S)>énplified the ssDNA initiated

by SID4.
Name Sequence 5> 3’
SID5 ACGGTTAGGGCCGCCTGTT

Table 5-3: The sequence of oligonucleotides in HIRT and PCR

Typical rt-PCR started with two steps PCR. In tinst fstep, the reverse transcriptase
(SuperScript Il from Invitrogen) is mixed with SéDand HIV RNA in proprietary
buffer. The reaction is allowed to occur for 30 utées, which produces cDNA. The

reaction mixture is then heat-inactivated st®@%or 5 minutes.

SID05 10005 EcoRl

e

4101 CAGTAMAMAC RAATACATACT GACAATGGCA GCAATTTCAC CGGIGCTACG GITAGGGCCG CCTIGITGGTG GGCGGGAATC AAGCAGGAAT TTGGAATTICC
GICATITITG TTATGTATGA CIGITACCGT CGITAAAGIG GCCACGATGC CAATCCCGGC GGACAACCAC CCGCCCTTAG TTCGTICCTTA AACCTTAAGG

4201 CTACAATCCC CARAGTCAAG GAGTAGTAGA ATCTATGAAT ARAGAATTAR AGRARATTAT AGGACAGGTA AGAGATCAGG CTGAACATCT TAARGACAGCA
GATGITAGEG GTITTCAGTIC CTICATCATCT TAGATACTTA TTTCTITAATT TCITTITAATA TCCIGICCAT TCTICTAGICC GACTIGTAGA ATTCTGICGT

4301 GTACARATGG CAGTATTCAT CCACRATTTT ARAAGARAAG GGGGGATTGG GGGGTACAGT GCAGGGGAAR GRATAGTAGAR CATAATAGCA ACAGACATAC
CATGITTACC GTCATAAGTA GGTGTTAAAA TTTITCTITIC CCCCCTAACC CCCCATGICA CGICCCCTITT CITATCATCT GTATTATCGT TGTICTGTATG

SitHe 00054
4401 AMACTAAAGA ATTACARARA CAARTTACAA ARATTCAARA TTTTCGGGIT TATTACAGGG ACAGCAGRAR TCCACTTTGG AAAGGACCAG CAAAGCTCCT
TITGATTICT TAARTGTITIT GITTAATGTT TTTAAGTTIT AAARAGCCCARA ATAATGICCC TGICGICTIT AGGTGAAACC TTTCCTGGIC GITTCGAGGA
SHI0% 00,05

Figure 5-11: Alignment of SID4/5/6 to the HXB2 segence.
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The cDNA from RT is then amplified using the PCR technigDptimisation was
done by varying the annealing temperature and concentratioprimirs. The
amplification produced a greatpH decrease compared with a control reaction, as
shown in Figure 5-12. In the control, one of the PCR @rinwas missing and there
was no reaction happening in the control. A succe$3@R requires both forward
and reverse primers. The extension reaction only phelti the template linearly by
cycle number rather than exponential in a typical PCRe missing primer was
replaced by an equal amount of counter primer to competisatbuffer capacity

variation.

The data shown in Figure 5-12 is the pH dependence on thepR@Ress using
cDNA. Each point was triplicated. The pH value at Sleyavas used as the starting
point, where the samples were cycled without substiaatnplification. As the PCR
progress, more amplicons are produce. As dNTPs converiggtdphosphate in the
PCR catalysed by polymerase, the pH decreased from 7.6 tblaikver, there is
also a pH drop in the control between 5 and 35 cycles. was likely caused by non-

specific hydrolysis of dNTP, which was caused by thermairgy.
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Figure 5-12: Amplification dependent pH change. Vale of pH was measured at 5, 35,
and 45 cycles of PCR using cDNA. The cDNA was pregl in a separate step by

SuperScript 111.

Integration of reverse transcription and PCR was stoaightforward. Different
enzymes are used in each reaction, in which the éRZyme interferes with
thermophile polymerase in PCR. Research work ha® learried out trying DNA
polymerases from various suppliers (Table 5-4)s ifound that the combination of
Invitrogen and Fermentas provided most consistestilts. Crucial optimisation is
done on mixing the right ratio of the RT enzyme dhdrmophile polymerase. A
single reaction mixture is achieved to combined &l PCR in a sealed chamber.
The graph in Figure 5-13 shows a much bigger diffee between the starting pH
(cycle 5) and end pH (cycle 45) in the presenddIdt The apparently lower starting
pH in the control is the result of variation betwesssays. The reading of the signal is

depending on the pH difference between two or mgcée numbers.
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Company Product

Invitrogen AmpliGold
Fermentas TrueStart
Promega GoTaq
Clontech Titanium Taq
KBiosciences Klear Taq

Table 5-4 Enzyme vendors and products used in thessays

7.6

7.4

m 5 cycles

pH

M 45 cycles

HIV Control

Figure 5-13: pH detection of HIV using one-step RTRCR method

5.5 DNA LOGIC IN ISFET PLATFORM NAT HIV TESTS

Given the validated result in HIV detection usinge tISFET, we designed an
integrated DNA logic chip that combines the pH saigand decision making using

transistor. For diagnosis, a device should helpues to reach a decision, such as the
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type of drug or therapy care. Direct and concisgrurction from the device is
generally favoured without presenting raw signatlata such as the graph in Figure
5-13. Based on the concept, the DNA logic chipiprovide a logic operation on the
ISFET signals from each target chamber shown iurgig-10. The result of the
operation can offer simple binary result, Yes or. Nlb is essential to contain both
negative and positive controls in any moleculargdasis device. More control
reactions are generally required to provide thesexdevel of non-ideal conditions. In
HIV tests, the negative control is a reaction udidfer in the place of a template
nucleic acid, which is called NTC control.. A syatic target, RNA, is used as a
positive control. A logic table in Table 5-5 redsdde assay result into a different
infectious status or failed test. The confirmeditpges requires both positive control
and HIV sample being responsive while the buffenams negative. A design of the
trial chip is shown in Figure 5-15. Three reactallambers and ISFETSs are located at

the corners of the square.

Buffer | RNA | HIV | Infected
0 0 0 X
0 0 1 X
0 1 0 NO
0 1 1 YES

Table 5-5 Logic Truth Table: Buffer = Negative contol RNA = Positive Control
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Vdd

Vdd

—| M2 —[ m2 — M2
win | vout vin | vout vin | vout
reference reference reference

electrode electrode electrode N

-—-——Q X1 -—-\\\ X1 -——k X1
I\ } L;
pH pH pH

HIV RNA Buffer

Figure 5-14: Three ISFET inverter pair circuit design of the logic table of three ISFET

chambers

Figure 5-15: Floor plan of HIV logic chip, 1.5mm s@cing between inverters

Logic gate design can also be applied to a sequsgleetivity test. In the previous
session, the principle of HIV detection using pHsi®wn. There is only one target
sequence, which is part of the pol gene. Howeveés,normal to test multiple sites of
HIV sequences to increase the selectivity. Conskrggions in the viral genome such
aspol or gagare the frequent targets. Another conserved regimf gene, which is
used in the Roche detection kit along wgdlg Here we present the logic gate design
that accommodates two sequences sugagandvif for the detection of HIV-1. The
accuracy of testing is vitally important in orderdccess treatment, and knowledge of

one’s positive status can lead to behaviours tteptmther people from infection.
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gag vif

0 0 0
1 0 0
0 1 0
1 1 1

Table 5-6: Truth table of genes, gag and vif

By having an “AND” gate, output 1 will only be given wiboth genegjag and vif

are present in either blood or saliva samples. AsdtyréaND” gate make feasible
for more sensitive and more robust HIV-1 nucleic acidirt@s This is an important
step for such detection at home or at any POC settitigputi skilled personal and

laboratory.

5.6 SUMMARY

HIV diagnosis is currently dominated by antibody-basedyasbhe kits described in
the chapter provide detection with the risk of missirg eéhrly infection. The health
authorities have managed HIV diagnostic policies basecheravailable detection
technologies. The DNA logic and labelling free detectomuld improve the HIV
management by increasing the sensitivity over the windowogeWe have
demonstrated the proof-of-concept of the detection using TSFBe detection and
discrimination is directly correlated with the degrdeamplification. By combining
the HIV assay and DNA logic, it is possible to producengls device that can

indicate the early infection of HIV.
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CHAPTER 6 — RAPID HIV TESTING: BUSINESS

MODEL OVERVIEW

6.1 INTRODUCTION

Human Immunodeficiency Virus (HIV) is a compelling hibabksue that is currently
plaguing the globe. This anxiety stems from the AIDS pamcleFirst recognized in
1981, AIDS precipitated the death of more than 25 milliorpfeefi14]. Present day,

it is considered one of the most detrimental disegesssded in history.

In spite of the constant advancement of antiretrbtiemtments, AIDS is consistently
still one of the most detrimental epidemics in the ldkoAccording to studies
compiled by the Joint United Nations Programme on HIV/AINAIDS), globally
there are approximately 33.4 million people currently livinthwhe disease. In 2010,

it was surveyed that 2.7 million new cases of AIDSedvery year [115].

One of the key factors that contributed directly to thigstrophe was the insufficient
amount of funds allotted for preventative measuredasidof access to antiretroviral
treatment. In Kenya, antiretroviral therapy was reifeto approximately 190,000
adults, but there is an estimated of 1.4 million exgstifiV-infected patients. Only
12% of infected adults were receiving the treatment. In atleeds, more than half of

infected patients are still not receiving antiretrovirerapy [116].

There has been a lot of debate regarding the amounnhads fallotted for HIV/AIDS
in the healthcare sector. This has been such aosensial matter because it has
become an enormous burden on government budgets and resdor@006, $8.9

billion was spent globally on HIV/AIDS activities. Thgpending only achieved 60
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percent of the global need. Although the spendm@Q08 was increased to $13.7
billion, the fund was still 48 percent short of thetual global demand. Furthermore,
UNAIDS estimated that the fund required for HIV/ADactivities in 2010 will reach

$25.1 billion and forecasted that by 2015 the ahmesource need will surpass $54

billion [117] Figure 6-1.
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Figure 6-1 Global Spending on HIV/AIDS Activities [L18]

Besides causing extreme grief and pain to loved,ad&/ and AIDS cause long-term
permanent damages on the global economy and theudiisn of human capital
growth. This is due to the impacts resulting frdme increase in the proportion of
young adults affected with HIV/AIDS. This pernic®ulisease has gravely crippled
the taxable population and also reduced the amoiufoinding that was provided for

public expenditures including education and hesdttvices [118].

Although governments and organizations have takesatgcare to implement
preventative actions to impede the growing numbemHb//AIDS patients, the

amount of victims that suffered from the contamratrose greatly regardless of

124 |Page



their immense efforts. Thus, vigorously expanding acteddlV counselling and
testing shows the most potential to diminish the HI\D'&lpopulation. Implementing
early HIV detection is without doubt a gateway into Hdévention, treatment and

care.

6.1.1 EARLY HIV DETECTION

Early HIV infection often causes no symptoms, makingyedetection extremely
difficult. Present day, HIV testing programs rely heawin HIV antibody tests
because they are cheap and effective. However, Hl\baahes generally do not
reach noticeable levels in blood for one to three n®after infection. It may take
the antibodies as long as six months to be produced inigesidrge enough to show

up in standard antibody tests [119].

In a 2006 UK report [120], it claimed that one quarter oindected population visit

and leaves the clinic not knowing they are HIV positiVhis presents a particularly
high risk, as subjects with acute HIV infection are namsitagious because of high
virus loads in their system. The reason causing falsetimeg&sults is due to the
intrinsic defect of any antibody-based tests within thmdew period before

seroconversion. Thus, false negative results withintigikly contagious period can
pose a serious challenge in controlling such an epidekhénce, to determine
whether a person has been recently infected, screeniod fdothe presence of HIV
genes is consider one of the most effective methaal/tad false negatives results.
Direct screening of HIV genes is extremely criticapreventing transmission of HIV

from recently infected individuals.
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6.1.2 NUCLEIC ACID TESTING MARKET

Nucleic acid tests (NAT) is one of the fastest growsagment in the molecular
diagnostics market. It is widely being used for improvingDIVests, tailoring
personalized medicines, and discovering novel biomarkdrs.gfowth of the NAT
market is mainly driven by various applications such ad \e@d applications in
HIV/hepatitis, detection of pathogens, and Cytomegalo@lV) diagnostics. As a

result, this thriving market is projected to reach 5.6 milliéSD by 2015 [121].

NAT outperformed the traditional chemical reactiorhteques in terms of sensitivity
and sample to readout time, making NAT the most advadeghostic test for
examining pathogens of interest and various genetic disortteaddition, NAT is
currently the only established method for determining thal eoncentration in the
circulation. This is particularly essential when @nees to therapeutic effectiveness
and medical support. Although, in recent years, the advasiot of NAT
technologies has made the NAT more accessible, thgtiadaf NAT in the clinical
laboratory field has been rather slow due to high costlacidng in skilled lab

personal [121].

Major players in NAT market include:

® Abbott Laboratories Inc. is a global company leadingthe 1IVD business,
specializing in immunoassays and blood screening. Varioudcaiphs of
medical tests and diagnostic instrument systems hae developed by Abbott.
Abbott offers hospitals, laboratories, blood banks, and iphys offices to
diagnose and monitor diseases such as HIV, hepatitiger, heart failure and

metabolic disorders. Abbott also manufactures POC dg&gn products for
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blood analysis and cardiac assays to provide immediatgr@tise diagnostics
information [122].

Applied Biosystems Inc. is a company that focuses on piweutical,
biotechnology and standardized testing researches. Tigaty has an installed
base of nearly 180,000 instrument systems in 100 countngxdied Biosystems
Inc. products have been widely used by pharmaceutical andcbmilogy
companies for enhancing discovering and developing new drugslja£J3,
Becton, Dickinson and Company, founded in 1897, is a metkchinology
company that manufactures, and sells medical systemhsinstruments. Its
diagnostics department provides one-stop solution integratistems from safe
collection and transport of diagnostics specimensnstrument systems and
reagents for infectious diseases detection, healtlasm@ciated infections (HAI),
and cancers. Its product lines include of safety-engineeread bdollection
products and systems, automated blood culturing systems, utasldesting
systems for sexually transmitted diseases and microorgadentification and
drug susceptibility systems [125].

Myriad Genetic Laboratories, Inc. is most famous ftgr predictive medical
products: [126]

BRACAnalysis evaluates risk for hereditary breast and ovarianeran
COLARIS: evaluates risk for hereditary colorectal aretine cancer
COLARISAP: evaluates risk for adenomatous polyposis colon cagoer@ames

MELARIS: evaluates risk for hereditary melanoma

These predictive medical products patented by Myriad Gerettount over

40% of its revenue.

Myriad also offers the following personalized medicirgtse[126]
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TheraGuide: predicts toxicity to 5-FU-based chemotherapy
OnDose: measures a patient’s exposure to 5-FU chemotherapy
PREZEON: assesses the status of the PTEN gene

PROLARIS: assesses the aggressiveness of prostate cance

Myriad is one of the leading companies to make its ptbfibugh genome

discoveries.

Novartis AG is a Switzerland-based holding practicing aede development,

manufacture and marketing of healthcare products. Noyadiades healthcare

solutions include medicines, preventive vaccines, diagndsbls, generic

pharmaceuticals, and consumer health products. Operatmgiiri40 countries,

its businesses are divided into four operating departmédrg} |

B Pharmaceuticals: discovery and developing new medicines

B Vaccines and Diagnostics: developing human vaccines amtlHbésting
diagnostics

B Sandoz: generic pharmaceuticals development

B Consumer Health: manufactures and develops over-thearo(@xTC)
medicines, animal health medicines, and contact lgrsesicts.

Roche’s Diagnostics Division, in 2009 had a 20% share ofgthbal 1VD

market, valued at an estimated 40 billion US dollarsnimnual sales. It is one of

the top suppliers in the 1IVDs market. In addition, Régesearch products are

widely used in hospitals and research labs for pathogessarches and

discovery of new treatments [128].

Siemens Healthcare Diagnostics, Inc. manufactures aodidps clinical

diagnostics and therapeutic systems. It has a wide @ng®duct lines such as
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integrated chemistry, immunoassay, routine chemigtlighbetes, urinalysis,

blood gas monitoring, early detection, diagnosis, therapg care [129].

6.1.3 CHAPTER OBJECTIVES

The proposition of this chapter is to propose a businessehusing the ISFET
chemical sensing technology as a platform to implemageitd HIV nucleic acid tests.
In this Chapter, we started with a thorough analysihefHIV testing market and a
brief overview of current HIV testing products and mantueers. Next we depicted a
business opportunity using ISFET chemical sensing platforanl@s cost, rapid, and
robust HIV point of care detection device by construcengusiness model with

strategic comparative analyses and a revenue model.

6.2 HIV TESTS: MARKET OVERVIEW

6.2.1 INTRODUCTION

As we have mentioned in Chapter 4, HIV tests can bssified as diagnosis and
prognosis, in which diagnosis provides result for peopkelynéving with HIV and

prognosis offers the therapeutically effectiveness aadical support.

There are three main objectives for HIV diagnosisstgsiO]

Screening donated blood to reduce transmission of the vhusugh
transfusions
I. Surveillance of HIV prevalence

1. Diagnosis of infection in individuals
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The accuracy of HIV tests is measured by their sengitatd selectivity. These
operational parameters are determined by clinical comdaf the patient, operator,

environment, package design, and principle chemistry.

I.  Definition of sensitivity: null response in false nagat e.g. 2 false negative in
100 known positive samples, sensitivity is 98%
II. Definition of selectivity: null result of false posi. e.g. If there are 4 false

positive in 100 known non infected samples, selectigit96%

When the objective is to minimize false negative ltsshigh sensitivity tests should
be used. Otherwise if the objective is to minimizisegositives results, tests with
high selectivity should be used. Present day, the sansitand selectivity

requirement for a HIV test are 99% and 98% respectivelye 0 cost-effectiveness
and characteristics of various HIV tests, in practdiferent types of tests are often

used in combination to utilize limited resources [130].

Viral load and drug resistance are the focus when thetodgggs medical support for
HIV patients. The viral load is a significant effectress indication of the HIV
medication. Normally, viral load lower than 50 copies pérof blood is considered
as undetectable and an increase of the viral load durimgtaoviral treatments is

consider a rebound and sign of the failed therapy [131].

Nucleic acid test (NAT) is the standard methods in voatllassay. NAT is extremely
sensitive and has a much shorter window period comparitiyg amtibody/antigen

assay. However, specialized facility and training is reguio ensure the test quality,
which associates with higher cost. The turn-around tingenerally several hours to

days before the test results are available [132].
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The advancement of antiretroviral treatments has sgnifly improved therapies
offered to HIV/AIDS infected individuals, which made HIlvherges as a persistent
condition that needs efficient disease managemeherghan a life threatening
disease. This not only prolong the lives of infected pttidt also increased and
encouraged people to have HIV tests when they find theesekposed to HIV in a
high risk situation. Thus, players in this sector hawenbmotivated to develop more

efficient, more robust, and more sensitive HIV testinglpots.

6.2.2 MARKET OVERVIEW

According to Global Industry Analysts, Inc, HIV screeningdeastirket is projected
to yield US$1.3 billion revenues by the end of 2010 and is gegjeo exceed $3.9
Billion by the year 2015. Although Africa, China, and Indez@unt for over 90% of
world HIV population, according to the 2008 report, 60% of wWwldwide HIV

testing market is in United States and Europe. HowevegnAsountries such as
China, India, and Southeast Asia are projected to enaotheefastest growth in
demand for HIV tests in the next decade due to their eciengrowth and health
education. This phenomenon is particular especiallyim& booming market has
pushed Chinese government to reform its health-care poliaies increase
government spending in the medical sector of its anneedlfiexpenditure. These
markets are very promising and offer enormous potentialnfanufactures with

HIV/AIDS testing products [133].

By 2015, HIV viral load monitoring test market is projecteddach US$1.7 billion
due to the advancement of antiretroviral treatments. Memenly countries such as

US and Europe, accounting for roughly 75% of the monitoringmesket, can afford
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and access such treatments. In addition, in US aloR&AHDS confirmatory test

market is projected to reach US$32 million by 2015 [133].

The rapid test kits market is one of the fastest growingtesting markets. It is due

to the nearly instant results as they claim to offeem@aring with enzyme-linked

immunosorbent assay (ELISA) testing kits, rapid tetst &ie easier to use with faster

results.

6.2.3 CURRENT KEY PLAYERS IN HIV TESTING MARKET

Key players in HIV/AIDS testing market with signifidapresence (Table 6-1):

Abbott Laboratories produces HIV medicine Kaletra andvidluAccording to
WHO, Kaletra/Aluvia is the most widely registered Hivedicine in the world,
approved in 170 countries [122, 124].

Adaltis Inc. is a company whose primary product for HIstdels the Nexgen
Four/Personal Lab instruments.

Siemens Healthcare Diagnostics is one of the mostreg@vHIV testing product
manufactures. Its ADVIA Centaur HIV Ag/Ab Combo ass#aims to aid in the
early detection and diagnosis of HIV infection by sitanéously detecting the
presence of both the p24 antigen and the HIV antibodies.ability to detect
both the antigen and the antibodies at the samedamencrease the likelihood
of early detection and treatment for HIV patients [129].

Bio Mérieux offers two test ranges, QUICKVUE and VI These rapid
tests are designed to resolve the difficulties impleémgndiagnostic tests at a
point-of-care (POA) setting. QUICKVUE and VIKIA testever a wide range of
infectious diseases such as HIV, Hepatitis B, InfluenRSV, Viral
Gastroenteritis, and Chlamydia.
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Calypte Biomedical Corporation develops innovaiiveitro diagnostic testing
solutions for HIV. The tests are known to be relialld eapid non-invasive HIV
diagnostic tests.

Innogenetics NV. develops and markets diagnostic producthenarea of
infectious diseases include screening and confirmation festsllV, HCV,
HTLV, and syphilis; genotyping tests for hepatitis B vir(i4BV), human
papillomavirus, and mycobacterium sp; and drug-resistéests for TB and
HBV.

OraSure Technologies Inc. develops, manufactures, magketssells oral fluid
diagnostic products. OraSure’s HIV testing products includeaQuick
ADVANCE HIV-1/2, a point-of-care test for antibodiesttee HIV-1 and HIV-2
and OraSure, an oral fluid collection device for the d&ir of antibodies to
HIV-1. Further, the company also sells immunoassay tasts reagents for
western blot HIV-1 confirmatory test.

Roche Diagnostics quantitative tests for HIV-1 providaltheinformation to be
used by physicians, helping them to determine viral load andtoncthieir
patients' disease progression and response to therapy [128].

COBAS AmpliPrep and COBAS TagMan systems are the ffilt automated
real-time, continuous load IVD platform for infectiouselses detection such as
HIV-1. It has features of sample-in and result-out cdpgablt is designed to
increase laboratory efficiency and productivity with auated sample

preparation, amplification and quantitation of RNA/DNA.
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Product name
Bayer : TRUGENE® HIV-1
genotyping assay
HIV
Celera Diagnostics/Applied
GENOTYPING
Biosystems; ViroSeq HIV-1

genotyping system

Roche :Tagman HIV-1 Monitor

Test vl.5

Roche

Amplicor HIV-1 Monitor Test v1.5

Roche : Cobas Amplicor HIV-1

Monitor test v1.5

Gene-probe :APTIMA HIV-1 RNA

HIV VIRUS

Siemens Healthcare Diagnostics
LOAD

VERSANT HIV RNA 3.0 Assay

(bDNA)

Abbott:LCx HIV1 RNA

quantification kit

Abbott: Real-Time HIV-1

Organon Teknika: (Biomerieux)
NucliSens EasyQ HIV-1
Primagen: Retina Rainbow
(collapsed?)

HIV PROVIRAL Roche: Amplicor HIV-1 DNA test

DNA v1.5

Table 6-1 HIV assays and products

Sample source

Plasma RNA amplified by RT-PCR

Many hrs

Detection by sequencing electrophoresis

Plasma RNA amplified by PCR Detection by
Many hrs

capillary electrophoresis.

Plasma RNA amplified by real-time RT-PCR

Detection by fluorescence

(real-time PCR)

Plasma/Serum RNA by RT-PCR

Detection by EIA

Plasma/serum RNA amplified by Cobas

AmpliPrep RT-PCR

Detection by EIA

Plasma RNA amplified by TMA

Detection by chemiluminescence

(hybridization protection assay, HPA)

Plasma RNA amplified by RT-PCR Detection b

chemiluminescence (bDNA)

Covering HIV-1 subtypes

50copy/mL DOL

Plasma RNA amplified by RT-PCR

Plasma RNA amplified by RT-PCR rTth
polymerase

Detection by fluorescence (real-time PCR)

Plasma RNA amplified by NASBA
2.5-3 hrs

Detection by Electro-chemiluminescence

Plasma RNA amplified by NASBA

Detection by

Plasma DNA amplified by PCR
Detection by EIA

7-8 hrs
Case: 1-500puL infant whole blood with DNA

sample from Rwanda to USA
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6.3 BUSINESS OPPORTUNITIES: ISFET PLATFORM HIV NAT

6.3.1 MARKET OPPORTUNITIES

Market provides revenue, produces profit, and sustains grdwtls, it is significant
to determine if there are demands for a new HIV testlymb In section 6.2.2, a
growth trend of the HIV testing market is foreseeableus] there is a market for a

more competitive and more cost-effective HIV testing prbduc

In chapter 1 we have discussed various sequencing makkgications, and
detection techniques. Here in this chapter, we focus avel fow density genome
typing methodology for HIV tests. Present day, HIV itegtproducts such as HIV
tests using NAT systems listed in Table 6-1 HIV assagspaoducts, rapid tests such
as OraQuick, or antibodies tests such as ELSA and Widsbdt are either lab-based,
require skilled lab personals, very costly or lack ofs#iévity before seroconversion.
Presently, in order to overcome shortcomings in eajlesHIV test, detecting HIV
with combinations of different HIV tests as a cocksailution is the only method to

resolve the dilemmas.

6.3.2 BUSINESS OPPORTUNITIES: ISFET PLATFORM HIV NAT

As we have mentioned in section 6.2.1, the sensitivity salectively of a HIV test

are essential. Generally, the sensitivity and selégtiequirement for a standard HIV
test are 99% and 98% respectively. Thus, as identifiédlir2, NAT based tests are
particularly appropriate for the task where NAT assayhe market have sensitivity
better than 99% and selectivity better than 99%. Howesamtion 6.1.2 also stated

that NAT based tests are costly and difficult to impaat.

135|Page



As we have mentioned earlier, various chemical sersors their unique properties,
characteristics, and flaws. Therefore, there exist@ket where users demand a low
cost, sensitive, and rapid HIV tests. ISFET platformsees are particularly suitable
in the case for POC HIV screening tests. There are mamparative advantages
using such technology in IVD market as it can reduce tstscby leveraging the
semiconductor industry, while augmenting the efficiencyrahtdistness of HIV tests,

based on the core technology of NAT.

6.4 BUSINESS ANALYSIS

6.4.1 BUSINESS ANALYSIS OVERVIEW

Here we propose a business model, selling ISFET NAT malaing cartridges to
clinics, governments, and charity foundations. STPyamals shown in Table 6-3,
listing all the potential buyers, market segmentatibnh® novel application using
ISFET NAT. Furthermore, a SWOT analysis of the ISHidiform HIV testing is

illustrated in Table 6-2 to analysis the strength, weakr@gsportunities and threats of

ISFET based NAT.
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Strength Weakness

Currently the only technology for rapid NA FDA approval (Timing Consuming)
detection from a purified and amplified saliva/blo

sample within 15 minutes> rapid screening New testing technology> Cost to build credibility

Scalable mass producible silicon-chip technol¢ Ethical issues
(CMOS)= Low cost

Confidential issues = Disclosure of personal
Single assay: batch processing not required information
achieve economics of scale

Government regulated disease difficult for self-
Accurate — NAT detectiog> no “window period” testing market

Therapy support — Rapid NAT viral load test

Disposable cartridge component enhance hygi
and repeated revenue

No skilled lab personal needed self-test kit

Reduce cost of therapy early detection= early

therapy= enhance disease control
Opportunity Threats

Epidemical World Wide — especially in Africc Government regulations
China and South East Asia

Liability for false negative
Demands for accurate rapid HIV tests in regions
lacking skilled personals and laboratory facilities

Effective= Excludes Window Period

Table 6-2 SWOT ANALYSIS — ISFET PLATFORM HIV TESTING
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Segmentation:

Rapid screening during window period
Niche market for rapid NAT detections
Cost-effective low density typing machine

Target Markets:

Government (Medical Centers, Hospitals, and Clinic office)
Machines and Cartridges

USAIDS

Worry wells - end consumers (unregulated regions)
Self-test kit in retails

Charity Foundations

Gates Foundation
William J. Clinton Foundation
Clinics for rapid detection

Position in the Market:
Clinic ISFET NAT Machine Vendor
HIV Testing Kit Supplier

Table 6-3 STP Analysis — HIV Testing Market

6.4.2 ESTIMATED REVENUE MODEL

Market Size: Clinics, Governments and Charity Foundatgpending on HIV disease

ISFET NAT Machine Price: 5,000 USD

Estimate Cost of Machine: 2,000 USD

Cartridge Price: 5 USD/unit (Price of competitors fromd3D to 5 USD)

Estimate Cost of Cartridges: 1 USD/unit

Forecast Machines Sales: 50 units/year

Forecast Cartridges Sales: 100,000 units/year
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Forecast Revenue: 750,000 USD/year

Forecast Gross Margin: 550,000 USD/year

6.5 CONCLUSION

In this chapter, we proposed HIV diagnosis as theldait@pplication for DNA Logic.

From the perspective of the global market of HIV tegtithere is a growing demand
for more cost-effect devices with better sensitivitie Tmpact of the new infection is
significant on the life of individuals. The market andalthcare system need to
narrow the non-responsive period of the current methoN# Dogic differentiates

from other NATs because the POC factor. In regions i@#h resources, HIV test in
POC would have saved many infections and managed more tntaggenes that are
more responsive. ISFET based NAT has all the ingreslienfill the need, such as
right technology, proved manufacturability, lower coahd strong market. HIV

diagnosis is only one of DNA Logic applications. Itsha great potential to be an

important player in the diagnostic business.
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CHAPTER 7 FUTURE WORK ON APPLICATIONS

AND CONCLUSIONS

7.1 FUTURE WORK ON NAT APPLICATIONS

In previous chapters, we have shown the feasibility ofgusSFET platform nucleic
acid testing (NAT) to perform a HIV test. In additiome also depicted and analyzed
a business model selling ISFET NAT machines and cartridgethdodetection of
HIV/AIDS. However, as mentioned in the earlier chaptee ISFTE technology is a
platform technology. ISFET NAT not only is useful inVMAIDS application but it
can also detect any genes of interest. In other wohis,method is capable of
detecting any nucleic acid sequence in any living organism., Tieme we proposed
some critical applications especially in infectious dgse and pathogen detection
could be benefited from POC NAT technologies such a€TSBlatform. Two

examples are given below, HIN1 and Chlamydia.

7.1.1 HIN1

In April 2009 HIN1, a new influenza virus is first detected he tUnited States
causing illness in people. The novel strain is virulent lare threatening. Among the
whole possible HIN1 infected individual in the US Statess about 0.4% to be
hospitalised as shown in Table 7-1. This epidemic is dprgarapidly around the
world similar as regular seasonal influenza viruses. Ome J11, 2009, WHO
announced the emergence of HIN1 as a pandemic underway sed tfae level of
influenza pandemic alert from phase 4 (sustained humdmuman transmission) to

phase 5 (widespread human infection).
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2009 H1N1 Mid-Level Range Estimated Range
Cases
0-17 years ~20 million ~14 million to ~28 million
18-64 years ~35 million ~25 million to ~52 million
65 years and older ~6 million ~4 million to ~9 million
Cases Total ~61 million ~43 million to ~89 million
Hospitalisations
0-17 years ~87,000 ~62,000 to ~128,000
18-64 years ~160,000 ~114,000 to ~235,000
65 years and older ~27,000 ~19,000 to ~40,000
Hospitalisations Total ~274,000 ~195,000 to ~403,000
Deaths
0-17 years ~1,280 ~910 to ~1,880
18-64 years ~9,570 ~6,800 to ~14,040
65 years and older ~1,620 ~1,160 to ~2,380
Deaths Total ~12,470 ~8,870 to ~18,300

Table 7-1: HIN1 case and related deaths in US from Apr#009 to April 2010[134]

Certain people are at high risk of serious complicatiomduding severe illness and
death. These people at high risk include old people from 6% weat older, young
children less than five years old, pregnant women, and @euaith chronic medical
conditions. Thus, once a case is confirmed, treatsteold be initiated as early as
possible. According to studies, therapies and treatmeatsiast effective in the first
2 days of illness. However, the typical incubation perior influenza is 1-4 days.
Therefore, early detection of the virus is essentiabupport effective treatments.
New mutated influenza emerges every couple years andnteegence cycle of
mutating influenza has shortened in the past few yeartoduessuses and overuse of

antibiotics.
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Early detection or self-diagnosis will prevent and stepus spreading. The
requirement for a fast development to accommodatedhel mutation eliminates the
antibody-based detection based methods. Developing IGBEIT NAT screening for
H1N1 can help epidemic control and achieve early detefioearly treatments to

save life s from severe illness and death.

7.1.2 CHLAMYDIA

Chlamydia is a very common sexually transmitted diseéSTD) caused by the
bacterium, Chlamydia trachomatis. Symptoms of Chlamgce often mild or absent,
but serious irreversible complications, including inféytican occur "silently” before

a woman ever recognizes a problem.

Chlamydia is the most frequently reported bacterialialy transmitted disease in the
United States. In 2006, 1,030,911 Chlamydial infections weratezbto the CDC,
and this is a vast underestimate of the true number eétiohs; true figures are at
least double this. A conservative estimate indicitas more than 90 million people
a year get infected with Chlamydia. Chlamydia can basimitted during vaginal,
anal, or oral sex and it can also be passed from anedfesdther to her baby during
childbirth. Chlamydia can also be found in the thradit&omen and men having oral
sex with an infected partner. In addition, women inféateth Chlamydia are up to

five times more likely to become infected with HIVekposed.

To help prevent the serious consequences of Chlamydeerseg at least annually
for Chlamydia is recommended for all sexually active wonage 25 years and
younger. An annual screening test also is recommendedder women with risk

factors for Chlamydia. All pregnant women should havescaeening test for
Chlamydia.
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In pregnant women, there is some evidence that untredladh@ial infections can
lead to premature delivery. Babies who are born to infectethers can get
Chlamydial infections in their eyes and respiratoryctgaChlamydia is a leading

cause of early infant pneumonia and conjunctivitis in bewss.

There is a need for a rapid test for chlamydia but tiveent rapid tests are not
sensitive in the low prevalence environment [135, 136].Theeeno good antibody
tests for Chlamydia due to their poor specificity and lomsgwity. The current gold
standard is the laboratory nucleic acid test (NAT).sEhare exclusively PCR based,
requiring expensive laboratory equipment. Thus, using tHeETS NAT, such

concealed STD can be effectively identified and monitotedvary low cost.

7.2 CONCLUSIONS

It is only about half a decade since Watson and Crick publigteeX-ray structure of
DNA and proposed the complementary double-strands DNHKx H82]. The
knowledge of the chemical structure of DNA is the badisnodern genetics and
molecular diagnostics. The advance of technical dpwedmt has help to accelerate
the process. The first human genome draft mapping eslaas2003 took 13 years to
finish. Within a few years after the genome publicatitwe, first low-cost sequencer
from 454 Life Sciences was released, which achieved thdewhaman genome
mapping in one week with cost only a fraction of the HurG@mome Project. The
speed of the technology is partly driven by the urge for lkemdye of genetic
information. Pharmacogenetics has been establishedrsolidate the correlation
between gene variation and drug response. Molecular aBigs has been utilising

the genomic information of pathogens for more sensiteat. tThe DNA Logic
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described in the thesis holds a key to unlock the gemdtiomation accumulated so

far and offer a unique solution for molecular diagnosis.

Nucleic acid testing is moving into a new phase. In thesithwe have depicted the
transformation of the technology from a lab-baséellad test to an ISFET label-free
NAT, allowing complex genetic/specific gene and genomstst into back-offices or
even on the store’s counter. This rapid progress inrgerscience, stimulating vast
potential of applications, has spurred observers to prégit medical biology will be

the foremost science of the 21st century.

From ISFET platform NAT, DNA Logic was derived to makecdl intelligent
computations. This not only allows users to see vasdligent results but also

enhances the performance and the robustness of the test.

Various applications can be derived from the ISFET platf®AT. One of the
applications illustrated in this thesis is the detectibHI¥/AIDS. We have made an
unprecedented proof of science using an ISFET to detect HIhKs major
breakthrough has proven the feasibility of using this ptatfto detect HIV in any
POC setting. In conclusion, in this thesis we havewshvast applications using
ISFET based NAT and the feasibility of using it as a k#%st. We have also depicted
a business model showing the possibility of using such tdmty as a platform for

pathogen detection.
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