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ABSTRACT

FORWARD ERROR CORRECTION BIOSENSORS: PRINCIPLES,

MODELING, AND FABRICATION

By

Yang Liu

Reliability is a field of research that has been largely overlooked in the area of

biosensing. As a result, rapid-response biosensors which have been shown to work

remarkably well under controlled laboratory conditions, fail to reproduce similar re—

sults when deployed in the field. This degradation in reliability can be attributed to

several factors which include device level artifacts, variations in experimental proto—

cols, transducer and measurement noise, stochastic interaction between biomolecules

and background interference. With advances in micro-nano—fabrication, the emerg-

ing biosensors can integrate an increasing number of detection elements on the same

device. This has opened the possibility that exploiting spatial redundancies across

multiple detection experiments could be used to alleviate the effects of biosensor

noises and artifacts. This system level approach, also known as “forward error cor-

rection” (FEC) has been extensively used for designing ultra-reliable communication

and storage systems. However, its application in the area of biosensing has remained

largely unexplored. This thesis represents a first-of-its-kind research that investigates

novel FEC interfaces to biosensors which potentially could lead to detection systems

that deliver near-perfect reliability in detecting pathogens.

This thesis demonstrates that the application of encoding-decoding principles in

biosensors can improve the reliability and the accuracy of biosensors. Based on the

nature of biomolecular interactions, we first develop a stochastic model for affinity-

based biosensors that mathematically captures the nature and sources of “biological”

noise. We then present a framework for designing and evaluating biosensor encoder

and decoding algorithms based on FEC principles that can improve the reliability



of pathogen detection. To demonstrate these concepts, two biosensor platforms (lat-

eral flow immunosensor and silver-enhanced gold nanoparticle based biochip) have

been adopted as model biosensor encoders. In each of these platforms different en-

coder structures have been generated by synthetically patterning redundant biologi-

cal probes. One of the contributions of this thesis is to demonstrate that a biosensor

asymmetric code delivers a more reliable performance than a repetition code which is

commonly used in many of the existing biosensor platforms. The thesis also describes

a corresponding factor-graph based decoding algorithm which is used to detect the

presence or absence of target biomolecules in a given sample.

The equivalent biosensor circuit models and the encoding-decoding algorithms

have been integrated into a computational framework which facilitates rapid eval-

uation of FEC strategies for biosensors without resorting to painstaking and time-

consuming experimental procedures. In behavioral simulation study, we demonstrate

the efficacy of employing biosensor encoding/decoding scheme. One of the salient

outcome of this study is a novel “co-detection” principle that uses nonlinear coupling

property of the asymmetric code to detect trace quantities of pathogen in a given

sample. “Co—detection” is similar in spirit to many noise exploitation techniques like

stochastic resonance which has been reported in physics and biology, where it has been

shown that addition of random noise into a non-linear system in fact improves the

system sensitivity. We report experimental results where the “co—detection” principle

has been successfully used to detect of trace quantity of mouse IgG in the presence

of large background biomolecules. One of the key applications where “co-detection”

could be used in the future is in the early diagnosis of Human immunodeficiency virus

(HIV).
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Chapter 1

Introduction

1 . 1 Motivation

Every year approximately 5000 deaths in the United States are attributed to disease

outbreaks due to food—borne pathogens. The United States Department of Agricul-

ture (USDA) estimate indicates a loss of $2.9—6.7 billion due to medical costs and lost

productivity because of these outbreaks [1]. In this regard, biosensors have emerged

as important analytical tools for the rapid detection of pathogens in the field, and

thus they play a key role in controlling disease outbreaks. A typical architecture of a

biosensor consists of a biological recognition layer as a reactive surface in proximity

to a transducer. The transducer converts the binding between the analyte and the

recognition layer into a measurable electrical or optical signal. However, the stochastic

interaction between the biomolecules, transducer device artifacts and environmental

variability (eg. pH of the analyte) directly affect the reliability and the accuracy of

biosensors. As a result, rapid-response biosensors which have been shown to work re—

markably well under controlled laboratory conditions, fail to reproduce similar results

when deployed in the field [2, 3, 4, 5]. Most of the reported methods in biosensing aim

to reduce the effect of these artifacts by either improving the physical properties of

1



the biosensor device [6] or by using prefiltering techniques [7], pre—concentration [8]

or target-amplification (e.g. polymerase chain reaction or PCR) [9, 10] to boost the

signal-to—noise ratio. With advances in micro-nano-fabrication, the emerging biosen-

sors can integrate an ever increasing number of detection elements on the same de—

vice [11]. This has opened the possibility that exploiting spatial redundancies across

multiple detection experiments could be used to alleviate the effects of biosensor ar-

tifacts. This system level approach, also known as “forward error-correction (FEC)”

has been extensively used for designing ultra-reliable communication and storage sys-

tems [12].

However, even though miniaturizing the biosensing elements can facilitate detec-

tion of analytes down to pico—molar (pM) to femto—molar (fM) concentration lev-

els [13], the reliability of detection detoriates significantly due to reduction in the

signal-to—noise ratio [14]. In Fig. 1.1, we illustrate the sensitivity and integration

trend in micro and nano-scale DNA arrays as example biosensors. Also shown in fig-

ure is the degradation in reliability in micro and nano arrays, which has been largely

overlooked in biosensor research.

This thesis address some of these key issues by proposing a systematic way of

analyzing, modeling and fabricating FEC biosensors which can potentially achieve

near-perfect reliability in detecting target biomolecules in a given sample.

1.2 Contributions

The vision underlying this doctoral research is illustrated in Fig. 1.2, where FEC prin-

ciples will be used to exploit the high specificity and sensitivity offered by biomolecular

interfaces (for e.g. antibodies or aptamers) in conjunction with high computational

reliability offered by silicon integrated circuits. The uniqueness of FEC biosensors

compared to conventional architecture lies in the integration of the biomolecular en-
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coding layer as shown in Fig. 1.2. The biomolecular interface will be synthesized to

embed spatial redundancies which will later be exploited by silicon circuits to correct

for any errors. Based on this integration, the key contributions are the following:

1. We first describe the fabrication, characterization and modeling of fundamental

logic gates that can be used for designing biosensors with embedded forward

error-correction (FEC). The proposed biomolecular logic gates (AND and OR)

are constructed by patterning antibodies at different spatial locations along the

substrate of a lateral flow immunosensor. The logic gates operate by converting

binding events between antigens and antibodies into a measurable electrical

signal using polyaniline nanowires as the transducer. In this study, B. census

and E. coli have been chosen as model pathogens. The functionality of the

AND and OR logic gates has been validated using conductance measurements

with different pathogen concentrations. Experimental results show that the

change in conductance across the gates can be modeled as a log-linear response

with respect to varying pathogen concentrations. Equivalent circuit models for

AND and OR logic gates have been derived based on measured results. To

our best knowledge this is the first reported study that describes the

construction for biomolecular logic circuits for an FEC biosensor.

2. We present a framework of designing a biosensor encoder and decoder. We also

describe a simulation framework for analyzing the reliability of biosensor circuits

constructed by using these biomolecular transistors. At the core of the proposed

framework is a library of electrical circuit models that capture the stochastic

interaction between biomolecules and their variability to environmental condi-

tions and experimental protocols. Reliability analysis is then performed by ex-

ploiting probabilistic dependencies between multiple circuit elements by using a

factor graph-based decoding technique. The proposed computational approach
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facilitates rapid evaluation of FEC strategies for biosensors without resorting

to painstaking and time-consuming experimental procedures The analysis pre-

sented in this paper shows that an asymmetric FEC biosensor code outperforms

a repetition FEC biosensor code which has been proposed for microarray tech-

nology. We believe that the proposed simulation framework is the

first-of-its-kind that can evaluate the reliability of biomolecular cir-

cuits.

. In this study, we extend the FEC principle to a silver-enhanced gold nanopar-

ticle based biochip. We apply the silver enhancement technique for biomolec-

ular signal amplification in a gold nanoparticle based conductometric biochip.

We show that the response of the silver enhanced biochip comprises of two

distinct regions namely: (a) a sub-threshold region where conduction occurs

due to electron hopping between silver islands and the electrolyte and (b) an

above-threshold region where the conduction is due to a direct flow of electrons.

These two regions are characterized by different conduction slopes and we show

that combining the information from both these regions can improve the sen-

sitivity of the biochip. Results from fabricated prototypes show a dynamic

range of more than 40 dB and with a detection limit less than 240 pg/mL. The

fabrication of the biochip is compatible with standard complementary metal-

oxide-semiconductor (CMOS) processes making it ideal for integration in next-

generation CMOS biosensors. We implemented AND and OR logic function

on this gold nanoparticle based biochip and demonstrated the performance

improvement over the logic gates using lateral flow immunosensors as plat-

forms. Even though silver-enhancement based techniques have been

proposed for many biosensing platforms (DNA and antibodies), we

believe that this study is the first-of-its—kind to extend this principle
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for designing biosensor logic gates.

. Based on our study, an ultra—reliable approach for detecting trace quantities

of biomolecules is reported. The technique called “co-detection” exploits the

non-linear redundancy amongst synthetically patterned biomolecular logic cir-

cuits for deciphering the presence or absence of target biomolecules in a sample.

The “co-detection” phenomena is similar in spirit to many noise exploitation

techniques like stochastic resonance which has been reported in physics [19]

and biology [20, 21], where it has been shown that addition of random noise

into a non-linear system in fact improves the system sensitivity. One of the

key applications where “co-detection” could be used in the future is in the

early diagnosis of HIV. Early diagnosis of HIV requires detecting trace 'quan-

tity of HIV biomolecules that are usually accompanied by other non-specific

biomolecules that directly interfere in the detection process and hence requires

a large amount of time for confirmation tests. The improvement in reliability of-

fered by “co—detection” could reduce the window period for positive or negative

diagnosis and hence can facilitate rapid screening. In our research, we exper-

imentally verify the “co-detection” principle on a reported gold-nanoparticle

based biochip that uses a silver-enhancement technique for signal amplification.

The co-detection principle is one of the key contributions of this the-

sis and it demonstrates for the first time that background interference

in immunosensors can indeed be exploited to improve the detection

reliability of pathogens.

. Another contribution of this thesis is the stochastic modeling of the biomolec-

ular interaction using Markov random-walk which can be used to theoretically

understand the proposed FEC technique. Using this model, we have hypothe-

sized the “co-detection” principle which has later been verified experimentally.
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In this regard, the proposed modeling approach is unique and novel.



Chapter 2

Fundamentals of Biosensors

2. 1 Biosensor Technology

The history of biosensors started in 1962 with the development of enzyme electrodes

by scientist Leland C. Clark [22]. Since then, research communities from various fields

such as very large scale integration (VLSI), physics, chemistry, and material science

have come together to develop more sophisticated, reliable, and mature biosensing

devices. Applications for these devices are in the fields of medicine, agriculture,

biotechnology as well as the military and bioterrorism detection and prevention. In

literature, various definitions and terminologies of biosensors are used depending on

the field of application. One commonly cited definition by International Union of Pure

and Applied Chemistry (IUPAC) is “A biosensor is a self-contained integrated device,

which is capable of providing specific quantitative or semi-quantitative analytical

information using a biological recognition element (biochemical receptor) which is

retained in direct spatial contact with a transduction element” [23].
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2.2 Applications of Biosensors

Biosensors can be applied in many domains, e.g. disease diagnostics, food protec-

tion and safety, environmental monitoring, international commerce, and homeland

security. Clinical and medical applications are foreseen as the most lucrative and im-

portant avenues for biosensors and many research and development has been devoted

to this area. A popular example of a biosensor that is commercially available are the

portable glucose sensors/meters that are used in the treatment of diabetes. Biosen-

sors based on similar principles as the glucose sensors are now readily available for

detecting hormones (e.g. pregnancy strips), drugs and proteins. Another area where

rapid—response biosensors are having a significant impact is in the area of genomics.

World-wide biomedical research has significantly increased our knowledge base of how

biomolecules and cells function in the human body. Numerous studies, especially in

the area of genomics have led to the identification of novel markers, i.e. biomolecules

which provide unique information about a specific disease or a physiological condi-

tion. New markers will generate new applications, thus highlighting the importance

of biosensor research in the area of diagnostics.

Food safety is another important application for biosensors where it has been used

for the detection of contaminants, verification of product content, product freshness,

and monitoring raw materials conversion [24, 25]. The ourbreaks of poisoning from

Escherichia coli (E. coli) and Salmonella have awaked public awareness of those dis-

eases. There is also a huge demand for biosensors which can detect product freshness,

especially with fish, meat, and fruit. In the application of environmental monitor-

ing, biosensors can detect any heavy metals, pesticide run-off, and volatile organic

compounds affecting ground-water purity and the health of lakes and rivers.

As the potential threat of bioterrorism, there is a great need for a tool that can

quickly, reliably, and accurately detect contaminating bioagents. Biosensors can es-
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Figure 2.1: Structure of biosensors, which is composed of biological layer, a transducer

element, and the detector.

sentially serve as low—cost and highly efficient devices for this purpose. Reliable

and accurate detection of pathogens is very important for home—land security ap-

plications where trace quantities of highly infectious pathogens are required to be

screened. Ideally, biosensors used in field should be compact, reliable, high-sensitive,

and multiplexed and some of key challenges still remain. The context of the biosen-

sor measurement is an important part of any solution and it may be different in

diagnostics, food industry, environmental and defense application.

2.3 Architecture of Biosensors

Biosensors are typically composed of three parts: a biological recognition layer, a

transducer element, and the detector. The basic concept of a biosensor’s operation

can be illustrated in Fig. 2.1, which shows an example of protein based recognition

layer. A specific biological recognition element such as an enzyme, recognizes a specific
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analyte and the transducer converts the biomolecular binding events into a measurable

signal. As shown in Fig. 2.2, the biological recognition elements could be enzyme,

antibody, nucleic acid, or tissue. Depending on the transducing mechanism used,

the biosensors can be categorized into: electrochemical biosensors, optical biosensors,

electrical biosensors, piezoelectric biosensors, mass and thermal biosensors.

2.3. 1 Recognition Layer

Biological recognition layer is one of key elements in biosensors which determines

the selective recognition capability for a target analyte. Recognition layers can be

categorized into three types: catalytic, as typified by enzymes; afl‘initive, of which

antibodies are the best-known example; hybrid types of the catalytic and affinitive

types.
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Catalytic Based Recognition Element

Enzymes are protein molecules, long chains of 20 different amino acids which are so

structured as to confer a remarkable ability for catalysing specific reactions [26]. In

enzymatic reactions, the molecules at the beginning of the process are called sub—

strates, and the enzyme converts them into different molecules, called the products.

Some of 3000 natural enzymes have been identified, of which about 200 are now

commercially available and perhaps 80 have been used in sensing applications [27].

Compared with non-biological catalysts, enzymes are 108-1013 more active and are

capable of producing hundreds or thousands of molecules per second [27]. From an

analytical point of view, one of most important enzymes is the oxidoreductase, which

uses oxygen or nicotinamide adenine dinucleotide (NAD) to catalyse the oxidation of

compounds, or hydrolases, which catalyse the hydrolysis of compounds [28, 29].

Affinity Based Recognition Element

Compared with catalytic based biological receptor, the affinity based recognition el-

ements are more specific in the nature of the binding with binding constants of 109-

1012 [30]. For affinity based biosensors, the binding between the target and the probe

is regarded as irreversible. However, changing the pH in the solution can reduce the

affinity and could break the binding complex.

Antibody/antigen are the dominant type of affinity recognition elements. Anti-

bodies (also known as immunoglobulins, abbreviated Ig) are gamma globulin pro-

teins that are found in blood or other bodily fluids of vertebrates, and are used by

the immune system to identify and neutralize foreign objects, such as bacteria and

viruses [30]. They are made of basic structural units-each with two heavy chains and

two small light chains. There are several different types of antibody heavy chains,

and several different kinds of antibodies, which are grouped into different isotypes

based on which heavy chain they possess. Five different antibody isotypes are known
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Figure 2.3: The structure of antibody.

in mammals, which perform different roles, and help direct the appropriate immune

response for each different type of foreign object they encounter [31].

Antibodies are typically represented schematically as Y-shaped structures (see

Fig. 2.3). The antibody consists of two identical Fab (fragment antibody) portions

hinged to an Fc (fragment crystallizable) part. Though the general structure of all

antibodies is similar, a small region at the tip of the protein is extremely variable,

allowing millions of antibodies with slightly different tip structures, or antigen binding

sites, to exist. The variable region of the Fab fragments are where the amino acids

are organized to generate a binding site for the specific antigen and each antibody

has two binding sites. The PC fragment of the antibody does not combine with
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the antigen but contains carboxy terminal amino acids which allow linkage to solid

substrates through some biochemical treatment [30]. Each antibody consists of four

polypeptides: two heavy chains and two light chains joined to form a “Y” shaped

molecule. The variable region in the tips of the “Y” varies greatly among different

antibodies and it is composed of 110-130 amino acids, give the antibody its specificity

for binding antigen. The variable region includes the ends of the light and heavy

chains. Treating the antibody with a protease can cleave this region, producing Fab

or fragment antigen binding that include the variable ends of an antibody. The

constant region determines the mechanism used to destroy antigen. Antibodies are

further classified as five major types, IgA, IgD, IgE, IgG, and IgM, based on their

constant region structure and immune functions.

The variable region is further subdivided into hyper-variable (HV) and framework

(FR) regions. Hyper-variable regions have a high ratio of different amino acids in

a given position, relative to the most common amino acid in that position. Within

light and heavy chains, three hypervariable regions exist-HV 1, 2 and 3. Four FR

regions which have more stable amino acids sequences separate the HV regions. The

HV regions directly contact a portion of the antigen’s surface. For this reason, HV

regions are also sometimes referred to as complementarity determining regions, or

CDRs. The FR regions form a beta-sheet structure which serves as a scaffold to

hold the HV regions in position to contact antigen [32]. Since the antibody-antigen

reaction is very specific, each can be used as a specific chemical detector for another.

Hybrid Receptors

Another type of biological receptors have characteristics of both the catalytic and

irreversible receptors involving a high-affinity recognition step followed by an ampli-

fication, cycling or cascade step [33]. Studies have been shown that the attachment

of single-stranded DNA to a transducer with its ability to recognize and bind to its
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complement offers such a possibility [34, 35].

DNA based Receptors

Deoxyribonucleic acid (DNA) is a nucleic acid that contains the genetic instructions

used in the development and functioning of all known living organisms and some

viruses. DNA is regarded as a storage of information, which is similar as a set of

blueprints or a code contains the instructions needed to construct other biological

components. The DNA segments that carry those genetic information are called

genes. DNA consists of two long polymer chains of simple units called nucleotides,

with backbones made of sugars and phosphate groups joined by ester bonds [36].

These two strands run into opposite directions to each other and are therefore anti—

parallel. Attached to each sugar is one of four types of molecules called bases. It is

the sequence of these four bases along the backbone that encodes information. This

information is read using the genetic code, which specifies the sequence of the amino

acids within proteins. The code is read by copying stretches of DNA into the related

nucleic acid RNA, in a process called transcription [37].

DNA is well suited for biosensing application due to the base—pairing interactions

between complementary sequences. In a typical configuration, a single-stranded probe

sequence is immobilized into the recognition layer, where base-pairing interactions

bind the target DNA to the surface. In a typical DNA microarray detection, the RNAs

are initially reverse transcribed into cDNA by a simple polymerization reaction, and

fluorescently labeled with fluorophore molecules (for example Cy3 and Cy5 dyes [38]).

These targets are then purified, mixed together and simultaneously hybridized to the

same microarray. In optical DNA microarray, the optical intensity of fluorescence in

each spot is scanned followed by the hybridization reaction. The fluorescence intensity

reflects the expression level of that certain gene.
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Aptamer based Recognition

Aptamers are nucleic acid ligands (RNA, ssDNA, modified ssDNA, or modified RNA)

that are isolated from libraries of oligonucleotides by an in vitro selection process

called SELEX (Systematic Evolution of Ligands by EXponential enrichment) [39].

They are capable of folding into three-dimensional structures due to their self—annealing

properties and these DNA/RNA ligands are believed to recognize the target by shape

instead of sequence [40].

Aptamers can bind with high affinity and specificity to a broad range of target

molecules, and have proven suitable for biosensing application [41]. Recently, an ap-

tamer based surface acoustic wave biosensor for monitoring blood-coagulation cascade

complex formation has been reported [42]. In another study, cantilever surfaces have

been functionalized with aptamers to detect proteins [43]. Liss also reported label

free detection of IgE using a aptamer based quartz crystal microbalance system [44].

Regarding the binding affinities, aptamers are comparable with monoclonal anti-

bodies. Aptamers offer many unique benefits compared to proteins. They are more

resistant to denaturation and degradation, their binding affinities and specificities

can easily be manipulated and improved by rational design. Aptamers have higher

temperature stability (stable at room temperature) and because of their small size,

denser receptor layers could be generated [40].

2.3.2 Biosensor Transducers

The transducer converts the biochemical interactions into a measurable electrical or

optical signal. Electrochemical, electrooptical, acoustical, and mechanical transduc-

ers are among the many types found in biosensors. Of these types, electrochemical

biosensors are the most popular ones and they are mainly used for the detection of

hybridized DNA, protein binding event, and glucose concentration. The underlying
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Figure 2.4: The comparision of electrochemical biosensors.

principle for electrochemical biosensor transducers is that many chemical reactions

produce or consume ions or electrons, causing some change in the electrical proper-

ties of the solution, which can be sensed as a measuring parameter. Electrochemical

biosensors can be further classified based on the measured parameters as conducti-

metric, amperometric, and potentiometric. A comparative discussion of these three

types of electrochemical biosensors is given in Fig. 2.4.

Amperometric is a highly sensitive biosensor that can detect electroactive species

in samples. Enzymes are needed to catalyze the production of radioactive species

since the biological samples may not be intrinsically electroactive. In conductimet-

ric biosensors, electrical conductance or resistance is the sensor parameter because

conductivity of the solution changes when electrochemical reactions produce ions or

electrons. The electrical field is generated using a sinusoidal voltage and conduc-

tance measurements have relatively low sensitivity. In the potentiometric biosensor,

the measured parameter is the oxidation or reduction potential of an electrochemi-

cal reaction. The operating principle relies on the fact that when a ramp voltage is

applied to an electrode in solution, a current flow occurs because of electrochemical

reactions. The voltage at which these reactions occur indicates a particular reaction

and particular species [6].
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The biosensor transducer can work either directly or indirectly. There are two

detection methods involved: direct detection and indirect detection method. In the

direct detection sensors, biological interaction is directly measured in real-time. The

most common direct detection biosensor systems use evanescent wave, or surface

plasmon resonance (SPR) technology which measures resonant oscillation of electrons

on the surface of a metal [45]. Other types of direct recognition sensors, such as

quartz resonator transducers that measure changes in acoustic resonance [46] and

optomechanical biosensors (microcantilevers) [47].

Indirect detection biosensors rely on secondary elements that are often catalytic

elements such as enzymes. Enzyme alkaline phosphatase and fluorescently tagged

antibodies are some examples of secondary elements. Optical fluorescence is another

common indirect detection methods, where fluorescence of the secondary ligand is

measured. The work [48] described the use of optical fluorescence to develop a multi—

analyte indirect detection biosensor. Fluorescence resonance energy transfer (FRET),

a process where energy from an excited fluorophore is transferred to a neighboring

acceptor molecule, is also used for indirect detection. Finally, light-addressable po-

tentiometric sensors (LAPS) combine electrooptics and electrochemistry for indirect

detection.

2.4 Biomolecule Immobilization

A biosensor is an analytical device containing an immobilized biological sensitive ma-

terial (enzyme, antibody, antigen, organelles, DNA, cells, or tissues) in contact with

or integrated within a transducer. One of key factors in biosensor design is the de-

velopment of immobilization methods for stabilizing biomolecules and tethering them

to surfaces. Immobilization techniques are crucial because they will affect biosensor

performance such as reproducibility, selectivity, and sensitivity. Many immobiliza-
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tion methods involve lots of biochemistry treatment on the surface and many of the

procedures still in use have evolved from trial and error experiments. During the

immobilization process, the active biological components must retain their activity

and the immobilized film must have long-term stability. Specificity and sensitivity

are other important immobilization criteria and the desired orientation of biological

probes is a key factor for those criteria.

One common problem in the immobilization phase is a “non-specific” binding

between biological probes and solid surface. Fortunately we have many mature bio-

chemistry protocols to minimize the effect of “non-specific” binding. Another prac-

tical method is to introduce non-specific proteins or blocking agents such as bovine

serum albumin (BSA).

The biomaterials and the sensor transducer elements can be coupled together

in one of the four possible ways: physical adsorption, covalent binding to a surface,

membrane entrapment, and cross-linking between molecules [49]. In addition to these

conventional methods, more recently the methods of sol-gel entrapment, Langmuir-

Blodgett (LB) deposition and electropolymerization have all been extensively used to

immobilize biological components [50].

2.4.1 Physical Adsorption

The physical adsorption scheme is dependent on a combination of van der Waals

forces, hydrophobic forces, hydrogen bonds, and ionic forces to attach the biomate-

rial to the substrate of biosensors. Physical adsorption can be used to immobilize

biomolecules onto various solid substrates including plastics, glass, and metals. The

physical adsorption is relatively simple under mild conditions. However, binding force

is not very strong and the immobilization tend to be a certain degree of reversibility

under certain condition change. Another problem with the physical adsorption is a

high degree of non-specific adsorption of biomolecules on solid surfaces due to the
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physical nature of adsorption method, as observed in [51]. Also aggregation and mul-

tilayering of proteins has the potential for obscuring the active sites required for the

binding of subsequent specific species [51]. Despite those problems, the physical ad-

sorption remains a major immobilization approach in many clinical biosensors such as

enzymelinked immunosorbent assays (ELISA), where proteins are directly deposited

on polystyrene microtiter wells.

2.4.2 Covalent Binding

An alternative approach to the attachment of biomolecules to sensor surfaces is

through covalent binding, where biomolecules have been immobilized on solid surfaces

through the formation of defined linkages [49]. Covalent binding of biomolecules to the

surface is a favored method and procedures resulting in minimal loss of biomolecule

activity [52]. Compared to the physical adsorption, this method has been employed

to improve uniformity, density and distribution of the binded proteins, as well as re—

producibility of the surfaces. Gluteraldehyde, succinimide esters, periodate, malein-

imides, and carbodiimide are extensively used for covalent immobilization. Covalent

binding requires biomolecules to have functional groups that can be attached with.

Amino—acid side chains, sulfhydryl groups (cysteine), carboxyl groups (aspartate and

glutamate), phenolic, thiol and imidazole groups are popular functional groups, which

are not required for their biological activity. The binding force is strong compared to

the physical adsorption. Many surfaces can be modified to have functionality coupling

with biomolecules. For example, gold or silver surfaces can be modified by biofunc-

tional reagent (hydroxyalkanethiol) to generate hydroxyl, carboxyl or amino groups

which may be reacted with enzymes or proteins [53]. Silica surfaces have been reacted

with amino silanes such as trichloro— and trialkylsilanes to have a surface-bearing

amino functionality. Proteins or enzymes can then be coupled to these surfaces using

gluteraldehyde or carbodiimide chemistry. Porous membrane such as nitrocellulose
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has been commercially available to modify its surface to covalently bind protein, en—

zymes, and DNA. Compared with physical adsorption, covalent binding can generally

yield a more uniform oriented surface that has more bio-activity.

2.4.3 Membrane Entrapment

In the membrane entrapment scheme, a semipermeable membrane separates the an-

alyte and the biomaterials. The immobilization of an enzyme in a polymeric gel or

behind a membrane is a straightforward process. Many polymers can be used for

the inclusion of enzymes and cells and some of examples include polyvinyl alcohol,

polyacrylamide, polycarbonate, and polyvinyl chloride. The drawback of membrane

entrapment is the leakage of biological species during the immobilization process, re-

sulting in bio-activity loss. Cross-linking entrapped enzymes or proteins can often

alleviate the problem of biomolecule leakage [49].

2.4.4 Cross-linking

Cross-linking method is to use some multifunctional chemical reagents to offer cova-

lent binding with biomolecules onto support. One of widely used reagents is Gluter-

aldehyde, which couples with the lysine amino groups of enzymes. Typically, the

modification of functional groups such as carboxyl, sulfhydryl, phenol and imida—

zole is needed before using cross-linking method. However, the biggest problem with

this approach is that cross-linking can result in the formation of multilayers of pro-

tein/enzyme and it will lead to low bio-activity of the immobilized layer.

Recently sol-gel method becomes more popular with the advance of materials and

biochemistry. Biological molecules are entrapped in an aqueous micro-environment in

a porous matrix such as a polymeric oxo-bridged SiOg network [49]. The porous ma-

trix are wet gels formed by dydrolysis and condensation-polymerization of metal and
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semimetal alkoxides, mostly Si02 materials [54]. Optically transparent property of

matrices allows the interactions of entrapped biomolecules to be optically monitored.

In the methods of sol-gel entrapment, LB deposition and electropolymerization have

all been extensively used to immobilize biological components. LB technique make it

possible to form oriented monolayers of biomolecules whose activity exceeds that of

biomolecules immobilized by traditional methods [55]. Studies have been shown that

enzymes and proteins immobilized directly onto 3-glycidoxypropyltrimethoxysilane

(GOPTS) activated supports by LB deposition exhibited only a slight loss of activity

with respect to solution values [50]. The 40 % bio-activity improvement has been re-

ported to immobilize immunoglobulin G (IgG) onto a sublayer of protein A using the

LB method compared with IgG LB deposited onto chemically immobilized protein

A [56]. The advantages of sol-gel methods include chemically, thermally stable and

the ability of retain bio-activity. However, efficient diffusion within porous matrix

remains one of main problems.

The overall requirements for immobilization methods are long—term stability and

durability and a high degree of specificity to a particular biological component. These

conditions must be satisfied for an efficient biosensor.

2.5 Electronic Detection and Multiplexed Biosens-

ing

Traditional optical methods based on fluorescence spectroscopy [57] have dominated

the detection technique in biosensors. Actually, the most popular detection mech-

anism relies on microarray technology and the use of optical readout for detecting

hybridization events [58, 59]. The main reason for the dominance of such a method is

its robustness and fidelity in terms of chemistry and detection apparatus. However,

the current trend toward creating cost—efficient arrays and point-of-care molecular di-
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agnostic systems [60] requires miniaturized and low cost detection devices instead of

the conventional and bulky fluorescence spectroscopy systems. Integrated electronic

biosensor systems that utilize a combination of biochemical reactions and electronic

sensing are promising candidates for the next generation of biosensor systems. Elec-

tronic sensing of biomolecules eliminates the need for the bulky and expensive optical

instrumentation required in traditional fluorescence-based sensing assays.

CMOS technology is emerging as a powerful new tool for rapid analysis of biolog-

ical objects, including cells, proteins, DNA, and viruses. For example, bioanalytical

instruments are being miniaturized on integrated circuits (ICs) to study neural ac-

tivities [61]— [66] and detect biological objects such as proteins, DNAs, viruses, and

cells [67]— [79]. Advances in CMOS technology provide a suitable tool for electronic

biosensor integration since CMOS circuitry can be post-fabricated directly beneath

biological recognition layer. Thus, integrated electronic biosensors enable to minia-

turize the sensing platform, enhance their portability in the point-of-care applications

while maintaining high-throughput and highly parallel analysis. Pioneering work of

integrated CMOS based electronic biosensors have been reported in [80, 81].

In addition to the development of electronic detection, detecting multiple pathogens

in biological samples is also an active area of research in academia as well as industry.

In literature, different architectures of multiplexed biosensors have been proposed.

In [82], a multi-array pathogen detection is based on a lateral flow immunoassay

where multiple target-capture molecules are immobilized along the flow of the ana-

lyte. Different antibodies are immobilized on these capture pads to capture corre-

sponding pathogens. The technique, however, suffers from the interference of pre-

ceding target capture zones and the difference in signal intensity that decays along

the direction of the flow. An electrokinetically-controlled heterogeneous immunoas-

say was developed for detecting multiple pathogens in [83]. Specificity experiments

have been reported for three different pathogens where an optical device was used
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in the detection method. Recently, nanotechnology provides an alternative solution

that greatly increases the sensitivity. Multiplexed nanowire-based biosensor has been

fabricated by Lieber group from Harvard University [84]. These devices are based on

nanoscale field-effect transistors (FETs) made of semiconductor nanowires. Such a

device can be used as a biosensor to detect viruses at the single-virus level in real time

with high sensitivity. Multiplexed detection of several viruses simultaneously can be

accomplished by modifying individual nanowire devices with antibodies specific for

different viruses [85].

24



Chapter 3

Reliability of Biosensors

The Websters dictionary defines “reliability” as the extent to which a device, exper-

iment or test yields the same results on repeated trials. For biosensors, an effective

measure of reliability is the total detection error rate (DER) which is the sum of

two types of errors: (a) false positive error-rate or the probability that the biosensor

incorrectly detects the presence of pathogens when they are actually absent in the

sample; and (b) false negative error-rate or the probability that the biosensor fails to

detect the presence of pathogens when they are actually present in the sample. In

this chapter, we discuss different factors that affect the reliability of biosensors. Even

though the main focus of this chapter will be on aflinity based biosensors, many of

the sources of noise are also applicable to other biosensing platform.

3.1 Effect of Noise on Biosensor Performance

In the study [86], microarrays from three main microarray manufactures: Affymetrix,

Agilent, and Amersham arrays are compared in the study of gene activities. Un-

fortunately, most data from three microarrays can not be cross-validated. Fig. 3.2

summarizes the finding and shows little overlap between three microarray systems
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Figure 3.1: The inconsistence problem in microarray. Adapt from [86].

rated the activity of 185 genes differently in one test. One of the reasons is that

probes often respond not only to gene products that exactly fit the sequence but also

to those that “cross-hybridize” with near matches. Even every manufacturer claims

to have avoided this problem, the fact is that microarray probes targeting almost the

same region of a given gene give wildly different intensity signals [86]. The study also

tell us the reliability issue has been largely overlooked by researchers and biosensor

manufactures even superior sensitivity has been claimed.

It is an example how biological noise will affect biosensor’s reliability. However,

the reliability may affect other performance criteria such as sensitivity, reproducibil-

ity, stability, dynamic range, and selectivity as well. It is important to understand

those performance criteria and the relations between them. Those performance crite-

ria of biosensors are briefly discussed below. Assume the target analyte concentration

is c; the steady-state response of target bimolecules is R3; the control (background)

response is Re. The sensitivity of biosensors is defined as the ratio (R, — Rc)/c and

the sensitivity is the slope of the calibration curve. The limit of detection (LOD)

takes into account the blank and the signal fluctuation (noise) and biosensor selectiv—
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ity depends upon the choice of biological receptor and transducer. The operational

stability of a biosensor response may vary considerably depending on the biosensor

geometry, method of preparation, as well as on the applied receptor and transducer.

Firrthermore, it is strongly dependent upon biological recognition reaction.

The accuracy of biosensors can be defined as the degree of conformity of the

measured quantity to its true value. Given a set of measurements, the accuracy of

the biosensor is usually measured by comparing mean or median to the actual value.

An ideally accurate technique would have the mean exactly equal to the actual value.

Reproducibility or repeatability is the degree to which repeated measurements of

the same quantity will show the same or similar results. Usually, measurements are

affected by errors that makes repeated measurements differ from each other. Given a

set of measurements, the precision is usually measured by comparing some variance

or standard deviation with zero. The reliability of biosensors depends both on their

selectivity and their reproducibility. It has to be determined under actual operating

conditions, i.e. in the presence of possible interfering substances. In order to be

reliable for an analyst, the biosensor response should be directly related to the analyte

concentrations.

In the reported literatures, microarrays typically can provide 93-10070 specificity.

Regarding reproducibility, most microarray platforms produce highly reproducible

measurements. Some oligonucleotide arrays (Affymetrix, Agilent and Codelink) pro-

vide correlation coefficients of >09 [87, 88]. However, most commercial microarrays

can only reach 70-90% true detection rate. The best one which can achieve 85-90%

reliable detection rate is Affymetrix GeneChip [89, 90]. Commercial available lateral

flow immunoassay even suffer around 30% coefficient of variation (CV) [91]. So the

reliability issue become one of biggest issues in biosensors.

Fig. 3.2 describes those performance criteria related to the reliability. We should

remember those criteria correlat with each other. For example, the selectivity of
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biosensor determines how sensitive the biosensor is and low sensitivity in biosensors

might result in large measurement variance, thus affecting reproducibility and relia-

bility. Fig. 3.3 shows an example of how reproducibility can affect the dynamic range

of microarrays.

Fig. 3.3 (a) shows the signal intensity from individual spots of typical microarray

systems in addition to noise sources. If the background noise is constant everywhere,

the noise can be regarded as signal independent noise and can be removed by defining

a confidence threshold. If the noise in biosensor systems becomes larger, the signal

will be accompanied with a larger level of uncertainty as shown in Fig. 3.3(b). Also

observed from the graph, minimum detectable level (MDL) is higher than necessary

and the detection limit will be decreased accordingly. It will contribute to low SNR

in biosensors and the dynamic range of biosensors will be reduced.

The real challenge of biosensors research is to create a compact biosensor system

that integrates all required process steps and that improves the key performance

parameters: sensitivity, specificity, speed, accuracy, dynamic range, robustness, and
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ease of use.

3.2 Source of Errors

To improve the biosensor performance, it is important to understand where do those

biosensor errors come from. Deep understanding of error sources will assist us to find

appropriate solutions to reduce errors. Although biosensors suffer similar device arti-

facts and detection noises like other kinds of sensors. However, the stochastic nature

of biomolecular interactions make biosensors unique and the noise behavior becomes

even more complex at low expression levels where non-specific binding dominates [92].

We will explain this unique phenomenon in this section, as well as other statistical

factors introduced in biosensors, by first distinguishing between systematic errors and

inherent noise in biosensors.

Let’s first examine possible variances and errors that could be introduced in the

development and testing phase of biosensors. First, reagent variations, biomolecular
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stability, and environmental variations could be introduced in the phase of biosensor

development. Those variations together with the transducer efficiency are unwanted

deviations from the intended detection protocol. If these types of errors are accurately

evaluated we could compensate for them in theory, by post-experiment data process-

ing. If not, they result in a particular type of measurement uncertainty, typically

referred to as systematic noise [92]. While inherent noise will exist in the bio-reaction

phase due to probabilistic biomolecular binding interactions. The inherent noise in—

troduced by biomolecular interactions are the same as the transducer noise in nature.

They are unavoidable uncertainties in an ideal detector where no systematic error

exists. Inherent noise is inevitable since it originates from the stochastic nature of

molecular-level interactions. Biological shot noise in binding and photodiode shot-

noise are examples of such noise sources [93]. Fig. 3.4 summarizes sources of errors

that are introduced due to biosensor fabrication and testing artifacts. These different

kinds of errors will ultimately accumulate to contribute to the total error of biosensors

(shown in 3.4). That’s why typical biosensor experiments suffer a high level of bio-

chemical noise and variations [94], resulting in high uncertainty for each measurement

run.

3.3 Current Techniques for Reducing Biosensor Er-

rors

As mentioned in last section, the variations in biosensors can originate from a number

of sources. Few systematic approaches have been reported to compensate biosensor

errors. However, we will discuss the general approaches of reducing errors by taking

microarray as an example. One general approach to reduce liquid handling errors and

probe density variations in microarray is to measure a normalized target concentration

by calculating the concentration ratio of the unknown target to a known target. In
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DNA microarrays for instance, the known targets are housekeeping genes, defined as

the genes involved in basic metabolic functions needed for the sustenance of the cell

and they are always constitutively expressed. If there are systematic errors during the

sample handling, purification or labeling, it will affect the unknown and the known

target as well. Hence, the concentration ratio will keep constant, making microarray

insensitive to those systematic errors.

Another approach to reduce the array fabrication variations and probe non-uniformities

is repetition and averaging techniques [95, 96]. In this methodology, replica protein

or DNA spots are positioned at different locations within the array. Generally, there

are always variations in the fluorescent intensity due to non-uniformities of the cap-

turing probes within individual spots. To decrease the effects of this kind of variation,

the fluorescent intensity at each spot is averaged, subsequent to estimating probe ar-

eas [60]. The intensities at spots that have identical probes are also averaged so that

any surface variation gradient is suppressed as well. However, spatial averaging might

reduce uncorrelated noises and errors, but does not reduce the effects of correlated

noise sources (e.g., noise of sample extraction) [14].

Some of systematic errors can be suppressed to some degree by these methods,

inherent noises in biosensors (e.g., non—specific binding) are not. The interfering sig-

nals originating from non-specific bindings are generally referred to as “background

signals”. Widely used method is to define a confidence threshold level for the signal

intensity with respect to background, which divides the signals into irrelevant (below

threshold) and relevant (above threshold) regimes [97]. However, this approach is not

always valid since the background and fluctuation level vary between spots. Another

drawback of this simple background subtraction is the result of a reduced detection

limit (dynamic range) since the minimum detectable level (MDL) is higher than nec-

essary. Actually, very little work has been reported on analyzing and compensating

biosensor inherent noises. Hassibi has given a comprehensive analysis of the stochas-
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tic behavior of biomolecular interactions and proposed an optimal estimation method

based on a derived biosensor stochastic model [93]. In this method, he proposed to in-

corporate non-specific binding statistics into the estimation algorithms to extract the

original target concentration and significantly increase the detection dynamic range

as well as the resolution. However, there is a practical shortcoming. The optimal es-

timation requires all the binding probabilities should be evaluated beforehand, which

is challenging or even impractical regarding to high density binding sites in microar-

rays. In his thesis, he further argues that real-time detection can actually increase

the accuracy of detection because more available samples can improve the estimation

of expected values [14]. In conventional microarrays, the measurement is made when

the aqueous solution is taken away and binding event is stopped. So in this case, only

one sample from the process is measured. While in real-time detection, a number of

samples are detected, which can improve the estimation of the expected value based

on the simple fact of improving the SNR by averaging technique.

The survey presented in this chapter emphasizes the need for a systematic frame-

work for reducing errors induced in biosensors and improving the reliability and de-

tection accuracy of biosensors. In this research we will apply forward error correction

techniques in biosensors by fist developing stochastic model of biosensors. Using the

stochastic model, we discuss the presence of inherent biological noise in biosensors.

In next chapter, we will have some discussions about the possibility of designing

error-free biosensors.
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Chapter 4

Fundamentals of Forward Error

Correction Biosensor

Affinity-based biosensors are one of widely used biosensor platforms since they take

advantage of the selectivity and specificity of biomolecular interactions such as DNA

hybridization and antibody-antigen interactions. However, affinity-based biosensors

suffer variabilities induced by biomolecular stochastic behavior [14]. In this chapter,

we first describe the underlying biophysical processes in affinity—based biosensors.

We then propose a mathematical model which captures the biomolecular stochastic

interaction using Markov chains. Based on the stochastic biosensor model, we explain

effects of biological noise and recommend ways in which their effects can be alleviated.

We then discuss information theoretic results which can be used to obtain an upper-

bound on the reliability of biosensors. In this regard, we compare a typical biosensor

system with a communication system and propose forward error-correction (FEC)

techniques to improve the reliability of biosensors.
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4.1 Stochastic Model of Affinity-Based Biosensors

Understanding the dynamics at the biomolecular level is important in the design of

reliable biosensor systems. The aim of the stochastic modeling of biosensors is to

provide, as accurately as possible, a prediction of its behavior and the underlying

sources of variability. Numerous modeling studies already exist which have been used

in the design of biosensors [98, 99, 100, 101]. But most of models are related to specific

biosensors such as acoustic wave biosensor [102], an amperometric biosensor [103], a

silicon-based thermo-biosensors [104], and a cell-based biosensor [105]. The following

treatment assumes that all the biomolecules exist in an acqueous environment and

they are subject to thermal fluctuations.

4.1.1 Markov Model of Biomolecular Interaction

The motion of biomolecules is due to diffusion, which is the random migration due to

thermal energy. A particle at absolute temperature T has a kinetic energy associated

with movement along each axis of kT/2, where k is Boltzmann’s constant. In other
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words, particles, regardless of the size, all follow Brownian movement. A particle

of mass m and velocity v on the x axis has a kinetic energy mv2/2. This quantity

fluctuates, but on the average < mv2/2 >= kT/2, where < > denotes an average

over time. So we can compute the mean square velocity,

< '02 >= kT/m (4-1)

and the root-mean-square velocity,

< v2 >1/2= (kT/m)1/2 (4.2)

We can use this equation 4.2 to calculate the instantaneous velocity of a particle.

Unfortunately, this is not true in real scenario because the biosensor reaction chamber

is not a vacuum and biomolecules are immersed in an aqueous medium. Biomolecules

will collide with molecules of water. As a result, they are forced to wander around

to execute a random walk. Fig. 4.1 (b) shows that a number of particles just spread

out in all directions from initial position (shown in Fig. 4.1 (a)). It is an example

of simple diffusion. However, due to the gravity, biomolecules tend to move outward

and downward.

In a more general case where multiple analytes need to be detected within a

multiple probe chamber, different kinds of biomolecules all obey random-walk statis-

tics. It is possible for a biomolecule to bind with non-specific probes, a event called

non-specific binding (shown in Fig. 4.2). Actually, study has been shown that non-

specific binding may dominate the biosensor behavior in the low concentration of

the analyte [14]. As a result, the fluctuation in the number of captured targets at

each spot (specific and nonspecific) is a function of the concentration of all targets.

Also taking into account biomolecular kinetics, there is always a non-zero probabil-
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ity of biomolecules switching from bounded state to free state and resuming random

walk. This probability can be found by calculating association and disassociation rate

according to:

k ,k_

X + Y L—»1 xv (4.3)

dIXY]
d, = kilelYl — k—ilXYl (4.4) 

Where X and Y represent a target particle and a specific probe with an association

rate It], and disassociation rate k_1. the symbol [ ] indicates analyte concentration.

We can then apply the following approximation to find the transition probabilities

between the bounded state of the biomolecule and the unbounded state:

Pb = kIIXmIAt (4.5)

Pr = k_1At

The parameters Pb and PT are also defined as the association and disassociation

probabilities. The quantity [Xm] is the saturation concentration of probe X. At is a
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Figure 4.3: Markov chain modeling states of a target biomolecule. In a multiple

probes and multiple analyte scenario, a target biomolecule can specifically bind with

its probe (state marked with B) or non-specifically bind with other probes (state

marked with C) or becomes an unbound biomolecule that exhibits a random walk in

the solution (state marked with F).

sufficiently small time interval for each step of biomolecular random walk.

Hence, a target biomolecule may be bounded with specific probes, or cross-reactive

to non-specific probes, or in the free status. Based on this simple fact, we can model

biomolecular interaction with Markov chain, which reflects the stochastic nature of

biomolecular motion. A Markov chain is a discrete random process with the Markov

property. The Markov property states that the probability distribution for the system

at the next step only depends on the current state of the system, and not additionally

on the state of the system at previous steps. A Markov chain process consists of a
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finite number of states and some known probabilities Pij, where Pij is the probability

of moving from state j to state i.

For a general multiplexed biosensor, where M different types of probes are im-

mobilized on the biosensor substrate and each probe is designed to capture one of

the possible targets in the sample that is required to be detected. Also we assume

that a total of n molecules of different N types of biomolecular targets, N S M, each

consisting of 61,02,63, ...,cN molecules, are present in the sample. We denote the

number of spots with probes that are specific to the target of the type 2' by Mi. Like

we discussed before, each target biomolecule of type 2' may also bind with non-specific

probes. In particular, for each target 2', we will denote by k,- the number of nonspecific

binding. Fig. 4.3 shows the Markov chain model of states each biomolecule has. Any

target biomolecule of type 2' can be in one of states: one state corresponding to a

specific binding to probe, a state corresponding to a non-specific binding to probes,

and one unbound (free) state. The transition probabilities between these states are

given by the probabilities Pib, PIT, Pic, PF. 1’? denotes the probability that a target

of type i binds to its specific probe. Pi" denotes the probability that a target releases

from a bounded state. Associate state and disassociate state are reversible processes

that is governed by equation 4.3, 4.4, and 4.5. Similarly, Pf denotes the probability

that a target of type 2' binds to its non—specific probe and P276 denotes the probability

that a non-specific bounded target releases to free state. The diffusion of the unbound

target molecules is modeled as a random walk. Thus, in equilibrium, the distribution

of the molecules is assumed to be uniform.

The Markov chain shown in Fig. 4.3 only depicts the behavior of biomolecular

interactions. However, it does not include any mass transfer process, which could be

useful to examine any spatial dependency among the probes. Fig. 4.4 illustrates a

general Markov chain modeling states of a target biomolecule considering a one dimen-

sional mass transfer process, where biomolecules also execute a random walk along
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one direction of biosensor reaction chamber. In this case, there are two Markov chain

models involved: one for one dimensional mass relocation ((marked with 1,2,3,...,N)

in the figure), and another one for the biomolecular interactions. In each mass transfer

relocation, there is an associated Markov chain to describe the biomolecular interac-

tion. In reality, the biomolecules may execute random diffusion in 3 dimensions, the

general Markov model can be modified by incorporating another dimensional Markov

chain. However, the model and computation will become much more complex. If

we ignore the locational dependency of probes and only focus on the biomolecular

interaction itself, we can use simplified model shown in Fig. 4.3, which is sufficient

for many applications. In the following studies, we will utilize a simplified model to

study the non—specific binding effect on the biosensor performance.

What we are interested in is the probability that a given biomolecule of type 2' is

in any of the aforementioned states, once equilibrium state is reached. Let’s denote

P,(B) is the probability of specific biomolecular binding of type i, Pi(F) is the release

probability and 1),-(C) represents a probability of type i biomolecule binds with non-

specific probes. These probabilities are given by the stationary distribution of the

Markov chain and they satisfy

P.- = [Pr-(B). Prim, Pr<F>i’ = AP.- (4.6)

P,(B) + P,(C) + P,(F) =1 (4.7)

where the transition matrix A is given by

n— —

1—P,r 0 Pb
’l.

A = 0 1 _ pzrc pic (4.8)

l 2   PT P.“ P}
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the constraint satisfies,

Pif=1—P,-c—P.b (4.9)
2

The probability Pif denotes the likelihood that an unbounded target biomolecule

remains free and it can be calculated by equation 4.9 given probabilities Pib and Pic.

Since the motion of analyte particles is statistically independent, transition matrix A

becomes independent resulting in a homogeneous Markov process. It is a reasonable

assumption where saturation is not met. If the number of target biomolecules is too

large, there is less probes to bind with targets, leading to saturation condition. In this

case, Pib and Pic are not independent anymore. However, our study will assume the

’ condition of saturation is never been reached and we assume Pib and Rf are constant.

It is valid for most scenario. We can expand the model with calibration experimental

data to include the saturation phase later on.

As we discussed above, in a general case, a target biomolecule can potentially bind

with all difl'erent probes with different probabilities. As a result, the fluctuation in

the number of captured targets at each probe (specific and nonspecific) is a function

of the concentration of all target biomolecules. Consider the lth probe, and let the

number of target biomolecules of type 2' that are bound to it be given by nu. Clearly,

the total number of biomolecules bound to probe is given by m = 25:1 111,-. Each

721,- is an independent binomial random variable, one of which corresponds to specific

binding and the remaining to possible non-specific binding. Let’s denote Xj is the

number of captured biomolecules at probe j. Since the total number of biomolecules

of type i that are available or the concentration is given by 0,, The distribution of

Xj is given by

2'

P(X, = n.) = 193(1 — P,?;)Ci—" (4.10)

n

where Pij is the probability that a target of type 2' binds with probe of type j, and it
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Figure 4.4: A general Markov chain modeling states of a target biomolecule consider-

ing a one dimensional mass transfer process, where biomolecules also execute a ran-

dom walk along one direction of biosensor reaction chamber. There are two Markov

chain models involved: mass transfer relocation and biomolecular interactions. In

each mass transfer relocation (marked with 1,2,3,...,N), there is an associated Markov

chain to describe the biomolecular interaction.
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is the result calculated from the Markov chain model:

P,(B) specific binding

Pij = P,(C) nonspecific binding (4.11)

0 otherwise

Since the number of biomolecules involved is large, it is well approximated by a

Gaussian random variable with the mean of

m

3?; = Z PijCi (4.12)

1921

and the variance of

m

0.2 = Z Pij(1— Pile'i (4.13)

1921

With those parameters, we can easily find the signal-to-noise (SNR) performance

of such a system in equilibrium state. We need to first identify the signal as well as

the noise sources. Generally, what we are interested in a biosensor is the measure

of analyte concentration in a reaction chamber. Assume the transducer can only

observe captured particles, we can define the signal of biosensors to be the number of

captured biomolecules in equilibrium state. The biological noise only come from the

fluctuations of the number of analyte particles in equilibrium state. In this case the

SNR is defined as the signal power divided by the noise power, then we have SNR for

a general biosensor:

SNR _ (2321135002
_ 4.14

22le Pij(1 - P2306} ( )

 

Note it is SNR of biosensors with only biological noise that is taken into account.

When the transducer is noisy, the overall SNR should also take into account the added

noise of the transducer. If this transducer noise is independent of the biological

binding events and has a variance 0% normalized to the number of the captured
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biomolecules, we have

(221133-002
SNR =

22:1 Pij(1 - Pij)Ci + 0%

 (4.15)

We can use Markov chain model to simulate any kinds of affinity-based biosensors

and predict their behavior, which provides a valuable tool for biosensor designers. It

can also facilitate the design process by choosing optimal parameters.

4.1.2 Simulated Results using the Biomolecular Markov Model

With the Markov chain, we can construct a virtual biosensor model to predict its be-

havior. For an ideal biosensor platform in which the sensing area has infinite capacity

for particle capture, it is possible to calibrate out the average amount of nonspecific

capture by simply subtracting the expected number of nonspecific biomolecules from

the signal.

Table 4.1: Specifications of a model protein based biosensor for simulation [14, 106,

107]
 

 

Parameter Simulation value

associate rate (k1) 3 x 106M”IS_1

disassociation rate (k_1) 0.95—1

Probe saturation concentration ([Xm]) luM

Simulation time increment (At) 4.7,uS

 

Here we present a numerical example of how Markov chain model can be used

to study the biosensor behavior. Assume we want to detect target biomolecules in

a biosensor chamber and only biomolecular interactions are considerated (no mass

transport process is involved). We use some reported protein based biosensor spec-

ifications for simulation parameters. The associate rate and disassociate rate are
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Figure 4.5: SNR of a general biosensor with as a function of target biomolecule num-

bers. It is compared with the cases where another background biomolecule presents.

3 x 106M_IS”1 and 0.95"1 respectively. The probe saturation concentration [Xm]

is set to be lirM and the simulation time interval is set to 4.7 #8. Those specifications

are summarized in Table 4.1.

The probability of specific binding of a biomolecule target with its probe Pb and

the release probability PT can be calculate from the equation 4.5. The probability

of non-specific binding PC is assumed to be 0.001. For simplicity, these probabilities

are assumed to be the same for all types of the probes. The free target biomolecules

perform a random walk within the reaction chamber. At each time step of the random

walk, the bounded target biomolecules may be released, upon which they resume the

random walk. The release probabilities of from both specific and the non-specific

states for all targets are assumed to be the same. In this case, non-specific binding

is the only contributor to noise source of the biosensor. The simulations are run

sufficiently long so that the equilibrium states of the Markov chains are reached.
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We also introduce a background biomolecule other than target biomolecule into

the biosensor reaction chamber. Fig. 4.5 shows the SNR of a affinity based biosen-

sor where the SNR is log-linear function with the target biomolecular concentration.

However, due to the background noise (non-specific binding), the SNR decreases with

the increased degree of the presence of background biomolecules. As is evident from

Fig. 4.5, the non-specific binding degrade the biosensor performance in terms of re-

duced SNR. This is especially obvious in the low concentration of target biomolecules.

It verifies an important phenomena that non-specific binding may dominate biosen-

sor behavior in the low concentration of target biomolecules [92]. Also, the results

match reported biosensor datasets [14], demonstrating the validity of our modeling

approach.

4.2 Limits on Biosensor Reliability

In last section, we presented analytical results which computed signal-to-noise ratio

using the Markov model and we used the simulation results to explain the effect of

non-specific binding on the SNR of biosensors. We have described current techniques

for reducing the biosensor noise. However, these methods either focussed on im-

proving the physical properties of biosensors or suppressing the systematic noise. An

alternate approach which is at the core of the proposed research is to exploit synthetic

redundancies across multiple “noisy” biosensing elements to significantly improve the

reliability of detection and possibly achieve error—free detection.

The advantage of using a system level approach over a traditional biosensor signal

enhancement can be understood based on the celebrated noisy-channel coding the-

orem by Claude Shannon [108]. Shannon’s theorem tells us that noisy information

can be communicated over a noisy channel at a non-zero rate with arbitrarily small

error probability. Information theory addresses both the limitations and the possibil-
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ities of communication. The noisy-channel coding theorem asserts both that reliable

communication at any rate beyond the capacity is impossible, and that reliable com-

munication at all rates up to capacity is possible.

The theorem adapted for a biosensing application states that error-free detection

using a “noisy” biosensor is possible as long as the rate of detection R is less than

a statistical measure called the biosensor channel capacity C > 0. For the biosensor

channel, the rate of detection is given by R = K/B, where K is the number of different

types pathogens (E. coli, Salmonella,etc.) and B is the number of probe elements in a

biosensor array. Based on information theoretic arguments [108], the channel capacity

C quantifies the theoretical limits of biosensor reliability where lowering C results in

larger DER. If the “noise” or sources of errors across different biosensor elements

are independent and obey Gaussian statistics (a worst case assumption), biosensor

channel capacity C can be expressed as:

C' = B log (1 + SNR) (4.16)

where SNR is the signal-to—noise ratio of the biosensor array.

Equation 4.16 illustrates the following key points with regards to achieving error-

free detection:

1. Increasing the signal-to—noise ratio using amplification techniques like the PCR

in DNA biosensors or pre—concentration in affinity based biosensors increases

the capacity C or the reliability of the biosensor array only logarithmically.

2. Increasing the number of probe elements B in the array while maintaining a

constant SNR increases the capacity and hence the reliability linearly.

Fig. 4.6 explains these two key points, where shows the relation between the

biosensor channel capacity and the SNR with the constant probe elements B=600;

the linear increase of capacity with the increase of the biosensor bandwidth B (the
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Gaussian noise.

number of probe elements) while maintaining a constant SNR=600. There is a cross

point shown in the figure, after which approaching a biosensor channel capacity can

be achieved by increasing B at a reasonable cost. However, the same capacity could

be reached by increasing SNR logarithmically, which is not a good solution in the

power constraint application. Thus equation 4.16 shows that significant improvement

in reliability of detection is possible when appropriate redundancy is introduced in a

biosensor channel as opposed to just enhancing the biomolecular signal. However, the

equation 4.16 only provides an upper-bound on the capacity and does not prescribe

a specific FEC approach for achieving error-free detection. Therefore a systematic

approach is required for designing a FEC biosensor which can achieve the limits of

reliability dictated by the upper-bound in equation 4.16 given the constraints on size

and fabrication accuracy.
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4.3 Forward Error Correction (FEC) Techniques

for Improving the Reliability of Biosensors

4.3.1 The Application of FEC to Nano Bio Systems

Forward error correction (FEC) is a technology, which is widely used in telecommu-

nication systems, to provide robustness to systems. This allows the receiver to detect

and correct errors (within some bound) without the need to ask the sender for addi—

tional data. Also, FEC technique is applied to most mass storage devices to protect

against damage to the stored data.

In the literature, FEC principles have been used for improving reliability of

nanoscale systems, which suffer from similar computational artifacts as storage sys-

tems. Some of the examples include design of fault-tolerant circuits [109] and next

generation flash memory [110]. Other work in related areas include application of the

FEC principle for understanding biological systems [111, 112]. For example, error-

correcting codes were proposed for a DNA microarray, where redundant gene spotting

was used to reduce drop-out errors [113]. This work was extended in [114] where the

error-control coding scheme and quality control were integrated for fabricating DNA

microarrays using multiplexed DNA strands.

4.3.2 Similarity between Communication, Storage Systems

and Biosensor Systems

Fig. 4.7 shows the overview of a communication or storage system. An information

source transmits a sequence of binary digits (bits), called the uncoded sequence p.

This sequence is transformed into the coded sequence a: by an encoder. The coded

sequence a: is corrupted by a noise vector 77. during transmission over the noisy com-

munication channel. Then we will observe a noisy sequence y at the input of the
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Figure 4.7: Simplified model of a communication or storage system.

decoder. The decoder then estimates the original information message [i using ob—

served measurement y.

In typical communication systems, a discrete set of messages or bits is processed by

an encoder that implements popular low-density parity-check code (LDPC) [115] or

hamming code [116] to add redundancy to the transmitted messages. These encoded

bits are transformed into a signal representation that is specific to a communication

channel. The channel adds randomness to the transmitted bits, which are then trans-

formed at the receiver before being decoded. The role of the decoder is to reliably

decipher what was being transmitted by the transmitter. In the case of a biosen-

sor, the transmitted message correspond to a biological sample containing possible

pathogens in different concentrations. The transformation module is implemented by

biomolecular interaction between the target pathogen and detector probe. The noisy

biosensor channel can be attributed to the non-specific biomolecular binding as well

as environmental variations and device artifacts. At the receiver side, the transform

module is implemented by an electrical transducer that translates the biomolecular

interaction to a measurable signal. The Fig. 4.8 summarizes the similarities between

the communication system and biosensor systems and it motivates us that information
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Figure 4.8: Similarity between communication systems and biosensor systems.

theoretic principles could be applied to achieving reliable biosensing.

4.3.3 Design Flow of FEC Biosensors

Regarding the design of FEC biosensors, first, we need to embed the encoder directly

into the biosensor structure. The logic functions of the encoder can be achieved by

biomolecular circuits, which will be demonstrated in next chapter. The reason of con-

structing encoder in biosensor structure is to “provide redundant encoded biosensor

information. A decoding algorithm then exploits this redundancy to compensate for

systematic errors due to experimental variations and for random errors due to stochas-

tic biomolecular interactions. If we follow the logic of this design flow, we will have to

evaluate and verify the biosensor encoder from the beginning. Typically a biosensor

experiment is very time-consuming and labor-intensive. To solve this problem, we

present a simulation framework for examining different FEC biosensor topologies and

analyzing the reliability of FEC biosensors constructed using these biomolecular en-
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coder and corresponding decoding algorithm. At the core of the proposed framework

is a library of electrical circuit models that capture the stochastic interaction between

biomolecules and their variability to environmental conditions and experimental pro-

tocols. The proposed computational approach facilitates rapid evaluation of forward

error correction (FEC) strategies for biosensors without resorting to painstaking and

time-consuming experimental procedures. Taking the biosensor constraints into con-

sideration, an alternative design flow of FEC biosensors can be followed as shown

in Figure 4.9. Similar to an integrated circuit design flow, the design of a FEC

biosensor entails iterative fabrication, modeling and simulation steps as illustrated in

Figure 4.9. The first step in the design flow is the fabrication of fundamental device

and logic circuits (for e.g. soft-AND and soft-OR logic gates). The responses of the

fabricated devices and logic circuits are first measured and the experimental data are

used to generate equivalent circuit models and the nature and magnitude of biosensor

noise. These circuit and noise models are then used to simulate the response of differ—

ent biosensor topolgies without resorting to painstaking fabrication and experimental

procedures. The simulation framework can also incorporate practical constraints im-

posed by the size of the biosensor elements, element cross-talk, analyte propagation

and transducer artifacts. The performance of different biosensor FEC topologies ob-

tained using Monte-Carlo studies and the results are compared against the target

DER. The last step in the design flow involves fabricating prototypes of the FEC

biosensor and validating its performance using a limited number of experiments. Our

final objective is to close the design loop, where the reliability of the biosensor encod-

ing and decoding algorithms are validated using in—lab experiments. The following

chapters will describe the detailed design of an FEC biosensor by following this design

flow.
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Chapter 5

Design of Forward Error

Correction Biosensors: Biosensor

Encoder

The similarity between the reliable communication, storage systems and biosensor

systems motivates us to apply similar encoding/decoding schemes in the biosensor

systems. The purpose of this thesis is to replicate the same success of telecommuni~

cation systems to FEC biosensors. Encoding and decoding concepts and algorithms

are fairly straightforward in communication systems. While in FEC biosensor sys-

tems, the corresponding concepts such as codewords and channel capacity are not so

obvious. We need explore appropriate and equivalent theoretical framework for FEC

biosensors. One of main challenges of building biosensor encoder is that constructing

a biomolecular encoder is limited by the biosensor structures and principles. For ex-

ample, XOR logic is the fundamental function for digital or analog circuits and many

popular code such as Hamming code based on the XOR logic function. However,

XOR logic may be difficult or even impossible to achieve in biosensors due to the

structure or principle constraints. If the encoder logic functions are very limited, how
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would one design an efficient encoder and decoding algorithm for the reliable biologi-

cal information transmission? Those problems are uncommon in the communication

systems, but are immediate challenges for engineered FEC biosensor systems.

In this chapter, we will first illustrate the framework of FEC biosensors and de-

scribe the function of every integral component. Then, we demonstrate constructing

biosensor encoder with two biosensor platforms: lateral flow immunoassay and gold

nanoparticle based biochips. Two basic logic functions (AND and OR) are built by

patterning different biomolecular probes onto different spatial locations of biosensor

substrate. Detailed fabrication procedures and methods will be described.

Evaluating the reliability of different FEC biosensor configurations using direct

experimental techniques has proven to be impractical due to the time-consuming

and labor-intensive nature of sample preparation and handling. This has motivated

us to develop an analytical simulation framework for evaluating the performance of

different biosensor FEC topologies. We developed equivalent circuit models that

capture the stochastic response of respective biomolecular circuit elements. A similar

analytical approach for modeling the biomolecular stochastic interaction has been

reported in [14]. In this work, two kinds of biosensor noise sources were identified and

modeled: 1) systematic noise that was induced by sample handling errors and errors

introduced by device artifacts and 2) random noise due to probabilistic biomolecular

binding interactions [117, 118]. In comparison, our approach directly uses a system

identification approach for approximating the experimental data using a log-linear

model [119] and extracts the parameters of the noise sources based on the regression

and random errors.
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Figure 5.1: The Harnework of FEC Biosensor.

5.1 The Framework of FEC Biosensors

A system level architecture of a proposed FEC biosensor is shown in Fig. 5.1, which

consists of an encoder that is an ensemble of N biomolecular logic circuits that convert

the biological binding into a measurable signal , a biological communication channel

that introduces random and systematic errors and a decoder that uses the noisy

measurements to produce probability estimates indicating the presence or absence

of pathogens in a sample. The decoder processes the noisy measured conductances

Chi = 1, .., N and produces posteriori probability estimates P(Xk|G'1, ..,CN),k =

1, .., N, where Xk E {0, 1} is a boolean variable corresponding to the logical operation

of the kth biomolecular circuit. In the mathematical treatment that follows, it will be

assumed that the channel is the only source of randomness and the encoding/decoding

operation is perfectly reliable. Computations otherwhere are perfectly reliable.

What interest us is the posteriori probability, which tell us the information of

biological phenomena based on the measurements. Mathematically, the posteriori
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estimate P(Xk|G'1, .., CN) can be simplified according to

P(Xk|G1,..,GN) =o< Z P(X1,..,XN,GI, ..,GN)

~Xk

N

~ij=1

N

= Z f(X1,..,XN) HP(Gj|Xk) (5-1)

~Xk j=1

where 119:1 P(Cj]Xk) models the response of the biomolecular circuit elements

and f(X1, .., XN) represents a boolean function that captures the logical dependency

between the variables Xk: k = 1, .., N and hence models the structure of the encoder.

The encoder function f() can be represented in a tabular form where each table entry

represents a state of the variables X1, ..,XN for which f(X1, ..,XN) = 1 and zero

otherwise. We will provide some specific examples of the encoder function in next

section. Equation 5.1 also describes the decoding algorithm used for computing the

a—posteriori probability estimates.

An example architecture of a FEC biosensor is shown in Fig. 5.2 which comprises of

biomolecules as a reactive surface in close proximity to a transducer that converts the

binding of the analyte with the biomolecule into a measurable signal. The uniqueness

of FEC biosensors compared to conventional architecture lies in the integration of

the biomolecular encoding layer as shown in Fig. 1. This encoding could be achieved

by spatially patterning biomolecular entities (for e.g. antibodies, aptamers or DNA)

to form logic circuits-an antibody based example is illustrated in Fig. 5.2 (b). Also

required for an FEC biosensor is a decoder which can then suitably correct for errors.

Typically the decoder could be implemented on silicon circuits and could be integrated

in proximity with the biomolecular encoder as illustrated by an example in Fig. 5.2.
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Figure 5.2: Architecture of an FEC biosensor which comprises of a biomolecular

encoder that interfaces with a silicon decoder.

5.2 Biosensor Logic Gates

Biosensor encoder is an integral component in FEC biosensor and biomolecular logic

circuits are basic units in biosensor encoder. Fig. 5.2 (b) illustrates an example of

biosensor encoder, where redundant biological probes are patterned on the biosensor

cross-bar substrate. As we mentioned before, biomolecular logic gates can be con-

structed by patterning different biomolecular probes along different spatial substrate

locations. Single biomolecular probe can provide information equivalent to a single

bit data while the logic biomolecular circuits could provide information equivalent to

a complex data bit. In CMOS technology, basic transistors can form different basic

logic functions: OR, AND, XOR,.... However, biomolecular transistors have the limi-

tation of building logic fimctions due to the constraints of biosensor structure. In the

following sections, we introduce the methods of fabricating two basic biosensor logic

gates (AND and OR) using two different biosensor platforms.
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5.3 Case Study I: Membrane Based Biosensor Logic

Gates

The first model biosensor chosen to describe the proposed framework is a membrane

based lateral flow immunosensor which utilizes polyaniline (PANI) nanowires-based

transducers to convert binding between target antigens and their specific antibodies

into a measurable electrical signal. The principle was then extended to implement

biomolecular logic circuits (AND and OR) and their functionality was experimentally

verified.

Immunosensors (biosensors that use antibodies as the biomolecule) are of great

interest recently because of their applicability (any compound can be analyzed as long

as specific antibodies are available) and high selectivity. In particular, immunosensors

with electrical readouts offer several advantages over their optical counterparts due

to their reduced cost, reduced form factor and ease of signal acquisition. One such

immunosensor, which is used in this paper was introduced in [120, 121, 122], and can

achieve a detection limit of 80 colony forming units CFU/mL for bacteria and 103 cell

culture infective dose per milliliter (CCID/mL) of bovine viral diarrhea virus (BVDV)

antigens in approximately 6 minutes. The immunosensor uses conductive polyaniline

as a transducer and a molecular switch that is triggered by the presence of target

pathogen in the analyte. The use of polyaniline as a switch (yielding “on” and “off”

responses) has been previously demonstrated using dual gold film electrodes [123].

In some biosensor configurations, polyaniline has also been used as an amplifier to

improve the detection process [124, 125]. In the next section, we will describe basic

properties of the PANI and discuss the application PANI in biosensors.
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5.3.1 Conducting Polymer: Polyaniline (PANI)

Conducting polymers were first discovered in 1976 by Alan MacDiarmid, Hideki Shi-

rakawa, and Alan Heeger, when it was found that the conductivity of polyacetylene

increased by up to 6 orders of magnitude when reacted with iodine (from 10"4 S/cm

to 102 S/cm) [126]. The phenomenon, known as doping, is a result of the formation

of charge carriers. It was discovered that conducting polymers can exhibit different

electrical properties from insulator, to semi-conductor, to mental. The presences of

7r-e1ectron backbone in the conducting polymers result in their electronic properties,

such as electrical conductivity, low ionization potential, and high electron affinity.

Doping can be a control element for varying conductivity of the conducting polymers.

This ability to tailor the polymer’s electrical properties exemplifies the versatility of

conducting polymers. There are a number of methods known to effect doping of con-

jugated polymers including chemical, electrochemical, photo-doping, charge-injection

doping, and non-redox doping [127]. The most common method of doping is known

as oxidative doping, where 1r electrons are removed from the conjugated 7r-systems

via either chemical or electrochemical oxidation. The method results in a positively

charged backbone with counter-ions in close proximity, held by Coulombic interac-

tions. This method is also called as p—doping. N-doping, instead, injects electrons

into 7r systems and increases the number of 1r electrons leading a negatively charged

polymer. However, the oxidation doping is more stable than n-doping.

Polyaniline

Polyaniline is well-known as an environmentally stable and highly tunable conducting

polymer. It exists in a variety of forms differing in electrical conductivity and color.

The general chemical structure of polyaniline is shown in Fig.5.3. There are three dis-

tinct oxidation states of the polymer, namely, “leucoemeraldine”, “emeraldine”, and

“pernigraniline”. The fully reduced form of polyaniline is “leucoemeraldine” (n = 1,
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m = 0), while “pernigraniline” (n = 0, m = 1) is the fully oxidized form of polyaniline

and “emeraldine” (n = m = 0.5) is the 50% oxidized form of polyaniline [128]. Each

oxidation state of the polymer can exist in its base form or its protonated form (salt)

by treatment of the base with acid.

A more common method of producing doped polyaniline is known as acid-doping

(or proton-doping). This method is a non-redox in the sense that the number of 7r

electrons in the backbone chain is unchanged. As with the oxidative doping process,

doped polyaniline may be produced in one step. The presence of the acid treatment

results in the protonation of nitrogen atoms. The polymer chain is positively charged

and has associated counter-anions once protonated. The degree of protonation de-

pends on the oxidation state of the polymer and the pH of the acid solution [129].

The relative number of imine and amine nitrogen atoms depends on the oxidation

state of the polyaniline (see Fig.5.4), and being more basic, the imine sites are more

readily protonated than the amine sites.

Undoped polyaniline exhibits conductivity on the order of 10“10 S/cm; as with
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oxidative doping, protonic, or acid, doping can result in a significant increase in con-

ductivity (up to 10 S/cm - 11 orders of magnitude) [130]. The actual charge carriers

are not as depicted in Fig.5.4. Once protonation of the imine nitrogen atoms has

occurred, geometrical relaxation quickly follows and results in a quinoid to benzenoid

transition (see Fig.5.5), yielding what is known as a bipolaron. The bipolaron charge

carrier is of higher energy, and thus is short-lived. Redistribution of charge and spin

yields a polaron as the more stable charge carrier [126]. The relative stability of the

polaronic structure is attributed to a number of factors including charge separation

(reduction in Coulombic repulsions) [131], and gain of resonance energy [132].

The most common synthesis of polyaniline involves oxidative polymerization, in

which the polymerization and doping occur concurrently. There are two basic meth-

ods of polyaniline synthesis: chemical synthesis and electrochemical synthesis. The
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chemical synthesis involves step-growth polymerization of an aqueous solution of the

monomer in the presence of an oxidizing agent and a protonating acid. In the aqueous

acidic media, aniline cation radical is the first product of the oxidation. The aniline

cation radicals then recombine into benzidine and N—phenyl-p—phenylenediamine, or,

participate in the growth of polyaniline chains in the pernigraniline form. Electro-

chemical synthesis of polyaniline is carried out in a typical electrochemical bath by

adopting a standard three-electrode configuration. The standard three-electrode sys-

tem usually comprises of a working electrode, a counter electrode and the reference

electrode. The electrochemical polymerization generally employs a constant current

or galvanostatic, constant potential or potentiostatic or potential scanning/cycling

methods. The commonly used working electrodes are chromium, nickel, gold, plat-

inum, palladium and glass coated with tin oxide or indium tin oxide. Electrochemical

methods tend to have lower yields than chemical yields [133].

PANI Based Biosensors

Conducting polymers such as polyaniline have gained popularity in biosensor appli-

cations because of the following reasons: first, conducting polymers have flexibility

in their chemical structure which allows modulation of the required electronic and

mechanical properties of the polymer. Second, conducting polymers act as suit-

able substrate for biomolecules immobilization providing suitable environment [134].

PANI nanofibril networks have been reported to be employed as highly sensitive single

cell biodetectors [135]. Third, conducting polymers can be deposited onto electrode

surfaces which provide them with the versatility of being used in diverse biosensor

platforms. Lastly, conducting polymers have been associated with efficient trans—

fer of electric charge produced by biochemical reaction to electronic circuits [136].

Recently, conducting polymers have been used in numerous biosensing applications,

such amperometric, potentiometric, conductometric, optical, calorimetric and piezo-
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electric biosensors. Literature also shows the use of a wide variety of biomolecules

in the conducting polymer based biosensors which range from enzymes, microorgan-

isms, antibodies to nucleic acids [137]. Conducting polymer based biosensors can also

serve the pressing requirements of in vivo sensing, multi-analyte assays, continuous

drug monitoring, and high information-density biosensing. Beside those advantages

mentioned above, conductive polyaniline nanowires based immunosensors are also rel-

atively inexpensive to fabricate and easy to operate which makes it an ideal candidate

for multi-array architecture.

5.3.2 Membrane based Lateral Flow Immunoassay (LFI)

Lateral flow immunochromatographic (LFI) assay is our first modified platform to

discover FEC biosensor encoder, so we first describe its basic structure and principle.

LFI is a user-friendly biosensor format that has following advantages: short diagnostic

time, long-term stability, and relatively inexpensive to make. These features make

strip tests ideal for applications such as home testing, rapid point of care testing, and

testing in the field for various environmental and agricultural analytes. The principle

behind the test is straightforward and will be discussed in great depth below.

Fig. 5.6 shows a popular sandwich format on a LFI assay and it is used when

testing for larger analytes with multiple antigenic sites. In this case, less than an

excess of sample analyte is desired, so that some of the microspheres complex will not

be captured at the capture line, and will continue to flow toward the second line of

immobilized antibodies, the control line. This control line uses species—specific anti-

immunoglobulin antibodies, specific for the conjugate antibodies on the microspheres.

Normally, the membranes used to hold the antibodies in place are made up of

primarily hydrophobic materials, such as nitrocellulose. Both the microspheres used

as the solid phase supports and the conjugate antibodies are hydrophobic, and their

interaction with the membrane allows them to be effectively dried onto the membrane.
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Figure 5.6: The structure and operating principle of a lateral flow immunochromato-

graphic assay.
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For lateral flow test strips, the membrane must irreversibly bind capture reagents

at the capture and control lines. The polymer from which the membrane is made

determines most of its binding characteristics. If the membrane undergoes a secondary

process that chemically alters the polymer or buries it under a second polymer, protein

binding properties may be dramatically altered [138]. Typical polymers and their

binding properties are presented in Table. 5.1.

Table 5.1: Binding properties of different membrane polymers

Membrane Polymer Primary Binding Mechanism

Nitrocellulose Electrostatic and hydrophobic

 

Polyvinylidene fluoride Hydrophobic

(Charge-modified) nylon (Ionic) electrostatic

Polyethersulfone Hydrophobic

 

A membrane’s protein binding capacity is determined by the amount of polymer

surface area available for immobilization. The membrane’s surface area is determined

by pore size, porosity (amount of air in the three dimensional structure), thickness,

and, to a minor extent, structural characteristics unique to the polymer. All other

parameters being equal, surface area decreases nonlinearly with pore size, increases

linearly with thickness, and increases nonlinearly with porosity [138].

Nitrocellulose membrane may be the most popular membrane used in lateral flow

devices and it will be adopted by our study. Nitrocellulose membranes bind proteins

electrostatically through interaction of the strong dipole of the nitrate ester with the

strong dipole of the peptide bonds of the protein. Nitrocellulose membranes are com-

pletely neutral with no acidic protons. Although their ability to adsorb protein is

independent of the pH of the immobilization solution, pH can affect the immobiliza-

tion efficiency of a particular protein by altering its properties in solution. Proteins

maybe lost from the membrane during processing particularly if buffer contains non-

ionic detergents. It is important to check the surface treatment used for fixation
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(e.g., glutaraldehyde and cross-linking) do not destroy the antigenic epitope. These

treatments can also attribute to the brittleness of nitrocellulose membrane. We will

discuss those fabrication considerations in detail in the next sections.

Protein Binding

In immunochromatographic assays, the main function of a protein applied to a mem-

brane is to act as a capture reagent for the target analyte in a sample. The importance

of achieving a high and consistent level of protein binding cannot be over-stressed be-

cause the device performance is totally dependent on achieving a good binding of the

capture reagent to the membrane. It has been known that a number of forces are at

work during the binding between protein and the membrane—specifically, hydrophobic

interactions, hydrogen bonding, and electrostatic interactions. There are two reason-

able models have been proposed to explain the interaction force involved during the

binding event.

The first model states that proteins are initially attracted to a membrane surface

by electrostatic interaction, while long-term attachment is accomplished by a com-

bination of hydrogen bonding and hydrophobic interactions [139]. A second model

suggests that the initial attachment of the protein is by hydrophobic interactions,

with long-term binding accomplished by electrostatic forces [138]. Both models agree

with much of published data. However, the first model is often the widely accepted

mode while the second model may not provide a full explanation for the long-term

stability conferred on protein attachment by drying or the use of an alcohol fixation

step.
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Figure 5.7: The structure of a PANI based lateral flow immunosensor.

5.3.3 Polyaniline Based LFI

Structure and Principle

The architecture of a PANI based lateral flow immunosensor is shown in Fig. 5.7. We

can see that it is a modification from a typical LFI. In the modified structure, antibody

1 and antibody 2 are same and the control line is omitted for simplicity. In typical lat-

eral flow immunochromatographic assay, dyed microspheres are used as a transducer

for optical detector. In our study, we will use polyaniline nanowire as a transducer

and then modify the LFI as a conductometric biosensor. It is also composed of four

different pads: sample pad, conjugate pad, capture pad, and absorption pad. The

antibody region (capture pad) constitutes a biomolecular switch triggered by specific

antigens present in the analyte. The principle of operation of a single biomolecular

switch is illustrated in Fig. 5.8, which shows a cross-sectional view of the immunosen-

sor. Before the sample solution is applied, the gap between the electrodes in the

capture pad is open. Immediately after the sample solution is applied to the sample

pad, the solution containing the antigen flows to the conjugate pad, dissolves with

the polyaniline-labeled antibody (Ab-P) and forms an antigen-antibody—polyaniline

complex. The complex is transported using capillary action into the capture pad

containing the immobilized antibodies. A second antibody-antigen reaction occurs

and forms a sandwich. Polyaniline in the sandwich then forms a molecular Wire and
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Figure 5.8: The operation principle of polyaniline based lateral flow immunosensor.

bridges two electrodes. The polymer structures extend out to bridge adjacent cells

and leads to conductance change between the electrodes. The conductance change

is determined by the number of antigen-antibody bindings, which is related to the

antigen concentration in the sample. The unbound non-target organisms are subse-

quently separated by capillary flow to the absorption membrane. The conductance

change is sensed as an electrical signal (current) across the electrodes. In Fig. 5.8 we

also show SEM images of the capture pad before and after the analyte with pathogen

has been applied. The change in material texture can be observed in Fig. 5.8, which

is attributed to the formation of the antibody-antigen-antibody-polyaniline complex

connecting the electrodes.

Fabrication

Purified rabbit polyclonal antibodies against B. census and E. coli were obtained from

Meridian Life Science (Saco, ME, USA). The antibodies were suspended in phosphate

buffer solution (pH 7.4) and stored at 4°C. B. census and E. coli strains were obtained

from the National Food Safety and Toxicology Center (Michigan State University)

and the Michigan Department of Community Health (East Lansing, MI, USA). A 10

pL loop of each isolate was cultured in 10 mL of nutrient broth and incubated for 24
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hours at 37°C to prepare stock cultures. The stock cultures were serially diluted with

0.1% peptone water to obtain varying concentrations of each microorganism. Polyani-

line was purchased from Sigma-Aldrich (St. Louis, MO, USA). All experiments were

carried out in a certified Biological Safety Label II laboratory. The sample pads (size:

15mm x 5mm) and absorption pads (size: 20mm x 5mm) were made of nitrocellu-

lose membrane (flow rate: 1355/4cm) and the conjugate pads (size: 10mm x 5mm)

were made of fiberglass membrane (grade G6). The porous nitrocellulose substrate

ensures good adsorption properties for immobilized antibodies and allows non-target

antigens to flow through. The electrodes were patterned using aluminium paste and

provided electrical connection between the nitrocellulose membrane and a data ac—

quisition system. The conjugate pad was designed to allow maximal adsorption and

flow of polyaniline-conjugated antibodies. Antibody concentration used for conju-

gate pad was 150 pg/ml and for the capture pad was 500 ug/ml. The polyaniline

concentration in the conjugate pad was 1 mg/ml. All these values were found to be

optimal, resulting in the highest ratio between the number of captured cells and the

actual cell concentration tested. The immunosensors were then attached to an etched

copper printed circuit board (PCB) which was used to connect to the multi-channel

potentiostat array.

The polyaniline-multi-variate antibodies (PMA) conjugates were prepared by sus-

pending 800 pL of polyclonal antibodies against B. cereus and E. coli (concentration

150 pg/mL) in a 4 ml of polyaniline solution in phosphate buffer (pH 7.4) containing

10 ‘70 dimethylformamide (DMF) (v/v) and 0.1 % LiCl (w/v). LiCl can maintain the

stability of polyaniline while too much ionic strength can hurt the protein binding

in the membrane. So we have to choose minimum ionic strength as sufficient sta-

bilizer and we will discuss those issues in detail in next section. The solution was

incubated at room temperature for 1 hour to allow binding of the antibodies with

polyaniline and then treated with a blocking reagent (Tris buffer containing 0.1%
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Figure 5.9: The prototype of polyaniline based inununosensor and the mask for mak-

ing electrodes.

casein). The polyaniline-multivariate antibody conjugates were then precipitated by

centrifugation at 12,000 rpm for 5 min. The supernatant fluid was discarded and

the pellets were mixed with the blocking reagent and centrifuged again. The cen-

trifugation step was repeated three times The conjugates were finally suspended in

phosphate buffer solution containing 0.1 % LiCl (w/v) and 10 % DMF (v/v) and

stored at 4°C until used. The conjugate pads were prepared by soaking the fiberglass

strip into the PMA solution until a homogenous dispersion is achieved. Extensive

characterization of a single strip, single pathogen biosensor has been performed else

where [120, 140, 141, 142]. We have tried different methods for patterning silver

electrodes onto the membrane. The simplest method is to use silver dispenser pen

to hand draw two electrode line along the substrate. But it is time consuming and

it suffer inconsistent performance. Another methods we have used is metal evapo-

ration and Fig. 5.9 shows the mask for patterning electrodes on the nitrocellulose

membrane using metal evaporation and a prototype of the fabricated immunosensor.
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(a)

(0)

Figure 5.10: (a). Biodot dispersing machine for dispersing antibody onto the nitro-

cellulose membrane. (b). the SEM image of nitrocellulose matrix. (c). The dispersed

antibody on the membrane.

With tapped the mask onto the membrane, evaporated silver will deposit onto the

uncovered places on the membrane using metal evaporation machine, leading to a de-

sired electrode pattern. The advantages of this method include automated procedure

resulting in smaller variance, time-saving, and configurable format. After patterning

silver electrodes on the nitrocellulose membrane, antibodies are dispersed onto the

membrane to form the capture line using Biodot dispersing machine, which is shown

in Fig. 5.10(a). Also shown in the figure are the SEM image of the nitrocellulose

matrix (Fig. 5.10(b)) and the patterned antibody drop (in dyed green color) on the

membrane (Fig. 5.10(c)).

Development Considerations

Fabricating good lateral flow immunoassay is a difficult task although the principle

is simple. There are many factors which are involved to affect the performance of
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lateral flow devices. We will discuss some of key factors and solutions in this section.

1. Optimizing the Application Buffer

There are several critical factors which have an effect on the protein binding

onto the nitrocellulose membranes. Developers of lateral flow device often ignore

the importance of optimizing reagents, which can greatly affect the protein binding.

The proteins used as capture reagents vary from test to test. The optimization is

straightforward if monoclonal antibodies are used while the process is more difficult

in the case of polyclonal antibodies due to the presence of many epitopes. During

the process of optimizing application buffer, we have to make sure solubility of the

protein and the stability of the protein molecules are both well maintained. In some

cases, adding some ions into the application buffer can promote solubility of the

protein. However, strong ionic strength in the buffer could interferes with electrostatic

interactions of protein binding [138]. As the molarity of the capture reagent solution

increases, the amount of solid residue left on the membrane also increases, which

affect wetting property of the membrane. We will discuss with this issue later on.

Typically, the molarity of the buffer should be lowered to the minimum required to

maintain a stable pH (<10 mM). As suggested in [138], the use of buffered saline

solution is generally not recommended. Also, the increase of ionic strength can cause

precipitation of proteins thus affecting the sensitivity and stability of the test [143,

144, 145, 146]. Choosing an optimal application buffer with proper ionic strength is

a key for the device’s performance.

Surfactants and detergents can affect protein adsorption if their concentration in

the membrane is too high. Tween 20, Triton X—100, glycerin, polyvinyl glycol (PEG)

can reduce protein binding by adsorpting to the membrane preferentially or forming

a complex with a protein molecule before it adsorbs [138]. The concentration of those

reagents should be kept as low as possible(<0.05% v/v for Tween and Triton, <0.1%

v/v for glycerin).
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Choosing pH in the capture reagent buffer is also crucial. Most antibodies have

isoelectric points between pH 5.5 and 7.5. Using a buffer at pH 7.0—7.5 is close to

optimal and practically the choose of pH is empirical.

The addition of a small amount of alcohol (1% to 10% v/v methanol, ethanol

or isopropanol) can be helpful to improve the consistency of reagent application by

lowering solution viscosity because it lowers surface tension. It can also enhance the

drying and protein fixation process.

2. Non-specific Binding

Nonspecific binding can happen if non-target proteins bind with probes or nitro-

cellulose substrate. To reduce the non-specific binding with the membrane substrate,

blocking agents such as bovine serum albumin (BSA) and some surfactant (Tween

20, Triton X-100, or sodium dodecyl sulfate (SDS)) have been used [147]. After the

membrane has been blocked using blocking agents, it is important to remove unad-

sorbed blocking agent by washing with a weak buffer (e.g., 5 mM Na2HP04, pH

7.5).

3. Optimizing Membrane Flow

The capillary flow rate is the speed at which a sample front moves along a mem—

brane strip when liquid is introduced at one end [138]. The sensitivity of lateral flow

immunoassay increases with the decrease flow rate. Also, the apparent concentration

of the analyte increases as the flow rate decreases. Because nitrocellulose membranes

are naturally hydrophobic and the wicking of water into a nitrocellulose membrane is

due to the presence of interstatial moisture [148], the hydrophobicity of the membrane

can cause the following problems: First, nonspecific interaction of a hydrophobic an-

alyte with the membrane can generate significant nonspecific signal. Second, wetting

technique is needed because the rate of rewetting and lateral flow can be too low

for rapid test. Third, loss of interstatial moisture can cause long-term storage dif-

ficulties. Blocking agent is one of solutions to reduce or eliminate these problems.
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Figure 5.11: Illustration submarine phenomena due to uneven capture line wetting.

Ideally, they should simultaneously reduce the level of nonspecific background stain-

ing, remain bound to the membrane during prolonged storage, and achieve even and

consistent rewetting upon sample application at a rate appropriate to the assay being

developed [149].

4. Membrane Wetting

One of problems during the LFI fabrication is uneven hydrophobicity of the mem-

brane. During the test, different solutions might flow through the membrane and the

distribution of water-soluble residues may not be even. Any variations in the charac-

ter or concentration of these residues will affect the rewetting rate of the membrane.

The uneven rewetting of the capture line can greatly affect the performance of lateral

flow immunoassays. We have met this problem during our research and one phenom-

ena called “submarining” occurs. Because capture line is more hydrophobic than the

surrounding membrane, so the sample solution by the capillary force was stopped by

the capture line. Some of analyte may then run along the plastic support of the mem-

brane (which is more hydrophilic) and then reenter the membrane above the capture

line where the membrane is more hydrophilic. Fig. 5.11 describes this phenomena

and it results in a capture line that has no or very little sample penetration, which

affects test sensitivity and selectivity.

The solution to uneven hydrophobicity is to introduce a rewetting agent, a hy-

drophilic material added during process. Studies have shown that pretreating a ni-

trocellulose membrane with carefully selected rewetting agents can efficiently solve
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problems caused by hydrophobicity and membrane storage [150]. Introduction of

a certain surfactant to the buffer can also ensure the capture line is in an evenly

hydrophilic environment. A low-concentration ( 0.1%) SDS or sodium dodecylben-

zolylsulfonate solution is a typical one. In [150], blocking agents have been used as a

method to even membrane rewetting.

5.3.4 Characterization of Single Biomolecular Transistor on

a PANI based LFI

We have fabricated and characterized the response of a single biosensor (biomolecular

transistor) using B. cereus antibody with respect to different pathogen concentrations.

Data acquisition card NI-6221 was used to record continuous conductance across

the two electrodes of biosensor. Fig. 5.12 shows the measured conductance across

the biosensor electrodes as the concentration of pathogen (B. cereus) in the sample

is varied. The measured conductance is normalized with respect to the “control”

conductance (measured when a sample containing no pathogens is applied) and shows

a clear discrimination between pathogenic and non-pathogenic cases. The plot in

Fig. 5.12 also shows a monotonic increase in conductance with an increase in pathogen

concentration (given in colony forming units per milliliter-CFU/mL). This response

can be approximated using a log-linear model (shown by a dotted line in Fig. 5.12)

and the regression error is used to approximate the systematic error. The Fig. 5.12

also shows error bars computed using multiple experimental runs and they are used

for estimating the random errors.

A log-linear model is given by

X
C(XB) = Co + clog 355 + on (5.2)

0

where XB represents the concentration of the pathogen B. cereus in CFU/m1, Go
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represents the “control” transconductance, n represents sensitivity factor, and X0

is a detection constant. Note that equation 5.2 is valid only for XB _>_ X0, which

is a reasonable assumption. The systematic and random errors are included as the

additive noise component C", in the equivalent circuit model of the biomolecular

transistor (shown in Fig. 5.13). Based on this large signal model, it can be shown

that a single biosensor acts like a “pathogen concentration” controlled resistor that is

similar to an operation of a MOSFET transistor biased in weak-inversion [151]. The

circuit model is important because we use setup a library of circuit models to mimic

the behavior of biomolecular transistors. Another application of the biomolecular

circuit model could be the development of computer-aided design (CAD) tools which

can assist biosystem engineers to pattern and test biosensors in a virtual environment.

Traditionally biosensor experiments are very time consuming, labor extensive, and

are expensive. With our developed computational and electrical models, the building

blocks can be configured, connected in arbitrary fashion and tested using computer

simulations.

Limitations of the log-linear model in equation 5.2 in predicting the pathogen con-

centration will arise due the “hook effect”, a common phenomenon observed in most

biosensors where the conductance decreases with increase in pathogen concentra-

tion. The “hook effect” is typically attributed to the presence of large concentration

of pathogens, leading to saturation of binding sites and obstructing charge transfer

within the conductive polyaniline structure. For instance, in [121] the “hook effect”

was observed at concentrations above 104 CFU/mL for biosensor electrode spacing of

approximately 0.5 mm. In our experiments, the electrodes are spaced approximately

at 1 mm which therefore the “hook effect” was not observed, possibly at the expense

of reduced sensitivity factor.
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Figure 5.12: Conductance measurement of B. cereus single biomolecular transistor.

5.3.5 Fabrication and Characterization of Logic Gates

The biosensor principle was then extended to implement two variants of logical opera-

tions (AND and OR) in [140]. Fig. 5.14 shows the structure of an AND gate (marked

by 1) and and OR gate (marked by 2) constructed using the antigen-antibody-

polyaniline complex. An AND operation is achieved by cascading two different anti-

bodies in between the biosensor electrodes. Thus, in an ideal condition, conduction

between the electrodes occurs only when both of pathogens are present in the sample

(for completing the polyaniline bridge as shown in Fig. 5.14 (1)). An OR operation

is achieved by immobilizing a mixture of antibodies between the electrodes. Thus,

in an ideal condition a polyaniline nanowire bridge is formed when either one of the

antigen is present. We have successfully fabricated and characterized biomolecular

logic gates based on the principles described above [140].

Fig. 5.15 and 5.16 show the transient responses measured using the fabricated

AND and OR logic gates. They measure four different states when only E. coli,
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Figure 5.13: The circuit model of single biomolecular transistor.

 

Figure 5.14: Schematic illustration of biomolecular logic gates (AND gate (marked

by 1), OR gate (2)).

79



 

 

 

     
 

6

5'-

_,

c7? 4 ~ ,WWO-rw
_ ]

3
“I -

§ 3-

S

.. c z - : ' 5 ~ - t ;

O
: a ..

é 2‘

c

A Both
0 1.

0 "
+ E. coli

"
0 B. cereus.

0 Control

-1
. . .

0 100 200 300 400

Time (seconds)

Figure 5.15: Typical transient response of AND gate.

only B. cereus, both pathogens, and no pathogens (control) exist. The calibrated

concentration of E. coli and B. cereus are 6.3x 107 CFU/mL and 5.03x107 CFU/mL

respectively. The conductance measured across the electrodes stabilizes around 100

seconds after the application of the analyte and it constitutes the steady-state of the

biosensor logic gate. The transient behavior is attributed to the dynamics of the

polyaniline sandwich in the presence of analyte flow, adhesion and capillary force.

However, in this study only the steady-state conductance will be used for modeling

and derivation of transient models is deferred for future publications.

Fig. 5.17 shows the response of an AND gate corresponding to different pathogen

concentrations, where E represents E. coli and B represents B. cereus. The conduc-

tance of biosensor is measured for two sets of pathogen concentration and for four

possible logic conditions (E = 0, 1 and B: 0, 1) where a binary state represents the

absence or presence of a pathogen. The measured conductance are compared against

a “control” response that represents the logic condition E=0, B=0. It can be seen
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Figure 5.16: Typical transient response of OR gate.

from Fig. 5.17 that the measured conductance for logical condition (E = 1, B = 1)

is higher than all other cases (irrespective of pathogen concentration) which corre-

sponds to a soft AND operation. However, Fig. 5.17 also shows that the measured

conductance, when only B. cereus is present, is close to the condition when both

B. cereus and E. coli are present. This artifact could be attributed to the imper-

fect antibody masking in the fabrication procedure which led to signal leakage across

the electrodes. Fig. 5.18 shows the measured conductance for a biosensor acting as

an OR logic gate. The plot shows that for both pathogen concentration levels, the

“control” condition (E=0, B=O) leads to a lower conductance as compared to other

logical states. Therefore the response of the biosensor is equivalent to an OR logic.

Also note that OR logic is easy to pattern (no masking required), therefore leading

to near ideal operation as compared to an equivalent AND gate. The response of the

logic gates for different concentration of pathogens is shown in Fig. 5.17- 5.18 and

have been used to derive their equivalent circuit models that incorporate the inherent
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Figure 5.17: Conductance measurement of AND gate.

noise sources.

The corresponding circuit models for OR and AND gates are shown in Fig. 5.19

and their respective mathematical responses are provided below.

X X

C(XB,XE) = GOR+ ngRlog X5913 +ngR log XOER +01. (5.3)

OB 0E

  

AND
X +X

C(XBrXE) = GAND‘H‘B M +0..
AND

XOEB

(5.4)

  XB E
log XAND +K§ND log XANDmg]? log

OB 0E

Table 5.2 summarizes the meaning and typical values of the model parameters that

have been extracted using the measured results and have been used for simulations
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Figure 5.18: Conductance measurement of OR gate.

presented in next following chapters.

We have shown that LFI can be modified to fabricate biomolecular logic gates,

which will be used in a biosensor encoder. However, fabricating AND gate is a pain

due to the constraints of the biosensor structure and principle. In the next study,

we will discover another biosensor platform that greatly improve the performance of

biomolecular logic gates.

5.3.6 Membrane based LFI Biosensor Encoder

As the Fig. 5.1 shows, the biomolecular encoder has to be constructed in the biosensor

structure, being able to provide redundant information. However, it depends on the

types of logic functions that can be achieved by bimolecular logic gates. We will first
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discuss possible encoding methods that can be applied in biosensors. The simplest

encoding method is the “repetition” code where biomolecular transistors that detect

single pathogen are replicated multiple times. One could get more accurate estimation

when using majority voting rule. For example, biomolecular transistors specific to

two model pathogens B. cereusand E. coli are replicated three times respectively.

In this case, X1, .., X6 will be used to represent the boolean variables corresponding

to output of each of the biomolecular transistor. The resulting encoder function

f(X1,X2,..,X6) is summarized in Table 5.3. This encoder is denoted as a (6,2)

repetition code which implies that six measurements are independently performed

(sequentially or in parallel) to detect two possible pathogens.

Another form of the encoding function that will be the focus of this study uses

the biomolecular OR and AND logic circuits. In conventional FEC codes used in

communications and storage systems, a XOR operation is utilized to obtain linear

codes which by construction are symmetric. Unfortunately, XOR logic using the

proposed biosensor principle is un—realizable and hence our encoding (also referred to
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Table 5.2: Parameter meaning and typical values of formula 3.1-3.3
 

 

Parameter Meaning Value

Go “control” transconductance 1.24 [15

n sensitivity factor 1.2 #5

X0 detection constant 0.1 CFU/mL

COR “control” transconductance 13.6 #5

ngR sensitivity factor of B. cereus 0.15 p5

X00; detection constant for B. cereus 0.76 #5

h3g1? sensitivity factor of E. coli 0.09 113

XgER detection constant for E. coli 8.5 x 10‘4 CFU/mL

GAND “control” transconductance 13.1 juS

Kg”,D sensitivity factor of B. cereus 3.4 as

Xéqévp detection constant for B. cereus 103CFU/mL

ngND sensitivity factor of E. coli 0.45 #5

XéqéVD detection constant for E. coli 4.6 x 102 CFU/mL

nggD sensitivity factor of coupling effect 0.4 [18'

XéqévBD detection constant of coupling effect 1.2 x 103 CFU/mL

0,, conductance induced by noise variable

 

For the lateral flow immunoassay which was taken as a model biosensor in this

of variables X1 and X2.
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as an asymmetric code) function will only be based on OR and AND biomolecular

circuits. We will discuss asymmetric code in detail in next chapter. One specific

instance of a (6,2) encoder function is summarized in Table 5.4, where X1,X2 are

boolean variables corresponding to the absence or presence of B. cereus and E. coli.

The variable X3 represents a logical OR operation between X1 and X2 and variable

X4 corresponds to a logical AND operation. The variables X5 and X6 are repetition

study, the encoder can be realized by adding redundant paths for flow of analyte to-
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Figure 5.20: A visualization of multi-pathogen biosensor CD that could implement

the encoding methods.

Table 5.3: (6,2) Repetition code
 

 

X1 X2 X3 X4 X5 X6

0 0 0 0 0 0

0 1 0 1 0 1

1 0 1 0 1 0

1 1 1 1 1 1   
 

wards the biomolecular logic gates. One possible realization is illustrated in Fig. 5.20,

where the sample is first applied to a sample pad and a conjugate pad where the

r ‘L u "L 4, pclyaniline complex is formed. The complex then splits into par-

allel flow paths and propagates to different antibody capture lines where the biomolec-

ular logic gates/transistors are immobilized. Conductometric potentiostats [152, 153]

are then used to measure the conductance across the electrodes of the biomolecular

circuits. The measured conductance is then processed by a digital signal processor

or analog decoder chip, which implements the factor graph decoding algorithm and

flags the presence or absence of target pathogens.
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Table 5.4: (6,2) Asymmetric code

X1 X2 X3 X4 X5 X6

0 0 0 0 0 0

 

 

0 1 1 0 0 1

1 0 1 0 1 0

1 1 1 1 1 1    

5.4 Case Study II: Silver-Enhanced Gold Nanopar-

ticle Based Biosensor Logic Gates

One of biggest challenges of designing FEC biosensors is to construct encoder into

biosensor structure. During our experiments, there are some main problems in our

first model logic gates. One is low signal-to-noise ratio due to the operation princi-

ple of lateral flow immunosensor coupled with the principle of conductometric mea-

surement. Another big challenge is to pattern AND logic gate in the lateral flow

immunosensor, which require that two cascaded antibody drops are within a 1 mm

electrode gap. That turns out to be a difficult task since antibody solution will spread

out on the nitrocellulose membrane. Those problems lead to experiment results with

large variations. We now reported to explore gold nanoparticle based biochip, which

can be used as an alternative platform for the FEC biosensor encoder. We have suc-

cessfully functionalized and characterized a gold nanoparticle based biochip, and it

has more sound principle and more repeatable results. Here we introduce the princi-

ple and some preliminary results. The structure of biochip is also easy to be modified

to construct logic gates, which is shown in the following sections.
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5.4.1 Introduction to Silver-Enhanced Gold Nanoparticle based

Biochip

One of popular methods engaged in immunoassays is based on gold nanoparticles that

are used as a label and a signal generator. However, the sensitivity of this approach

is limited by resolution of the optical detector especially when the concentration of

gold nanoparticles is very low [154]. However, the sensitivity of detection can be

increased dramatically by using a procedure called “silver enhancement” where silver

deposition occurs around nucleic sites formed by the gold nanoparticles. The core

principle behind this technique is to grow silver micro-particles around nucleation

sites formed by gold nanoparticles. The micro-particles can then be easily interrogated

using optical techniques. Some examples of immunoassays using gold nanoparticles

combined with silver enhancement have been demonstrated in [154, 155, 156, 157]. For

instance, in [155] gold nanOparticle and silver enhancer solution have been employed

in the immunoassay for detecting ricin with a detection limit of 100 pg/mL.

The silver enhancement principle, however, is ideal for conductometric biosensors

which offer several advantages over their optical counterparts due to their reduced

cost, reduced form factor and the ease of signal acquisition [158]. Silver enhancement

can significantly improve the signal-to—noise ratio in a conductometric biosensor by

suppressing the background interference and in the process can achieve detection

sensitivities comparable or better than an optical based system. The conductometric

biosensor reported in this study uses a biomolecular transistor that is constructed

using functionalized gold nanoparticle on the high-density interdigitated microelec-

trode array. The interdigitated electrodes provide a large active area to facilitate

binding between the analyte and the detection probe and hence have several advan-

tages over non-interdigitated electrode arrays [156, 160]. We show that the response

of the biomolecular transistor comprises of three distinct regions depending on the
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formation of the conductive path between the electrodes. These three regions provide

different modalities to measure and detect target analytes at different concentration

levels. We then extend the functionality of the biomolecular transistor to construct

logic gates (AND and OR) by patterning target specific antibodies at different spatial

locations on the interdigitated microelectrode array.

5.4.2 Gold Nanoparticles

Gold nanoparticles typically have dimensions ranging from 1-100 nm and they gener-

ally are produced in a liquid by reduction of chloroauric acid (H[AuCl4]), although

more advanced and precise methods do exist. Fig. 5.21 shows the SEM image of

synthesized gold nanoparticles in our lab. Gold nanoparticles display many inter-

esting electrical and optical properties. First, they are good conductors and they

are widely used in electronics and wiring. Second, gold nanoparticles can experience

surface plasmon resonance in the visible portion of the spectrum. This means that

a certain portion of visible wavelengths will be absorbed, while another portion will

be reflected. The portion reflected will lend the material a certain color. Small gold

nanoparticles absorb light in the blue-green portion of the spectrum ( 400—500 nm)

while red light ( 700 nm) is reflected, yielding a dark red color. The wavelength of

surface plasmon resonance related absorption shifts to longer wavelengths when the

particle size increases. Red light is then now adsorbed, and bluer light is reflected,

yielding particles with a pale blue or purple color. As particle size continues to in-

crease toward the bulk limit, surface plasmon resonance wavelengths move into the

IR portion of the spectrum and most visible wavelengths are reflected. This gives the

nanoparticles clear or translucent color [161].

Those interesting properties enable gold nanoparticles become as drug carriers [162]

and useful tool for cancer research. In [163], gold nanoparticles have been reported

to be used for tumor detection. To specifically target tumor cells, the pegylated gold
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Figure 5.21: The SEM image of gold nanoparticles

particles are conjugated with an antibody against epidermal growth factor receptor

(EGFR). Using Surface Enhanced Raman Spectroscopy (SERS), these pegylated gold

nanoparticles can then detect the location of the tumor.

5.4.3 Principle of Silver Enhancement

The principle of conductometric detection is shown in Fig. 5.22 where initially probes

specific to the target molecules are immobilized in the regions between two elec—

trodes. When the analyte is applied, the target biomolecules hybridize with the

specific probes. The secondary antibodies conjugated with gold (Au) nanoparticles

are then applied to the biochip, which leads to the formation of a sandwich array as

shown in Fig. 5.22 (A). This configuration is denoted as the “cut-off” region since the

current measured between the electrodes (for a fixed potential difference) is small. In

the next step of the silver enhancement procedure, the active component (with gold

nanoparticles) of the biochip is exposed to a solution of Ag(I) and hydroquinone (pho-

tographic developing solution). The gold nanoparticles act as a catalyst and reduce
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Figure 5.22: The operation principle of silver enhanced gold nanoparticle based

biochip.

silver ions into metallic silver in the presence of a reducing agent (hydroquinone).

The reduced silver then deposits on the gold surface, thus enlarging the size of the

gold nanoparticles. As the size of the silver islands grow, they provide shorter paths

for electrons to hop between the electodes. The region of operation when the dis-

tance between the elecrodes has not been fully bridged by the silver islands is the

sub-threshold region (see Fig. 5.22 (B)). With the increase in enhancement time, the

consistent growth of silver-enhanced particles completely bridges the area between

the electrodes. Under this condition, the device enters the above threshold region of

operation where a flow of current can be measured when a fixed potential is applied

between the electrodes (Fig. 5.22 (C)). The time required for the device to reach

the threshold from the cut-off region is known as the transition time. In this pa-

per, we use the sub—threshold and above-threshold characteristics of the device for

conductometric measurement of the concentration of the target biomolecules.

5.4.4 Biochip Fabrication and Surface Modification

The procedure for fabricating high-density interdigitated microelectrodes is described

in detail in this section. The biochips were fabricated from 4” silicon wafers (p-

type 100, thickness 500—550 pm). A 2 pm thick layer of thermal oxide was grown
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Figure 5.23: The high-density interdigital microelectrode biochip.

over the silicon to serve as an insulator between the electrodes and the substrate.

Photolithography was used to pattern photoresist, metal electrodes were deposited

by the evaporation of 10 nm of chrome under 100 nm of gold and a lift-off process was

used to develop the interdigitated electrode array. Fig.5.23 shows the high-density

interdigitated electrodes biochip fabricated using a stande MEMS technology. Each

electrode finger has a length of 5000 pm, a width of 5 am and an inter-electrode

spacing of 6 pm.

The surface of biochips was then modified for immobilizing the antibody. The

chips were first immersed in acetone in a crystallizing dish for 10 min to dissolve away

the protective PR layer. The chips were then treated with 1:1 mixture of concentrated

methonal and hydrochloric acid for 30 min followed by immersion into boiling distilled

water for 30 min. The biochips were allowed to air dry completely. The cleaning and

drying of the biochips are now ready for silanization where it occurred in an anaerobic

glove box. The biochips were immersed in a crystallizing dish containing a solution
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Figure 5.24: The process of gold anti-IgG conjugate immobilization to the silicon

oxide.

of 2 % 3-Mercaptopropytrimethyloxysilane (MTS) (Sigma; St.Louis, MS) for 2 h.

The chips were then rinsed in toluene and allowed to dry completely. After Silaniza-

tion, N-y-maleimidobutyryloxy succinimide ester (GMBS) (Sigma; St.Louis, MA) was

choosen as crosslinkers to avoid multi-protein complex [164]. The crosslinking reagent

was dissolved in a minimum amount of dimethylformamide (DMF) and then diluted

with ethanol to a final concentration of 2 mM. The silanized substrate was treated

with crosslinker for 1 h and washed in phosphate buffered saline (PBS, pH 7.4). After

the application of the crosslinker, goat anti-rabbit IgG (Sigma; St.Louis, MA) was

immobilized onto the biochip active surface. The biochips were placed in a petri dish,

sealed with parafilm and allowed to incubate at 3700 for 1 h. Fig. 5.24 summarize

the process of biochip surface functionalization. The biochips were then treated with

2 mg/mL bovine serum albumin (BSA) (Sigma; St.Louis, MA) for 45 min. After

incubation, the biochip surface was rinsed with PBS (pH 7.4) and allowed to air dry.

In order to simplify the procedure and reduce the incubation time for the entire pro-
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Figure 5.25: Confocal laser scanning microscopy image of electrodes showing FITC-

labeled bovine IgG only immobilized to silicon dioxide surfaces (black areas are the

electrodes where no IgG are present).

cess, subsequent experiments were performed in which BSA and the anti-IgG were

combined in the same solution. We noticed the results obtained using this method

were equivalent to those obtained by adding the blocking agent and anti-IgG sepa-

rately. The confocal laser scanning microscopy image was used to validate antibody

immobilization and determine where it occurred (Fig. 5.25). The image shows that

the antibody immobilization was only occurring on the silicon dioxide area between

the electrodes, thus proving the effectiveness of the surface functionalization.
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Figure 5.26: The comparison of SEM images showing the importance of proper wash—

ing during biochip fabrications.

5.4.5 Fabrication Considerations

In some steps during the process of surface modification, aggressive washing steps

are needed to remove chemical residues from last steps. Fig. 5.26 shows two SEM

images of biochips after surface modification. Fig. 5.26 (a) shows the biochip with

insufficient washing, thus leaving lots of chemical residues before immobilizing gold

nanoparticles. We can tell the big difference from Fig. 5.26 (a) to Fig. 5.26 (b), which

adopt aggressive washing to get rid of chemical residues. Too strong washing force will

affect chemical covalent binding and protein binding while weak strong one might not

be enough for removing chemical residuals. Actual washing time and washing force

should be adjusted according to experimental trials.

5.4.6 Experimental Results of Single Biochip

Verification of the Operating Principle

The first step in verifying the silver enhancement principle is to measure the size

of the silver-enhanced gold nanoparticles with respect to the silver enhancing time.
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Figure 5.27: The relationship between the gold particle size and the silver enhancing

time.

 

Figure 5.28: Microphotographs for the biochip active surface. (a) before silver en-

hancement (b) 35 min after silver enhancement.
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For this experiment, Zetasizer Nano (Malvern Instruments Ltd, UK) was used to

characterize the particle size. Fig. 5.27 shows the linear relationship between the silver

enhancing time and the size of gold particles. We have observed that the 40 nm gold

nanoparticles will reach average size of 1.2 pm when exposed to the silver enhancer

for approximately 10 min. This interesting property makes the silver-enhancement

principle suitable for signal amplification in conductimetric biosensors.

To evaluate the detection capabilities of the biochip, we dispense 2.5 mM/mL

gold anti-IgG conjugate onto the biochip surface for 2 h and then treat the biochip

with silver enhancer solution (Ted Pella, Inc.,CA). To stop silver enhancement, the

biochip was rinsed with distilled water and was dried with N2. Fig. 5.28 shows the

microscopic observations before and after 35 min silver enhancing time . Because gold

nanoparticles are 40 nm size and they can not be observed by in Fig 5.28(a), where as

they can be clearly observed after silver enhancement (see Fig. 5.28(b)). It can also

be seen that the silver-enhanced gold particle form a bridge between the interdigital

electrodes. Fig.5.29 shows the SEM image of the bridge formed by silver-enhanced

gold particles and then verifies the operating principle.

IgG Detection

Based on the principle of silver enhancement, we conduct IgG detection by first apply-

ing rabbit IgG onto the active area of the anti-rabbit IgG biochip allowing incubation

for 30 min. Goat anti-rabbit IgG and gold conjugates were then applied and were

incubated for 30 min. Excess gold conjugates were washed with PBS solution. Elec-

trical measurements are conducted after each treatment of the biochip with the silver

enhancer solution and the conductance between the electrodes was measured with a

BK multimeter Model AK—2880A (Worchester, MA).

Fig. 5.30 shows the conductance between the electrodes increases with the in-

creasing exposure to the silver enhancer solution while Fig. 5.31 shows the conduc-
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Figure 5.29: SEM image of the bridge formed by enlarged gold particles.

tance measurement in the logarithmic domain. The conductance increases when the

biochip is exposed more in the silver enhancer solution as expected. It clearly shows

the response has three distinct operation region (A, B, and C), which verifies the

operating principle of the silver-enhanced gold nanoparticle based biochip. During

the sub-threshold region (labeled as B) of the operation, gold nanoparticles grow in

the presence of silver enhancer solution thus leading to a shorter path for electron

transport. But during this stage, enhanced gold particles have not formed the bridge

to short the electrodes. With the increase in enhancement time, the consistent growth

of silver-enhanced particles completely bridges the area between the electrodes and

there is immediate transition from state B to C when it happened (shown a step from

B to C in Fig. 5.31). In the stage C, more bridges formed by gold nanoparticles are

building up in parallel, thus leading to more conductance increase until it become to

a more stable state. Bovine IgG biochips were used as negative control experiments

and we have observed that the conductance of “control” biochip start to increase at

10 min. It means that the non-specific binding actually occurred but the number of
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Figure 5.30: Conductance of the rabbit IgG biochip measured as a function of silver

enhancing time.

such events is much smaller than the number of specific binding events. Thus, the

biochip is able to detect target IgG in the presence of background noise. We have

seen that the measurement results are stable several days after the experiments have

been conducted. Also, the results in Fig. 5.31 show that the detection range that can

be achieved by proposed biosensor is 40 dB with respect to the control conductance.

Fig. 5.32 and Fig. 5.33 show the conductance measurement of the mouse IgG biochips

as a function of silver enhancing time and it has the same trend with the Fig. 5.30

and Fig. 5.31, thus showing the consistent behavior of fabricated biochips.

We also conducted rabbit IgG detection using different IgG concentrations and

Fig. 5.34 shows the conductance measurements at 45 min with three IgG concentra—

tions and the control experiment. For each concentration, the experiment is repeated

three times and the standard deviation is also shown in the graph. It clearly shows

that pathogenic and non-pathogenic cases can be easily distinguished even with low
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Figure 5.31: Conductance measurement of the rabbit IgG biochip in logarithmic

domain, which can clearly show that the biomolecular transistor exhibits 3 different

types of responses (labeled as A, B, and C) based on the nature of the conductive path

across the electrodes. A: cut-off region; B: sub-threshold region when the formation

of the conductive bridge between the electrodes is incomplete; C: above—threshold

region where the bridge is completely formed by silver-enhanced gold nanoparticles

leading to a step increase in conductance and conductance slope.
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Figure 5.32: Conductance of the mouse IgG biochip measured as a function of silver

enhancing time.

concentration of IgG. As seen in the graph, the conductance of biochip decrease with

the decrease of the IgG concentration level, implying a decreasing of the signal-to-

noise ratio. Similar experiments have been performed using anti-mouse IgG biochip

with the mouse IgG detection and the results are shown in the Fig. 5.35. These re-

peated and controlled experimental results verify the functionality of proposed biochip

to detect biomolecules.

Some researchers have argued that the conductivity-based silver-enhanced detec—

tion is not applicable to quantitative concentration assays because the electrodes are

short circuited above a certain density of the silver-enhanced gold particles [156]. In

the next experiment we will show that the quantitative analysis can be achieved by

adjusting silver enhancing time. Fig. 5.36 shows the relation of the silver enhancing

time required to reach a conductance range of 385 m8 as a function of rabbit IgG

concentration. It is interesting to note that 240 pg/mL rabbit IgG can be detected
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Figure 5.33: Conductance measurement of the mouse IgG biochip in logarithmic

domain, which can clearly show that the biomolecular transistor exhibits 3 different

types of responses (labeled as A, B, and C) based on the nature of the conductive path

across the electrodes. A: cut-off region; B: sub-threshold region when the formation

of the conductive bridge between the electrodes is incomplete; C: above-threshold

region where the bridge is completely formed by silver-enhanced gold nanoparticles

leading to a step increase in conductance and conductance slope.
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Figure 5.34: Steady state conductance measurement of rabbit IgG detection.

when the conductance increases to 3.8 m8 at the silver enhancing time of 42 min.

We have shown the experiments to verify the principle of silver-enhanced electrical

detection of biomolecules using rabbit IgG as model antigen. One issue that other

researchers have not addressed in the silver enhancement method is the accuracy and

possible false positive errors. Due to the sensitivity of the presence of gold nanopar-

ticles when exposing to silver, it might have a high level of false positive results.

The typical method of prevention is to extensively wash the biochips to alleviate

non-specific binding. The gold nanoparticles serve as nucleation sites about which a

reduction reaction deposits silver and hence enlarges the size of the gold nanoparti-

cle. Using silver enhancer solution, the gold antiparticles can grow into a micro size

particle and ultimately can bridge the gap between electrodes, leading a measurable

change in conductance. Comprehensive experiments have verified the effectiveness of

surface functionalization and the functionality of biochip. The proposed biochip in
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conductance range of 3.8-5 1118 as a function of rabbit IgG concentration.
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conjunction with silver enhancement provides a simple, effective, and sensitive way

of detecting trace quantity of biomolecules.

5.4.7 Silver-enhanced Gold Nanoparticle based Biomolecular

Logic Gates

We have demonstrated the feasibility of detecting model biomolecules (rabbit and

mouse IgG) by using siver-enhanced gold nanoparticle based biochip. Also we men-

tioned that large variability and leakage in membrane based biomolecular circuits

severely limited the performance of the FEC technique. Next step will be fabricating

the biochip logic gates to form biosensor encoder. As we described before, biomolec-

ular logic AND and OR gates are enough to construct biosensor encoder. Due to

the structure of this biochip, we only need to change the antibody pattern to cater

for the structure of biomolecular logic gates. In this section, we report the design

and fabrication of the fundamental logic gates using a silver enhancement technique

that is used for amplifying the signals at the biomolecular level. The biomolecular

level amplification improves the sensitivity as well as the reliability of the logic cir-

cuits which has been verified using measured results from fabricated prototypes. The

improved reliability and leakage of the resulting logic circuits makes the proposed

approach ideal for integration into the FEC biosensor.

Fabrication of AND and OR logic gates

We have shown that the biomolecular logic gates can be constructed by using lateral

flow immunoassays but the performance of these logic gates is far from ideal [140].

In this study, we extend and optimize the logic gates principle to the gold nanopar-

ticle based biochip. The principle of logic gates can be illustrated in Fig. 5.37 where

the schematics of AND and OR logic gates have been shown. Based on the biochip
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platform we described above, these logic gates can be achieved by patterning desired

antibody onto different spatial locations of biochip active surface. Taking the detec-

tion of two model pathogens (rabbit IgG and mouse IgG) as an example, we would

need to dispense two different specific antibodies onto the biochip. However, there

will be a little modification for different logic gates. For preparing the OR gates on the

biochip, a mixture of goat anti-rabbit IgG and goat anti-mouse IgG (concentration

0.05 mg/ml) was dispensed onto the surface of biochip (shown in Fig. 5.37). AND

gates were fabricated on the biochip by dispensing anti-rabbit IgG and anti-mouse

IgG in a cascaded pattern. The immobilization patterns are based on our hypothesis

regarding the operating principle of silver-enhanced gold nanoparticles. In the case of

OR gate, when either one of model pathogens (rabbit IgG or mouse IgG) exists, the

silver-enhanced gold nanoparticles will ultimately bridge the two electrodes assuming

the antibody density is large enough. While in the case of AND gate, the condition

of shorting the two electrodes is the presence of both of two pathogens (rabbit IgG

and mouse IgG in our case). When either one of them exists, the bridge can only

be partially formed leading to a weak conductance change. We have conducted re-

peated and controlled experiments to verify our hypothesis. For the AND gate, the

fabrication challenge remains due to the size limitation of two electrodes. Typically

the OR gate is easy to fabricate while the AND gate is harder because the cascaded

pattern between the narrow gap of two electrodes. To solve this problem, we adopt

the biochip structure where additional electrode (the electrode marked with 3 in the

Fig.5.23) is located in-between two electrodes to isolate two electrodes (marked with

1 and 2 in the Fig.5.23). The experimental results presented below verify the efficacy

of proposed logic gate fabrication methods.
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Figure 5.37: The schematics illustration of logic gates patterned on the biochip.

Characterization of AND and OR logic gates

Goat anti—mouse and Goat anti-rabbit IgG were used to fabricate OR and AND gates

using the procedure described above. Fig. 5.38 and Fig. 5.39 show the conductance

response of logic gates with the respect of silver enhancement time. From the graph,

we observed that the conductance is increased with the increasing exposure to the

silver enhancer solution. We treat the logic gates with difference IgG solutions to

simulate different logic states. When solution contains only rabbit IgG or mouse IgG,

it simulates the logic state (0,1) or (1,0). Logic state (1,1) is represented when the

solution contains both IgG and mouse IgG. In the case of AND gate (Fig. 5.38), the

steady state conductance of (1,1) is much higher than (0,1) and (1,0) and it verify

the functionality of AND gate. While in the case of OR gate (Fig. 5.39), the response

of these three states are almost same, thus verifying the function of the OR gate.

The logic gates were then characterized to determine their variation with 3 dif-

ferent IgG concentrations. Pure cultures of rabbit IgG and mouse IgG were serially

diluted using PBS to prepare 100—fold dilutions representing IgG concentrations rang-

ing from 12 ug/mL—1.2 ng/mL. Each of the tests was repeated three times and the

results were measured every 3 minutes after the replacement of new silver enhancer
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Figure 5.38: Conductance measurement of AND logic gate with respect to the silver

enhancement time. The conductance with the presence of both IgG (mimic the (1,1)

scenario) is highest showing the soft-AND logic property.
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Figure 5.39: Conductance measurement of OR logic gate with respect to the silver

enhancement time. The responses expect that of control are almost similar showing

the soft-OR logic property.
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solution onto biochips. “Control” for all the experiments were obtained using bovine

IgG as a negative control. Fig. 5.40 and Fig. 5.41 plot the response of AND and OR

gates for these 3 different IgG concentration. It can be seen from Fig. 5.40 that the

measured conductance for logical condition “both” (1, 1) is higher than all other cases

(irrespective of pathogen concentration) which corresponds to a true AND operation.

The plot also shows that for both IgG concentration levels, the “control” condition

(0, 0) leads to a much lower conductance as compared to other logical states. That

also means the biochip can detect as low as 1.2 ng/mL IgG. Fig. 5.41 shows the mea-

sured conductance for a biochip acting as an OR logic gate. The plot shows that for

both IgG concentration levels, the “control” condition (0, 0) leads to a much lower

conductance as compared to other logical states and the responses of other 3 logical

states are almost similar. Therefore the response of the biochip is equivalent to an

OR logic. Fig. 5.40 and Fig. 5.41 also show that the responses of logic gates are

very consistent across different IgG concentrations, thus verifying the functionality of

the logic gates. Also as expected, the conductance responses of logic gates decrease

almost linearly with the decrease of the IgG concentration. Compared to our past

work (shown in Fig. 5.17 and Fig. 5.18), significant improvement has been achieved

thanks to the principle and robust measurement of silver-enhanced gold nanoparticle

based biochip.

Logic Gates Circuits Models

We have presented the circuit model of biomolecular logic gates fabricated by lateral

flow immunosensors and explained the benefit of using circuit models. Since we have

discovered a more robust biosensor platform for fabricating logic gates, we now derive

a modified biomolecular circuit model based on experimental data of gold nanoparticle

based biochips.

A log-linear model of single biomolecular transistor is the same with the equa-
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Figure 5.40: Conductance measurements obtained from biochips configured as AND

logic for three different IgG concentrations.
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Figure 5.41: Conductance measurements obtained from biochips configured as OR

logic for three different IgG concentrations.
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tion 5.2 and is given by

X

C(X) 2 GO +rtlog-)—(- +Gn, (5.5)

0

where X represents the concentration of the biomolecules (IgG in this study) in

pg/mL, GO represents the “control” transconductance, It represents sensitivity factor,

and X0 is a detection constant. The systematic and random errors are included as

the additive noise component Gn in the equivalent circuit model of the biomolecular

transistor. For fabricated mouse IgG biochip: 00:0.16 mS; It=4.4 mS; X0=190

pg/mL. In the case of rabbit IgG biochip, 00:0.16 mS; Its—=44 mS; X02195 pg/mL.

In this study, we modify the logic gate circuit models and make a unified circuit

model for both AND and OR logic gates. Taking mouse IgG and rabbit IgG as two

model biomolecules, the corresponding circuit model for OR and AND gates is shown

in Fig. 5.42 and its mathematical responses are provided below.

C(Xm, Xr) 2 Co + Km log 51 + n,- log 5L + rem,—

XOm Xor

The parameters for OR and AND logic gates are shown below: For OR logic

gate: 0020.12 mS; nm=-0.3 mS; nr=1 mS; Kmr=5.3 mS; X0m=57.4 pg/mL; X0T=

1 ng/mL; X077": 63 pg/mL. For AND logic gate: 00:0.11 mS; nm=2.4 mS; rig—=27

mS; Kym-=26 mS; X0m=4.6 pg/mL; X0r=24 pg/mL; XomT=1.2 ng/mL.

In this section we have shown the feasibility of constructing basic logic gates

(AND and OR) based on the silver-enhanced gold nanoparticle based biochip. AND

logic gates have been constructed by cascading two model anit-IgG, whereas OR

logic gates have been fabricated by homogenously mixing and dispensing of anti-

IgG. The biochip utilizes the gold nanoparticle as label and signal transducer in

conjunction with specific antigen-antibody binding and it use silver enhancement as
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Figure 5.42: Circuit model for AND and OR logic gates fabricated by gold nanopar-

ticle biochip.

  

biomolecular level signal amplification. The functionality of the AND and OR logic

gates have been validated using repeated conductance measurements for different

pathogen concentrations. The proposed biochip logic gates will play a key role in

designing a FEC biosensor.
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Chapter 6

Design of Forward Error

Correction Biosensors: Biosensor

Decoder

As shown in Fig. 5.2, the decoder can be implemented on silicon circuits and could

be integrated in proximity with the biomolecular encoder. In this section, we will

focus on the decoding algorithm design and then we introduce an asymmetric code,

which only uses AND and OR logic functions to efficiently transmit computational

capabilities. We also describe the factor graph based soft decoding and message

passing algorithm operating on the graph.

6.1 Introduction to Factor Graph Model

6.1.1 Factor Graph Model

This section introduces basic information about the factor graph and the associated

summary propagation algorithms, which operate by passing messages along the edges

of the graph. The origins of factor graphs come from coding theory, but they offer an
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attractive approach for a wide variety of signal processing problems. In particular,

many practical algorithms for a wide variety of detection and estimation problems

can be derived as summary propagation algorithms [165]. According to the definition

in [166], a factor graph is a biparticle graph that represents factorization of a global

function graph that expresses how a “global” function of many variables factors into

a product of “local” functions. A factor graph has a variable node for each variable

13,-, a factor node for each local function fj, and an edge-connecting variable node x,-

to factor node fj if and only if 1:, is an argument of fj. A factor graph is thus a stan-

dard bipartite graphical representation that depicts a dependence relation between

variables and local functions.

To introduce the factor-graph concept, let us start with a simple example. Take

a five variable function as an example, G(x1,:r:2,a:3,3:4,:r5) can be written as the

product

G($1.$2.$3.$4,1‘5) = fA($1.$2)fB($2)fC($1,x3)fD($3,$4)fE($2,I3,$5) (6.1)

The factor graph corresponding to equation 6.1 is shown in Fig. 6.1. We can

identify a circle for each variable 2:,- representing variable nodes and a filled rectangle

for each factor f representing function nodes, respectively. The variable nodes for x,-

are connected to the function node for f by means of edges if and only if 2:,- is an

argument of f.

The original definition of factor graphs allows only the connection of nodes of

different types [167]. In [168], Forney applied modifications to original definition of

factor graph and the new factor graphs allow direct connections of function nodes.

He define the convention that the degree of a variable node has to be less or equal

to 2. In doing this, external variables are separated from internal variables or state

variables. So external variable nodes have only one degree and internal variable have

115



     
 

fA In 1'0 f0 f5

Figure 6.1: A factor graph expressing that a global function G($1, $2,233, (1:4, 1:5) fac-

tors as the product of the local functions fA(a:1,:r2), fB(a:2), fC(x1,a:3), fD(:I:3,:r4),

fE($2.$3.-’175)-

degree two. Internal nodes can be removed since they have no explicit meanings.

6.1.2 The Sum-Product Algorithm

The sum-product algorithm is a generic algorithm that operates on a factor graph

via a sequence of local computations at every factor-graph node [166]. Before we

introduce the sum-product algorithm, we would like to describe marginal function

first.

Marginal Function

In many cases, we are interested in determining the marginal function from a global

function. There is an important operation called “summary” or “marginal”, where

instead of indicating the variables being summed over, we indicate those variables not

being summed over. For example, if g is a function of three variables 2:1, 2:2, and 2:3,
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then “summary for 2:1” is denoted by

Zg(xl,x2,x3)=ZZg(x1,xg,x3) (6'2)

~$1 2:2 .13

We need sum over all possible configurations of 9 other than $1 to get the marginal

function (summary) for 11:1 of 9. We also can factor a general function g(:r1,:I:2, ...:rn)

into a product of several local functions, each having some subset of 3:1, 3:2, ...:rn as

arguments.

9071.362, min) = H fj(Xj) (5-3)

jEJ

So the marginal function for r,- of 9 can be derived as followed:

grim) = 290171.102. ---,$n) = 2(11 fj(Xj)) (6-4)

NIi in jEJ

So if we want to calculate the marginal function, the first operation is generating

the product and the next operation is summing the product terms.

The Sum-Product Update Rule

In many circumstances, we may be interested in computing for more than one marginal

functions. The computation can be accomplished one by one using a single marginal

function computation described above. However, it is not efficient since some of com-

puted messages can be reused by other marginal functions. Ideally, all of interested

marginal functions can be computed at the same time.

The sum-product algorithm uses a simple update rule and it can efliciently com-

pute all marginal functions simultaneously. It is described as follows [166]:

The message sent from a node v on an edge e is the product of the

local function at v (or the unit function if v is a variable node) with all

messages received at v on edges other than c, summarized for the variable
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associated with e.

A summary function is applied after calculating the product of all incoming mes-

sages including the local function. Let pxqflr) denotes the message sent from node

a: to node f in the operation of the sum-product algorithm, let [If—43(3) denotes the

message sent from node f to node 1'. Also, let n(v) denotes the set of neighbors of a

given node in a factor graph. Then, as illustrated in Fig. 6.2, the message computa-

tions performed by the sum-product algorithm can be classified as two update rules:

variable to function; function to variable, as expressed as follows:

variable to function update:

tum—if (1:) = H #h—ta:(x) (65)

hen(m)\{f}

function to variable update:

rife.<z>= Zimxnmi H own») (66)

~{x} yentf)\{:c}

The set 71(2)) denotes the neighbours of node v, i.e., 71(f) = {x, y1,y2, ..., ym} and

n(:z:) = {f,h1, hg, ..., hn}.

The update rule at a variable node takes on the particularly simple form given

by equation 6.5 because there are no local functions to include, and the summary

for :1: of a product of functions of :1: is simply the product itself. Equation 6.6, on

the other hand, involves multiplication function followed by an application of the

summary operator. Variable nodes of degree two perform no computation and a

message arriving on one incoming edge is simply transmitted to the outgoing edge.
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Figure 6.2: The sum-product algorithm update rules illustrated in a fragment of a

factor graph.

A Detailed Example

Let’s take look at a simple example that uses the sum-product update rules described

above to calculate posteriori probabilities. Consider a simple binary code C={(0,

0, 0, 0), (0, 1, 1, 1), (1, 0, 1, 1), (1, 1, O, 0)}, which is represented by the FFG

in Fig. 6.3 (a) and (b). We also assume that a codeword (X1, X2, X3, X4) is

transmitted over a binary symmetric channel with crossover probability 6:0.15 and

assume that (Y1, Y2, Y3, Y4)=(0, 1, 0, 1) is received. The third data bit is corrupted

due to the channel noise. In this case, the length of the simple code n=4 and the

dimension k=2. Fig. 6.4 shows the message passing rules for two logic functions:

Equality and XOR. The message a are represented as 01(0), ,u(1)) scaled such that

p(0)+u(1)=1. In Fig. 6.3 (c), the FFG is extened to a joint code/channle mode

where the codeword is transmitted over a binary symmetric channel. The channel

outputs represent the measurements and what we are interested in are the posteriori

probabilities p(.’131,$2, x3, x4|y1, y2, y3, 314). Fig. 6.3 (d)-(g) show that the messages as
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computed according to the sum—product rule (equation 6.5 and equation 6.6). Fig. 6.3

(d) computes a initial message according to the measurement vector {y1, y2, 313, m}.

Then the messages from 4 variables to two function nodes (XOR and Equality) are

updated which is shown in Fig. 6.3 (e). In Fig. 6.3 (f), the messages from the function

nodes to variable nodes are obtained based on equation 6.6. The final result (shown in

Fig. 6.3 (h)) is the per-symbol a posteriori probability p(:r:,-|y1, yg, y3, y4) for i=1,2,3,4.

It is obtained as the product of two message along the edge Xi, which is shown in

Fig. 6.3 (g). We can see that the final decision of the codeword is (0, 1, 1, 1) and the

third data bit is corrected due to error-correction function of this simple code.

6.1.3 Message Passing Schedules

We have discussed the sum-product message passing rule and we know exactly how

to calculate the message. However, we have not discussed how to initiate the updates

and how to pass the messages. Finding an optimal message passing schedule with

least iteration number is a nontrivial problem. Since a message depends on other

messages on the graph, it has not been clear how those messages are initiated. There

are several methods to initiate the messages [170, 171, 172, 173]. A good option is

to initially assign unit message on every edge on the graph and every node has sent

a unit function to all of its neighbors. This method can guarantee that every node

is in a position to send a message at any time starting from its equilibrium state.

We also need to assume the message passing is synchronized with a global clock.

This is a reasonable assumption although it is not practical in the analog circuit

implementation. With this method, only one message can be passed on any edge in

any given direction during one clock and other previous messages will be replaced

by this message. If multiple messages are generated at the same time, they will be

passed simultaneously.

A factor graph with no cycles can be viewed as a tree structure. If flooding
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Sum-Product Algorithm: A Simple Example
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Figure 6.3: A simple example of FFG that employs the sum-product algorithm update

rules to calculate interested posteriori probabilities.
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Figure 6.4: The message passing rules for two logic functions: Equality and XOR in

Fig. 6.3.

   

schedule is used, the messages are all absorbed in a finite time and the graph reaches

a final stable state, so we can calculate the marginal functions. However, graphs with

cycles never have a nowhere-idle message passing schedule and there might be some

messages passing on the graph. The termination of the calculations can be done in

these cases arbitrarily by some predetermined steps. The degree of converge depends

on how close the value generated by the new message to the value of the old message

on the edge. For a general treatment of message passing algorithms, the readers can

refer to [165].
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6.2 Factor Graph Based Soft Decoding Algorithm

and Asymmetric Code

In a traditional algebraic decoding, we determine whether or not the received infor-

mation bit as a ‘0’ or ‘1’. Then, we use the certain decoding algorithm to find out

what the original information bits should be. The first step of deciding whether the

information is ‘0’ or ‘1’ is called a hard decision. The hard decision, however, lose

some information because it can not determine how close the information bit is close

to a ‘0’ or ‘1’. While in soft decoding treatment, probability is interested measure-

ment to decide how close the information bit is near to a ‘1’ or ‘0’. Soft decision

is superior to hard decision in terms of lower error rate, but is typically requires a

more complex decoder. In this section, we reported a soft decoding scheme based on

a Forney-style factor graph.

When the encoded information of biomolecular circuits is available, appropriate

and efficient decoding algorithm will be applied to decipher the original biological

information. Unfortunately, some popular codes in communication systems such as

Hamming code and LDPC code can not be directly applied in FEC biosensors be-

cause of the uniqueness of biomolecular logic functions. In our study, we proposed a

biosensor asymmetric code that only uses computation capability from AND and OR

logic functions. The name of asymmetric code comes from the asymmetric nature

of decoding message passing rules, which will be described below. We then pre—

sented detailed factor graph based decoding algorithm based on a asymmetric code.

The factor graph representations are used for efficient computation of the aposteriori

probabilities by marginalizing variables according to equation 5.1. Computation on

factor graphs proceeds using distributed algorithms which in literature are known as

the “sum-product” algorithms described in [169]. The structure of different biosensor

codes can be conveniently represented as a factor graph (shown in Fig. 6.5 and 6.6).
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Figure 6.5: Factor graph model of FEC Biosensor (a) Uncoded biosensor; (b) (6,2)

biosensor repetition code.

In this section we will describe the “sum-product” message passing algorithm for

factor graphs corresponding to the biomolecular circuits.

A Forney-style factor graph [168] corresponding to an uncoded biosensor, a (6,2)

repetition code biosensor is shown in Fig. 6.5, and a (6,2) asymmetric code biosensor

is shown in Fig. 6.6. For the uncoded case, the factor graph in Fig. 6.5 (a) consists

of two transducer nodes (T) whose inputs are the conductance measured from two

biosensors specific to two model pathogens: E. coli and B. cereus. The transducer

node captures the relationship between the measured conductances 01,...,GN and

the indicator variables X1, ..., XN- Because estimations of the presence of pathogens

are directly based on the measurement, so there is no coupling between the two

transducer nodes implying that the detection of pathogens (E. coli and B. cereus)

is performed independently of each other. For the (6,2) repetition code factor graph

shown in Fig. 6.5 (b) the transducer nodes corresponding to each of the two pathogens
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Figure 6.6: Factor graph model of FEC Biosensor (c) (6,2) biosensor asymmetric

Code.
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are repeated twice. In this case, however, the measurements are coupled and the

dependency is depicted in the factor graph using the Equality nodes (=). In an (6,2)

asymmetric code factor graph shown in Fig. 6.6 (c) some of the transducer nodes also

models the biomolecular OR and AND circuits. Therefore, the edges in the factor

graph which represent the functional dependencies between the nodes connect the

pathogen indicator variables (X1, ..,X6) using the AND, OR and Equality nodes.

Note that the AND and OR nodes are connected to exactly three edges, where as the

equality nodes are connected to at least two edges.

In the biomolecular factor graph decoding algorithm, each of the nodes pr0pagates

messages along the edges to each of its immediate neighbors. These messages take

the form of probability estimates that the node to which the message is being sent

to is in state 0 or 1. For example consider an equality node E that is connected to

three adjacent nodes .73, y, 2 (shown in Fig. 6.7). The node B receives messages from

nodes :1: and y denoted by (p$_,3(0), p:,;_,E(1))T and (,uy_,E(0), py_,jt3(1))T . It then

computes the message sent to node 2, denoted by (,uE_,z(0), irE_,,,(1))T according to

the equality constraints which ensure that there are only two valid states (as, y, z) =

(0, 0,0), (1, 1, 1). The corresponding message passing rules for the equality node are

summarized in Fig. 6.7. Fig. 6.8 summarized message passing rules corresponding

to the OR and AND node. Because OR and AND operations are asymmetric (as

opposed to an XOR operation that is symmetric) with respective to their inputs, the

figure describes two sets of rules based on the direction of the message flow. The

asymmetric message schedule is unique to the proposed FEC biosensor as it only uses

AND, OR and Equality logic functions for computation.

Decoding using the factor graph model in Fig. 6.5 and 6.6 begins by initializing the

transducer nodes using the conductance measurements obtained from the biomolec-
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ular circuits. The transducer nodes first normalize the measurements according to:

 

1 expfik(Gk—GO)

#Gk—IXk( ) — 1+ expflk(Gk.-GO)
(6.7)

where Bk 6 [0, 1] is a scaling factor that is heuristically chosen for the transducer

element k. These normalized measurements are used as messages which are sent

to the neighboring Equality, AND and OR nodes. The Equality, AND and OR

nodes also compute messages locally and transmit them to their neighbors. Messages

are propagated back and forth between the nodes for a predetermined number of

iterations before a decision on the boolean variables X1,..,X6 is made [165]. In

algorithm 1. we summarize the complete message passing algorithm which is specific

to the factor graph model in Fig. 6.6 (c).

 

Algorithm 1 Calculate P(X1|Gl, ..,Gfi), P(X2|G1, ..,Gg)

Require: Factor graph containing nodes X1, X2 and 01,..,GG.

Require: Measured conductances G1, .., G's.

Ensure: For each pair of node (2', j ) connected by an edge in the factor graph initial-

izes the messages from node i to j according to (ninj(0),u,-_,j(1)) = (0.5, 0.5) ex-

cept for messages from Gk to Xk which is initialized as (paknka), #Gk—thU» =

(1 —P(Xk [Gk), P(Xlekl) according to equation 6.7. No messages are passed from

Xk t0 Gk.

Ensure: Number of iterations N = 1

while N g Totallterations do

For each direction along the edge of the factor graph calculate the messages

according to the Figure 6.7.

end while

P(X1 = 1'61: "106) *— “GI—+X1(1)uEl—+X1(1)

return Normalized P(X1 = IIGl, ..,GG).

P(X2 =1|Gtt--,GG) ‘— ”Cg—*X2(1)HE2—*X2(1)

return Normalized P(X2 = llGl, .., G6).
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Figure 6.7: Sum-product message updated rules for the Equality function node.

 

OR

Z 

O—‘év
 

bao
  

it

”OR—JO)

”OR—J (1)

(”on—ix(0)) : [fly-ion(O)#Z-)0R(0) + tux—ton(l)/’z—>0R (1)

#Y—fioR(0)flZ-)0R(1) + #Y—rox(1).”sz(1)

[#OR-IY (0)] : [1”sz(0)1“wa(0) + #z-aort(l)/’x—>ort (1)

#2403(0):“wa(1) + ”2402(1)!”wa(I)

l

l

 

 

   

.t

#AND-rY (1) 
[IUAND—rX (0)] : (IUY—rAND (0)1‘12—>A.-VD(0) + IuY—->AND(1)IUZ->AND(0)]

Marc—ex (1) (“Y—MIND(0)1“24cm(0) + I“?—M.\'D(1)qu->AND(I)

[cam]= (#2....VD(0)/Iz..m(0) + #..»_...VD(1)/Jz....m(0>

#X—txvn(O)/lz—»AND(O) + #.r_...va(1)#z_...va(1) l

[lion—>2 (0)] : [fix->0}? (O)#I'-)0R (0) J

”ox—.2 (1) fix—>OR (0)11lY—)0R (1) + .11X->0R (nut-tax (O) + ”X40R(1)#Y->OR (1)

X AND 2

O=*._—~ (.) bag

lax—>.4.VD (O)#}'-+AND (0) + ”Jr—MAID (0),”Y—nLVD(1) + #X—rAND (1)111Y—MLVD (0)

l

 

 [#AND—DZ (0)] : [

l ”AND—+2 (1) ”XaAND (1)1”?->A.\"D (1)

Figure 6.8: Sum-product message updated rules for the OR and AND function nodes.
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Figure 6.9: DER curve of (6,2) repetition code. Each point in the error curve is

based on multiple biosensor experiments for a given pathogen (B. cereus and E. coli)

concentration.

6.3 Behaviorial Simulation of FEC Biosensors

6.3.1 LFI based FEC Biosensor

In this section we present behavioral simulation results that were obtained using the

algorithm 1 when applied to the factor graphs shown in Fig. 6.5 and 6.6. The biosensor

encoder was simulated using the biomolecular circuit models of LFI based FEC biosen-

sor summarized in chapter 3. For different concentration of pathogens (B. cereus and

E. coli), these models produced conductance parameters that were then corrupted

by measurement noise. The noise was modeled as a zero—mean additive white Gaus-

sian noise (AWGN) whose variance was experimentally determined according to the
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Figure 6.10: DER curve of (6,2) asymmetric code.

procedure described before. The noisy conductance parameters G1, .., Gk were then

presented as an input to the factor graph model and the probability of the presence of

B. cereus and E. coli was estimated using the message passing algorithm 1. The esti-

mated probability was compared against a predetermined threshold (0.5) to obtain

a yes/no answer indicating the presence or absence of pathogens in the sample. The

simulation experiment was repeated 1000 times for each pathogen concentration and

the detection error rate (DER) was determined by the occurrence of false rejection

and false acceptance.

First, we want to simulate the performance of a FEC biosensor using membrane

based lateral flow immunosensor, which is described in section 5.4. Fig. 6.9 shows

two-dimensional DER (error rate for E. coli + error rate for B. cereus) curves ob-
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Figure 6.11: The comparison of (6,2) asymmetric code and (6,2) repetition code. The

error curve shows the ratio of the DER corresponding to the asymmetric code with

the repetition code.

tained for a (6,2) biosensor repetition code (represented by the factor graph model in

Figure 6.5 (h)) and compares it against the DER curve obtained for the uncoded case

(represented by the factor graph model in Fig. 6.5 (a)). As expected, the DER re

duces when the concentration of pathogen (represented in CFU/mL) increases. Also

as expected, the DER for the repetition code (due to larger redundancy) is lower than

that of uncoded case. That explain the benefit of adding redundancy in biosensors to

improve the reliability. Similar improvement is also obtained when a (6,2) biosensor

asymmetric code (represented by the factor graph model in Fig. 6.6) is compared

against the uncoded case and is shown in Fig. 6.10. Fig. 6.11 compares the ratio of

the DER corresponding to the asymmetric code with the repetition code and demon-
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Figure 6.12: DER curve of (6,2) asymmetric code using gold nanoparticle biochip

based FEC biosensor.

strates that except for ultra-low pathogen concentration levels, the performance of

the biosensor asymmetric code is superior to that of the biosensor repetition code by

a factor of 5. The un—ideal of logic gates attribute to the reason of the exception at

ultra-low concentration and we will show the significant improvement in our second

biosensor platform: silver-enhanced gold nanoparticle based biochip.
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6.3.2 Gold Nanoparticle based FEC Biosensor

We also simulate the DER of FEC biosensor based on gold nanoparticle biochip.

Biomolecular circuits are simulated using derived circuit models. “Control” experi-

ments for all the experiments were obtained using bovine IgG. The responses from

logic gates and single biomolecular transistors are sent to the decoder that give a

aposteriori probabilities based on the “sum-product” message passing algorithm.

Fig. 6.12 shows the DER curve of uncoded case, (6,2) repetition code, and (6,2)

asymmetric code using gold nanoparticle biochip based FEC biosensor. It clearly

show that proposed asymmetric code outperforms the repetition code. It can greatly

improve the reliability of biosensors in terms of reduced detection error rate. The

result also coincides with the DER curve from lateral flow immunosensor based FEC

biosensor, thus verifying the functionality of (6,2) biosensor asymmetric code.

6.4 “Co-Detection” Principle

Compared to the repetition code, asymmetric code exhibits a novel detection principle

which we label as “co-detection”. The principle can be clearly seen if the DER

(Fig. 6.9 and Fig. 6.10) for each of the pathogens (instead of total DER) are separately

projected on a 2-D plot. This is shown in Fig. 6.13 (a) and (b) for a repetition code

and in Fig. 6.13 (c) and (d) for the asymmetric code. Fig. 6.13 (a) shows the colormap

of the DER corresponding to B. cereus illustrating that the DER is independent of

the E. coli concentration which is expected since there is no coupling between the

two detection mechanisms. Similar DER plot for the E. coli is shown in Fig. 6.13 (b).

However, equivalents plots for the asymmetric code shown in Fig. 6.13 (c) and ((1)

demonstrate a strong coupling between the concentration of E. coli/B. cereus in the

input sample and the DER corresponding to B. cereus/E. coli. This suggests that for

the asymmetric code, one pathogen with large concentration could in fact improve

133



 

 

 

2 4 6 2 4 6

E (log10 CFU/mL) E(log1:dCFU/mL)

(C)

 

Ii
2 4 6

E (log10 CFU/mL) 2E (log 1 o CFU/mL)6

 

Figure 6.13: Separate DER curve for B. cereus and E. coli: (a,b) Repetition code;

(c,d) Asymmetric code. (a) and (c) represent the detection error rate of pathogen B.

cereus where nonlinear detection relationship between two pathogens is revealed in

(c). (b) and (d) represent the detection error rate of pathogen E. coli where nonlinear

detection relationship between two pathogens is revealed in (d).

the detection performance of trace quantities of another pathogen. We refer to this

mutual coupling as the “co-detection” principle and represents one of benefits of

developed simulation environment where the different encoding—decoding techniques

could yield novel methods of improving the reliability of biosensors.

We also verified the “co—detection” principle using behavioral simulation model

of gold nanoparticle based biochip. In Fig. 6.14, the concentration of rabbit IgG is

increased which as expected leads to the decrease in its DER. However as shown in

Fig. 6.14, the increase in concentration of mouse IgG also leads to the decrease in
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Figure 6.14: Rabbit IgG detection error-rate (DER) curves obtained using described

behavioral models. It shows “co—detection” when the presence of higher concentra-

tion of mouse IgG enhances the detection reliability of rabbit IgG. M1 represents

mouse IgG concentration: 1 ng/mL; M2 represents mouse IgG concentration: 100

ng/mL; M3 represents mouse IgG concentration: 10 ug/mL; M4 represents mouse

IgG concentration: 1 mg/mL.

DER, clearly indicating the “co-detection” principle. A similar behavior was also

observed for the DER of mouse IgG as shown in Fig. 6.16. For comparison purposes,

Fig. 6.15 and Fig. 6.17 show the DER curves that were obtained if six independent

rabbit and mouse IgG biochips are used for detection. This scenario replicates the

testing strategy commonly employed in diagnostics where repeated experiments fol-

lowed by majority voting are performed to obtain reliable detection results. The plots

in Fig. 6.15 and Fig. 6.17 clearly show the absence of “co-detection” which is expected

as there is very little coupling between different detection tests.
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Figure 6.15: DER curve of rabbit IgG detection using (6,2) repetition code where

“co-detection” principle does not hold.

6.5 “Co-Detection” Principle Verification using

Markov Chain Model

We have developed a general Markov chain model to simulate the stochastic nature

of biomolecular interaction. Using the model, we explain how biological noise (non-

specific binding) will affect biosensor performance in terms of SNR. Here, we use this

general Markov model to simulate FEC biosensor, and to verify if the “co-detection”

principle is theoretically sound. Same assumption is made as the Chapter 4, and

the probability of specific binding of a biomolecule target with its probe is assumed

to be Pb: 0.9, while the probability of non-specific binding Pc is assumed to be

0.01. For simplicity, these probabilities are assumed to be the same for all types of
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Figure 6.16: DER curve of mouse IgG detection using (6,2) asymmetric code. The

presence of higher concentration of rabbit IgG enhances the detection reliability of

mouse IgG; R1-R4 hold similar meaning and same value as M1-M4.

the probes. The free target biomolecules perform a random walk within the reaction

chamber. At each time step of the random walk, the bounded target biomolecules

may be released, upon which they resume the random walk. The release probabilities

of from both specific and the non-specific states for all targets are Pr=Pr°= 0.02.

Also, we will simulate gold nanoparticle based biochip based on the Markov chain

model of biomolecular interaction. To illustrate the simulation, as shown in Fig. 6.18,

“AND” and “OR” gates are constructed using silver-enhanced gold nanoparticles.

To facilitate the modeling process, the reaction chamber is equally divided into two

sub-chamber (A and B), as shown in Fig. 6.18. Also for simplicity, we will make the

following assumptions: first, the probes are enough to bind with target biomolecules,
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Figure 6.17: DER curve of mouse IgG detection using (6,2) repetition code. the

absence of “co-detection” in the conventional repetitive tests where rabbit IgG does

not affect the detection reliability of mouse IgG;

in other words, the condition of saturation is never reached. Second, assume the

growth rate of gold nanoparticles R is constant and the process of growth is homoge-

neous. In reality, the rate can be obtained by calibration experiments. The enhancing

time for chamber A is t1 while the enhancing time for chamber B is t2. The length of

the chamber is L. Due to the homogenous growing process of gold nanoparticles, the

enhancing time of sub-chamber A can be approximated by t1 = 761112;, where N1 is the

captured biomolecule numbers that is same as the number of gold nanoparticles. Sim—

ilarly, the enhancing time of sub—chamber B can be approximated by t2 = 762%, where

N2 is the captured biomolecule numbers in sub-chamber B. So the total enhancing
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Figure 6.18: Schematic illustrations of Au nanoparticle based logic gates for Markov

chain model.

time is given by

1L 1

t=t1+t2 = fifflfil +1—V—2‘) (6.8)

The mean value and variance of the number of captured biomolecules (gold nanopar-

ticles) can be obtained from the equation 4.12 and 4.13 by using Markov model. So

the total silver enhancing time is related to the number of captured target biomolecules

and then it is an indicator of interested target biomolecular concentration. The mea-

surement input to the FFG of (6,2) asymmetric code can be obtained by normalizing

the enhancing time using equation 6.7. These normalized measurements are used as

input messages that are sent to the the neighboring Equality, AND and OR nodes,

which fulfill the described algorithm of the asymmetric code.

First, we want to verify the “co-detection” is theoretically correct. We simulate

the (6,2) asymmetric code with the constructed Markov model of gold nanoparticle

interactions. The simulation process is the same as that of behaviorial simulation.

In the simulation, the conductance of the single biosensor is only related its only

concentration and no background biomolecules are introduced. The log-linear model
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Figure 6.19: DER curve of biomolecule A and B detection using Markov model.

of the single biosensor satisfies the equation 5.2. If the biomolecular number is large

enough, the process can be approximated by Gaussian process, so the noise can be

modeled as a zero-mean additive white Gaussian noise (AWGN) whose variance was

defined by equation 4.13 in chapter 4. The simulation experiment was repeated 1000

times for each biomolecular concentration levels and the detection error rate (DER)

was determined by the occurrence of false rejection and false acceptance.

In the simulation study, we introduce a background biomolecule into the biosensor

reaction chamber. That is, introduce a background biomolecule A into the detection of

target biomolecule B while introducing background biomolecule B into the detection

of target biomolecule A. The concentrations of biomolecule A and B are steadily

increased during the simulation study. The 3D detection error rate of biomolecules A

and B detection using the asymmetric code and without using decoding is compared

and it is shown in Fig. 6.19. As shown from the figure, the reliability (in terms

of detection rate) significantly increase with the use of the asymmetric code and the
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Figure 6.20: Detection of A biomolecule with background biomolecule B.

DER of the asymmetric code decreases, as expected. The interesting part in the DER

curve of the asymmetric code is the presence of 3D triangle and the 2D projection of

DER for detection of biomolecule A and B can clearly see its trend. Fig. 6.20 shows

the detection error rate of biomolecule A in the presence of background biomolecule B.

In this case, biomolecule B serves as a biological noise since non-specific binding will

affect the detection of A. As evident from the figure, the detection error of biomolecule

A is increased with the increase of B concentration. The result coincides with the

Fig. 4.5 and demonstrate the contribution of non-specific binding to SNR degradation

of biosensors. However, shown in Fig. 6.21, a remarkable reliability improvement

can be achieved when the concentration of background biomolecule is large enough.

Initially, when the concentration of background biomolecule is less than the target

biomolecules, non-specific binding will become a biological noise. However, when

the concentration of biomolecule becomes comparable to the concentration of target

biomolecule or even larger, the “co-detection” begins its effect and turn the biological
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Figure 6.21: Detection of A biomolecule after decoding with background biomolecule

B, where non-specific bindings of background biomolecule B serves as useful informa-

tion for improving the reliability.

noise into a useful information to reduce the detection error rate (shown in the shadow

grey area of Fig. 6.21). The reason why the nonlinearity of “co-detection” exhibits

a triangle shape could be explained this way. The non-specific binding will becomes

a biological noise and dominate the biosensor behavior in the low concentration of

target biomolecules. Also, “AND” logic gate is main contributor for nonlinearity

of “co-detection”. The response of “AND” gate is noisy when the concentration

of background biomolecule is not comparable to the target biomolecule. However,

the increase of background biomolecules facilitate the bridge formation of electron

transport, thus increasing the response of the ‘AND” gate and resulting in a lower

detection error rate of target biomolecules.

Similar conclusions can also be drawn from Fig. 6.22 and Fig. 6.23. In this section,

we shows the simulation results from a general Markov model of (6,2) asymmetric

code and simulation results coincide with the results from the derived biomolecular

142



E 0.2
.Q

E

E

a) 0.15

.§

t

(U

a 0.1
e

U)

_0

Z
0.05

 

4 6 8

B (log 1 0 particle number)

Figure 6.22: Detection of B biomolecule with background biomolecule A.

circuit model and previous biosensor research [14]. It proves “co-detection” principle

theoretically exists. It also shows a general condition of triggering the “co-detection’

principle, that is, the concentration of background biomolecules have to be larger or

at least comparable to the concentration of target biomolecules.

6.6 Analysis and Discussions

We have also conducted experiments with different sizes of asymmetric code and

demonstrated that the DER will consistently improve with the size of the code. This

is illustrated in Fig. 6.24 which shows the DER obtained for a (10,2) extended asym-

metric code with the structure shown in Table 6.1 and compares it with an uncoded

case. This illustrates that consistent improvement could be obtained if the asymmet-

ric code is applied to large scale immunoassays similar to DNA microarrays.

Several conclusions can be drawn from the simulation results presented above.
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Figure 6.23: Detection of B biomolecule after decoding with background biomolecule

A, where non-specific bindings of background biomolecule A serves as useful informa-

tion for improving the reliability.

Table 6.1: ( 10,2) Asymmetric code
 

 

X1 X2 X3 X4 X5 X6 X7 X8 X9 X10

0 0 0 0 0 0 0 0 0 0

0 1 1 0 0 l 1 0 0 1

1 0 1 0 l 0 1 0 1 0

1 1 1 1 1 1 1 1 1 1  
 

First, embedding an encoding scheme like a repetition code on the biosensor im-

proves its reliability (given by DER) compared to the case when no encoding is used.

However, an equivalent asymmetric code offers a better performance in terms of DER

as shown in Fig. 6.11. The error rate of repetition code is higher than that of asym-

metric code except of low concentration of both pathogens. The deviation can be

attributed to imperfect modeling of the logic gates (AND and OR) due to limited ex-

perimental data, especially at low pathogen concentration levels. We also believe that

improving the response of logic gates (AND and OR) would improve the performance
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Figure 6.24: DER curve of (10,2) asymmetric code

of the asymmetric code.

The use of logic gates in biosensor encoder synthetically introduces coupling be

tween multiple conductance measurements. In contrast to most biosensor designs,

where the objective is to obtain independent measurements and in the process sup

press any cross-reactive phenomena. In our prior work, we demonstrated that a

non-linear classifier (support vector machine) can exploit the non-linear interaction

between pathogens and their target/non—target antibodies to improve the detection

performance. However, the training complexity significantly increases when the clas-

sifier has to model the sideinformation present at the output of the biosensor logic

gates. We believe that incorporating cross-reactive principles in the FEC encoder

would enhance the sideinformation available to the decoder to improve the detec—
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tion reliability. The non-linear side information also leads to the previously referred

principle called “co-detection”. In the “co-detection” principle, a large concentration

of known pathogen improves the detection of trace quantities of unknown pathogens.

We attribute this effect to the non-linear properties of the AND/OR gate formed

using antibodies corresponding to the known and unknown pathogen. When large

quantity of known pathogens is added, the conductive polyaniline or gold nanoparti—

cle bridge between the electrodes is partially formed. Thus, completion of the bridge

could be achieved even when trace quantities of unknown pathogen is present. Also,

the occurrence of false positive can be suppressed due to the principle of embedded

encoding/decoding scheme.

The simulation study also show that the reliability of FEC biosensors improves

as the size of the asymmetric code is increased. Thus, a trade-off exists between the

reliability of the biosensor and redundant biomolecular circuit elements added, which

is also related to biosensor area (cost). Future research will focus on optimizing the

biosensor codes for achieving the optimal reliability, which is equivalent to deriving

information theoretic bounds used in communication and storage systems. In this

regard, the nature of biological channel needs to be investigated further to model and

understand the stochastic protein—protein interaction and how it contributes to the

biosensor noise.
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Chapter 7

Experimental Verification and

Discussion

A major challenge in the area of biomolecular detection is the capability to detect

target biomolecules in the presence of large background interference [174]. Back-

ground interference could constitute the presence of non-target analytes which could

not only produce non-specific binding events but also cause steric hindrance, prevent-

ing binding between target analytes with its specific recognition probes (antibody

or DNA) [86]. Most of the reported methods in biosensors either aim to reduce the

effect of background interference using prefiltering techniques [7] or aim to boost the

concentration of the target analyte using preconcentration [8] or target-amplification

(e.g. polymerase chain reaction or PCR). However, in our behavioral simulation, we

showed that background interference created by the presence of non-specific analytes

can be exploited to amplify and improve the reliability of detection of the target

analyte.

The technique we described called “co-detection” exploits the non-linear redun-

dancy amongst synthetically patterned biomolecular logic circuits for deciphering the

presence or absence of target biomolecules in a sample. In this section, we experimen—
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tally verify the “co-detection” principle on a gold-nanoparticle based conductometric

soft-logic circuits which uses a silver-enhancement technique for signal amplification.

“Co-detection” is similar in spirit to many noise exploitation techniques like stochas-

tic resonance which has been reported in physics [175] and biology [21, 176], where

it has been shown that addition of random noise into a non-linear system in fact im-

proves the system sensitivity. However, the key towards implementing co-detection

in biosensors is to effectively control the coupling (or interference) between different

analytes and to effectively exploit the non-linear response of the biosensor. In this

study we report that background interference created by the presence of non-specific

analytes can be exploited to amplify and improve the reliability of detection of the

target analyte. Ideally, the detection error-rate (DER) or the sum of false-positive or

falsenegative errors decreases with the increase in target biomolecules concentration

and the DER is largely unaffected or is increased with higher concentration of back-

ground biomolecules. However in “co-detection” , addition of background biomolecules

(background interference) can actually reduces the DER for target biomolecules, and

hence enhances the reliability of detection.

7. 1 Experiment Design

To demonstrate the “co-detection” principle, a total of six different biochips (they

are representing (6,2) asymmetric code) were used: two single analyte biochip spe

cific to mouse IgG, two single analyte biochips specific to rabbit IgG, one soft-AND

biochip and one soft-OR biochip.. Those six biochip measurements constitute the

input for a asymmetric code, which is evaluated for “co-detection” principle. The

experimental procedure involved the following steps: (a) a sample was applied to

the six biochips; (b) the measured conductance X,- were presented as inputs to the

biosensor model, whose outputs were normalized to generate posterior probabilities.
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Figure 7.1: Experimental result from a mouse IgG biochip when 100 pg/mL target

mouse IgG is applied.

For example, the soft—OR biochip model generated the posterior probability that

either one of the analytes (rabbit or mouse IgG) is present P(IgGM + I90RlXI')

given the conductance measurement X;. All of the posterior probabilities are com-

bined together using described FFG decoding algorithm to compute the probability

of the presence of target analytes P(IgGM|X1, .,X6), P(IgGR|X1, ..,X6) given all

the measured conductances X1, X2,...,X6 (from six biochips). The probability scores

are compared against a predetermined threshold to make a positive identification of

the target analyte.

7.2 Experimental Results

We now report results where the “co-detection” principle has been experimentally

verified in the detection of a trace quantity of mouse IgG, which serves as a model
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Figure 7.2: Experimental result from a mouse IgG biochip when 100 pg/mL target

mouse IgG is used in the presence of 10 pg/ml of background rabbit IgG.

target biomolecule. In this experiment, we want to simulate a real scenario where tar-

gets biomolecules are often accompanied with other background biomolecules. Most

nanobiosensor research demonstrate the biosensor superior sensitivity by only in-

troducing pure target biomolecules [177], which is not a real scenario in biosensor

detection especially in diagnostics application. For example, the real Challenge in the

HIV detection is to detect trace quantity of HIV antibody in the background of other

biomolecules in blood serum.

In the first set of experiment, we first applied a sample only containing 100 pg/mL

mouse IgG to a single mouse IgG biochip for calibration purposes. Bovine IgG is used

as negative control experiment. Each experiments are repeated three times and the

mean value and variance are plotted. Fig. 7.1 shows the detection result compared

against the negative control. Even though the experiments show that on average
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Figure 7.3: Experimental setup for “co-detection” verification.

the silver-enhancement technique can detect the trace quantity of mouse IgG, but

the variance of the experiment (shown by the overlap between the error bars) is too

large for reliable confirmation. It also shows that the low concentration of 100 pg/mL

is beyond the detection limit of the designed mouse IgG biochip and it can not be

reliably detected.

In the second set of experiment, 100 pg/mL mouse IgG (target biomolecule) is

added to the solution of 10 pg/mL rabbit IgG that serves as the background inter-

ference. Fig. 7.2 shows the result obtained from the single mouse IgG biochip when

a mixture of 100 pg/mL mouse IgG and 10 pg/mL rabbit IgG is applied. The mean

value of detected mouse IgG is larger than that of mouse IgG without background

rabbit IgG. It is due to the fact that some of non-target rabbit IgG bind with anti-

rabbit IgG probes. However, the experimental result shows similar response as the

previous experiment. The mean value of mouse IgG detection is larger than that of
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Figure 7.4: Result from the FEC biosensor decoder showing significant improvement

in reliability of mouse IgG detection in the presence of background rabbit IgG.

the control experiment. But the variance is too large to confirmation the detection.

In this case, rabbit IgG serves as non-specific binding noise to the mouse IgG detec-

tion and that verify that background biomolecules can often hinder the detection of

target biomolecules

In the last set of experiment, the mixture with similar composition was applied to

the FEC biochip (six corresponding biochips) and the measured conductances were

process by the described decoding algorithm. Fig. 7.3 shows the experimental setup

for detecting trace quantity of mouse IgG in the background rabbit IgG in a FEC

biochip. Fig. 7.4 shows the response obtained from the decoder and compares it

with results obtained for the negative control experiments. Note that the output

of the decoder is the normalized score indicating the presence or absence of mouse

IgG. It can be clearly seen from the figure that not only has the magnitude of the

scores have increased significantly compared to the control, the variance of the re-

sults have also decreased by orders of magnitude. Since there is no overlap between
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error bars, perfect detection of mouse IgG can be achieved in the presence of high

background concentration of rabbit IgG. In this case, we experimentally verify that

non-specific binding could be a useful information in the detection of trace quantity

of biomolecules. Note that it not only can improve the reliability of biosensors, it also

indeed improve the detection limit of biosensors.

We believe that the non-linear response of the FEC biochip in conjunction with

“co-detection” is the primary reason behind the improvement in reliability. The pres-

ence of large background interferences introduces conduction sites which can be easily

populated by the target analytes. The computational approach for co—detection bears

similarity to DNA signature discovery techniques. However, the key difference in this

work is exploitation of background noise instead of suppressing it. We would also like

to point out that even though in our report, we have used only two analytes (mouse

IgG and rabbit IgG) to demonstrate the “co-detection” principle, the approach is

generic and can be extended to any kinds and any number of analytes. In fact we

anticipate significant improvements in reliability as the number of analytes increases.

This is because of the exponential increase in the side-information that is available

through coupling between multiple binding events. One of the key applications where

“co-detection” could be used in the future is in the early diagnosis of HIV. Early di-

agnosis of HIV requires detecting trace quantity of HIV biomolecules that are usually

accompanied by other non-specific biomolecules that directly interfere in the detec-

tion process [178] and usually require several days for confirmation tests. Window

period is an important parameter for HIV detection, which is an indication of time of

the concentration of HIV antibody being sufficient to be detected. The improvement

in reliability offered by “co-detection” could reduce the window period for positive or

negative diagnosis and hence can facilitate rapid screening.
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Chapter 8

Conclusions and Future Work

8.1 Summary

The objective of this research is to replicate the success of FEC principles in designing

reliable computing and storage systems towards designing reliable biosensors. In this

regard, the study addresses some of the key challenges in this long-term goal. The

study presents a systematic framework of designing reliable biosensors with embed-

ded error-correction functions. The first step involves deriving a general Markov chain

model, which simulates the stochastic nature of biomolecular interaction. The sec-

ond step involves mathematical abstraction where simulation models are developed to

capture experimentally measured response of biomolecular circuits. These simulation

models are then used to: (a) understand the behavior of the biomolecular circuits;

(b) rapid design and evaluation of different FEC encoding and decoding algorithms

without resorting to painstaking experimental procedures. We then have presented

an analytic framework of FEC biosensors that have different encoder topologies. Two

biosensor platforms (lateral flow immunoassay and silver-enhanced gold nanoparticle

based biochip) have been adopted as model biosensor encoders that are syntheti-

cally patterned with redundant biological probes. Reliability analysis is performed
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by exploiting probabilistic dependencies between the biomolecular circuit elements

using a factor graph based decoding technique. Using the simulation framework, we

demonstrated the efficacy of an asymmetric biosensor code as a potential candidate

for improving the reliability of the FEC biosensor.

We also reported a novel “co-detection” principle based on the property of the

asymmetric code. The principle exploits the non-linear coupling between different

biomolecular circuits and prescribes an experimental protocol that could be used

for trace detection of pathogens in a given sample. One of the key applications

where “co—detection” could be used in the future is in the early diagnosis of HIV.

Using derived Markov model, we prove that the “co—detection” principle theoretically

exists and simulation results from the Markov model coincide with the ones from

experimental results. We then reported experimental results where the “co-detection”

principle has been successfully verified in the detection of trace quantity of mouse

IgG in the presence of larger background of other biomolecules. We believe that the

proposed analytical framework in this study will serve as an important design tool for

circuit designers and information theorists for evaluating the performance of different

encoding and decoding principles in biosensor systems.

8.2 Future Directions

This work demonstrates the design of forward error-correction biosensor, which can

greatly improve the reliability and accuracy of biosensors. There are some promising

research directions involved in the FEC biosensor design.

Biosensor computer-aided design (Bio-CAD) can be a valuable tool that can assist

biosensor designers to pattern and test biosensors in a virtual environment and can

be used for rapid evaluation of biological protocols. Traditionally biosensor experi-

ments are very time-consuming, labor-intensive, and expensive. With the help of the
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developed Bio-CAD model, different building blocks can be configured, connected in

an arbitrary fashion and tested using computer simulations. It will help to shorten

the development phase of engineered biological systems and the discovery of drugs. It

is very promising to replicate the similar success in the VLSI industry because design

can be standardized and simplified by using the standard design library.

There are many theoretical parts that can be developed in the regime of FEC

biosensors. First, we need fully understand all the mechanisms involved in biologi-

cal information transfer, we need to model the biological pathways in the detection

process. Famous Shannon’s theorem tells us information can be communicated over

a noisy channel at a non-zero rate with arbitrarily small error probability. Informa-

tion theory addresses both the limitations and the possibilities of communication.

The noisy-channel coding theorem, which we will prove in asserts both that reliable

communication at any rate beyond the capacity is impossible, and that reliable com-

munication at all rates up to capacity is possible. We could establish an equivalent

concept of “Shannon-Limit” that is applicable to biosensors. In this regard, there

might exist a fundamental limit, namely “biosensor channel capacity”, which could

be a function of the detection technology being employed and determine the minimum

amount of redundancy required to obtain perfect reliability.

In our study, we demonstrate the efficacy of the asymmetric code. The asymmetric

code takes advantage of “non-linearity” of logic AND and OR gate to explore the “co-

detection” principle. We have experimentally verified the principle using two model

biomolecules. Another important issue is the optimization of biosensor codes when

multiplex pathogens are needed to be screened.
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Appendix A

FEC Biosensor Protocols

A.1 Fabrication of Membrane-based Lateral Flow

Immunosensor

Polyaniline Conjugating with Antibodies

1. Add 800 pL of the polyclonal (150 rig/ml.) of antibody in a 4 mL of polyani-

line solution in phosphate buffer (pH 7.4) containing 10 % dimethylformamide

(DMF) (v/v) and 0.1 ‘70 LiCl (w/v).

2. Leave to react for 1 hour.

3. Add 1 mL of blocking reagent (tris buffer) containing 0.1% of casein.

4. Leave to react for another 30 min.

5. The polyaniline-multi-variate antibody conjugates were then precipitated by

centrifugation at 12,000 rpm for 5 min.

6. Discard the supernatant liquid.

7. The solution was mixed with the blocking reagent and centrifuged again.
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8. Repeat the above procedure twice.

9. The conjugates were finally suspended in phosphate buffer solution containing

0.1 ‘70 LiCl (w/v) and 10 ‘70 DMF (v/v).

10. Store at 40C before use.

Capture Pad Preparation

1. Cut the nitrocellulose membranes (NC) into smaller pieces (30 cm/4) to fit into

a petri dish.

2. Wash the membranes with distilled water three times and let dry for 30 min.

3. Immerse the membranes in 10% methanol. The membranes are left to air-dry

for 30 min.

4. Apply 0.3 mL of 0.5 mg/mL of antibodies on membranes. Seal the petri dish

with a parafilm and incubate at 3706' for 60 min.

5. 'ash the membrane with 0.3 ml of 100 mM tris buffer containing 0.1% (v/v)

tween-20. Note: experimental results show that adding tween-20 might affect

protein binding, so the concentration of tween-20 should keep as minimum as

possible or even be omitted.

6. Dry the membrane for 30 min.

7. Store the prepared membranes at 40 C.

A.2 Fabrication of Biochip

1. Thermally grow a 2 pm layer of silicon oxide on 4” (100) silicon wafers.

2. Wafers are cleaned in isopropyl alcohol solution followed by distilled water.
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10.

11.

12.

13.

14.

Wafers are placed on a photoresist (PR) spinner.

. A small volume of photoresist is pipetted onto the center of the wafer and the

spinner is actuated.

. If photoresist cover entire wafer homogenously, wafers are transfered to the oven

for soft bake at 90° for 30 min.

Wafers are then transferred to the photomask aligner and the wafer is exposed

to 2.2 seconds of UV light at a wavelength of 440 nm and the expose time can

be adjusted a little bit after you inspect the wafer surface.

Wafers are immersed in PR developer solution for a time of 1-2 minutes to do

the lithograph and wafers are dried under nitrogen stream.

Once examine the quality of PR mask, wafers are transferred to oven for hard

bake at 13500 for 1 hour.

Wafers are loaded into metal evaporation chamber, which includes chrome and

gold pellets for use in the evaporation procedure.

A 10 nm think layer of chrome is evaporated over entire surface of the wafer.

A 100 nm thick layer of gold is evaporated over entire surface of the wafer above

the chrome layer.

Wafers are immersed into crystallizing dish filled with acetone.

The crystallizing dish is sonicated for 2 min to promote lift-off process. We

have to make sure the lift-off process is fast and smooth, otherwise, the metals

are easy to rebuild onto the surface of wafers.

Wafers are cleaned with distilled wafer followed by isopropyl solution.
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16.

17.

. The quality of wafers should be inspected by microscope after dying under s

stream of nitrogen.

A protective layer of PR is applied onto the surface of wafers to protect harsh

process during dicing.

The fabrication process is completed once it was diced using dicing saw.

A.3 Operation Summary of Biochip MEMS Fab-

rication

Make Masker

. Open software “Electromask II”

Click “PG”; choose parameter: Exposure: 250; LargeExp: 300; X(pm): -62230,

Y(,um): -63500

On the menu “OP” and “Graph”, choose expo: 1000 or 1200

Press “1G” button. From the “mode” menu, choose “IR” and decide step size;

Choose “OP”, then choose “Pass”.

The Procedures of Developing and Cleaning Photomask (shown in

Fig.A1

1.

2.

3.

4.

Use MF319 developer to do developing procedure.

Use etchant to remove the chrome.

Use PRS2000 to remove the photoresist (PR).

Put photomask into Acetone and swing gently.
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Figure A.1: Developing procedures for photomask.
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5. Then put the photomask into IPA, swing gently. Put into secondary IPA.

6. Rinse the photomask with water and dry.

Operation of MA6 Mask Aligner

1. Use the on/off key to turn on the system. Make sure the channel 2 is on and

the lamp is 405 nm (20 mW/cmz) and 365 nm (11 mW/cm2).

2. Press “Load” and ensure that the configuration is MA6 for lithograph.

3. Press “Enter”. Make sure that the micrometer’s setting is 10 mm. Ensure that

the theta (white line on front of system) is lined up. Also ensure that the N2

line for the mask holder is connected.

Loading the mask:

4. In the menu, choose “Change mask” and slide the mask tray out. Place the

mask to be used on the holder. (chrome side up). Use three alignment pins to

enter the mask.

5. Press “Enter” to turn the vacuum on and push the silver tab down on the clip.

6. Use nitrogen gun to blow off any possible particles on the mask surface.

7. Slide the wafer chuck back into the system. Now load the mask by pressing

“Change mask”.

8. Edit parameter by pressing “Edit” button. Press it again when finish editing.

Exposure:

9. Press “Exposure” to do exposure. In our experiments, we have chosen the

exposure time to be 6 and 8 second. We found 8 second exposure time might

be better for our application.

Shut down:
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10. Press “Change mask”. Slide the mask tray out and place on the shelf. Release

the spring clip. Press “Enter” to turn off the vacuum, and place the mask back

into place.

11. Turn off the system.

Metallization

1. Open the chamber and put metals you want (Cr/Au in our case) on the holes.

Put silicon wafers on the holder and the holder can host up to 9 wafers simul-

taneously.

2. Close the chamber and set parameters. We choose deposit Cr layer with 10 nm

and Au layer with 100 nm.

3. Press “Prog” button to set parameters. Find appropriate thickness, then check

the deposit rate. Press “Prog”, “Stop”, and “Reset” to save the program.

Lift-off Procedure

1. Prepare three crystallizing dishes for holding Acetone, Acetone, and Isopropyl

alcohol (IPA).

2. Put wafers into Acetone for some time (maybe overnight). Use Acetone rinse

their surface to remove any metal residuals. Note: we have to make sure the

process is fast encough because Acetone evaporate very fast, and the metal is

easy to deposit on the wafer surface again when the surface is dry.

3. Put wafers into Acetone solution again and sonicate it for 10—15 min.

4. Rinse again with Acetone and put another dish with Acetone, sonicate again

for another 2-5 min.
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5. Bring the wafers and put them into IPA dish and swing them gently.

6. Rinse with IPA and dry them with Ng gun.

7. Inspect wafers using microscope.

A.4 Surface Functionalization of the Biochip

Surface Clean

1. Biochips are immersed in the Acetone to remove protective PR for 10 min.

2. Rinse Biochips with IPA or Methanol.

3. Biochips are cleaned by immersing in a 1:1 mixture of HCL and Methanol for

30 min followed by rinsing several times with distilled water.

4. Biochips were treated with concentrated sulfuric acid for 30 min and rinsed

several times with distilled water. (This step can be optional!)

5. Biochips are immersed into the boiling water for 30 min.

6. Left to air dry.

Surface Silanization

7. Inside the glove box, biochips are immersed into a 2% MTS solution for 2h.

8. Biochips are rinsed with Toluene, and followed by rinsed with distilled water,

and allow to air dry.

Surface Cross-Linking Treatment

9. GMBS are pipetted onto biochips active surface and incubate the biochips for

1 h, and washed with distilled water.
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10.

11.

12.

Antibody (anti-IgG) is pipetted onto biochip active surface using Biodot dis-

persing machine. Put biochips into Petri Dishes sealed with parafilm and incu-

bate for 1 h at 37°C. After which, biochips were rinsed with PBS. Be careful,

wash the biochips before they are dry.

Biochips then were incubate with blocking agent (BSA) 2 mg/mL for 1 h,

followed by washing with PBS. Left for dry.

Storage: biochips were put into the Petri Dishes sealed with parafilm and are

placed under refrigerated conditions of 4°C until use.

Note: Washing step is more important than you thought. The washing time

and force will affect the protein binding and the optimal washing time and force

should be adjusted during the experiments. I adjusted the washing time by

examining the SEM image of biochip to identify the surface of protein binding.

Testing

1. Apply IgG (model antigen) onto the biochip using Biodot dispensing machine

or pipette. Incubate for 30 min. Wash with PBS to remove excessive IgG.

. Apply Anti-IgG gold nanoparticle solution onto the biochips and incubate for

30 min. Wash with PBS to remove excessive conjugate.

Apply silver enhancement solution and measure the conductance of biochips.

There are two modes to measure the conductance change of biochips: continues

mode and discrete mode. We can use data acquisition card (NI 6221 DAQ)

to continuously monitor the process. Another method is to stop the silver

enhancement by drying with the nitrogen gas and to measure the conductance

value. Then apply the silver enhancement solution and resume the process. We

noticed the conductance value in the dry phase is higher than that of in aqueous

phase, but both measurements have similar trend.
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A.5 Reagent Preparation

0.1% (w/v) Peptone water

First, add 1 g of powder in 1 L of distilled water and autoclave the solution for

15 min at 121°C.

0.1 M Sodium Phosphate Buffer

Weigh 8.62 g of dibasic sodium phosphate and 5.42 g monobasic sodium phosphate.

Add 1 L distilled water and measure the pH. If the pH is below 7.4 adjust it by adding

several drops of 1 M NaOH. If pH is above 8.3 adjust with several drops of 1 M HCI.

2% MTS (Silane)

(3—Mercaptopropyl) trimethyloxysilane (MTS) purchased from Sigma (St. Louis,

 

MS) was diluted in toluene purchased from J.T. Baker (Phillipsburg, NJ).

50:50 MethanoleCl

The 50:50 mixture contains equal parts of methanol purchased from CCI (Colum-

bus, WI) and 1.0 M HCl purchased from Sigma (St. Louis, MS).

GMBS (Crosslinker)

4-maleimidobutyric acid N~hydroxysuccinimide (GMBS) was purchased from Sigma

(St. Louis, MS) and diluted in N,N-Dimethylformamide purchased from Spectrum

(New Brunswick, NJ). The solution was diluted to 2mM in ethanol purchased from

Pharmco (Brookfield, CT).
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Appendix B

Operating Protocols of BioDot

XYZ3050 Dispensing Machine

B.1 Initialize the Equipment

1. The first step is to prime the liquid you want to dispense. From the menu,

choose “Prime” and also choose “Group”; decide the prime cycles (1 choose 6

for typical use). Press “Activate” to begin to prime the liquid.

Choose program

2. Choose “Data storage”; Choose “Program” and select the program you want

to run.

3. Then back to the main menu; choose “Pattern” and select the pattern.

4. When you finish using the machine, you can back to the main menu. Choose

“Empty” and press “Activate” button to empty the liquid. So the liquid in the

tubes begin to flow back into the container. Generally it is safe to reuse the

proteins, which flow back to the container.
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B.2 Procedure of Creating a New Program

1. Confirm that system electrical and pneumatic systems are energized.

2. Confirm that the handheld terminal is properly connected to the platform and

the coiled cord for the terminal should be plugged into the outlet labeled Ter-

minal located on the backside of the unit.

3. Press Enter to go to the terminal main menu.

4. From the terminal main menu, locate and select the menu option listed below:

DATA STORAGE

5. This bring up the Data Storage, with the following options displayed:

PROGRAMS

SAVE DATA

LOAD DATA

then select the PROGRAMS menu option: use the up/down arrow keys to bring

the arrow pointer to your choice, and press the enter key to select it.

6. The following menu options will be displayed:

CREATE

Select CREATE. A screen with a blinking cursor will appear, prompting you to

enter a file name for your new program.

7. Using the terminal keypad, type a name for the new program and press ENTER.

8. Press the ESC key several times until you return to the main menu.

9. From the main menu, select the PATTERNS menu, which will bring up the

following options:
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CREATE

EDIT

SELECT

DELETE

10. Select the EDIT option, which displays the program parameters for the program

name that you created above.

11. Enter the following parameters for your sample program.

12. To run the program, we just simply need to press the GO key to observe platform

movement and the appearance of the dispensed line. We can press the ABORT

button to suspend the program and stop platform movement.

Note: please be sure to save the program before exiting. Otherwise, you might

lose your new program.

B.3 Cleaning Protocols

To obtain optimum performance and maximum life from BioDot dispensers, it is

important that the routine cleaning procedure listed below be followed after each

period of use. The number of priming cycles used to move cleaning agents through

the system should be adequate (about 10 cycles in our cases) to expose all channel

components. This volume will depend on length of tubing and size of syringe. Re-

quired number of priming cycles can be established by introducing air into the inlet

tubing, re-inserting inlet tubing into backing solution and observing the number of

cycles required to eject liquid at the tip.

1. Purge supply lines of reagent with de—ionized water.
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2. Clean and refill the supply reservoir with deionized water containing 1% Jet

Wash II. The actual concentration of this non-ionic surfactant-containing deter-

gent should be scaled to the amount and nature of reagents dispensed. Protein

and nucleic acid concentrations in excess of 1 mg/mL require elevated amounts

of detergent. Prime dispensers to fill system.

3. Repeat steps 1 and 2 with deionized water.

4. If introduction of air is observed during cleaning, the system can be de—gassed

with 100% EtOH, MeOH or IPA (2-propanol). Prime with alcohol followed by

(vacuum degassed) deionized water or backing solution.

 

5. With frequent cleaning, the reagent reservoirs and feed lines can be reusable.

Weekly cleaning. After prolonged dispensing of reagents, some buildup of protein

and salts may occur. We do the following cleaning steps be followed on a weekly basis

to dissolve any accumulated materials.

1. Purge supply lines of fluids and complete Daily Procedure.

2. Clean and refill the supply reservoir with a dilute acid (0.1N HCI). Prime

through and allow to sit for 10 minutes.

3. Prime using deionized water as in step 1 above.

4. Clean and refill the supply reservoir with a dilute base (0.1N NaOH). Prime

and allow to sit for 10 minutes.

5. Purge the supply lines and prime using deionized water.

6. De—gas with alcohol if needed and follow with backing solution or leave system

dry if instrument is powered off for an extended period.
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B.4 Instructions for Use of JetWash II

JetWash II is a powerful cationic detergent and should be treated as a potentially

hazardous substance. It is used as washing reagent for BioDot 3050. Here is a brief

summary of the use of JetWash II.

1. JetWash II is diluted in water (deionized grade or better). For most routine

cleaning procedures, it can be used at 0.05% (50 pL into 100 mL water).

2. If the dilute concentration fails to dissolve biologicals, more concentrated solu—

tions up to 10% can be used. Dried blood or concentrated protein solutions,

when dehydrated, can usually be dissolved with JetWash II diluted to 2%.

3. Diluted JetWash II can be used in BioJet instruments in In—Line or Aspirate-

Dispense modes to clean reservoir bottles, syringes, tubing, valves and ceramic

tips. Always rinse thoroughly with deionized water following treatment with

JetWash II.
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