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ABSTRACT OF THE DISSERTATION

Gene-Chip Diagnostics for Personalized Global Medicine

by

Michael Taeyoung Hwang

Doctor of Philosophy in Materials Science and Engineering

University of California, San Diego, 2017

Professor Ratnesh Lal, Chair

Single nucleotide polymorphisms (SNP) in a gene sequence are markers for
variety of human diseases. Their detection with high specificity and sensitivity is
essential for effective practical implementation of personalized medicine. Current DNA
sequencing, including SNP detection, primarily uses enzyme based methods or
fluorophore-labeled assays that are time consuming, need lab-scale settings, and are

expensive. Electrical detection of DNA has been advancing rapidly, to achieve high

Xii



specificity, sensitivity and portability. However, existing electrical charge-based SNP
detectors have insufficient specificity and accuracy limiting their effectiveness. Its actual
implementation is still in infancy because of the low specificity, especially for
analytically optimal and practically useful length of target DNA strands. Most of the
research so far has focused on the enhancement of the sensitivity of DNA biosensors
while the specificity problem has remained unresolved. The low specificity is primarily
due to the non-specific binding during hybridization of probe and the target DNA. Here,
we have addressed these limitations by designing a functional prototype of electrical
biosensors for SNP detection. We demonstrate the use of DNA strand displacement-
based probes on a graphene field effect transistor (FET) for single nucleotide mismatch
detection. The single mismatch was detected by measuring strand displacement-induced
resistance change and Dirac point shift in a graphene FET. SNP detection in large double
helix DNA strands (e.g., 47 nucleotides) minimize false positive. We describe the first
integrated dynamic DNA nanotechnology and 2-D material electronics, to overcome
current limitations for the detection of DNA single nucleotide polymorphism (SNP).
Existing SNP detection systems have poor specificity and lack portability and real-time
wireless transmission of detected molecular signals. We have integrated two different
kinds of dynamic DNA nano-devices as nucleic acid-sensing probes with electrical
biosensors using graphene FET and analytical wireless communication platform. The
signal was transmitted remotely using a microcontroller board and Bluetooth standard to
personal electronics. Our electrical sensor-based SNP detection technology without
labeling and without apparent cross-hybridization artifacts would allow fast, sensitive and

portable SNP detection with single-nucleotide resolution. Practical implementation of this
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enabling technology will provide cheaper, faster and portable point-of-care molecular

diagnostic devices for personalized global health management.
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Chapter 1.

Introduction to

cancer related gene detection

DNA sequencing has been of great interest for diagnosis of genetic disease?, biological
informatics?, forensics®, and environmental monitoring®. Discrimination of a single
mismatch in a long DNA strand is of significant importance because it enables detection
of single nucleotide polymorphism (SNP). An SNP is a single nucleotide mutation in a
functional DNA sequence that varies among members of a biological species or paired
chromosomes. These mutations are markers for variety of diseases, including various
forms of cancer, genetic disorders®, and can serve as biomarkers for personalized
medicine®. Thus the development of biosensors with high sensitivity and specificity is
especially important. DNA sequence detection methods, including SNP detection, are
often enzyme-based methods and use DNA ligase’, DNA polymerase’ and nucleases®.
These methods are utilized to generate highly accurate genotyping. However; they are
generally expensive and time consuming. One of the dominant enzyme-free methods to
detect SNPs employs hybridization of the target DNA to a probe on a microarray and
detecting their binding events with fluorescence. DNA microarray for gene expression

investigation is a high-throughput method and faster technique compared to PCR based



methods®. DNA microarrays use different DNA probes about 20-80 nucleotides (nt) in
length in arrays to map >100,000 of DNA fragments in parallel. A target sample is tagged
with a fluorescence label, and then reacted with probes on the chip. Only complementary
sequence to probe is usually hybridized and detected based on fluorescent labeling
(Figure 1.1). Hybridization-based methods for SNP detection have several disadvantages,
including cross-hybridization between allele-specific probes'®. This prevents high fidelity
detection of a single mismatch in longer probe-target strand hybridization as the longer
probes have more frequent cross hybridization. For example, a single mismatch in the
center of 15 base pairs (bps) of probe-target duplex can be detected because there is
critical difference in hybridization affinity between a perfect-matched and a single-
mismatched hybridization. However, when the probe length is 40 or 50 nucleotides (nt), a
single mismatch produces a relatively small difference between a perfect-match and a
single-mismatched hybridization. Thus its detection is difficult with the simple
hybridization-based methods. In general, the length of probes used in microarray is more

than 20 nt, thus cross hybridization significantly reduces its reliability and specificity.

To reduce cross-hybridization, redundancies in the array design are used to verify
detections of the same SNP or, probe sequences are modified to control the hybridization
affinity®. For low cross-hybridization, fewer longer probes (60-80 nt) can attain similar
reliable and sensitive detection*?. DNA strand displacement can be used to improve
specificity even for a longer probe. Strand displacement occurs when a DNA double helix
exchanges one strand for another complementary strand*3. The introduced strand holds
higher affinity to one strand in the initial double helix and displaces another strand.

Additionally, inosine or RNA can be used to control hybridization kinetics or Gibbs free



energy*4. Strand displacement has been a core technique in DNA nano-manipulation for
over 20 years and used in various mechanical nano-machines®®, logic gates'® and
sensors'# 17 Currently strand displacement-based assays can discriminate SNPs
efficiently by controlling competition between initially hybridized part in the double

stranded or hairpin structured probe and probe-to-target hybridization*'? (Figure 1.2).

The abovementioned methods have fluorescence-based readout. However,
fluorescence-based sensors have limited life-time and background issues. Fluorescence-
based detection also requires fluorimeters or laser scanners to analyze the optical signal.
The field effect transistor (FET), a commonly used component in modern electronics, is
of particular interest because it can be used as highly sensitive bio-molecular sensor and
potentially can be integrated with hybridization measurement systems on a chip.
Electrical detection of DNA using the field effect transistor (FET) has increased the
detection sensitivity to femto-molar level*8. Starting with silicon-based FET?®, recent
interest has switched to 1-D materials such as carbon nanotubes? or Si nanowires?!- due
to their high surface-area-to-volume ratio and the sensitive carrier mobility to the electric
field (charge density) they should provide better sensitivity. However tedious top-down
fabrication process and random array of the materials adds to the high cost and reliability
problems. A 2-D graphene sheet that is easy to fabricate consistently and has ambipolar
field-effect, high carrier-mobility, low intrinsic electrical noise, mechanical strength and
flexibility makes it a promising material for FET bio-sensing??. Graphene based bio-

sensors have been developed to detect bacteria 2%, glucose?*, protein?®, pH 26 and DNA?>

27



Microarrays for detecting SNP are readily available from Affymetrix, Illumina
and other companies. The basic principle for SNP microarray is similar to the regular
DNA microarray?. Variable probes with different mismatches to a normal gene are
placed on microarrays. DNA samples are labeled with two different fluorescent dyes and
treated with the probes on the microarray in the same amount. Fluorescence images are
analyzed by quantifying the color with algorithms. The aforementioned non-specific
hybridization can happen more frequently on SNP microarray than other kinds of DNA
microarray as the 20-50mer probes only differ by 1 base pair (bp) between perfect
matched (PM) and mismatched (MM) probes. This may results in a poor specificity and
high background noise that can affect allele frequency estimates. SNP microarray utilizes
very complex algorithms and redundant probes on different areas on the same microarray

to avoid non-specific hybridization errors, wasting valuable time and materials?®.

To address these limitations, novel probes are needed that will eliminate cross-
hybridization and detect SNP with high degree of specificity. In addition, a label free
signal detection platform (without fluorescence reporter) that could be fabricated in a

microarray format is preferred to achieve a high dynamic range.
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Figure 1.1. DNA microarray analysis; large number of spots are arrayed on a centimeter sized
chip. Every spot has different DNA probes. When fluorescently labeled targets are put on the chip, it is
hybridizes with its complementary probe and fluorescent. The chip is analyzed by laser scanner. (The
microarray picture in left upper inset is from http://commons.wikimedia.org/wiki/File: Affymetrix-
microarray.jpg)




Chapter 2.

Overall goal of the work

2.1. Developing an optimal probe for SNP detection

DNA nano-sensors such as the molecular beacon probe have been developed to
increase specificity!'® 3, A molecular beacon probe is a stem-loop-folded hairpin
structure of oligo-deoxyribonucleotide with fluorophore and quencher at each end of a
strand (Figure 2.2a). A stem part is formed by partial complement over 5-10 bps among
25-30 nt of a single DNA strand. In the absence of a complementary strand to the
molecular beacon probe, the fluorescence is quenched. When a complementary strand is
introduced to the system, it breaks the hairpin of the molecular probe and fluoresces.
However, single mismatched strand cannot efficiently separate the fluorophore and the
quencher thus the fluorescence signal is much weaker than one with a complementary
strand. 5-10 bps of the hairpin acts as a filter for a single mismatch. The Gibbs free
energy of a hairpin is positioned between the energy of associated state for a mismatched
and a perfect matched hybridization®!. One mismatch among the target or probe reduces
the affinity between the molecular beacon probe and the target strand vs. the affinity of a
hairpin, thus the target strand cannot break the hairpin. Molecular beacon probe improves
the specificity dramatically. However it requires relatively high concentration (~uM) of
specimen, because 5-10 bps of hairpin is not stable enough at room temperature at lower

concentration®?. Moreover, a loop part is exposed singly and hairpin can be melted in



some conditions and interference among singly exposed probes can cause further
complications. Length of the loop is limited to about 30 bps because such a longer strand
has too strong affinity even with a single mismatched strand to keep hairpin structure,
thus specificity will be detrimentally compromised.

We have recently developed DNA nano-device called a DNA zipper. It provides the
physical movement of DNA segments by alternating each other (Figure 2.2b)%.
Specifically, a DNA zipper contains three components: (i) a normal strand (N) containing
only natural DNA bases [adenine (A), guanine (G), cytosine (C) and thymine (T)], (ii) a
weak strand (W) containing inosine (1) substituted for guanine (with less energy than
natural bonding to N), and (iii) the opening strand (O), which is a naturally
complementary to N (table 1). N or W can have a short length of toehold to facilitate the
reaction. W and N are weakly bonded than N and O therefore introducing O allows the
zipper to open. Using the DNA zipper as a probe enables distinguishing PM and MM
strands by its operation®*?. A Fluorophore is attached to W and quencher to N to monitor
the fluorescence signal. Initially the fluorophore is quenched as they are close to each
other, when the DNA zipper is open it is brightened. W can act as a filter for SNP which
has similar principle of molecular beacon probe. When there is one mismatch on O, its
operation is poor as mismatched O cannot evict W fully from N. The operation of the
DNA zipper is driven by competition among N, W and O therefore if O with a single
mismatch does not have enough affinity to forfeit N from W, opening operation would
not happen. The degree and distribution of energy between N and W can be modified by
changing the number and location of 1. There is not a single exposed strand on the probe

thus it rules out the interference problem inherent with a molecular beacon probe. Also



concentration can be dropped to less than a few nM as the hybridization of N and W are
more stable than 5-10 bps of hairpin on molecular beacon probe. Controlling the energy
distribution over DNA zipper part, longer probes can also be designed.

Based on our recent data, a SNP observed in prostate cancer patients is identified

between MM and PM with distinct fluorescence intensities (figure 2.3). In the Specific

Aim 1, using fluorescence-based DNA strand displacement analysis tools, we will design

and validate the analytical performance of double-stranded probes for detection of

disease-associated SNP variants in human sequences of DNA and RNA molecules. The

number and location of inosines and the toeholds length will be optimized for the most
effective discrimination of SNP with the longest probe as possible. Many different kinds
of SNPs will be tested to attain high-throughput sequencing simultaneously. Once

completed, we will have a probe not only capable of detecting SNP accurately, but also

sensitive to added negative charge which can be an alternative signal transducer to

fluorescence based microarray. This will constitute the Specific Aim 2 of the proposal.

2.2. Developing an electronics-based sensor without

fluorescence labeling

Two categories of sensing platforms without using fluorophore have been
developed. First, as hybridized double stranded DNA (dsDNA) is heavier than single
stranded DNA (ssDNA), the difference between dsDNA and ssDNA can be detected
physically, using surface plasmon resonance (SPR)%, surface acoustic wave (SAW)% and

quartz crystal microbalance (QCM)®*. Unfortunately, integration of mass-shift-based



DNA sensors is unrealistic as scanning mechanics are necessary to these sensors that are
challenging and expensive. Therefore these sensing platforms are generally used for
monitoring the single strand DNA dynamics but not in an array-format. DNA has
negative charge due to its sugar phosphate backbone. Thus ionic charge difference
between an ssDNA and a dsDNA is one fold. The difference between ssDNA and
dsDNA can be measured if a field effect sensor is sensitive enough to detect a small
charge of DNA ¥, Thus a system sensitive enough to detect a small charge of DNAs
would allow the detection of DNA hybridization. Also field effect transistor-sensor could
be readily integrated in a microarray without the need for an expensive laser scanner and
analyzer and hence can achieve high throughput and fast processing capability.

Electronic detection platforms such as field-effect transistor sensors can be ideal,
because it is label-free and readily compatible with other electronic devices. It has been
tried to detect negative charge of DNA by field effect transistor such as semiconductor?®,
Si nanowire®’® % carbon nanotube®® and graphene® (figure 2.4). As charge of DNA is
tiny, very sensitive platform is required to detect tens of DNA bps. Graphene has high
potential as a sensing material owing to its high surface to area ratio. Graphene provides
large detection area, biocompatibility, and exceptional electronic properties such as ultra-
high mobility and ambipolar field-effect. However, despite its superior properties,
graphene transistor for SNP detection with reliable discrimination with realistic length of
probe and target has not been reported. This is because specificity of single strand probes
is not enough to generate a distinct signal. The nano-DNA device based probes such as

DNA zipper can be used to solve this issue and it is discussed in the following chapters.
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Figure 2.1. Operation of engineered probes; (a) when
molecular beacon meets a target strand, hairpin structure is
broken eliciting fluorescent signal (quencher is far from
fluorophore). (b) When DNA zipper meets O strand, it
separates zipper and hybridizes with N strand emitting
fluorescent signal.
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Chapter 3.

Highly specific SNP detection using 2-D
graphene electronics and DNA strand

displacement

3.1. Abstract

Single nucleotide polymorphisms (SNP) in a gene sequence are markers for variety of
human diseases. Their detection with high specificity and sensitivity is essential for
effective practical implementation of personalized medicine. Current DNA sequencing,
including SNP detection, primarily uses enzyme based methods or fluorophore-labeled
assays that are time consuming, need lab-scale settings, and are expensive. Existing
electrical charge-based SNP detectors have insufficient specificity and accuracy limiting
their effectiveness. Here, we demonstrate the use of DNA strand displacement-based
probe on a graphene field effect transistor (FET) for high specificity single nucleotide
mismatch detection. The single mismatch was detected by measuring strand
displacement-induced resistance (and hence current) change and Dirac point shift in a
graphene FET. SNP detection in large double helix DNA strands (e.g., 47 nucleotides)

minimize false positive. Our electrical sensor-based SNP detection technology without

13
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labeling and without apparent cross-hybridization artifacts would allow fast, sensitive and
portable SNP detection with single-nucleotide resolution. It will have wide applications
in digital and implantable biosensors and high-throughput DNA genotyping with

transformative implications for personalized medicine.

3.2. Introduction

DNA sequencing has opened new windows of opportunities for diagnosis of genetic
disease ?, biological informatics 2, forensics 3, and environmental monitoring .
Discrimination of a single mismatch in a long DNA strand is of significant importance
and is essential, in order to detect single nucleotide polymorphism (SNP). SNP is a single
nucleotide mutation in a gene sequence and varies among paired chromosomes, between
individuals, and across biological species. SNP mutations can have dramatic influence on
the health, they are markers for variety of diseases, including various forms of cancer,
genetic disorders °, and are of critical importance for successful practical implementation
of the concept of personalized medicine 8. Thus, the development of biosensors detecting
SNP mutations with high sensitivity and specificity is essential for effective personalized

medicine undertakings.

Current DNA sequencing, including SNP detection is achieved primarily by
enzyme-based methods, using DNA ligase /, DNA polymerase ” and nucleases 8. These
methods generate highly accurate genotyping. However; they are expensive and time
consuming. One of the common enzyme-free methods to detect SNPs uses hybridization

of the target DNA to a probe on a microarray and detects their binding events with
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fluorescence microscopy/spectroscopy. Hybridization-based methods for SNP detection
have several disadvantages, including cross-hybridization between allele-specific probes
10, This limits the detection of a single mismatch in longer probe-target strand
hybridization as the longer probes have more frequent cross hybridization. For example, a
single mismatch in the center of 15 base pairs (bps) of a probe-target duplex can be
detected because there is a critical difference in the hybridization affinity between a
perfect-matched and a single-mismatched hybridization. However, when the probe length
is 40 or 50 nucleotides (nt), a single mismatch produces a relatively small difference
between a perfect-match and a single-mismatched hybridization. Thus its detection is
difficult with the simple hybridization-based methods. The length of probes used in
microarray is approximately 20 nt, thus cross hybridization significantly reduces its
reliability and specificity. To reduce cross-hybridization, redundancies in the array design
are utilized to confirm detections of the same SNP or probe sequences are modified to
control hybridization affinity 1. Utilization of longer probes significantly reduces or
eliminates cross hybridization and fewer probes would be needed to obtain the same level
of reliable analysis with longer probes (60-80 nt) ! and they provide more sensitive

detection 2.

DNA strand displacement can be used to improve specificity even for a longer
probe design. Strand displacement occurs when a DNA double helix exchanges one
strand for another complementary strand 3. The introduced strand has higher affinity to
one strand in the initial double helix and displaces the other strand. Additionally, inosine
or RNA can be employed to control kinetics or Gibbs free energy of hybridization .

Strand displacement has been a core technique in DNA nano-manipulation for over 20
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years and has been used in several mechanical nano-machines *°, logic gates *¢ and
sensors 141742 Currently, strand displacement-based assays can discriminate SNPs
efficiently, by controlling competition between initially hybridized part in the double

stranded or hairpin structured probe and probe-to-target hybridization & 42,

The broadly utilized SNP detection methods, even when the most advanced
concepts of probe design being implemented, typically use the fluorescence-based
readout. However, fluorescence-based sensors have life-time and background limitations.
Moreover, they require fluorimeters or laser scanners to quantitatively analyze the optical
signal and hence depend on a sophisticated and expensive lab-setting. Electrical detection
of DNA sequences using the field effect transistor (FET) has recently been reported to
lower the limit of detection to the femto-molar level ‘8. FETs are of particular interest
because they can be used as highly sensitive bio-molecular sensors and could be
efficiently integrated using electric chip designs, including silicon-based FET °,1-D
carbon nanotubes %, and Si nanowires 2. Nanotubes and nanowires allow better
sensitivity due to their high surface-area-to-volume ratio and the sensitive carrier
mobility to the electric field (charge density). However tedious top-down fabrication
processes and random array of the nanowires and nanotube resulted in high cost and
reliability problems. Graphene, a 2-D material, is attractive because it is a single atom
thick sheet that is easy to fabricate consistently over large areas. Ambipolar field-effect,
high carrier-mobility, low intrinsic electrical noise, mechanical strength and flexibility
collectively represent some of the advantages that make graphene a promising material
for FET bio-sensing 2. First generation graphene based bio-sensors have been developed

to successfully detect bacteria 23, glucose 24, protein 2, pH 26 and DNA 2527,
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FET-based DNA biosensors currently utilize a single stranded probe to detect
hybridization. When the probe binds to the target strand a double helix forms and the
binding results in a measureable change in the electric charge over the active layer of the
FET 84, In currently available FET-DNA biosensors, the average length of the probe
and the target is 10~25 nt 18 20:4344 | case of 25 nt probe, the signal difference between
fully complementary target and single mismatched one is less than 50 % and it is

significantly smaller than one reported with other biosensors utilizing short probes %°.

Given the inherent disadvantages of the current probe’s design used in graphene
FET biosensors, we reasoned that design, engineering, and fabrication of biosensors
utilizing a strand displacement based probe architecture on a graphene FET would
provide improved specificity and resolution. In this paper, DNA strand displacement
based probe is successfully designed and utilized on a first-in-class graphene FET
biosensor for label-free detection of a single mismatch with higher specificity than that of

a single stranded probe DNA.

Architecture of double stranded (DS) probes was conceived to facilitate the
design compatibility of a graphene FET biosensor for the electrical sensing of DNA
strand displacement. A DS probe containing targeted inosine substitutions and optimized
toehold lengths were first tested with fluorescence/quencher technology to demonstrate
an efficient single mismatch discrimination. Then the non-fluorescently labeled DS probe
was attached on a graphene FET to reproduce the SNP discrimination based on the
electrical sensing of DNA strand displacement. The liquid gate was used to obtain I-V

curve with DNA in buffer solution. 1-V curve shifts and changes in resistance were
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monitored with fully complementary (perfect match) and single mismatched DNA
sequences. With this combination of the electrical sensor and dynamic DNA
nanotechnology, a single mismatch was detected in 47 nt of DNA with high resolution.
To our knowledge, this is the first report of the successful electrical detection of strand
displacement in long DNA strands by sensing the charge difference before and after

strand displacement without any labeling or additional processes.

3.3. Description of SNP Detection using
Fluorescence Based Observations of Strand

Displacement

The schematics of strand displacement and single mismatch detection are shown in

Figure 3.1A. DS probe is prepared by hybridization of two complementary strands. The
red strand in Figure 3.1 has a prolonged toehold section of 7 nt and its total length is 47 nt.
The black strand is 40 nt and contains 4 inosine (I) substitutions, where guanines were
originally located, to lessen the affinity between the two strands. The 47-nt side is called
the normal side (N) and 40 nt side is called the weak side (W) as it contains | bases to
weaken the double helix affinity. As shown in Figure 3.1, when 47 nt of target strand (T),
which is fully complementary with the normal strand (N), is introduced to DS probe, it
displaces the weak strand (W) and hybridize with the normal strand (N). Inosine () bases
allow the shortening of the toehold part. If W does not contain inosines, hybridization

affinity between W and N becomes too strong to efficiently displace W with T with the 7
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nt of toehold; without inosine’s substitutions, longer toehold is required to efficiently
displace W strand by T. Thus the strand displacement reaction can be summarized as the

following *°.
[N:W] + T — [N:T] + W

When T has a single mismatch to N, the affinity between N and T is significantly
decreased and the reaction rate is greatly reduced; DNA strands in the DS probe are not

displaced and it remains in its initial conformation (Figure 3.1, bottom) 142 140,

The strand displacement was monitored over time with the fluorescence labeling
technique (Figure 3.2). A Texas Red fluorophore was labeled at the end of W and a
fluorescence quencher was labeled at the end of N. The quencher absorbed the emission
wave from the fluorescence when it was adjacent to fluorescence label, thus upon
hybridization of N and W, the fluorescence was quenched. When the perfect match T was
added on the sample, strand displacement happened,the fluorophore and quencher were
separated and the fluorescence signal became brighter. However, when the single
mismatch T strand was added, strand displacement happened at much slower rate and
much lower fluorescence signals were measured compared to a perfect match T
experiment. The length of the toehold affected the reaction rate and hence different length
of toeholds were tested. The test with 10 nt toehold showed vague discrimination of a
single mismatch because affinity between N and T was too strong with 10 nt toehold. The

two strands hybridized efficiently even with the single-mismatch.

In order to ascertain that the single mismatch T strand did not hybridize partially

from toehold part until the mismatched point, the discrimination was verified by DNA gel
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electrophoresis. For DNA gel electrophoresis, the structure of DS probe was modified to
accumulate T onto the DS probe, not just exchanging their position. Activity of the DS
probe is not affected when W and N are bound by the hinge part when the hinge part was
introduced to conform the DS probe partial-triple strand after strand displacement 44,
The details of the modification of DS probe are reported in the supplemental information.
The gel image shows that the sample with the single mismatch T stained weaker than the
sample with perfect match T, i.e, the single mismatch T did not displace W effectively
compared to the perfect match T. Experimental protocols described above utilizing
fluorescence-based detection of DNA strand displacement represent the standard
experimental approach for the DS probe design optimization and fine-tuning of toehold

lengths and inosine base substitutions for SNP detection using graphene FET biosensors.

3.4. Detection of Strand Displacement on Graphene

FET

A graphene FET with two electrodes and a liquid gate chamber was fabricated to
demonstrate electrical sensing of DNA using DNA strand displacement-based probes
(Figure 3.1). The toehold part of N, which is adjacent to the graphene surface (Figure
3.1B, black dotted circle), became double-stranded after strand displacement and it
changed the electrical signals as seen during the observations of the 1-V curve and
measurements of the electrical resistance. The graphene channel (4 mm x 6 mm) was
transferred onto a silicon oxide-coated wafer using an established method ** 47, 1-

Pyrenebutanoic acid succinimidyl ester (PASE) was used to link graphene and the amine
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group at the N side of DS probe & ¢, The pyrene group of PASE and graphene were
attached to each other by n-x stacking interactions to covalently link graphene/PASE to

the amine group at the N side of DS prove.

The process of graphene functionalization was monitored at each step using an
atomic force microscope (AFM). Graphene wrinkles ~4~7 nm in height are observed,
these heights and shapes are in good agreement with the previosuly pubulshed results
49, PASE functionalization of graphene surface does not change the graphene surface
roughness or morphology (Figure 3.3B). However, after immobilizing DNA on the
graphene FET device through PASE and amine reaction, surface morphology was
dramatically changed with the appearance of distinct globular structures (Figure 3.3C).
The average height of these globular structures is 3.6 £ 1.4 nm and varies between 2 to 6
nm. The appearance of these structures seem consistent with the conformation of the
standing DNA strands in fluid;. a typical height of double stranded DNA lying flat as
detected by AFM imagiing in air is ~2 nm *°, which is significantly shorter than the
height of globular structures in fluid observed in our experiments. DNA strands on the
graphene FET device were further imaged in air after drying the graphene surface (Figure
3.3D). After drying, the appearance of dotted globular structures of double stranded DNA
observed in fluid condition have changed to distinctive rod shapes of ~2 nm in height as
shown in details of the inset image (Figure 3.3D). These observations were validated by
the analyses of AFM images of graphene and PASE functionalized surfaces with and
without DNA, which were also imaged in air. A DS probe consisted of a 40 bp double
strand section and a 7 nt single strand overhang; in total the estimated length is ~15 nm.

Consistently, the rod shapes of the DNA strands in the air AFM images show about
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15~20 nm of length. Therefore, AFM images of devices in fluid and air conditins

indicated that the PASE — amine functionalization strategy was working appropriately.

The conformation and position of the DS probe on the graphene surface is a
critically important factor for the electrical detection of strand displacement. Only 7 nt of
single stranded toehold of the 47 bps DNA becomes double stranded after the strand
displacement compared to the initial DS prove (Figure 3.1). If the DS probe is lying
down or absorbed on the surface, the signal difference would be too small to be
detectable by recognizing the charge difference. The AFM image in Figure 3.3C shows
that DS probe is observed as islands in liquid, while it was grain-boundary-shape in air
(Figure 3.3D). When the surface was fully covered by PASE and ethanolamine, the DS
probe was not exposed and not absorbed into graphene except amine-amide bonding,
otherwise nucleotides can be absorbed to graphene by n-x stacking interaction.
Additionally, molecular dynamics simulations have shown that DNA established an
upright conformation to the silica surface, fluctuating only around 10° from vertical at
stable state >, We thus concluded that the positioning of DS probes is perpendicular to

the graphene surface in liquid and the functionalization strategy was successful.

The source and drain electrodes were applied by silver paste and silicone rubber
were used before the DNA probe functionalization to insulate the electrodes and create
solution reservoir 4. Sample in buffer solution was placed in the reservoir and a gate
voltage was applied directly to the top of the buffer solution 8 22 2543 'When the surface
charge was changed by strand displacement, the charge built up and the 1-V curve shifted

to left side and the resistance was increased & 4347, Functionalization of DS probe
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changed electrical signals of FET. The 1-V curve was measured after PASE is fixed on
the graphene channel with 1 x PBS buffer solution as liquid gate. After DS probe was
bonded on the PASE, the measurement was repeated again. The I-V curve shifted to left
side after the bonding of DS probe. The resulting unique U-shaped I-V curve is due to the
ambipolar characteristic of graphene. Additionally the electrical resistance increased and

shifted the 1-V curve lower.

The Debye length should be considered when detecting electrical charge in ionic

solultion ®2. It can be written for aqueous solution at room temperature as

1

Véanlg X 2% p;

A(nm) =

where A is the Debye length expressed in nanometer, I is Bjerrum length which is about
0.7 nm, z; is valencies of the various types of ions and p; is number densities or number
of molecules per volume 53, Note that it is an estimate of the distance where Coulomb
interactions are ignored, so does the size of the region near a point charge where
opposite-charge counterions can be found. It represents the net length of the electrostatic
effect in ionic solution. Charges are electrically screened outside the sphere whose radius
is the Debye length. In the 1 x PBS solution, which is generally used as a DNA buffer
solution, its Debye length is less than 1 nm. More diluted PBS such as 0.1 or 0.01 x PBS
allows detection of the longer part of the hybridization. However, the DS probe requires a
high ionic concentration to stably operate the strand displacement. If the ionic
concentration of buffer solultion is too low, its double helix structure can be unstable and

could fail in strand displacement.
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For measurning the effect of strand displacement, 12.5 mM MgCl; and 30 mM

Tris buffer was used to increase Debye length. This MgCl2 concentration is known to be
equivalent to about 1 x PBS for DNA helix stabilization >*. MgCl; is 2:1 electrolyte (e.g.
Mg?*":2CI") and its Debye length of 12.5 mM MgCl: is calculated by the above equation
to be ~ 1.6 nm. The electrical effect of DNA is reproteted to be rapidly decreased and that
only a few sequences which are close to the graphene surface determine the electrostatic
potential on the sensor *°. Thus the first few sequences would have effective charges on
the surface. The tests were also conducted with 1 x PBS and compared with MgCl, buffer

solution. The MgCl> buffer solution generated clearer discrimination.

In order to examine the specificity of the graphene FET sensor, perfect match and
single mismatch samples were tested. Target strands in different concentrations (100 nM
to 100 uM) were incubated on the sensor for 8 hours (Figure 3.4). When the perfect
match T was treated on the graphene sensor, the U-shaped I-V curve shifted down and to
the left, which indicates increasing resistance and imposition of n-doping effect & 43, The
corresponding resistance change was observed as discussed below. With 100 nM of T
strands, which is equivalent to about 3.011x10'? of T molecules in 50 pL of buffer
solution, DS probe showed clear discrimination of single mismatch (Figure 3.4). As the
concentration of the perfect match T was increased, I-V curve kept shifting and the shape
of the curve became flattened. As shown in the Figure 3.4C, the Dirac-point of the I-V
curve was shifted ~-50 mV with 100 uM of perfect match T and ~-11.6 mV with single
mismatch T (4.3-fold difference). Defferent values of source voltages were also tested
and it also showed the same trends of Dirac point shifts. Signifcantly, the single

mismatch T made much smaller shifts and the I-V curve was saturated. It is reasonable to
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believe that a single mismatch T could not result in the proper strand displacement while
a perfect match T could induce a proper strand displacement. Our results show a clear
discrimination of a single mismatch in the 47 bp DNA probe, suggesting that it could be

possible to detect single mismatch in a longer DNA strand.

The resistance change of the channel was measured and compared between the
perfect match and the single mismatch targets at different concentrations (Figure 3.4).
When DNA is accumulated on the graphene surface, its resistance increased 4.
Immobilization of DS probe and addition of target strands increased the resistance of the
channel. The resistance increased 40~60 % when the probe was anchored on the
graphene surface. As shown in the Figure 3.4C, perfect match T increased the resistance
significantly more than single mismatch T. The largest difference was observed at a
target concentration of 100 nM with the resistance changes of ~26.0 % and ~6.8 % (3.8-
fold difference) for the perfect match and the single mismatch T, respectively. The
minimum difference was observed at the target concentration of 100 uM with the
resistance changes of ~84.9 % and ~46.0 % (1.8-fold difference), for the perfect match

and the single mismatch, respectively.

In control experiments, single strand probes were tested using only the N side of
DS probe, to confirm that the discrimination of single mismatch in 47 bps resulted from
using DS probe. The single mismatch target strands were tested with the concentration
ranging from 10 pM to 1 nM. When a single mismatch target strand was hybridized with
N side of the probe, its signal transferred as much as the DS probe with the perfect match

target. The concentration of the T strand needed to saturate the I-V curve transfer was
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much lower because it does not have the W side of DS probe. When it was a DS probe, T
strand needed more energy (higher concentration) to displace the W strand. Single
mismatch target strand shared identical 27 nt and 19 nt with the perfect match target and
the melting temperature of hybridization of single mismatch target and N side is 55-65 °C

with concentration range of 10 pM to 10 uM 8,

The stable hybridization of single mismatch target and the normal strand (N)
made the discrimination of the single mismatch impossible when the probe was single
stranded. These results indicate the superior capability of DS probe on graphene FET to

discriminate a single mismatch in long DNA sequences.

Originally microarrays used photolithography to fabricate micro-sized spot arrays
inspired by transistors array in electronics. The proposed graphene FET biosensor can
also be integrated in the form of microarray. These array sensors would not need
fluorescence labeling or optical components and would reduce the required number of
spots for indivudual sequences by detecting strand displacement of longer DNA strands.
It seems likely that specificity of the graphene FET sensor described in this work is
suffiently high to alleviate the need for complex algorithms to analyze vague data for the
detection of SNP as it is necessary with current technology. As such, the further
development and imlementation oof this technology would allow more affordable and
accurate diagnosis of a myriad of diseases, including cancer, degenerative, various and

genetic disorders.

3.5. Conclusions
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Label-free detection of a single mismatch in 47 bps probe with high resolution
was achieved by using DNA strand displacement on a graphene FET chip. This was
possible by electrical sensing of the inherent charge of DNA with the graphene transistor.
Utilizing a double-stranded probe capable of detecting a single mismatch in 47 bp double
helix, the perfomance of the sensors appears to exceed signifcantly the performance of a
single-stranded probe. The strucutre of double stranded part in the probe was changed by
strand displacement and this difference was readable in the electrostatic gating effect.
The SNP-discrimination results are readily detectable in the 1-V curve and resistance.
Electrical detection of a single mismatch was also correlated with the real time
fluorescence measurement. The work provides a significantly improved platform for SNP
detection by combining high fidelity probe design and the detection scheme that has not
been reported previously. Our results demonstrate the practical utility of the novel
biosensor technology based on a combination of dynamic DNA nanotechnology and 2-D
nanoelectronics. It opens opportunities for the development of more reliable and efficient
diagnostic tools for early detection of potentially life threatening human diseases,
including design and development of the miniaturized, point-of-care and implantable

biosensors.

3.6. Methods

3.6.1. Materials

PASE, ethanolamine, MgCl> and conducting silver paste were obtained from

Sigma Aldrich (Saint Louis, MO).Graphene from ACS material (Medford, MA). Silicone
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rubber from Dow Corning (Midland, MI), PBS and Tris solution from Thermo Fisher
Scientific (Waltham, MA), Poly (methyl methacrylate) (PMMA) from MicroChem
(Westborough, MA), Ammonium persulfate from MP Biomedicals (Solon, OH), DNAs
from IDT (Coralville, 1A). DNA gels from Lonza (Walkersville, MD) were obtained,
respectively. All the DNA sequences for this experiment appear in Table S1. Ultrapure

water was from a Millipore purification system.

3.6.2. Fluorescence Test

Normal strand (N) side which was tagged with fluorescence quencher and the
weaker strand (W) side with fluorescence label are mixed in ratio of 1:1in 1 x PBS
solution and annealed from 20 °C to 90 °C and cooled it to 4 °C over 3 hours. A Texas
Red has excitation maximum wavelength of 596 nm and emission maximum wavelength
of 613 nm. Perfect match and single mismatch T strand are all suspended in 1 x PBS. The
hybridized DS probe was diluted in 1 x PBS into 20 nM and tested using a Tecan Infinite
200 M plate reading spectrometer (San Jose, CA) at 27 °C with an accuracy we estimate
to be approximately £ 1.5 °C. Excitation/Emission of TEXAS red are observed at
590/620 nm. Each experiment began with a 50 pL sample volume with a device
concentration of 20 nM (20nm of DS probe and 100 nM of T) in black 96 well plates.
Clear microplate sealing films were applied over the sample wells to avoid evaporation.

The same test was conducted in 1 x PBS buffer solution.

3.6.3. Fabrication of Graphene FET
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The top side of graphene on a copper film was spin-coated with PMMA to protect
the top side of graphene while the bottom side of graphene was etched away. PMMA
acted as the supporting layer of the graphene after etching the copper. The back side of
graphene was removed by oxygen plasma etching. The sample was cut into 4 mm x 6
mm pieces with scissors. Copper was etched by floating on 0.1 M of ammonium
persulfate for about 5 hours and rinsed in DI water overnight. Graphene supported by
PMMA was then transferred on SiO> coated silicon wafer. PMMA layer was removed by
acetone at 60 °C for 1 hour. The sample was annealed at 300 °C for 2 hour under
hydrogen/argon atmosphere *’. To fabricate transistor, conducting silver paste was used
as source and drain electrodes at the two ends of the graphene. Silicone rubber was used

to insulate source and drain electrodes from liquid and construct solution reservoir.

3.6.4. Immobilization of DS Probe

5 mM of PASE in Dimethylformamide (DMF) was treated on the graphene for 1
hour and rinsed with pure DMF and DI water. 50 uM of DS probe was added on PASE-
modified graphene for 2 hours. The graphene FET with DS probe functionalization was
rinsed with 1 x PBS. 100 mM of Ethanolamine solution was treated to saturate the
possibly unreacted amino group on PASE and rinsed with 1 x PBS solution. Volume of

all treated chemicals and samples was 50uL.

3.6.5. Visualization of DNA and graphene surface
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Topographic images of DNA on graphene surface were acquired using a
Multimode atomic force microscope equipped with a Nanoscope V controller (Bruker).
Silicon cantilevers with a spring constant of 42 N/m (PPP-NCHR, Nanosensor) were
used for imaging in air using tapping mode. Silicon nitride cantilevers with spring
constants of 0.08 N/m (OMCL-TR400, Olympus) were employed for imaging in fluid
using peak force tapping mode. The Nanoscope software was used for analyzing imaging

data.

3.6.6. Strand Displacement on the Chip

Strand displacement reaction was conducted by dropping perfect match and single
mismatch T strands with concentrations which are indicated in the legends of data and
incubated overnight in the reservoir on the graphene FET chip. Then the chip was rinsed

gently with 1 x PBS. All the volume of treated samples was 50uL.

3.6.7. Electrical Measurements

| — V curves and resistance were measured in a semiconductor parameter analyzer
equipped with a probe station. Silver wire was used as electrode which applied Vg to the
12.5 mM MgClI; - 30 mM Tris buffer solution. Tests were also conducted with 1 x PBS
buffer solution. Gate voltage (Vg) was swept from -0.5 ~ 1 V and drain — source voltage
(\ds) was picked between 0.05 ~ 0.3 V. Drain — source current (Ids) was measured at an

assigned Vds. Resistances were measured at 50 mV of Vds.
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Chapter 3 in part is a reprint of the material Hwang M. T., Landon PB, Lee J,
Choi D, Mo AH, Glinsky G, Lal R. Highly specific SNP detection using 2-D graphene
electronics and DNA strand displacement. Proc. Natl. Acad. Sci.. 2016; vol. 113 no. 26:

7088-7093. The dissertation author was the primary author.
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Figure 3.1. Schematics of the gene chip sensor. A) Double stranded probe (DS probe) action. The red
strand is normal strand (N) and contains 7 nt of toehold. Toehold is single-stranded at the initial state.
When a perfect match target strand (green strand) approaches a DS probe, it displaces the weak strand
(black strand, W) by binding to the toehold. B) Graphene FET sensor with DS probe. ‘S’ and ‘D’ represent
source and drain of FET. Gate voltage is applied directly on the liquid gate; the liquid gate is shown as a
hemisphere (light blue) surrounding the DS probe. C) Left panel: The green strand displaces the black
strand and the toehold portion becomes double-stranded (black dotted circle region). Right panel: A target
strand with single mistmatch (yellow strand) does not allow the strand displacement properly, i.e., the
yellow strand does not displace the black strand. Thus the toehold region remains single-stranded (black
dotted circle). D) Current-voltage relaionship (IV curve) due to charge difference during the strand-
displacement in the gene chip FET sensor. Left panel: IV curve for strand displacment with perfect match
(C, Left panel). The IV curve shifts leftside and downside. Right panel: Single mismatch target strand does
not displace the black strand properly; thus the IV curve remains almost the same.
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Single mismatch: 5'-TGA AAG GGT TTT AAT AAT ATA ATT TTA AAA GAC TGG TAG A AA TAA GG-3’
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Figure 3.2. Single mismatch detection using fluorescently labeled nucleotides. A) Sequences of the
target DNA. Top: perfect match. Bottom: single mismatch. The mismatched nt is marked in red color. B)
Schematics of strand displacement: nt with fluorphores (yellow ball) and nt with quencher (black ball).
Initially the normal (N, red) and weak (W, black) strands are hybridized, fluorophore (yellow ball) and
quencher (black ball) are adjacent so that fluorescence is quenched. When green strand (perfect match T)
interacts with DS probe, strand displacement takes place, normal strand (N) and perfect match target strand
hybridize. Weak strand (W) remains single-stranded and fluorophore becomes active. B) Real time
fluorescence measurement of the strand displacement. Interaction of the single mismatch target strand with
DS probe shows much less fluorescence activity than the interaction of the perfect match with DS probe.
The concentration of DS probe was 10 nM and the concentrations of Ts varied from 100 nM to 300 nM
shown under each plot.
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Figure 3.3. AFM images of graphene transistor surface with and without DNA strands. A) Graphene
surface in fluid is mostly flat with some defects (black arrows) and graphene wrinkles (blue arrows). B)
PASE coated graphene surface in fluid shows flat surface with similar wrinkle height of 7 nm. C) After
binding of double strand DNA on the PASE coated graphene surface in fluid, graphene’s smooth surface is
covered with DNA strands ~ 2-4 nm in height. The graphene wrinkles height remains the same. D) DNA
strands are visualized better in air AFM image with distinctive appearance of DNA structures. Inset image
shows more details of DNA structures at higher magnification. The randomly lying DNA probes in the
inset are outlined with dot line. Surface height profiles at the red line are plotted at the bottom of each
image. Cartoons at the bottom represent models of formation of DNA structure in liquid and air. The right
cartoon renders the random polygonal structure of DNA in air. All images have scan areaof 1 x 1 umand a
z-range of 20 nm except for inset. The z range and the scale bar of the inset is 10 nm and 50 nm,
respectively.
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Figure 3.4. 1-V relationship of the graphene FET sensor for the strand displacement reactions. A)
The perfect match T shifted the 1V curve according to concentrations B) The single mismatch T shifts the
IV curve significantly less. The DNA sequences of T used in the experiments are shown over the IV curve.
C) A statistical summary of Dirac voltage shift of the FET sensor shown in panels A and B. The Dirac
voltage is expressed as a function of the concentration of the added target DNAs. D) Distinguishable
resistance change of the channel layer caused by strand displacement at different concentrations of the T
DNA:s. Statistical values (mean +/- SD) were based on three sets of data points for each case. n = 3. **P <
0.01.



Chapter 4.

Wireless communication of label-free
SNP detection using graphene field-
effect transistor and strand displacement

INn DNA nano-tweezers

4.1. Abstract

Single nucleotide polymorphism (SNP) detection and DNA sequencing for identification
of mutations are of great interest in personalized medicine, forensics and environmental
monitoring. Existing SNP detection systems have poor sensitivity and specificity and lack
portability and realtime wireless transmission of detected molecular signals. We have
integrated DNA nano-tweezers, a dynamic DNA nano-device, as a nucleic acid-sensing
probe with electrical biosensors using graphene FET and analytical wireless
communication platform. SNP detection was achieved by observing changes in Dirac
point shift in IV curve and resistance change due to the hybridization of a probe DNA

and a target DNA strands. DNA nano-tweezers probe significantly improved analytical

36
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characteristics of SNP detection. The electrical signal resulting from resistance changes
triggered by DNA strand-displacement in the DNA tweezers was recorded. The signal
was transmitted remotely using a microcontroller board and Bluetooth standard to
personal electronics, including smart phones, tablets and computers. Practical
implementation of this enabling technology will provide cheaper, faster and portable

point-of-care molecular diagnostic devices for personalized global health management.

4.2. Introduction

The detection and sequencing of DNA and RNA molecules for diagnostics, forensics®
and environmental monitoring* is of great interest in personalized precision medicine.
Current DNA detection methods primarily use fluorescent labeling and require laboratory
scale settings such as fluorimeters or laser scanners to analyze optical signals.
Miniaturized chip-based electrical detection of DNA will eliminate the aforementioned
limitations enabling in-field or at home detection of specific DNA sequences.>®

Electrical sensing-based methods have successfully lowered the limit of sequence
specific DNA detection to the femto molar level.?% 485 A field effect transistor (FET)
can be employed as a highly sensitive DNA sensor and can potentially be integrated with

other on-chip analytical systems.

Graphene is an attractive electronic material of choice for a biosensing platform because
it has high sensitivity to the changes in carrier mobility with respect to changes in the
gating electric field, low intrinsic electrical noise, mechanical strength and flexibility.?2 ¢

We recently have reported DNA strand displacement based-probe on graphene FET for
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SNP detection in relatively long nucleic acid sequences with unprecedented specificity.
SNPs are markers for a variety of diseases, including various forms of cancer, genetic
disorders, and are of critical importance for successful practical implementation of the
concept of personalized medicine.®! Thus, detection of SNP mutations with high
specificity and sensitivity is essential for a broad range of diagnostic applications and
effective implementations of personalized precision medicine approaches. 1 11¢ 17, 62
With the proof-of-concept experiments demonstrating in principle the feasibility of the
approach successfully addressed, a more complex design of the probe mechanism could
be useful to achieve better functionalities and facilitate nano-scale engineering of
electrical biosensors. Another advantage of using an electrical signal-based DNA sensor
is its compact size and portability compared to current fluorescence-based techniques.
Also, a fully integrated electronic sensor and signal measurement system can transmit
signals using wireless systems on a portable computing device such as a smart phone.
Graphene-based wireless detection of macro-sized bacteria has been reported.®® However,
highly specific detection of biomolecules with relatively small electrical charges, such as
DNA or RNA molecules, has not been demonstrated until very recently.®® Electrical

signal-based DNA sensors will facilitate unsophisticated end-users access to DNA

detection chip technology.®*

In this manuscript, we report a DNA nano-device comprising of DNA nano-tweezer-
based nucleic acid-sensing probes engineered to achieve the improved analytical
performance of electrical biosensors which is documented by better specificity and higher
signal to reference ratio.5%® We also demonstrate the practical implementation of a

wireless electrical signal-based DNA sensor using a graphene FET chip. First, design of
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DNA nano-tweezer-based probes was tested and optimized for detection of SNP with
fluorescently-labelled DNA nano-tweezers. Then DNA nano-tweezers without the
fluorescent label were immobilized onto the graphene surface by n-x stacking and amine-
amide bonding as previously reported.5% 8 The patterns and efficiency of immobilization
of DNA nano-tweezers were verified with atomic force microscopy (AFM) imaging. The
detection of SNP was then carried-out with the graphene FET sensor. The analytical
performance of the graphene FET biosensor was examined by the electrical signal-based
detection of the DNA strand displacement with target DNA that drove the strand
displacement and opening of the DNA nano-tweezers on the chip. When the DNA nano-
tweezers open, it causes the switching of varied lengths of strands and this in turns causes
a charge difference before and after strand displacement without any labeling or
additional processes. This results in the changes in the measured resistance and Dirac-

point of the graphene (Fig. 1 and 6).

To implement wireless capabilities, the graphene DNA chip was connected to a
proprietary wireless system using a microcontroller board. A flow chart of the top-level
design of graphene chips communication with the smartphone is presented in Fig. 2 with
different operation aspects highlighted by a color code (Blue: Communication, Red:
Signal Generation, Black: Measurement). The details of low-level design are presented in
Fig. S1. The microcontroller board was a Freescale FRDM-KL25Z with serial support,
12C and UART communication protocols. It also provides Pulse-Width-Modulation
(PWM) signal output and Analog-to-Digital Converter (ADC) allowing the board to
generate and read analog signals. The analytical performance of the integrated wireless

biosensor platform is validated by showing that electrical signals (e,g, current and voltage)
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are reliably received using wireless communication to personal electronic devices,

laptops and smartphones, for further analysis and reporting.

4.3. Description of SNP Detection Using
Fluorescence-Based Observations of DNA nano-

tweezers activity

The scheme of strand displacement and single mismatch detection is shown in Fig. 1.
DNA nano-tweezers are prepared by the hybridization of two complementary strands.
Both normal and weak strands (N and W) are 57 nt. N and W consisted of zipper, loop
and hinge parts. The zipper and hinge parts are complementary and hybridized each other,
while the loop parts are non-complementary and remained un-hybridized. Therefore, N
and W are complementary to each other except 10 nt of loop part in the middle of the
DNA nano-tweezers. W contains 4 guanines which are substituted with inosines (I) to
lessen the affinity between the two strands. The structure of the DNA nano-tweezers with
specific sequences is shown in Fig. S2. As shown in Fig. 1, when 30 nt of target strand
(T), which is fully complementary with N and 5nt of the loop part on N, is introduced to
DNA nano-tweezers, it displaces W and hybridizes with N. Even though the
displacement happens, the hinge part is not dissociated and keeps binding with the DNA
nano-tweezers; the triple stranded complex is formed.14c 45-46. 605,66 |nggine (1) plays the

role of shortening the toehold part. When T has a single mismatch to N, the affinity
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between N and T is significantly decreased and the reaction rate is greately reduced,;

DNA nano-tweezers remain in its initial conformation (Fig. 1, bottom).5%

Strand displacement was monitored over time with fluorescence labeling (Fig. 3). A
Texas Red fluorophore was labeled at the end of W and a fluorescence quencher was at
the end of N. The quencher absorbed emission from the fluorescence when it was
adjacent to fluorescence label, thus causing flouresence to be quenched upon the
hybridization of N and W. When the perfect match T was added to the sample, strand
displacement happened, separating the fluorophore and quencher, causing a brighter
fluorescence signal. However, when the single mismatch T was added, strand
displacement happend much slower and much lower fluorescence signals were measured
compared to a perfect match T. The formation and operation of the DNA nano-tweezers
with perfect match T and single mismatch T strands were also proven by DNA gel

electrophoresis in the previous report.*: 6%

4.4. Detection of Opening of DNA nano-tweezers on

Graphene FET

A graphene FET with two electrodes and a liquid gate chamber was fabricated to
examine electrical sensing of DNA using DNA nano-tweezers-based probes (Fig. 1). The
toehold part of N, located in the loop part which is adjacent to the graphene surface (Fig.
1B, black dotted circle), became double-stranded after the opening of DNA nano-
tweezers by strand displacement. This changed the electrical signals as shown in the I-V

curve and the corresponding electrical resistance. DNA strand displacement-based probe
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namely, double stranded probe (DS probe) was reported to enhance the specificity of the
DNA detection.5® Importantly, unlike the DS probe, DNA nano-tweezers-based probe
has more complex structure, and the center of the probe is attached to the graphene
surface. Therefore, causing DNA nano-tweezers to not stand up on the surface, but
instead lay down on it. When it was open, the triple stranded structure pushes the
detecting portion closer to the surface resulting in a signal which is larger than it was for
the DS probe. Comparison of the two different probes is described in Fig. 4. Graphene

chip fabrication and the probe immobilization followed the published methods.®%

The graphene after transfer was characterized by Raman microscopy. The Raman
spectrum of the graphene sample indicated high-quality monolayer graphene, as it shows
typical Raman spectrum of a single layer graphene (Fig. 5A).8” Structural features of the
functionalized graphene surface were imaged by Atomic Force Microscopy (AFM). The
graphene in Fig. 5B shows a flat surface with some wrinkles of about 1-2 nm in height.
Upon immobilization on the graphene, the DNA nano-tweezers appear as globular
structures with an average height of 3.7 £ 0.7 nm with features between ~2-8 nm (Fig.
5C) and are in good agreement with previously published data.®® The DNA nano-
tweezers in the fluid medium stand up vertically (Fig. 1B) but lie down horizontally in
the air (Fig. 5E). AFM image of the graphene without DNA nano-tweezers in air is
shown in Fig. S3. After addition of the perfect match DNA, the height of the globular
structures decrease slightly to 3.5 + 0.8 nm but the diameter increases significantly, from
17.6 = 3.3 nm for the unbound probe to 21.8 £ 5.0 nm for the probe with the perfect
match DNA (Fig. 5D). This observation is consistent with the fact that the newly bound

strand adds to the size of the structure, which, along with steric repulsion between the
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different strands, results in a broader overall shape. The binding of the perfect match
DNA could hence be confirmed by AFM. The results indicate that the graphene on the
fabricated FET sensor chip is a monolayer and supports the functionalization strategy for

the complex design of DNA nano-tweezers.

Effect of the strand displacement was measured using a 12.5 mM MgCI2 and 30 mM Tris
buffer. The electrical effect of DNA is reported to be rapidly decreased, and only a few
sequences that are close to the graphene surface determine the electrostatic potential on
the sensor. Thus, the first few sequences would have effective charges on the surface.>
Importantly, the loop part of the DNA nano-tweezers is fixed to the surface of the

graphene, while the sensing part is laid down to the surface, enabling effective detection.

To examine the specificity of the graphene FET sensor, perfect match and single-
mismatch samples were tested. Target strands in concentrations from (100 nM to 100 uM
were incubated on the sensor overnight (Fig. 6). When the perfect-match T was used on
the graphene sensor, the U-shaped I-V curve shifted down and to the left, which indicates
increasing resistance and imposition of the n-doping effect.'® 5% The corresponding
resistance change was observed as discussed below. As the concentration of target
strands increased, DS probe showed clear discrimination of single mismatch (Fig. 6). As
the concentration of the perfect-match T was increased, 1-V curve kept shifting left and
down and the shape of the curve became flatter. As shown in the Fig. 6C, the Dirac point
of the I-V curve was shifted approximately by —15 mV with 100 nM and by —95 mV with
10 uM of perfect-match T while approximately by —2 mV for both 100 nM and 10 pM of

single-mismatch T (7.5-fold and 47.5-fold difference each).
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Compared to the previous study using double-stranded probe, the difference at the
equivalent experimental condition were ~3-fold and ~4.3- fold. The differences achieved
by using DNA nano-tweezers is more than10 times larger than those achieved by using
double-stranded probes in the previous report. We reason that this is due to the vertically
standing formation of the DNA nano-tweezers probe (Fig. 4). The single-mismatch T
made much smaller shift.5% It is reasonable to believe that a single-mismatch T could not
result in the proper strand displacement, whereas a perfect-match T could induce a proper

strand displacement.

The resistance change was measured for the perfect-match and the single-mismatch
targets at different concentrations (Fig. 6). When DNA is accumulated on the graphene
surface, its resistance increases. As shown in the Fig. 6C, perfect-match T increased the
resistance significantly more than single-mismatch T. Clear differences were observed at
all the target concentrations from 100 nM to 100 uM and it shows much clearer
discrimination of the single mismatch compared to previous work.®® After measurements
on the probe station, the resistance was measured with wireless signaling. The data from
the two measurement systems were well matched with ~ 1% difference. The setup
process for the wireless signaling is described in the following sections. The screenshot

of the data received by smartphone is shown in Fig. 2A.

4.5. Generation of Wireless Signal

The FRDM-KL25Z microcontroller board can generate a digital approximation of an

analog signal using pulse-width-modulation (PWM). Typically, PWM signals give a
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relatively good representation of an analog signal because most electronic appliances do
not react to relatively small voltage changes®®. However, because of the electrolysis of
aqueous solutions, the graphene system is sensitive to significant voltage changes. The
microcontroller board creates the PWM signal by switching the voltage digitally
(between only two modes) off (0 V) and on (3.3 V) producing an analog signal
determined by the time averaging 0 V and 3.3 V over each period interval. For example,
to produce a PWM analog signal of 1 V, the microcontroller board generates a signal of 0
V for 70 % of the time and 3.3 V signal for 30 % of the time. The nature of PWM signals
can therefore cause the DNA-chip to experience a voltage of 3.3V regardless of how
small the ‘analog’ signal generated by the microcontroller board. This bias voltage can
cause electrolysis of the aqueous electrolytes and its effect on the system is evident in 1-V
plot of the system before low-pass filtering (Fig. 7A). The effect from the 3.3 V spikes
was removed from the system by implementing a simple 1% order Resistance-Capacitor

(RC) low-pass filter with the shown configuration used (Fig. S4).%°

An RC filter is characterized by its time constant (1) which is defined as the time required
to charge the capacitor to the fraction 1/e of its maximum charge.”® Low-pass RC filter
was constructed using a 5 kQ resistor and a 33 nF capacitor (calculations are presented in
supporting materials). Initially, giving a measurement of V,,,;, = 0.1 V. However, as
illustrated by cursors A and B in Fig. S5, V,,,,; varies from 0.176V to 0.064V. This huge
range of V,,,; values is undesirable as the graphene FET should be subjected to a more
constant voltage. This can be achieved by increasing the time constant of the RC filter.

The RC filter used in this study has a 10 kQ, resistor and a 33 nF capacitor. Fig. S6
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shows that these RC values reduced the range of V,,,; t0 0.14 V - 0.084 V. This
configuration gave the same DMM measurement of V,,,, = 0.1V as the previous RC
filter but with a smaller V,,,; variation. Specific calculations for the low pass filter are in

the supporting materials.

The RC filter acted as a Digital-to-Analog converter (DAC) to the PWM signal
generating a V,,,,; of 0.1V. Filtering reduced the peak voltage experienced by the
graphene FET to 0.14V instead of the original 3.3V. Resistance of DNA attached
graphene FET was measured and illustrated in Fig. 7B. The results suggest that the
aqueous electrolyte system and DNA attached to the graphene surface is stable from

detachment.

4.6. Evaluation of Measurement System

The FRDM-KL25Z microcontroller board provides 5 analog-to-digital converters (ADC)
to measure analog signals. The board can only measure voltages; therefore, requires
currents to be converted into voltage signals before it can be measured. In this application,
currents over a range of voltages were recorded to examine the resistance of graphene
FETs. Currents were converted to voltages by using a 1 kQ pull-up resistor between the
graphene FET and the ground. The voltage across the resistor was then measured and
converted to the currents using ohm’s law. These results were then plotted on a I-V graph
with the gradient of the trend line representing the resistance of the entire circuit. The use
of a trend line rejects measurement noise and reduces the impact of anomalous data

points.
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In addition, to reduce noise in the voltage measurement by the FRDM-KL25Z
microcontroller board, every data point was taken as an average over 10000 samples
measured. The improvement from signal averaging is shown in Fig. 7B. Measured values
vary drastically when no averaging was done. To further improve the measurement
accuracy, a 2" order moving average filter was implemented using the equation
presented in supporting materials, 2" order moving average filter’. The filtering further
improved the measured values, filtering minor measurement inaccuracies (+0.35 %);

calculations are in the supporting materials.

4.7. Post Measurement Processing

Root Mean Squared Error (RMSE) was used as the measure of accuracy, with smaller
RMSE values corresponding to a better accuracy. From Fig. S7, data without further
processing shows an average RMSE of 260.7 while average RMSE of processed data is
171.4 giving a 34.25% improvement in the accuracy. By nature of this algorithm, more
accurate data points result in an increased accuracy for each 1000-sample blocks. This is
because more accurate data points allow better modeling of the measurement noise levels
to be removed from device measurements. This is evident in Fig. S7 where RMSE for the
first few blocks is relatively high and fluctuates drastically. As the number of accurate

data points increases to 11, RMSE values start to decrease and stabilize.

Using the wireless setup, the data was transferred to both personal computer and
smartphone. The example of the screenshot is shown in Fig. 3A and Fig. S8. Electrical

detection of biomolecule can substitute the current fluorescence-based microarray, which
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would lead to better accessibility to patients. It also can contribute to end-user-friendly
platforms such as wearable or implantable biosensor. For those purposes, enhancement of
specificity and wireless communication capability addressed in this paper are essential.
As such, the further development and implementation of those technology would allow
more affordable and accurate diagnosis of diseases including cancer and degenerative,

genetic, and other various disorders.

4.8. Conclusion

Probe-less DNA detection with single-nucleotide resolution was successfully
demonstrated using graphene transistor, DNA nano-tweezers-based device and wireless
communication. The Dirac point and resistance of the channel on the graphene FET
sensor changed when DNA nano-tweezers-based probe was opened by target DNA
strands on the graphene surface. Due to the intelligent design of the functional DNA
nano-tweezers, the signal ratio was enhanced compared to the previous report using DNA
zippers. Electrical signals generated by biosensors, such as current and voltage, were
transmitted for further processing to personal electronic devices, laptops and smartphones,
using real-time wireless communication. This work contributes to the practicality of
electrical-based (label-free) nucleic acid sensors by improving the portability of the
sensor and the accessibility between nano-devices monitoring biomolecular nano-systems
with end-user electronic devices. The present wireless biosensor platform will facilitate
the development of implantable, digitalized, and wireless biosensors for early detection
and continuing real-time therapy efficacy monitoring of potentially life threatening

human diseases.
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4.9. Materials and Methods

4.9.1. Materials

Conducting silver paste was obtained from Sigma Aldrich (Saint Louis, MO).
Chemical vapor deposition (CVD) grown graphene was purchased from ACS material
(Medford, MA). Silicone rubber was purchased from Dow Corning (Midland, MI). PBS
solution was purchased from Thermo Fisher Scientific (Waltham, MA). Poly (methyl
methacrylate) (PMMA) was purchased from MicroChem (Westborough, MA). DNA gels
were purchased from Lonza (Walkersville, MD). Ultrapure water was obtained from a
Millipore A10 water purification system and had a resistance of 18.2 MQ. The FRDM
KL-25Z microcontroller board was purchased from Freescale Semiconductor, Inc. A
Bluetooth HC-06 module was purchased from Guangzhou HC Information Technology
Co., Ltd. All DNA oligonucleotides were purchased from IDT (Coralville, 1A) and all

DNA sequences are listed in supporting materials (Table S1).

4.9.2. Fluorescence Test

The normal strand (N) side, which was tagged with fluorescence quencher, and
the weak strand (W) side, which was tagged with fluorescence label, are mixed in a ratio
of 1:1 in 1x PBS solution and annealed from 20 to 90 °C and cooled to 4 °C over 4 h.
Texas red has an excitation maximum wavelength of 596 nm and an emission maximum
wavelength of 613 nm. Perfect-match and single-mismatch T strands are all suspended in

1x PBS. The hybridized DS probe was diluted in 1x PBS and tested using a Tecan
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Infinite 200 M plate-reading spectrometer at 27 °C, with an accuracy we estimate to be
approximately 1.5 °C. Excitation and emission of Texas red are observed at 590 and 620
nm, respectively. Each experiment began with a 50-uL sample volume with a device
concentration of 20 nM (20 nM DNA tweezers and 100 and 300 nM T) in black 96-well
plates. Clear microplate sealing films were applied over the sample wells to avoid

evaporation.

4.9.3. Fabrication of Graphene FET Chip

The graphene film was cut into ~ 2 mm x 7 mm size with scissors. Graphene
films were obtained from the maker prepared on thin copper substrates. The graphene
was on the both side of the copper foil and only the top side was used for FET fabrication.
To separate the graphene from the copper substrate PMMA was spin-coated on the top
(carbon) surface of graphene/copper substrate to protect the graphene while the copper
bottom was etched away. Copper was etched by floating on 0.1 M of ammonium
persulfate for about 5 hours and rinsed in deionized (DI) water overnight. PMMA acted
as a supporting layer to the graphene once the copper was etch away. The back side of
graphene was removed by oxygen plasma etching. The graphene supported by PMMA
was then transferred onto a silicon dioxide coated wafer followed by removal of the
PMMA layer with acetone at 60 °C for 1 hour. The sample was then annealed at 300 °C
for 2 hours under hydrogen/argon atmosphere®’. To fabricate a transistor, conducting
silver paste was used as source and drain electrodes at two ends of the graphene. Silicone
rubber was then applied to insulate source and drain electrodes from liquid and also used

as a solution reservoir.
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4.9.4. Immobilization of DNA tweezers

PASE (5 mM) in dimethylformamide (DMF) was treated on graphene for 1 h and
rinsed with pure DMF and DI water; 50 uM of DS probe was added on PASE-modified
graphene for 2 h. The graphene FET with DS probe functionalization was rinsed with 1x
PBS; 100 mM ethanolamine solution was treated to saturate the possibly unreacted amino
group on PASE and rinsed with 1x PBS solution. The volume of all treated chemicals

and samples was 40 uL.

4.9.5. Visualization of DNA and Graphene Surface

Topographic images of DNA on graphene surface were acquired using a
Multimode AFM equipped with a Nanoscope V controller (Bruker). Silicon cantilevers
with a spring constant of 42 N/m (PPP-NCHR; Nanosensor) were used for imaging in air
using tapping mode. Silicon nitride cantilevers with spring constants of 0.08 N/m
(OMCLTRA400; Olympus) were used for imaging in fluid using peak force-tapping mode.

Nanoscope Analysis 1.50 was used for analyzing imaged data.

4.9.6. Strand Displacement on the Chip

The strand displacement reaction was conducted by dropping perfect-match and
single-mismatch T strands with concentrations that are indicated in the legends in Figure
5 of data and incubated overnight in the reservoir on the graphene FET chip. Then, the

chip was rinsed gently with 1x PBS. All of the volume of treated samples was 50 pL.
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4.9.7. Electrical Measurements

I-V curves and resistance were measured in a semiconductor parameter analyzer
equipped with a probe station. Silver wire was used as an electrode, which applied gate
voltage (V@) to the 12.5 mM MgCI2/30 mM Tris buffer solution. Tests were also
conducted with 1x PBS buffer solution. Vg was swept from —0.5 to 1 V, and drain—
source voltage (Vds) was picked between 0.05 and 0.3 V. Drain—source current (Ids) was
measured at an assigned Vds. Resistances were measured between 0 ~ 100 mV of Vds.
After measurements on the probe station, resistance measurements were simultaneously
performed using a standard digital multi-meter (DMM) (Fluke 175 True RMS multimeter)
and a smartphone connected via the wireless system. The source voltage was swept
between 0 and 0.5 V. Current values were converted into a voltage signal by introducing
a pull-up resistor of 1 kQ. The potential difference which corresponds to 1000 times the
current value was measured by the device. This data was sent to a smartphone for further
data processing. Voltage values were plotted against their respective current values with a
trend line. Gradient of the trend line represents resistance of the entire circuit with the
resistance of device obtained by subtracting the resistance of the other components, 1 kQ

pull-up resistor and 10 kQ filtering resistor.

4.9.8. Wireless Communication

Communication was established through the HC-06 Bluetooth module.”® The
HC-06 module communicated with the FRDM-KL25Z using the Serial RS-232

communication protocol while pairing with user electronics, phones and computers, over
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the Bluetooth communication standard (Figure 2). The HC-06 module supports Bluetooth
communication baud rates up to 115200 bps, a baud rate of 9600bps was used for

communication with the smartphone device.

Chapter 4 is a publication in preparation. Hwang M. T., Shiah Z. C., Antonschmidt L.,
Lee. J., Glinsky G., Lal R. Wireless communication of label-free SNP detection using 2-

D electronics and DNA nano-tweezers. The dissertation author is a primary author.
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Figure 4.1. Schematics of the DNA nano sensors. (A) DNA nano-tweezers action. The red strand is the
normal strand (N) containing 10 nt of loop. When the perfect-match target strand (green strand) approaches
a DNA tweezers, the target strand displaces the weak strand (W) (black strand) by binding to the loop. The
tweezers are bound by the hinge, thus forming a triple-stranded complex. (B) DNA tweezers probe action,
which is horizontally immobilized on the graphene surface. The green strand displaces the black strand, and
part of the loop portion becomes double-stranded (blue dotted circle region). As three DNA parts are
dangling, the occupied loop part is located close to the surface due to the steric effect. (C) Graphene FET
sensor with DNA tweezers probe. Gate voltage is applied directly on the liquid gate; the liquid gate is
shown as a hemisphere (light blue) surrounding the DNA tweezers probe. A target strand with single
mismatch does not allow the strand displacement properly. Thus, the toehold region remains single-
stranded (blue dotted circle in B, Left). The inset shows I-V relationship (I-V curve) attributable to charge
difference during the strand displacement in the gene chip FET sensor. The 1-V curve shifts leftward and
downward. Single-mismatch target strand does not displace the black strand properly; thus, the 1-V curve
remains almost the same.
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Figure 4.2. The schematics of the data transmission from the biosensor chip to a smartphone.
Electrical voltage and current data are transmitted to a smartphone for further processing to obtain
resistance values. The magnified screenshot of Bluetooth terminal shows data received by the Smartphone
during a test demonstrating communication between device and phone. The data is interpreted as I-V graph
which shows resistance changes before and after the detection of DNA. B) Top-level design of the device
with different operation modules highlighted. (Blue: Communication, Red: Signal Generation, Black:
Measurement)
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Figure 4.3. Single-mismatch detection using fluorescently labeled DNA tweezers. (A) Schematics of
strand displacement: nucleotide with fluorophores (yellow ball) and nucleotide with quencher (black ball).
Initially, the normal (N) (red) and weak (W) (black) strands are hybridized; fluorophore (yellow ball) and
quencher (black ball) are adjacent so that fluorescence is quenched. When the green strand (perfect-match
T) interacts with DNA tweezers, strand displacement takes place, causing N and perfect-match target strand
to hybridize. Though W is bound by hinge, it is away from the N and the fluorophore becomes active. (B)
Real-time fluorescence measurement of the strand displacement. Interaction of the single-mismatch target
strand with DNA tweezers show much less fluorescence activity than the interaction of the perfect match
with DNA tweezers. The concentration of DNA tweezers was 20 nM, and the concentration of T strand is
100 nM.

Relative Intensity of Fluorescence



57

DS probe design:
4.3-fold SNP detection signal ratio
Zipper
Perfect
- match DNA .
{ } (&
Graphene S\ LS %\ !
surface
B Single
mismatch
DNA
Graphene
surface

DNA nano-tweezers probe design:
47.5-fold SNP detection signal ratio

Perfect match/single mismatch SNP detection signal ratio
50 Target concentration W DS probe ™ Nano-tweezer probe

40

SNP detection signal ratio
= -} *
Target concentration, uM

e

.

100 nM 1.0 M 10,0 pM

=

Figure 4.4. Comparison of the two probe designs, double-stranded (DS) probe and DNA nano-
tweezers probe. (A) Previously reported probe DS probe design.® The green strand displaces the black
strand, and the toehold portion becomes double-stranded, thus more charges from DNA are accumulated
and detected. The probe is vertically standing up on the graphene surface. As the electrical effect of DNA is
reported to be rapidly decreased with distance, and only a few nucleotides (light blue dot circle) that are
close to the graphene surface determine the electrostatic potential on the sensor. 3 (B) DNA nano-tweezers
probe design engineered in this work. As the probe is horizontally laid down on the graphene surface, the
charge accumulation part (the loop within the light blue dot circle) is closely located to the graphene
surface. When the green strand displaces the black strand, the part of the hinge part becomes double-
stranded. Because the longer DNA sequences of the charge accumulation part are positioned closer to the
surface than in the DS probe, it gives the larger signal. (C) Comparisons of the perfect match/single
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nucleotide mismatch SNP detection signal ratios in the physiologically-relevant range of target
concentrations.
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Figure 4.5. Raman spectrum of the graphene and AFM images of graphene transistor surface with
and without the DNA sensor. (A) Raman spectrum of the CVD graphene, indicating that the transferred
graphene was a single layer. (B) The graphene surface in fluid is mostly flat with some wrinkles. (C)
Graphene surface covered with DNA tweezers in fluid, strands produce features of ~2-8 nm in height with
an average diameter of about 18 nm. (D) After binding of a perfect match DNA strand in fluid the features
decrease slightly in height to about ~2-6 nm and increase in diameter to about 22 nm. (E) AFM images of
graphene transistor surface with the DNA sensor in air. When not surrounded by fluid medium, the DNA
tweezers linked to graphene lie down on the surface in random polygonal patterns. Black arrows indicate
graphene wrinkles. Cartoons at the bottom represent models of formation of DNA structure in liquid and air.
All images have a scan area of 1 x 1 pm and a z range of 19 nm. All the units in the surface height profiles
are nm.
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Figure 4.6. -V relationship of the graphene FET sensor for the strand displacement reactions. (A) The
perfect-match T shifted the I-V curve according to the indicated concentrations. (B) The single-mismatch T
shifts the I-V curve significantly less. The DNA sequences of T used in the experiments are shown over the
I-V curve. (C) Dirac voltage shift of the FET sensor. The Dirac voltage is expressed as a function of the
concentration of the added target DNAs. (D) Distinguishable resistance changes of the channel layer caused
by strand displacement at different concentrations of the T DNAs.
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Figure 4.7. 1-V graphs depends on various filter conditions. (A)I-V graphs comparing resistance
changes when DNA is added, before and after low-pass filtering is performed. When the measurements
were done without passing the PWM signal through a low-pass Filter, similar resistance values, 0.0038MQ
and 0.004MQ, illustrate the detachment of DNA from graphene surface regardless of how small the ‘analog’
signal generated by the device is. This is due to the nature of PWM signals, subjecting the DNA to 3.3V
regardless of the ‘analog’ signal generated. When the measurements were done after passing the PWM
signal through a low-pass filter, the change in resistance values, 0.0183MQ to 0.015MQ is more significant
as compared to that without low-pass Filtering. This implies that applying a voltage of 3.3V caused DNA to
detach from the graphene surface. Filtering is implemented in this device to ensure accurate measurement.
RC low-pass filter with T = 330us used. Numbers beside lines represent resistance in kQ. (B) I-V curve of
5Kk resistor measured by the device before and after applying the various filtering techniques, averaging of
10000 samples taken and a 2" order Moving-Average filter. Filtering techniques show huge improvements
in measurement accuracy. Final device design has both averaging and the Moving-Average filter
implemented. Gradient of the trend line of the data points corresponds to resistance. Device measured a
total resistance of 0.0162 MQ and 0.0159 MQ. Removing the resistance contributions from the low-pass
filter and sense resistor gives a measured resistance of 5.2 kQ and 4.9 kQ respectively. Numbers above
lines represent resistance in kQ.



Table 4.1. Resistance values measured by device and specialized equipment and changes in
estimated measurement noise

Data Points 1 2 3 4 5 6 7 8 9

Device(Q2) 3894.4 | 5059.8 | 4775.9 | 3916.9 | 7320 3413.2 | 2038.5 | 3644.3 | 5883.4

Accurate(®) | 3780 4980 4850 3780 7080 3210 1850 3440 5800

Noise 1.0303 | 1.0160 | 0.9847 | 1.0362 | 1.0339 | 1.0633 | 1.1019 | 1.0594 | 1.0144

E(Noise) 1.0303 | 1.0231 | 1.0103 | 1.0168 | 1.0202 | 1.0274 | 1.0380 | 1.0407 | 1.0378
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