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ABSTRACT
Sequence and Length Dependence of the Conductivity of Individual DNA Duplexes and
Applications in Protein Detection

Hanfei Wang

This thesis introduces a new type of DNA-based molecular electronics that is
composed of an individual DNA duplex bridging a single-walled carbon nanotube
(SWCNT) gap. Using this type of device, we have been able to measure the conductivity
of DNA directly, and have successfully assessed its dependence on DNA sequence and
length. Our approach to measuring DNA conductivity has a number of advantages over
previous methods in that our devices possess single DNA duplex bridging the gap, welldefined DNA-electrode junctions, and preserve the DNA’s native conformation. We
apply this type of device to selectively and sensitively detect a methyltransferase, whose
function is to catalyze the addition of a methyl group on the cytosine base of 5’-GC-3’
sequences.
This thesis is comprised of four chapters. Chapter 1 discusses previous research
on DNA-mediated charge transport (CT) and its application to protein detection. This
chapter also highlights the advantages of using our method to study DNA-medicated CT,
and illustrates its potential in biosensing. Chapter 2 includes the details of the fabrication
procedures of the single molecule DNA device. This fabrication procedure outlines
concrete guidelines to manufacture single molecule electronics based on SWCNT
electrodes. Chapter 3 details the studies on the conductivity of individual DNA duplexes

using this type of DNA-SWCNT device. Sequence dependence and length dependence of
DNA conductivity are specifically addressed in this chapter. Chapter 4 reviews the
application of this type of device to sensitively and selectively detect DNA-binding
proteins such as methyltransferase M.SssI. This study presents a prototype of singlemolecule-level electronic biosensors.
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Chapter 1
Introduction to DNA-Mediated Charge Transport and
Applications
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1.1 Overview of DNA-Mediated Charge Transport and Application
Since the elucidation of the double helical structure of DNA, scientists have been
fascinated by the possibility that the stacked aromatic base pairs of the duplex may
promote the charge transport (CT) over significant distances.1-5 Consequently, the nature
of the DNA conductivity has attracted substantial interest.6-9 Over the past two decades, a
great number of experiments have revealed the fundamental details of DNA-mediated CT,
and demonstrated its potential as a biosensing platform thanks to technological advances
in molecular biology as well as solid-state device fabrication.10-11
DNA CT research began as a quest to determine whether charge could transport
through the π-stack of a DNA duplex in a similar manner to CT through the stacks in
graphite.1 Indeed, crystal structures of DNA duplexes reveal that the space between the
nearest base pairs is 3.4 Å, which is comparable to the space between the nearest layers in
graphite. Therefore it is reasonable to postulate that the orbital overlap along the axis of
DNA might be sufficient to transfer electron in a delocalized manner. Recently, charge
migration as long as 34 nm has been observed with electrochemical method. However,
the accurate characteristics of length dependence of DNA CT are still unknown because
no experimental methods exist to address this issue. In my PhD studies, I, together with
my coworkers, have derived characteristics of the length dependence of DNA CT for the
first time by measuring the conductance of individual DNA molecules of various lengths
(Chapter 3).
DNA CT is exquisitely sensitive to the integrity and interference of the π-stack of
DNA, which provides a convenient route to build electrical biosensors for the detection
of a variety of genetic events such as mutations and DNA-protein interactions. For
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instance, DNA CT is tremendously disturbed when single base-pair mismatch is present
in the duplex, even though the mismatch causes little change at the melting temperature
when compared to the well-matched duplex.12,14 Also, DNA CT is significantly
attenuated upon addition of the proteins that specifically bind on DNA and induce
conformational changes of DNA such as kinking, bending and base-flipping.13, 17 These
experiments shed light on the possibility of building biosensors that might facilitate the
study, diagnosis and treatment of genetic disorders. This thesis will review my studies to
develop single-molecule-level electrical devices to sensitively and selectively sense
biorecognition and interaction (Chapter 4).

1.1.1 Experimental Schemes to Study DNA CT
The experiments to study DNA CT can be categorized under four schemes.10 The
first scheme features DNA in solution that is bound to a spatially separated redox couple
(see Scheme A in Figure 1).18, 19 Upon photoexcitation, the redox reaction can be
triggered and completed by the DNA mediated CT between the two species. The second
scheme features an electrochemical electrode on which DNA forms a self-assembled
monolayer (see Scheme B in Figure 1).20 DNA mediated CT occurs when electron or
hole is injected from the electrode to the DNA duplex by an electrochemical process.
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Figure 1. Scheme A: Protein MutY completely reduces an oxidized nitroxide that is wellcoupled to thymidine.21 Scheme B: Electrochemical reduction of an electronically wellcoupled anthraquinone (AQ).22 Scheme C: Devices to measure the conductivity of singlemolecule DNA adapted from AFM (left, with a gold nanoparticle attached on the tip) and
STM respectively.23-24 Scheme D: A single molecule DNA duplex is covalently attached
across a gap between two nanoscale electrodes.14, 25-26	
  	
  Adapted with permission from Ref
10. Copyright (2010) American Chemical Society.

The third and fourth schemes directly measure the conductance value of an
individual DNA duplex. The third scheme features individual DNA molecules connected
the metal tip of an AFM or STM and a metal substrate (see Scheme C in Figure 1). A
voltage is applied across from tip to substrate.23-24 In the fourth scheme, single duplex
DNA is wired to nanoscale electrodes created by nano-lithography (see Scheme D in
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Figure 1).25-26 Our group and others utilize single-walled carbon nanotube as electrode to
measure the conductance of DNA duplex and create ultraminiaturized biosensors with
high selectivity and sensitivity.14, 27-28

1.1.2 Scheme A: Solution Phase Experiments
Initial DNA CT experiments unutilized Scheme A where the DNA molecule is
bound with spatially separated donor-acceptor pairs in solution.18, 19 Typically, DNA
absorbs photons to generate charge from the bound redox species. Then the charge
migrates through DNA and completes the chemical reaction. Many donor-acceptor pairs
have been developed to study DNA CT in solution phase such as 5’-GG-3’ doublet as the
reducing agent and rhodium or ruthenium intercalator as the oxidant.29 Base Excision
Repair (BER) glycosylases that contain [Fe4S4]2+ cluster as reducing agent and N-oxoammonium ion tethered to DNA as oxidant.21 Moreover, well-known methods are
available to characterize DNA CT in solution directly or indirectly including gel
electrophoresis,29 electron paramagnetic resonance,21 and ultrafast transient absorptionemission spectroscopy.19 The Barton group reported that electron transfer rate along the
π-stack, ket is larger than 3x1010 s-1, that the charge can be transferred over a significant
length (>40 Å) through DNA,31 and that the length decay value β is less than 0.2 Å-1
based on their spectroscopic experiments in solution.18
The experiment in solution involves photoexcitation process, which could change
the dynamics and thereby alter the behavior of the DNA molecule.20 Also it is important
to note that this scheme would be difficult to employ to detect proteins, because the
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concentration and the purity of clinical analytes would be too low to generate measurable
signals.30-32
1.1.3 Scheme B: Self-assembled DNA on Electrochemical Electrode
Electrochemistry has been extensively used to investigate the kinetics of electron
transfer through self-assembled monolayers on solid surface. Compared to solution phase
experiments, all probing DNA molecules are fixed on a solid surface to facilitate the
signal collection and the data interpretation.20 In addition, the DNA preparation is simpler
because only one redox species is needed, and the electrical potential applied through
DNA can be continuous.
Typically, DNA molecules modified with aliphatic alkanethiols at one end selfassembles on the surface of a gold electrode with a redox reagent tethered or intercalated
at the other end.15, 22 The density of the monolayer DNA is subject to the interplay
between the negatively charged phosphate-sugar backbone and positively charged ions in
the buffer. Under applied potential via gold electrode, electrons from the gold electrode
first tunnel through the aliphatic linker, and then transfer through DNA and reach the
pendant redox agent of the other end. Electron transfer rate in this process is limited both
by the linker and the integrity of the π-stack of the duplex DNA. The beta value for an
aliphatic linker is about a unit per methylene group,33 which is at least two orders of
magnitudes more resistant than a DNA duplex. When a mismatch is present, DNA CT is
tremendously hindered.15, 20
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Figure 2. A: The chip layout used to compare monolayer electrochemistry between wellmatched 100-mers and 100-mers with a single base-pair mismatch. A mismatch (CA) is
generated in the 36-mer segment by substitution of a C for a T at the position 69 bases
from the thiolated end of the duplex. B: Average CV curves from well-matched (blue)
and mismatched (red) 100-mer DNA, each modified with a Nile Blue redox probe. Data
were obtained at a 50 mV s−1 scan rate in Tris buffer (10 mM Tris-HCl, 50 mM NaCl, 10
mM MgCl2 and 4 mM spermidine, pH 7) and averaged over similar electrodes on the
chip. Adapted from Ref 15.

In the electrochemical study of DNA CT, the electron transfer rate, ket, can be
derived from the relationship between overpotential and scan rate in cyclic
voltammetry.20 Based on this method, the electron transfer rated is reported to be at least
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108-109 s-1 and little length dependence is observed with distal decay value β<0.1 Å-1,
which is consistent with the results of solution phase experiments. This DNA mediated
electrochemistry is a promising method to sense biological events such as base pair
mismatch and protein binding, where the DNA monolayer is the transducer to convert the
biological events to electrical signals.12-13, 17 Another advantage is that these electrical
biosenors are label-free.11, 34-35

1.1.4 The Idea of Molecular Electronics Based on DNA CT
Conceptually, the moolecular electronics based on DNA CT could be
revolutionary.14, 23-26 (1) Its small diameter and high aspect ratio are ideal for DNA to be
integrated into nanoscale circuits. (2) Facile synthesis with high yield and purity coupled
with a great number of modification schemes grants DNA unparalleled advantages over
other molecules or nanowires. (3) DNA can be used as a type of transducer to convert
DNA binding events to useful signals, which holds great promise to sensitively and
selectively detect DNA binding proteins, and opens the possibility to monitor the DNAprotein interaction dynamics in real time.28 In order to build such molecular electronics, it
is critical to be able to directly measure the conductivity of the individual DNA molecule
and characterize its electron transport properties. Next two sections are to review two
experimental schemes based on this idea.

1.1.5 Scheme C: DNA between AFM or TEM Tip and Substrate
STM and AFM are useful tools to manipulate individual molecules or nanoscale
objects.36-37 Researchers have adapted STM or AFM as devices to directly measure the
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conductivity of individual DNA molecules bridging tip and metal substrate.23-24 Typically,
DNA is modified at two ends with aliphatic thiol group and anchored on the ultra-flat
metal substrate. Next the gold tip of the AFM or STM is to engage the DNA on the
substrate to form molecular break junction between the tip and the substrate. Presumably,
only a few DNA molecules bridge the tip and substrate due to the nanometer size of the
tip. Electrical voltage is then applied between the tip and the substrate to render current
through the DNA molecules.
Both the length and sequence dependence of DNA conductivity have been studied
with these devices. However the reported results have wide range of resistance, which
can be attributed to three reasons. (1) Even though the break junction method is effective
to study the conductivity of organic molecules, the process of tip engaging the substrate
may cause strain on the bridging DNA molecules, and affect the ability of DNA to
transport charge. (2) The number of DNA molecules bridging the tip and substrate is hard
to predict because many DNA molecules can access the curvature of the tip. (3) The
metal-molecule junction between DNA and gold tip or substrate is not well defined due
to the nature of S-Au bond.38-39 (4) This scheme is virtually impossible to be use to detect
proteins because the instrument is overly sophisticated and proteins may precipitate on
the metal tip and substrate.

1.1.6 Scheme D: DNA Wired to Fabricated Nanoscale Electrodes
This scheme features an individual DNA molecule bridging fabricated nanoscale
electrodes that are wired to an external electrical circuit.14, 25-28 No mechanical strain like
that in the Scheme C is applied to the duplex. This scheme also embraces the idea of
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direct measurement of the conductivity of individual DNA molecules. But it holds greater
advantages. (1) By precisely controlling the geometrical size of both nanoscale electrodes
that are connected to the ends of DNA, it is very probable to have a single DNA bridging
in between. (2) The lithography method used to fabricate nanoscale electrodes is
compatible with CMOS technology, which makes it possible to develop electrical “gene
chips” that are cheap and portable.

Figure 3. A: I-V curve of 10.4nm poly(G)-poly(C) DNA molecule trapped between two
electrodes with sub-10nm gap. The scheme of the device is illustrated in the inset panel
on upper left corner and the SEM image of the gap is shown at the lower right. Adapted
from Ref 25. B: The panel (a) and panel (b) show the gap before and after trapping of
0.5-4um DNA rope respectively. Adapted from Ref 26.
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The nanoscale electrodes are fabricated with an advanced lithography method.
Typically a thin layer of photoresist such as PMMA is applied on a silicon wafer. An
ultra-fine lithographical instrument such as an e-beam writer then defines nanoscale
features with sub-10nm resolution. Electrodes are formed by evaporating metals with the
post-development photoresist film as the mask. Porath et al. and Yoo et al. used electrical
trapping method to bridge the nanoscale electrode with a DNA molecule. When the DNA
is successfully trapped between the electrodes, voltage is applied across the DNA duplex
with corresponding current measured to derive the conductance value.
However, the reported results based on the electrical trapping are scattered. For
example, the value by Porath et al. is 1.9 GΩ for 10.4 nm poly(G)-poly(C) DNA while
the value reported by Yoo et al. is 1.3 MΩ for 1.7-2.9 um poly(G)-poly(C) DNA
rope.25, 26 This problem can be ascribed to the following reasons. (1) The nanoscale
electrodes are still large enough (50nm-100nm) to accommodate more than a few DNA
molecules or adapt weird geometry or both. (2) The junction between DNA and
electrodes is ill-defined. DNA-SWCNT developed in our group overcomes these two
obstacles by adapting single-walled carbon nanotube (SWCNT) as electrodes, whose
diameter is comparable to that of DNA duplex (2 nm), and by employing well-studied
chemistry to join the DNA duplex and the SWCNT electrode.14, 40 By using this SWCNTDNA device, we have precisely measured the conductance values of DNA duplexes of
various lengths and sequences, and demonstrated its ability to sensitively and selectively
detect methyltransferases.

1.2 Individual DNA Duplex Bridging a Carbon Nanotube Gap
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This section will discuss the features of the DNA-SWCNT device and its
application in studying DNA CT at the single molecular level and detecting DNAbinding proteins. The device is composed of SWCNT electrodes and duplex DNA with
well-defined amide bond at the molecule-electrode junction (see the Figure 3).14, 40 We
have measured the conductance of DNA duplexes of various lengths. DNA can be seen
as one type of molecular wire, so we fit the results to the function of G=G0 exp (-βL) with
DNA lengths and the corresponding conductance values, we derived the G0, the contact
resistance, and β, the length dependence decay factor (refer to the section of 1.3.2).
Meanwhile, by measuring the conductance change before and after the application of
methyltransferase SssI, we demonstrated its potential to serve as sensitive and selective
biosensors.

Figure 4. DNA-SWCNT: electronic integration of DNA into a CNT device. Oxidative
cutting of the CNT creates a gap with carboxylic acid point contacts on the cut ends.
Amine-modified DNA is then covalently attached to these point contacts by peptide
coupling and forms an electronic bridge across the gap.

1.2.1 Basic Properties of SWCNT
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Many promising properties have been revealed since it was discovered in
1991.41,43 SWCNT can be seen as a sheet of graphene wrapped into a cylinderical tube
with diameter typically as 1-2nm. The SWCNT is prepared through the chemical vapor
deposition (CVD) method with Co, Fe or their alloy as catalytic seeds, and methanol,
ethanol or methane as feeding stock. Its structure was elucidated by atomic resolution
STM images (see Figure 5).44
While SWCNT preserves almost the similar hexagonal arrangement of carbon
atoms of graphene, its electrical structure was significant different due to its cylindrical
geometry and its internal strain. Theoretically, one third of SWCNT is metallic, whose
conductivity does not change significantly in response to the tuning of Fermi level; the
other two thirds are semiconducting with its conductivity strongly depending on the
Fermi level shift. Experiments have shown these theoretical predictions by characterizing
its field effect electron transport with the three-probe measurement method. Because of
its intrinsically small diameter and superior field effect transistor (FET) performance,45
semiconducting CNT is potential the next generation electronic material.

Figure 5. A) Atomic resolution STM image of SWCNT. A portion of a two-dimensional
graphene layer is overlaid in A to highlight the atomic structure.44 B) I–Vbias curves for
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various values of the gate voltage (Vgate). Data were taken at room temperature and in
vacuum, with the voltage applied to drain and 2. The inset panel is the gate dependence
of the conductivity of SWCNT.45

1.2.2 Preparation DNA-SWCNT Device
To fabricate the SWCNT device, we utilized our delicate nanoscale lithography
method14, 40. In brief, chemical vapor deposition is used to grow sparse single walled
CNTs on a doped silicon wafer containing 300 nm of native oxide on its surface. Then
electron beam lithography opens a nanoscale window in PMMA over a section of the
nanotube. The exposed portion of the tube can then be cut with an oxidative plasma etch,
leaving carboxylic acids on the termini of the tubes.

Figure 6. A) Illustration of the procedure to prepare the DNA-SWCNT device. B) I–VG
characteristics to of each step of Before Cutting, After Cutting and After Reconnection.

Then the nanotubes were treated with a 2-(N-morpholino)ethansulfonic acid
(MES) buffer solution containing the amide activating/coupling agents EDCI and Sulfo-
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NHS, activating the carboxylic acids for amide coupling with 3ʹ- and 5ʹ-amine-modified
DNA, and in so doing, covalently bridging the gap in the CNT with a single DNA duplex
(Figure 3). We perform electrical characterization of the devices in ambient conditions
after each step with the silicon wafer serving as a global back gate (see the black, red and
green curves in the panel B of Figure 5). Even more detailed procedure and
characterization will be discussed in Chapter 2.

1.2.3 Molecule-Electrode Junction
Molecule-electrode junction is an important factor for the performance and
reliability of molecular electronics.36, 40 Thiol-Au bond is one of the best-studied and
widely-used molecule-electrode junctions because of its high yield, mild reaction
condition and fast reaction rate.36 However, its effectiveness to serve as reliable
molecule-electrodes is considerably undermined because of it is subject to stochastic
swiching of the thiol-Au bond and thee high mobility of thiol-linked molecules on the
gold surface.38, 39
The DNA-SWCNT device overcomes this difficulty by employing an amide bond
forming reaction to join amine-modified DNA and carboxylic acid functionalized
SWCNT electrode. The amide bond is extremely robust and compatible with aqueous
solution,40, 45-46 and its formation is well-studied in peptide synthesis. Indeed, nature uses
amide bonds to preserve the first order structure of proteins. Also it is important to note
that the amide bond is rigid and somewhat π-conjugated, which should facilitate the
charge transfer from SWCNT electrode to DNA.

	
   16	
  
1.2.4 Conformation of DNA Duplex in DNA-SWCNT Device
Preservation of the native conformation of biomolecules is an important topic in
the experiments that are conducted in a non-physiological environment. For example in
the cryo-electron microscopic experiments, in order to maintain their physiological
relevance, researchers have developed abundant techniques to preserve the native
conformation of the biomolecules of interest by resisting the distortion caused by
hydration loss, low temperature and radiation exposure.47 X-ray crystallography is
reported to suffer similar challenges. Therefore, it is essential to examine whether the
DNA molecule of the DNA-SWCNT device is under its native confirmation. Our
previous publication proved so through the study of specific reaction between DNA and
protein on the DNA-SWCNT device. In brief, the CNT gap was bridged with a DNA
duplex that includes a restriction site for the blunt restriction enzyme Alu I. After treating
the device with Alu I, the device became open circuit (see Figure 6).
Chapter 3 describes a SWCNT gap reconnected by an individual 15mer, 60mer or
100mer DNA duplex, whose lengths are 5 nm, 20 nm and 34 nm respecitvely. Due to its
molecular structure, a DNA duplex can be viewed as a rigid rod as long as its persistence
length (~50nm),61, 62 although it can bend, distort or adapt some conformational changes
when DNA is subject to specific interaction with proteins.12 In the DNA-SWCNT device,
the DNA duplex maintains rigid rod shape, since it is shorter than 50 nm and no external
strain is added in reconnection reaction. This is a critical advantage of this device over
the STM, AFM devices to measure the conductivity of DNA, which may impair the
integrity of the π-stack by applying force to the DNA between the tip and substrate.
However, it is important to note that even though length of the duplex is less than 50 nm,
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its conformation may significantly deviate from the rigid rode shape. For example, when
duplex DNA is of its persistence length 50 nm (100 bp), the ratio between the projection
of DNA duplex on the initial direction is 0.63 for certain sequences.62

Figure 6. Source–drain current versus VG at a constant source–drain voltage (50 mV) for
a metallic SWNT device after cutting and reconnection with the shown DNA sequence
before (green curve: 1) and after reaction with Alu 1 (red curve: 2).14

1.2.5 Single DNA Duplex Bridging the SWCNT Gap
In our DNA-SWCNT device, only a single DNA molecule is allowed to bridge
the SWCNT gap.38, 40 First, given that cross section of DNA is around 3 nm,2, 34, 60 which
is comparable to the cross section of SWCNT, it is unlikely to have more than two
molecules bridging the gap. Moreover, due to the repelling force between negatively
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charge DNA molecules, it is unlikely that a second DNA would bridge the gap, after the
first DNA has bound to the electrodes. Therefore, the DNA-SWCNT device is most
likely to be bridged by only one DNA duplex.

1.3 Study of DNA-Mediated CT with DNA-SWCNT Device
The genetic information passed on from generation to generation is coded on
genes that have varied sequence and length. Therefore, the sequence dependence and
length dependence of DNA CT are two central topics to study DNA CT. Several DNA
CT models have been proposed to address these two issues. However they can be hardly
reconciled with each other. For example, some researchers proposed that DNA CT is
conducted through “electron hopping” on the lowest unoccupied molecular orbital
(LUMO) of guanine sites because guanine has the lowest oxidation potential (Table 1);
while others have proposed that charge is transferred through the delocalized orbitals
along the π-stack inside the DNA duplex.10, 25
Table 1. Experimental and Calculated Oxidation Potentials of Nucleotides48-51

We have utilized our DNA-SWCNT device to address the conflict thanks to its
well-defined molecule-electrode junction and the preservation of the native conformation
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of DNA. In addition, two more features make this approach particularly appealing. First,
solid-phase synthesis of DNA oligomer makes it possible to prepare pure single-stranded
and double-stranded DNA of varied sequence and length. What is more, a handful of
modification group can be integrated into the DNA oligomer to meet different needs in
research and application. Second, we can tailor the size of the CNT gap to fit different
lengths of DNA duplex by fine tuning the lithography procedures such as the PMMA line
width or plasma etching time to prepare gaps of different size. During my PhD research I
have prepared the device of 15mer, 60mer and100mer DNA of around 10 sequences.

1.3.1 Sequence Dependence of DNA CT
The reported oxidation potentials are listed in the Table 1. The nucleotide guanine
(dG) has the lowest oxidation potential and is therefore considered to facilitate the hole
transfer in DNA. Some researchers therefore proposed that the higher portion of G in the
sequence, the more conducive the DNA toward transferring the charges, and if there are
three to four consecutive A or T in the sequence, DNA should not be conductive at all.
Although some experiments produced results in favor of this theory, the values are too
widely spread to draw convincing conclusions.

Table 2: Reported Sequence Dependence of DNA CT
Resistance
100 MΩ
16 MΩ
20 MΩ
44.6 MΩ
600 MΩ
32 MΩ
830 MΩ
2000 MΩ
3000 MΩ

% GC
100
100
100
0
0
100
100
0
100

% AT
0
0
0
100
100
0
0
100
0

Reference
Ref 25
Ref 25
Ref 25
Ref 53
Ref 53
Ref 25
Ref 54
Ref 54
Ref 26
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Moreover, many elaborately designed experiments show little sequence
dependence of DNA CT. An experiment shows that even though multiple consecutive A
or T integrated in the sequence, long range DNA CT is still observable. Also, Barton
group demonstrated shallow sequence dependence based on their solution experiments.
The same group later reported shallow distance dependence of DNA CT over 14 base
pair consecutive AT repeats.54
Within this context, we have designed 15mer DNA duplexes of two types of
sequences to bridge the SWCNT gap: AT rich sequence and GC rich sequence to study
the sequence dependence of DNA conductivity.

Figure 7. A) CT from photoexcited [Rh(phi)2(bpy’)]3+ to N6-cyclopropyladenosine (CPA)
across an adenine tract is distance-independent over 14 adenines. B) The graph shows the
relationship between the ratio of the percentage cleavage at the distal guanine doublet to
that at the proximal doublet and GC ratio in the intervening sequence. This experiment
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shows little sequence dependence. Adapted with permission from Ref 10. Copyright
(2010) American Chemical Society.

1.3.2 Length Dependence of DNA CT
Prior to discussing about length dependence of DNA CT, it is important to
understand the electron transfer (ET) kinetics first. Any medium that provides superior
pathway for charge transport is compared to vacuum. Marcus theory provides a powerful
tool to semi-quantitatively evaluate the ability of the medium to conduct charge transport
called Super Exchange Model.10, 55 For a chemical reaction, the reaction rate 𝑘! can be
separated into two factors a nuclear factor, 𝑣! , and an electronic factor, 𝑣! :
𝑘! = 𝑣! 𝑣!
where
𝑣! = exp

!!!! !
!!"#$

and
𝑣! = ℏ

!!
!!"#$

! !
|𝐻!"
| exp  (−𝛽𝑑!" )

Δ𝐺 is the thermodynamic driving force for the reaction, 𝜆 is reorganization energy, the
! !
entire term of  |𝐻!"
| exp  (−𝛽𝑑!" ) indicate the Hamiltonian coupling between donor and

acceptor which is exponentially decayed with the distance. 𝛽 here characterizes how fast
the electron transfer rate decays or how much the medium facilitate the electron transfer.
For charge transport that is over 1 nm, the reaction is usually seen as nonadiabatic, so
!
!
long-range DNA CT can be represented by 𝑘!" = 𝑘!"
exp  (−𝛽𝑑!" ), where 𝑘!"
is the

electron transfer rate when the distance between donor and acceptor is zero.
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As Marcus pointed out, nonadiabatic reactions can be simplified as electron
tunneling through a square potential, whose transmission probability |𝑇|! can be
expressed as:
|𝑇|! =

!!
!

!!"

exp  (

ℏ

∙ 𝑑!" )

E is the voltage added across the barrier, V is the height of the potential barrier, which is
!
an intrinsic characteristic of the medium. By multiplying 𝑘!"
𝑒 at both sides,
!
!
𝐼 = 𝑘!"
∙ 𝑒 ∙ |𝑇|! = 𝑘!"
∙𝑒∙

!!
!

exp  (−

!!"
ℏ

∙ 𝑑!" )

which can be written as
!

𝐺=!=

!
!!!!"

!

exp −

!!"
ℏ

∙ 𝑑!" = 𝐺! exp −𝛽𝑑!"

where e is the charge of single electron, G is the conductance and 𝛽 =

!!"
ℏ

. Thus

Marcus theory can be reconciled with the I-V characterization.
In our case, the medium is DNA and we want to derive the value of 𝛽. We have
bridged the CNT gap with DNA duplexes of 5 nm, 20 nm and 34 nm and calculated the
𝛽 ≤ 0.01/Å for the first time by using the Equation 𝐺 = 𝐺! exp −𝛽𝑑!" . Notably, since
the electron transfer is very fast (> 10!" 𝑠 !! ) in DNA, the solution method and
electrochemical methods are not sufficient enough to derive an accurate 𝛽 value (see
Chapter 3).

1.3.2 DNA Linker Plays an Important Role
In both electrochemical measurement and direct measurement of DNA CT, DNA
molecule needs to be modified with linker in order to anchor on the electrodes. For
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example in our device, one strand of the duplex is modified with C3 amine on both 3’ and
5’ends. The analysis with Marcus theory last section does not include the effect of the
linker. If the link is accounted for, the transmission probability can be written as
|𝑇|! = |𝑇!"#$%& ∙ 𝑇!"# |! . Therefore, the linker may dominate the electron transfer rate of
the DNA-SWCNT device, if the linker has a much larger 𝛽.20, 33

Figure 8. Scheme of DNA-SWCNT device with chemical structure of two C3 linker
sections enlarged. It is clear that two C3 linker are part of the pathway electron migrate
from one CNT electrode to the other.

Electrochemical experiments show that the electron transfer rate is almost
completely dominated by linker, especially the aliphatic linker. Drummond et al. showed
the linker effect could be written as
𝑘! (𝑛) = 𝑘!!! exp  (−𝛽! 𝑛)
where 𝑘! ~10! − 10! s!! , and 𝛽! ~1.0 per –CH2- unit or 𝛽~0.79,33 which are corroborated
with the work reported by Kelley et al.21 And notably, the 𝛽 here is consistent with that
derived from other system like break junction.56
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Figure 9. The electron transfer rate, 𝑘! , and decay constant 𝛽 can be derived with the
electrochemical method by using DNA modified with different lengths of aliphatic
linkers. Experiment in the similar scheme but with varied length of DNA shows that
electron transfer is dominated by the aliphatic linker. Adapted with permission from Ref
33. Copyright (2004) American Chemical Society.

1.4 Electrical Biosensing Based on DNA CT
Over the past two decades, new techniques have been developed to monitor
biorecognition and molecular interaction on solid device or in solution. Coupled with the
ability to fabricate nanoscale features, biosensing provides a platform for genetic
screening and detection.11, 34-35 Current techniques have shown its capacity to conduct
transcriptional profiling and Single Nucleotide Polymorphism (SNP) discovery.57
However these methods require expensive fluorescence-based instruments and
sophisticate algorithms to interpret data, which pose a restriction to applications outside
the laboratory. An electrical biosensor would circumvent these problems because it is
label-free and directly gives electrical signals ready to be amplified.
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Figure 10. Diagram of the electrical biosensor. Its core is the transducer that converts the
microscopic events into electrical signal, which is amplified by an additional instrument.
It is important to note that this additional instrument can be as small as a chip.

The electrical biosensor is essentially composed of three parts: biological
recognition and interaction layer, transducer layer and signal processing unit. DNA
mediated CT is an excellent platform to build biosensors. (1) The base pair interaction of
DNA is robust and specific. Also DNA mediated CT is exquisitely sensitive to the
integrity and interference caused by genetic mutation or DNA-protein interaction. (2)
Since the DNA CT has little sequence dependence, a library of this type of biosensors can
be prepared based on different sequences to suit different uses. (3) DNA is able to carry
out CT as long as 34nm, which is sufficient to code unique sequences to discriminate
pathogenic bacteria or other microbes, which holds great promise for epidemic diagnosis.

1.4.1 Electrochemical DNA Biosensors
Electrochemistry through DNA film on electrodes provides one of the most
successful strategies to conduct biosensing based on DNA CT.11-13 This strategy is able to
sensitively discriminate genetic mutations and even SNP and DNA-binding proteins.
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The electrochemical setup for biosensing is the same as that used for the longrange DNA CT study. The electrode is functionalized with DNA film with careful
designed probing sequence. It can readily differentiate single base-pair mismatches, event
for thermodynamically stable mismatches such as CA that usually cannot be washed
away in “gene chips”. For protein detection, the cyclic voltammetry and
chronocoulometry would be dramatically shifted upon the addition of protein that
specifically binds on DNA. It is important to note that DNA-protein interaction is a very
useful detection scheme for proteins that mechanically change the shape of DNA such as
bending, kinking or base-flipping.
With these advantages discussed above, two challenges are present. (1) The
required concentration of analytes is around 1uM, which is too high for practical use.13 (2)
It would be extremely difficult to prepare multiplexed electrochemical DNA electrodes
and integrate them as part of portable chips, because electrochemical measurement with
microelectrodes is rather complicated.15-16 In essence, these challenges stem from the fact
electrochemical method is still at the ensemble level, which requires a significant
quantity of molecule to generate measurable signals.
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Figure 10. A) Base-pair mismatch is readily distinguished from well-match in the
chronocoloumetry. Adapted from Ref 12. B) Stark contrast in chronocoloumetry indicted
the specific detection of M.HhaI that flips the base out of the DNA upon specific binding
on DNA. Adapted from Ref 13.

1.4.2 Biosensing with DNA-SWCNT Device
DNA-SWCNT device is to use a single DNA duplex as the transducer to convert
single-molecular events into measurable signals, which would circumvent the difficulties
of ensemble level measurement mentioned in the previous section.14 In DNA-SWCNT
device, DNA is essentially a nanowire transducer but with remarkable selectivity and
sensitivity. Other nanowire devices require additional steps to integrate a specific
recognition layer to transducers and a complicated backfilling scheme.34-35 In the DNASWCNT device, selectivity and sensitivity are automatically granted because DNA is
both transducer and part of the event. Moreover, because this type of device is compatible
with current CMOS technology, it is possible to integrate a great number of multiplexed
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devices into a portable chip to facilitate personal medicine such as genetic screening,
diagnosis and treatment.
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Chapter 2
Fabrication of Nanoscale Gap in SWCNTs
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2.1 Introduction
The technological advances have provided scientists and engineers with powerful
tools to expand the knowledge realm as well as to make changes on everyday life. In
particular, techniques to manipulate nanoscale objects are transforming traditional
research methodology and delivering ample practical applications. Aided by such
techniques, our group has developed a strategy that enables us to wire single molecule
DNA into single-walled carbon nanotube (SWCNT) electrodes and to directly measure
its conductivity. This single molecular DNA-SWCNT device proves to be a platform to
develop biosensors with high sensitivity and selectivity (see Chapter 4).
This chapter is written to provide an account of the procedures that we used to
fabricate the DNA-SWCNT device. In brief, chemical vapor deposition is used to grow
sparse single walled CNTs on a doped silicon wafer containing 300 nm of native oxide
on its surface. Electron beam lithography then opens a nanoscale window in PMMA
over a section of the nanotube. The exposed portion of the tube can then be cut with an
oxidative plasma etch, leaving carboxylic acids on the termini of the tubes. The
nanotubes were treated with a 2-(N-morpholino)ethansulfonic acid (MES) buffer solution
containing the amide activating/coupling agents EDCI and Sulfo-NHS, activating the
carboxylic acids for amide coupling with 3ʹ- and 5ʹ-amine-modified DNA, and in so
doing, covalently bridging the gap in the CNT with a single DNA duplex. We perform
electrical characterization of the devices in ambient conditions with the silicon wafer
serving as a global back gate. Each section of this chapter is to describe each step
according to instruments & materials, procedures and characterization & discussion
respectively.
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2.2 Sparse SWCNT Synthesis
2.2.1 Instruments & Materials
SWCNT synthesis is carried out in Chemical Vapor Deposition (CVD) method.
The instrument is homemade CVD system composed of a tube furnace and gas flow
controlling system. The feedstock is 100% pure ethanol, and carrying gas is argon and
hydrogen with a constant ratio 4:1. The tube furnace can accommodate a quartz tube
where the silicon chips are placed inside. The gas flow controlling system controls the
flow rate of the gas flow over the chips that are placed inside the quartz tube. The catalyst
for growth is Muller catalyst, a FeMo cluster. The as-grown SWCNT is imaged with
Hitachi Scanning Electron Microscope 4700.

2.2.2 Characterization
In general practice, two ways of characterization are convenient to examine the
SWCNT synthesized by CVD to ensure the yield of the subsequent device fabrication.
One is Scanning Electron Microscope (SEM). Since CNT is conductive and Si oxide is
not, CNT are bright under SEM and even glowing (see Figure 1A). However, this image
does not yield the true diameter of the tube because of the diffraction of electrons.
Therefore under SEM, CNT shows a much larger diameter than reality. AFM, however,
provide a powerful means to measure the diameter of CNT by measuring the height of
CNT that lies on the wafer surface (see Figure 1B).
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Figure 1. A: SEM image of sparse SWCNT on the Si chip. The density is 5-6 SWCNT
per mm and length of CNT can be as long as a few mm. The acceleration voltage is 0.8
kV and electron beam current is 10 uA. B: AFM image of SWCNT: scanning
area10umX8um, and the diameter of CNT is 1 nm.

CVD growth is a very complex procedure, because many parameters involved are
critical, such as temperature, freshness of the catalyst, purity of the stock, stability of the
gas flow, the chemical environment on the boat and so on. It is a good practice in general
to maintain the growth system fully dedicated to single function. Also, it is important to
note any metal impurity is fatal for the system even trace amount of metal from metal
twizzer.

2.3 SWCNT Field Effect Transistor Fabrication
2.3.1 Instrument and Materials
We apply TEM grids as shadow masks on the CNT chips to define the geometry
of the SWCNT FET device. The TEM grid is made from copper from SPI (model number
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is 2280C-XA) with index columns for easy labeling. We use SemiCore Ebeam
Evaporator to define chromium/gold electrode with TEM grid as shadow mask.

2.3.2 Characterization
The yield of the reconnection reaction is very low, so it is necessary to increase
the number of the original devices at the starting point. Using TEM grids as shadow
masks is very convenient to fabricate at least 300 devices on one chip in a batch. Also
since the TEM has letters and numbers as indexes, it is very simple to label devices that
span two electrodes.

Figure 2. A: Layout of a typical electrode grid under optical microscope. B: SEM image
of a typical SWCNT FET device that spans two gold electrodes. During FET
measurement, global gating is applied through Si wafer and two electrodes are connect
with source and drain probes respectively.

2.4 Electrical Measurement of SWCNT FET Device
Since the goal of the project is obtain the devices that have DNA duplex joining
the SWCNT gap to partially recover the device conductivity, we only conduct gate
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dependent electrical characterization before cutting, after cutting and after reconnection.
We use probe stations (Karl Suss PM5) to probe sample, and use Agilent 4155C
Semiconductor Analyzer to apply voltage and measure the corresponding current. In
order to facilitate the entire measurement process and increase the efficiency of recording
characteristics, we use National Instrument LabVIEW 8.2 graphical program to control
the analyzer and subsequently transfer measured data to the local computer.

2.5 Lithographical Procedure to Generate Nanoscale Gap on SWCNT
2.5.1 Instruments and Materials
Aided by nanolithography, we are able to produce nanosclae gaps on SWCNT
from 5 nm to 34 nm. The critical step for this process is to fabricate sub-10 nm lines on a
photoresist Poly methyl methacrylate (PMMA) purchased from Microchem. The lines on
the PMMA that covers the SWCNT FET devices are defined by FEI Sirion SEM adapted
E-beam writer with sub-10 nm resolution. The writing process is powered by the
Nanometer Pattern Generation System that is developed by J. C. Narbity. The working
condition for Ebeam writer is 30 kV acceleration voltage for electron beam, 7.5 mm for
working distance and spot size 1 (~30 pA) for writing current. After writing, the sample
is developed in a mixture of isopropanol and water with the ratio as 3:1 at 5-10 C for 35
second in VWR 50D Ultrasonic Cleaner. Then the post developed sample will be
subjected to the SERIES 800 MICRO RIE from Technics.

2.5.2 Characterization
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This procedure enables us to produce ~5 nm gap of CNT that used connect 15mer

double strand DNA in a more controllable manner. By changing some parameter a little,
we can fabricate ~35 nm gap that is fit for 100mer DNA. It is important to note that
characterization should be conducted for each step to control the entire the quality of the
fabricated structures. Previously, for the single DNA molecule project, the cutting yield
of SWCNT FET devices is the only indicator of the whole procedure of fabrication.
Unfortunately, cutting yield is obtained at the very end of the fabrication, so it provides
little information to deconvolute effects of different steps, such as ebeam writing and RIE
etching, each of which includes multiple parameters. The condition shift of equipment in
clean room and the upgrade of FEI may occur all the time. For example, magnification of
1200X was the best magnification for ebeam writing, now but produces noisy gaps with
undesirable size (Figure 3.A). Therefore, it is necessary s to characterize the results of
each step of fabrication frequently.

Figure 3. A: SEM image of an ~30 nm line written with FEI at magnification of 1200X.
B: SEM image of a ~8 nm line written at magnification of 1500X. Both are without
oxygen plasma etching. Other lithographical parameters were kept the same for both.
Regarding the electron beam size (5 nm) of this FEI, 8 nm is almost the theoretical limit
of the ebeam writer.
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We use PMMA 950 A5 to fabricate the gaps to reconnect 15mer DNA duplex and
PMMA A2 495 to fabricate 100mer DNA. This is counterintuitive. However, since
PMMA 950 has higher molecular weight than PMMA 495, we found it is more resistant
for the oxygen plasma etching, although PMMA is quite a weak material for oxygen
plasma etching generally speaking. We found it is almost impossible to use PMMA 495
to produce sub-10nm gap on SWCNT. Therefore PMMA 950 is a better choice, although
it is ideal to produce sub-10 nm feature before oxygen plasma etching. We use PMMA
495 A2 to produce 30~35 nm gaps after oxygen plasma etching. Figure 4 shows two of
them. We will use this recipe to produce gaps to reconnect 100mer DNA (34.5 nm~35
nm).

Figure 4. Both panels show fabricated lines after oxygen plasma etching at width of
around 35 nm.

In this procedure we use fabricated PMMA as mask to etch the exposed SWCNT.
Because PMMA is not strong material to resist etching, the size of the gap can be
controlled statistically. Therefore, before proceeding to bridging the gap with DNA, it is
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necessary to conduct another around of electrical characterization to make sure that the
gap is fully cut. A typical full-cut SWCNT shows an open circuit with measured sourcedrain current lower than 5 pA.

2.6 Reconnection Reactions to Bridge SWCNT Gap with Duplex DNA
2.6.1 DNA Synthesis:
The procedure was adapted from reference 2. Amine-modified and unmodified
oligonucleotides were prepared using standard phosphoramidite chemistry on an Applied
Biosystems 3400 DNA synthesizer. Oligonucleotides modified with amines on both the
3’ and 5’ termini were prepared via solid phase synthesis using reagents purchased from
Glen Research, Inc. The solid phase synthesis was performed on 3’-PT-Amino-Modifier
C3 CPG with the 5’-Amino-Modifier C3-TFA phosphoramidite added in the final step of
the solid phase synthesis to leave protected amines at both the 3’ and 5’ ends. In all
instances, the oligonucleotides were cleaved from the resin with concentrated ammonium
hydroxide before being stringently purified with a C18 column. The purified
oligonucleotides were quantified via UV-Visible spectroscopy and characterized via
MALDI mass spectrometry. Complementary single strand DNA was hybridized by
heating equimolar amounts of each strand in buffer containing 5 mM phosphate, pH =
7.1, 50 mM NaCl to 90 °C, followed by cooling to ambient temperature.

2.6.2 DNA Reconnection
The procedure for DNA reconnection has been described in reference 2.
Oxidatively-cut devices prepared above were incubated overnight in BupHTM MES
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buffered Saline solution (pH 4.7, Pierce Biotech.) containing 5 mM EDCI and 10 mM
Sulfo-NHS. The devices were then removed from the solution, washed with fresh buffer
solution, and dried with a stream of nitrogen gas for device characterization. The asformed devices were next incubated in the BupHTM Phosphate Buffered Saline solution
(pH 7.2, Pierce Biotech.) containing 10 µM amine-modified duplex DNA to form amide
bonds between the DNA and carbon nanotube. The bridged devices were removed from
the solution, washed with fresh buffer, and dried with a stream of nitrogen gas for device
characterization.

Figure 5. A schematic illustration of the bridging of an oxidatively etched SWNT gap
with duplex DNA.
2.6.3 Characterization of Reconnected Device
For fully-cut devices after DNA reconnection reaction, electrical measurement is a
simple way to indicate whether the device is reconnected. When there are measurable
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current, DNA is known to bridge the gap. Figure 6 shows the conductance versus gate
curves before cutting, after cutting and after reconnection. We have also characterized
100mer DNA-SWCNT with the Chapter 3).

Figure 6. Conductance versus gate curves of a typical SWCNT device before cutting
(black curve), after cutting (red curve) and after reconnection (blue curve).

2.7 Experimental Procedure
2.7.1 SWCNT Synthesis Procedure
1st Step: Clean Si chips
(1)

Put Si chips (300nm SiO₂ on Si with 1cmX1cm size) in acetone and

sonicate for approximately 15mins.
a)

While chips are in the sonicator, clean the tweezers:

b)

First wash tweezers with DI, then blow dry with nitrogen

c)

Spray acetone onto paper wipe, then wipe tweezers with paper

wipe
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d)

Wash tweezers with acetone, then IPA, then blow dry with

nitrogen.
(2)

Wash the Si chips with IPA and blow dry.

(3)

Put Si chips in beaker containing piranha (mixture of concentrated sulfuric

acid and hydrogen peroxide with volumetric ratio of 3: 1) for 1 hour.
(4)

Carefully dip the piranha solution into waste container, and fill the beaker

with water at least 3 times.
(5)

Wash chips with acetone and IPA, then blow dry with nitrogen.

2nd Step: Swab Catalyst
(1)

Heat Muller catalyst ethanol solution for 5 minutes at 65°C.

(2)

Spread catalyst onto surface of clean Si chip ensuring both the top surface

and the side of the Si chip are covered.
3rd Step: Synthesis Procedures
(1)

Place four wafers as one batch on quartz boat, then insert the boat into

quartz tube that placed in the furnace.
a.

Wafers should be put about 0.7cm apart.

b.

When placing quartz boat into the quartz tube, ensure that the

temperature sensor is centered with the quartz boat.
(2)

Close furnace lid, set to 500°C, and wait for 1 hour 20 minutes for

oxidation of the catalyst (80 minutes, including ramp-up time for 15min).
(3)

Turn off furnace and wait for 20 minutes with furnace closed.

(4)

Seal both ends of tube. Open furnace valve and: set flow rate monitor H2

to 30 sccm, Ar to 120sccm. Set temperature to 750°C and wait another 1 hour 20
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minutes (80 minutes, inclusing ramp up) to reduced the oxidated catalyst in the
previous step. Now ethanol valve is closed leaving the back valves open, so no
feedstock goes into the quartz tube.
(5)

About 6-8 minutes before completion, submerge the tube that containing

the ethanol feedstock in ice water.
(6)

Change flow rate of H2 to 10 sccm, Ar to 40 sccm. Wait for 15 minutes

for the carrying gas flow stabilized.
(7)

Raise temperature to 890°C. At 888°C, open the ethanol valves.

(8)

At 890°C, close the back valve (behind the ethanol) and wait for 40

minutes for growth.
(9)

Turn off the furnace, open the back valve and close the ethanol valves.

Change Ar to 120 sccm and close hydrogen.
(10)

When temperature reaches 400°C, open the furnace lid.

(11)

When temperature reaches 100°C, shut furnace valve, turn off flow rate

controllers and take the chips out for characterization.
(12)

Image CNT under SEM under 0.8kV acceleration voltage and 10uA

current.

2.7.2 SWCNT FET Fabrication Procedure
Step 1: Use scotch tap to put down 3-4 TEM grids on the most dense area of CNT
chip
1)

Cut a piece of scotch tape to match the size of the chip (1cmX1cm).

	
  

48	
  
2)

Carve a rectangle (2mmX8mm) on the bottom of the tape about the size of

a single TM grid and remove carved part.
3)

Carefully align and place 3-4 TEM grids onto the tape.

4)

Stick the tape with TEM grid onto the CNT chip surface. TEM grids

should be put on the area with the densest nanotube to maximize the raw device
number.
Step 2: Evaporation of electrode metal via Semicore EBeam Evaporation
1)

Evaporate pure chromium to a thickness of 4nm at 0.1Å/s as the adhesive

layer.
2)

Evaporate pure Au to a thickness of 40nm at 0.2-0.5 Å/s as a conductive

layer.

2.7.3 Device Measurement Procedure
Step 1: Prepare sample
(1)

Stick the chip with SWCNT FET on a glass slide with double-sided scotch

tape.
(2)

Use diamond scribe to scratch the upper right corner of the chip as global

gate.
Step 2: Setup on analyzer
(1)

Press “Measure”

(2)

Press “Measure setup”

(3)

Set the measurement range as: SMU1 (drain) to 10nA, SMU2 (gate) to

1nA, and SMU3 (source) to 10nA.
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Step 3: Set up the probe station
(1)

Turn on vacuum pump (for holding sample and other elements).

(2)

Turn on microscope light.

(3)

Load sample onto probe station chuck and adjust until it is held in place by

vacuum.
(4)

Load probe tips to the probe arms that connected SMU1, SMU2, SMU3 as

drain, gate and source.
(5)

Open Labview VI “IVG_test_8.2_test.vi”. Before and after cut, the

settings are SMU2 from -9V to 9V, SMU1 0V and SMU2 0.03V.

Step 4: Take measurement (the voltage settings of source and drain and gate)
(1)

Connect the gate probe tip to the scratched Si area as global gate

(2)

Get rid of residue charges of the measurement system by running blank.

(3)

Test contacts:

Put two probes on the same electrode (for example: put them both on A-A
position or connect them together), and test if the result is a flat curve around the
range of 10uA (preset compliance value).
(4)

Start measurement

a.

Use the probes to scratch a “bracket” around a column of electrodes along

the CNT direction to physically break any CNTs crosstalk that are connecting the
neighboring columns. It also help to remove the gate leakage channel.
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b.

Measure each gap for possible presence of CNT connection, name the

measured the results and save it at the local hard drive.

2.7.4 Fabrication of Gap in SWCNT
Step 1: Apply PMMA on the chip with pre-measured SWCNT FET Devices
(1)

Wash the chip with acetone and IPA, then blow dry.

(2)

Bake the sample at 180 °C for 3-5 min.

(3)

Spincoat “PMMA 495 A2” or “PMMA 950 A5” at 4000rpm, 1000

acceleration, for 45 seconds.
(4)

Bake the sample at 180 °C for 5 min to form glass state from liquid

Step 2: Ebeam writing on PMMA
(1)

Load the sample into Ebeam writer and pump down the vacuum to
2×10!! bar.

(2)

Open the electron gun and measure the ebeam current with Faraday cup.

(3)

Go to Gold Standard to optimize the focus and stigmation. By changing
the focal point of the ebeam into or away from the sample surface, identify
the type of stigmation: vertical/horizontal image distort indicate xastigmatism, while 45° distort means y-astigmatism.

(4)

Ensure the working distance between the gun tip and the sample surface is
the focal distance by constantly tuning focus and set it as 7.5mm.
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(5)

Switch the gun to the sample and tune the focus on a scratch of the sample
and ensure the focal distance is 7.5mm. It is not appropriate to adjust
astigmatism on the PMMA surface if not necessary.

(6)

Align x-y direction of the writing pattern with the appropriate direction of
the sample.

(7)

Go to the device area and start writing. The parameter of the writing is as
following: the dosage for PMMA 950 A5 is 4200 µC/cm2, PMMA 495 A2
2800 µC/cm2.

(8)

Manually move from device to device to write the lines.

Step 3: Develop
(1)

Make developer “IPA/H₂O” solution with volumetric ratio of 3 to 1, and

store in refrigerator.
(2)

Develop the chip in Ultrasonic Cleaner for 35 seconds at 5C with power 2

for 495 A2 or power 4 for 950 A5.

Step 4: Characterize the lines fabricated on PMMA
(1)

Deposit with Ebeam Evaporator 3-4nm chromium at 0.1Å/s rate.

(2)

Image the lines under SEM under 10kV acceleration voltage, 10uA
current.

Step 5: Oxygen Plasama Etching
Use Technics Series 800 RIE oxygen plasma tool to burn CNT with 250 mTorr
pressure, 50 watts power for 5-10 second for 495 A2, 10-15 second for 950 A5.
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The method to determine the etching time is to be discussed in next section. By
doing so, carboxylic acid groups are introduced at two sides of the SWCNT gap.

Step 6: Put chip in acetone and stay overnight to remove PMMA.
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Chapter 3
Sequence and Length Dependence of the Conductivity of
Individual DNA Duplexes
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3.1 Introduction to Previous Study of DNA Conductivity
The elucidation of the double helical structure of DNA led scientists to postulate
that the π-stacked aromatic base pairs of DNA may promote charge transport (CT) over
significant distances.1,2 As such, the conductive properties of duplex DNA have attracted
substantial interest.3-6 Indeed, initial solution experiments demonstrated photoinduced
DNA-mediated CT between well-defined donor and acceptor sites7-11 and across long
distances of up to 20 nm.12-14 Subsequent direct measurements of the conductivity of
DNA also found that DNA is capable of promoting charge transport under solid-state like
conditions, although a wide range of resistance values (106-1010 Ω or 10-6-10-10 S for
conductance) were reported.15-29 Notably, the aforementioned photochemical and
electrical experiments also conclusively demonstrated that DNA charge transport is
exquisitely sensitive to both the integrity and interference of the base pair stack.

Recently, we have developed a general strategy for measuring the conductivity of
single molecules bridging a carbon nanotube gap, wherein the molecules are wired into
nanotube electrodes via robust and stable amide bonds.30-35 This system is compatible
with aqueous conditions and has enabled us to directly measure the conductivity of single
DNA duplexes.35 Relative to previous studies, electrical measurements performed in this
fashion are inherently advantageous since the DNA is maintained in its native
conformation, the electrical connections to the duplex are well defined, and the
measurements are definitively of a single DNA molecule.35 We have thus found that
DNA resembles an array of stacked aromatic, graphite planes with respect to its electrical
characteristics.
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Previously reported direct electrical measurements of the sequence dependence of
DNA conductivity utilized conductive atomic force microscopy (AFM), scanning
tunneling microscopy (STM), or bridging of nanoelectrodes.19-27 Regardless of the
techniques, no consensus has been reached whether sequence dependence exists,16,19, 20, 24,
27

even though solution experiments clearly show such effect is minimum.12, 39 Moreover,

a large spread in resistance values was obtained for GC-rich and AT-rich sequences, let
alone the mixed sequence.16,19,20, 24-27 An even larger spread was found for DNA strands
of lengths greater than 27 nm, with both superconducting and insulating behavior
observed.15, 17-19, 28, 29 Reconciling such disparate measurements is essential for the future
development of DNA-based molecular electronics, where the choice of DNA
sequence/length will certainly play a large role in device design.6, 36, 37 Consequently, we
explore here the length and sequence dependence of the conductivity of duplex DNA
bridging a single walled carbon nanotube (SWNT) gap.

3.2 Study of DNA Conductivity Based on Direct Measurement with DNA-SWCNT
Device
3.2.1 Device Preparation
Oxidatively cut SWNT devices featuring gaps were fabricated as previously
described, and Figure 1 illustrates the general DNA reconnection strategy for the cut
nanotubes. In brief, a cut nanotube featuring carboxylic acids at its termini was treated
with a phosphate buffer solution containing the amide activating/coupling agents EDCI
and Sulfo-NHS. The activated termini were then reacted with 3’ and 5’ amine-modified
DNA, thereby covalently bridging the gap with a single biomolecule via robust and stable
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amide bonds. Electrical characterization of the devices was subsequently carried out in
ambient conditions with the silicon wafer serving as a global back gate.

Figure 1: A schematic illustration of the bridging of an oxidatively etched SWNT gap
with duplex DNA.

3.2.2 Sequence Dependence of DNA Conductivity
We initially explored the sequence dependence of the conductivity of DNA
duplex bridging a SWNT gap. Figure 2 displays representative conductance vs. gate
voltage (Vg) curves for devices that are bridged by 15mer GC-rich (Figure 2A), AT-rich
(Figure 2B) or mixed sequence DNA (Figure 2C) DNA duplex respectively, and their
highest conductance values are 1.43 µS, 1.60 µS and 0.88 µS.
We prepared at least three devices for each sequence and derived the average
conductance values and standard deviation: 1.02±0.39 µS for GC-rich, 1.45±0.37 µS for
AT-rich duplex, and 0.64±0.34 µS for mixed sequence DNA duplex. The statistics are
shown in the bar graph in the Figure 3 for comparison. Remarkably, these conductance
values show little sequence dependence.
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Figure 2: Typical device characteristics for SWCNT-DNA devices of GC-rich (A) and
AT-rich (B) and mixed sequence (C) DNA duplex. Conductance versus gate voltage (Vg)
curves at a constant source–drain voltage are shown respectively. The sequences were 5’CGC GCG GCC GGG CCG-3’ plus amine modified complement for (A) and 5’-ATA
TAT TAA TTT AAT-3’ plus amine modified complement for (B) and 5’-GCA ATT GCG
CTT TGC -3’ plus amine modified complement for (C).

Figure 3: Comparison of the effective conductance of 15mer GC-rich, AT-rich and
mixed sequence DNA duplex. DNA shows little sequence dependence of conductivity.
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3.2.3 Length Dependence of DNA Conductivity
We next examined the length dependence of the conductivity of DNA duplexes
based on DNA-SWCNT device. In addition to the 15mer devices, we tailored the
SWCNT gap to fit 60mer and 100mer DNA duplexes, whose lengths are 20nm and 34nm
respectively (see Figure 4 A). Figure 3B displayed conductance versus gate voltage
curves of typical 60mer (blue curve) and 100mer (red curve) DNA-SWCNT devices, and
the aforementioned15mer duplex of mixed sequence is added in the graph for comparison
(black curve). Their highest conductance values are 880 µS for 15mer device, 150 µS for
60mer device and 23 µS for 100mer device. Remarkably, both 60mer and 100mer are
considerably conductive despite the relatively long length. We prepared more than three
devices and obtained the statistics for each of the lengths:  640 ± 340  nS for 15mer,
128±45 nS for 60mer and 33±28 nS for 100mer.
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Figure 4: A) Diagram of DNA duplexes of 5nm, 60mer and 34nm long that bridge the
SWCNT gap. B) Typical conductance versus gate voltage (Vg) curves at a constant
source–drain voltage are shown for 15mer (black curve), 60mer (blue curve) and 100mer
(red curve) DNA-SWCNT devices respectively. The sequence is 5’-GCA ATT GCG CTT
TGC -3’ plus amine modified complement for 15mer, 5’-ACA GTA CAC GAT TGA CTC
ACT ACT TTT ATA TGT CAC AGC TGG AGC GCT CCA ATG TCC TAT-3’ plus amine
modified complement for 60mer, and 5'- TAG TGC AGT ATA CAT GGA CTA CAG TAC
ACG ATT GAC TCA CTA CTT TTA TAT GTC ACA GCT GGA GCG CTC CAA TGT
CCT ATG ACG TCG ATA CTG CAG TAC T -3' plus amine modified complement for
100mer.
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3.2.3 Length Dependent Results in Super Exchange Model
We fit the average conductance values and corresponding length according the
equation of super exchange model discussed in Chapter 1:
𝐺 = 𝐺! exp(−𝛽𝐿)
where β is length decay factor, L is the length of the duplex, 𝐺! represent the conductance
of two C3 linker in series. We derive the length decay factor β ~0.011 Å-1 and 𝐺! ~1.1 µS.
By including the statistical fluctuation, we derived the range of β: 0.005-0.019 Å-1and 𝐺! :
0.40~2.52 µS. The range of 𝐺! is consistent with the results measured with break junction
method.39 For length decay factor 𝛽, even the highest limit is considerably smaller than
that of the best molecular wires ever reported.40

Figure 5: Graph of the statistics of the conductance values of 15mer, 60mer and 100mer
and the fitting curves. The curves are fitted according to the equation 𝐺 = 𝐺! exp(−𝛽𝐿).
The y-axis is conductance in logarithm scale and x-axis is DNA length in linear scale.
Blue curve is the standard fitting giving the length decay value β ~0.011 Å-1 and the
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linker conductance 𝐺! ~1.1 µS. Red and orange curves indicate the range of the possible
fittings with β in the range 0.005-0.019 Å-1and 𝐺! in the range 0.40~2.52 µS.

3.2.4 Other Models in Consideration
Small β shows that DNA CT may fall into other ET regimes beyond super
exchange model, such as localized hopping or delocalized hopping.6, 44, 45 In this model,
local base pair with low oxidation potential may lower the barrier for electron to
overcome thereby to avoid super exchange. As we listed in the Chapter 1, guanine,
especially consecutive guanine sequence like GG or GGG has low oxidation potential,
which can be the local sites for electron to hopping through. Between the lower potential
sites, CT occurs through the distance between the nearest sites in a super exchange
manner. One factor needs to be counted in is the possibility of a variety of meta-stable
conformation of π-stack of DNA and transition among these meta-states, which are called
static disorder and dynamic disorder respectively.45, 46
Another thought is that electron cloud may overlap across multiple base pairs to
form both conduction band and valance band in the same fashion as semiconductor or
graphene sheet.6 When temperature is high enough, electrons and holes are generated in
the bands. Similarly, static and dynamic disorder may moderate the CT like a gating
factor. The experiment by Giese et al. and theoretical calculation by Renger et al. shows
that the picture is kind of mixed.44, 45 They demonstrated that DNA CT is heavily length
dependent from 0-4 base pairs, which matches a super exchange model or localized
hopping model; but it has a very shallow length dependent beyond 4-5 base pairs, which
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fits into the delocalized model. Our results are consistent with their conclusion because
the shortest DNA length is 15 base pairs.

Figure 6. A: Giese et al shows DNA CT follows super exchange model when n<3 with
β~0.6 Å-1, but a delocalization model when n is beyond 4. In this experiment, a number
of AT base pair separates G and GGG, and water trapping product PGGG upon
photoexcitation was measured with respected to varied AT length.44 This experiment
result is corroborated with the theoretical calculation by Renger et al. with Monte Carlo
method. Adapted with permission from Ref 45. Copyright (2003) American Chemical
Society.

3.3 AFM Characterization of SWCNT Gap before and after 100mer DNA
Reconnection Reaction
We imaged the SWCNT gap before and after 100mer DNA reconnection with
AFM (see Figure 6 and Figure 7). Since 100mer DNA is shorter than the persistent length
(~100 nm), the gap that joined by 100mer DNA duplex is 34 nm plus the length of the
linkers. Figure 6 is a typical SWCNT gap before the DNA reconnection. After removing
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the convolution effect of AFM tip, the gap size is about 35 nm. After reconnection
reaction, the gap is no long empty. Phase image shows that a material of different
viscoelastic property is located at the gap, which should be DNA.

Figure 7. Topographical AFM image of SWCNT gap before 100mer DNA reconnection.
The diameter of CNT is 1-2 nm and the gap size is 35.4 nm. The dark stripe is the part of
the wafer surface that was exposed to the oxygen plasma etching.
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Figure 8. AFM image of SWCNT gap after 100mer DNA reconnection. Left:
Topographical image. The SWCNT gap is no longer empty. Right: Phase contrast image.
A material with different viscoelastic property can be observed in SWCNT gap, which
should be DNA.

3.4 Discussion
We can now place our measurements within the context of other experiments that
explored the sequence and length dependence of DNA conductivity. First, we observe
little difference in the conductance of short single duplexes of GC-rich, AT-rich, or
mixed sequence DNA. Although the resistance of GC-rich DNA agrees with the lowest
values reported by Yoo, K. H., et al.,19 our measurements indicate that AT-rich DNA is
nearly two orders of magnitude more conductive than previously reported.19, 23, 24, 27 Due
to the lowest oxidative potential of guanine among the four nucleotides, GC sequence
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generally considered to a better hole conductor than AT sequence. However the
nucleotides in duplex DNA are well-stacked and shielded with sugar-phosphate
backbone, which may profoundly change the redox potential.42 Indeed, initial solution
experiments also showed little sequence dependence.12, 39
Our length dependence results show that DNA is an excellent medium to transport
charge over a significant distance (>34 nm) with the decay factor only about 0.001 Å-1.
That said, charge injected into the duplex is subject to little barrier to travel through the
π-stack over a significant long distance. Previously, the β value was deduced by
measuring the decay of electron transfer (ET) rates ket over distance in solution
experiments.43 However, ET kinetics in DNA is too fast to be observed. For example,
Kelley et al. integrated a non-Watson-Crick base pair into the DNA duplex to slow down
the charge transfer and concluded that β should be smaller than 0.14 Å-1.43 Also, although
Slinker et al. first reported the extraordinary ability of 100mer DNA duplex to transport
charge, they did not give specific characteristics due to the limitation of the experimental
method.

3.5 Conclusion
In conclusion, our observations underscore the crucial importance of
measurements that are well defined, truly single molecular, and maintain the DNA in its
native conformation. We find little sequence dependence for the conductivity of 15mer
DNA, which behaves like a stacked array of aromatic graphite sheets, regardless of basepair content. Furthermore, we found the DNA duplex is an excellent molecular wire to
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transport charge over a significant distance (>34 nm). Consequently, our findings portend
favorably for the potential of DNA as a functional component in molecular electronics.

3.6 Experimental Procedure
3.6.1 SWCNT FET Fabrication:
The detailed procedure has been previously described (see reference 1). As
before, we grew the individual SWNTs by chemical vapor deposition on degenerately
doped silicon wafers with 300 nm SiO2 on their surface. The SWNTs grown in this way
are ∼1 to 2 nm in diameter. Metallic electrodes with a 20 µm separation (5 nm of Cr
overlaid by 50 nm of Au) were deposited through a shadow mask onto the SWNTs. The
nanotube devices were electrically tested using the metal pads as source and drain
contacts and the silicon substrate as a global back gate.

3.6.2 SWCNT Cutting Procedure:
The procedure has been previously described (see reference 1). A window that is
less than 10 nm in size was opened in a spin-cast layer of polymethylmethacrylate
(PMMA) by using ultrahigh-resolution electron-beam lithography. The nanotubes were
then locally cut through the open window via oxygen plasma ion etching (the operation
conditions were 250 mTorr, 50 W RF power, 10 s exposure).

3.6.3 DNA Synthesis:
The procedure was adapted from reference 2. Amine-modified and unmodified
oligonucleotides were prepared using standard phosphoramidite chemistry on an Applied
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Biosystems 3400 DNA synthesizer. Oligonucleotides modified with amines on both the
3’ and 5’ termini were prepared via solid phase synthesis using reagents purchased from
Glen Research, Inc. The solid phase synthesis was performed on 3’-PT-Amino-Modifier
C3 CPG with the 5’-Amino-Modifier C3-TFA phosphoramidite added in the final step of
the solid phase synthesis to leave protected amines at both the 3’ and 5’ ends. In all
instances, the oligonucleotides were cleaved from the resin with concentrated ammonium
hydroxide before being stringently purified with a C18 column. The purified
oligonucleotides were quantified via UV-Visible spectroscopy and characterized via
MALDI mass spectrometry. Complementary single strand DNA was hybridized by
heating equimolar amounts of each strand in buffer containing 5 mM phosphate, pH =
7.1, 50 mM NaCl to 90 °C, followed by cooling to ambient temperature.

3.6.4 DNA Reconnection:
The procedure for DNA reconnection has been described in reference 2.
Oxidatively-cut devices prepared above were incubated overnight in BupHTM MES
buffered Saline solution (pH 4.7, Pierce Biotech.) containing 5 mM EDCI and 10 mM
Sulfo-NHS. The devices were then removed from the solution, washed with fresh buffer
solution, and dried with a stream of nitrogen gas for device characterization. The asformed devices were next incubated in the BupHTM Phosphate Buffered Saline solution
(pH 7.2, Pierce Biotech.) containing 10 µM amine-modified duplex DNA to form amide
bonds between the DNA and carbon nanotube. The bridged devices were removed from
the solution, washed with fresh buffer, and dried with a stream of nitrogen gas for device
characterization.
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Chapter 4
Transducing Methyltransferase Activity into Electrical
Signals in a Carbon Nanotube-DNA Device
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4.1 Introduction to Protein Detection with DNA-SWCNT Device
This chapter describes the application of DNA-SWCNT device in sensing an
individual reaction between a DNA duplex and a methyltransferase enzyme. The device
consists of a DNA duplex that is chemically wired between carbon nanotube (CNT) leads
and can be operated as a field effect transistor (Figure 1). In general, CNT’s and
nanowires incorporated in field-effect transistors offer valuable detection platforms
because their conductivity is modulated by binding of analytes.1-5 One drawback of these
devices is that the conductivity changes are not specific and depend upon the
characteristics of the analyte and its mode of interaction with the CNT.6-7 Interference
associated with non-specific binding of analytes presents a challenge to detection,
particularly in single molecule measurements. We and others have previously shown that
single wall CNT devices provide a general means to measure the electrical properties of
single molecules incorporated into an oxidatively cut gap in the CNT.8-15

These

measurements can be carried out in aqueous solution, making them useful for detection of
biomolecules. In one such experiment, DNA duplex wired into the gap in the CNT was
shown to be sensitive to perturbations in base stacking,15 consistent with observations
made using ensemble electrochemical studies.16-19
Here we probe the specific reaction of a methlytransferase. The methyltransferase
M.SssI binds the sequence 5'-CG-3' and, in the presence of the cofactor S-adenosyl
methionine (SAM), methylates the cytosine base.20 Methyltransferases such as M.SssI,
and the closely related M.HhaI, perform this reaction on DNA through a base flipping
mechanism that is clearly visualized from the crystal structure of M.HhaI bound to DNA
with its cytosine base completely rotated out of the π-stacked core of the duplex.21-22

	
   75	
  

Figure 1. Electronic integration of DNA into a CNT device. Oxidative cutting of the
CNT creates a gap with carboxylic acid point contacts on the cut ends. Amine-modified
DNA is then covalently attached to these point contacts by peptide coupling and forms an
electronic bridge across the gap. The resulting DNA-mediated path for current flow
through the device is sensitive to perturbations that disrupt charge transport.

In electrochemical studies this base flipping action interrupts charge transport
through DNA.23 In this study, we show that in the CNT-DNA-CNT devices that contain
a conductive, bridging segment of DNA duplex can also detect binding and base flipping
by M.SssI by disruption of DNA-mediated charge transport.

4.2 Device Preparation
To fabricate the devices used in this study we utilized our previously published
procedure.10-15,24-25 Chemical vapor deposition is used to grow sparse single walled
CNTs on a doped silicon wafer containing 300 nm of native oxide on its surface.
Electron beam lithography then opens a nanoscale window in PMMA over a section of
the nanotube. The exposed portion of the tube can then be cut with an oxidative plasma
etch, leaving carboxylic acids on the termini of the tubes. The nanotubes were treated
with a 2-(N-morpholino)ethansulfonic acid (MES) buffer solution containing the amide
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activating/coupling agents EDCI and Sulfo-NHS, activating the carboxylic acids for
amide coupling with 3ʹ- and 5ʹ-amine-modified DNA, and in so doing, covalently
bridging the gap in the CNT with a single DNA duplex (Figure 1). We perform electrical
characterization of the devices in ambient conditions with the silicon wafer serving as a
global back gate.

4.3 Detection of M.SssI with DNA-SWCNT Device
4.3.1 Detection of M.SssI with High Specificity and Sensitivity
We record measurements as a function of the methyltransferase binding and
reactivity to evaluate the current flow through the device. The scheme for a typical
M.SssI binding experiment on a DNA-bridged device is given in Figure 2, and the
corresponding conductance-voltage characteristics, given in Figure 3. For these initial
experiments the DNA sequence has more than one 5'-CG-3' binding site for M.SssI.
However, given the footprint of M.SssI which spans at least 6 base pairs on each side of
the binding site,26 the 15-mer DNA segment would only accommodate binding by a
single M.SssI protein at a central site. We observe an average conductance of 1.4 ± 0.8
µS for the 3 devices tested (Figure 3, left column). Upon incubation of these devices
with 6 nM M.SssI, as well as 300 µM of the requisite SAM cofactor, we observed a 91 ±
15 % reduction in the conductance. Notably, the M.SssI concentration utilized for our
experiments is just below the binding affinity of this enzyme (Kd = 11 nM).27 The
crystal structure of M.HhaI bound to methylated DNA shows that base flipping occurs
even when the protein is bound to this substrate,22 although the binding affinity is
reduced.28-30 In these single-molecule devices, it is apparent that the protein remains
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bound with the base flipped out, even after the methylation reaction is complete.
Washing these devices with buffer is necessary to dissociate the enzyme and recover the
conductance to close to the initial value.

Figure 2. Electrical detection of M.SssI binding at a DNA-bridged CNT device. (1) A
DNA segment containing the M.SssI binding site (with target base to be methylated
shown in purple) forms a conductive bridge between the two ends of a gap cut in a CNT
device. (2) Upon addition of M.SssI and SAM cofactor (represented by the blue
hexagon), the methyltransferase binds the DNA at its recognition site, and flips the base
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to be methylated out of the DNA π-stack, thereby cutting off charge transport through the
DNA. M.SssI remains bound with the base flipped even after the methylation reaction is
complete. (3) Upon rinsing, M.SssI dissociates from the DNA; the methylated base reinserts into the DNA π-stack and restores charge transport through the device.

4.3.2 SAM Necessary for Base-Flip
The cofactor SAM is required for the methyltransferase activity, because it is the
source of the electrophilic methyl group and is necessary for the specific binding of the
enzyme to the substrate. We tested the conductance of the devices in the absence and
presence of SAM. To simplify the analysis, we utilized devices that only have one
centrally located 5'-CG-3' binding site for M.SssI. When a DNA-bridged device was
incubated with M.SssI in the absence of the SAM cofactor, we observed a small
attenuation in its conductance. This may be due to the introduction of more scattering
sites in the channel of the device upon protein binding.11 However, when the same
device was subsequently incubated with M.SssI in the presence of the SAM cofactor, we
observed a > 90 % attenuation of its conductance. In turn, the conductance of the device
could be recovered to its original value with a buffer wash. This is shown in Figure 4 and
Figure 5.
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Figure 3. Sequence specific M.SssI binding and disruption of charge transport through
the DNA molecules. For each, the numbered points correspond to the numbered steps
illustrated in Figure 2. Left column: M.SssI binding at a DNA-bridged device containing
the M.SssI recognition site. The sequence was NH2-5ʹ-CGGCCCGGCCGCGCG-3-NH2.
Right column: Lack of M.SssI binding at a DNA-bridged device that does not contain the
M.SssI recognition site. The sequence was NH2-5ʹ-ATTAAATTAATATAT-3ʹ-NH2.
Typical normalized conductance curves (top) and average relative conductance values
(bottom) are shown for the respective DNA-bridged devices in (1) buffer before addition
of M.SssI, (2) buffer with M.SssI and SAM, and (3) buffer after M.SssI has been rinsed
away. The buffer conditions were 50 mM NaCl, 10 mM Tris-HCl, 10 mM MgCl2, 1 mM
Dithiothreitol, pH 7.9. The conductance of each device was normalized with respect to
the highest conductance value.
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4.3.3: Reduced Binding Affinity of M.SssI on Methylated DNA
We next investigate how methylation of the M.SssI binding site influences the
measurement of subsequent activity by M.SssI. To address this question, we again utilize
devices with a single M.SssI binding site and first expose these devices to M.SssI and
SAM in order to methylate the site. Similar to the experiments described above, we
observe a large decrease in the current flow through the device that recovers to close to
its original conductivity when the protein is washed away (Figure 4, steps 1-4). If we
then re-subject this now methylated device to M.SssI and SAM, we see no change in the
conductance (Figure 4, Steps 5-7). This result reflects the reduced affinity of M.SssI for
methylated DNA. Initially, the 6 nM concentration of M.SssI is high enough for binding
and base flipping to occur at the non-methylated substrate. With the protein washed
away, the added methyl group itself does not inhibit DNA charge transport as it does not
perturb the base stack. When the device is re-subjected to 6 nM M.SssI, however, this
concentration is no longer high enough to initiate binding to the now methylated DNA.
These changes in the binding potential of the DNA are sensitively translated here from
the single molecule level as an electrical output; chemical modification of the DNA wire
by the protein alters subsequent protein binding and the resulting electrical response.
Taken together, these experiments show that the DNA segment that has been
covalently wired into these devices is simultaneously a sensitive recognition element and
transducer of methyltransferase binding. The base flipping by M.SssI at its specific
recognition sequence disrupts charge transport through the DNA base pair π-stack and
causes nearly complete attenuation of the device conductance. These devices can be used
to sensitively distinguish DNA that lacks the 5ʹ-CG-3ʹ binding site, as M.SssI does not
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Figure 4. M.SssI-catalyzed DNA methylation alters the protein-binding affinity of the
device. A device containing a single M.SssI binding site was taken through the
illustrated steps (left) and the corresponding relative conductances (top right) were
measured in (1) buffer containing 10 nM BSA before addition of M.SssI, (2) buffer and
M.SssI without SAM, (3) buffer and M.SssI with SAM (represented by the blue hexagon),
and (4) buffer after M.SssI has been rinsed away. Note that current attenuation is only
observed for step (3). After methylation, the device was taken through the same sequence
of steps (5) – (8) with no attenuation observed. The sequence was NH2-5ʹGACAGTCGACATGTC -3ʹ-NH2, with the single 5ʹ-CG-3ʹ binding site located in the
middle. The buffer conditions were 50 mM NaCl, 10 mM Tris-HCl, 10 mM MgCl2, 1
mM Dithiothreitol, pH 7.9.
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Figure 5: Normalized conductance curves that correspond to Figure 4 in the text. Left:
Protein detection at a DNA bridged device. Right: The normalized conductance curves of
steps 1-4 are in the upper right panel and steps 5-8 are in the lower right penal. The buffer
wash conditions are 50 mM NaCl, 10 mM Tris-HCl, 10 mM MgCl2, 1 mM Dithiothreitol,
pH 7.9. The sequence was NH2-5ʹ-GACAGTCGACATGTC -3ʹ-NH2.
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bind and base flip this DNA as well as DNA that contains the binding site. This device
represents a unique and promising route for specific, single molecule measurements of
binding and activity by methyltransferases and other DNA-binding proteins.

4.4 Experimental Procedures
4.4.1 SWCNT FET Fabrication:
The detailed procedure has been previously described (see reference 1). As
before, we grew the individual SWNTs by chemical vapor deposition on degenerately
doped silicon wafers with 300 nm SiO2 on their surface. The SWNTs grown in this way
are ∼1 to 2 nm in diameter. Metallic electrodes with a 20 µm separation (5 nm of Cr
overlaid by 50 nm of Au) were deposited through a shadow mask onto the SWNTs. The
nanotube devices were electrically tested using the metal pads as source and drain
contacts and the silicon substrate as a global back gate.

4.4.2 SWCNT Cutting Procedure:
The procedure has been previously described (see reference 1). A window that is
less than 10 nm in size was opened in a spin-cast layer of polymethylmethacrylate
(PMMA) by using ultrahigh-resolution electron-beam lithography. The nanotubes were
then locally cut through the open window via oxygen plasma ion etching (the operation
conditions were 250 mTorr, 50 W RF power, 10 s exposure).
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4.4.3 DNA Synthesis:
The procedure was adapted from reference 2. Amine-modified and unmodified
oligonucleotides were prepared using standard phosphoramidite chemistry on an Applied
Biosystems 3400 DNA synthesizer. Oligonucleotides modified with amines on both the
3’ and 5’ termini were prepared via solid phase synthesis using reagents purchased from
Glen Research, Inc. The solid phase synthesis was performed on 3’-PT-Amino-Modifier
C3 CPG with the 5’-Amino-Modifier C3-TFA phosphoramidite added in the final step of
the solid phase synthesis to leave protected amines at both the 3’ and 5’ ends. In all
instances, the oligonucleotides were cleaved from the resin with concentrated ammonium
hydroxide before being stringently purified with a C18 column. The purified
oligonucleotides were quantified via UV-Visible spectroscopy and characterized via
MALDI mass spectrometry. Complementary single strand DNA was hybridized by
heating equimolar amounts of each strand in buffer containing 5 mM phosphate, pH =
7.1, 50 mM NaCl to 90 °C, followed by cooling to ambient temperature.

4.4.4DNA Reconnection:
The procedure for DNA reconnection has been described in reference 2.
Oxidatively-cut devices prepared above were incubated overnight in BupHTM MES
buffered Saline solution (pH 4.7, Pierce Biotech.) containing 5 mM EDCI and 10 mM
Sulfo-NHS. The devices were then removed from the solution, washed with fresh buffer
solution, and dried with a stream of nitrogen gas for device characterization. The asformed devices were next incubated in the BupHTM Phosphate Buffered Saline solution
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(pH 7.2, Pierce Biotech.) containing 10 µM amine-modified duplex DNA to form amide
bonds between the DNA and carbon nanotube. The bridged devices were removed from
the solution, washed with fresh buffer, and dried with a stream of nitrogen gas for device
characterization.

4.4.5 DNA Methylation and Protein Detection:
The procedure used is the recommended one from the vendor of M.SssI, New
England Biolabs. It is at the following url:
http://www.neb.com/nebecomm/products/productM0226.asp
The DNA-bridged devices were incubated in NEBuffer 2 solution (pH 7.9, New England
Biolabs Inc.) containing 6 nM of M.SssI (New England Biolabs Inc.) and 300µM SAM
(New England Biolabs Inc.) at 37 °C for 1 hour. Subsequently, the devices were removed
from the solution, and dried with a stream of nitrogen gas for electrical characterization.
The experiments without the SAM cofactor were performed under the same conditions,
with the 300 µM SAM excluded.

4.5 Discussions and Conclusion
Thus, we demonstrate, for the first time, DNA binding and methylation by the
methyltransferase M.SssI at the single molecule level using an electrical device. These
studies take the next step in complexity up from our earlier studies in which we used
these devices to detect DNA cutting by a restriction enzyme.[15] Unlike these previous
studies in which detection was achieved by irreversible destruction of the device, here we
detect the sequence-specific binding and activity of M.SssI in a way that leaves the
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device intact, yet reports on the enzymatic reaction.

We observe the result of the

chemical modification to DNA carried out by M.SssI, which alters the protein binding
affinity of the device but not its conductivity. Thus, this work generalizes our CNT
platform for measurements of binding and activity by other proteins whose activity
disrupts DNA-mediated charge transport such as transcription factors and enzymes that
perturb the DNA base pair π-stack upon binding and reaction.
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