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ABSTRACT 
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sensing platform using a carbon nano
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a single point to which we can covalentl
DNA molecule.  Two-level fluctuation
conductance of the carbon nanotube whe
in a liquid buffer solution containing 
target DNA.  We show that the autoco
conductance can be used to extract DN
kinetics.  The results are comparable to t
through a hidden Markov model. 
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INTRODUCTION 
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for probing DNA hybridization 
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In this work, we present the 
field-effect based sensing platform
biomolecular dynamics and employ it t
hybridization.  After probe DNA is coval
a point defect in a carbon nanotube (CNT
measure two-level fluctuations in 
conductance due to hybridization and
complementary DNA target.  
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Figure 1: System Setup. 
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We have further analyzed the defect of

using scanning gate microscopy (SGM
method, the tip of an atomic force micr
and the conductance of the nanotube is m
position of the tip above the surface of 
sensitivity of the device can be analysed. 
negatively biased tip (at -5V) 20 nm abov
the resulting SGM image is overlaid with
of the pristine semiconductor nanotube d
which clearly shows the Schottky barrier
After point functionalization, the sens
highly localized to a small region (Fig. 
show that this defect is also chemically r
covalently attached a gold-labeled strep
particle can be found at the position of hi
in Fig. 3c. 

 

Figure 3:Combined SEM/SGM image b
oxidation (b) and after coupling (c). Scale ba
 
DNA HYBRIDIZATION DYNAMI

 
A 10-mer DNA prob

(NH2-5’-GGAAAAAAGG-3’) is covale
the freshly created carboxylic acid defe

 
defect creation. 

f the nanotube by 
M) [3].  In this 
roscope is biased 
monitored at each 

the chip and the 
 We have used a 

ve the surface and 
h the topography 
device in Fig. 3a, 
rs (darker areas).  
sitivity becomes 
3b).  In order to 

reactive, we have 
ptavidin.  A gold 
ighest sensitivity 

 
before (a), after 
ar is 500nm. 

ICS 

be molecule 
ently attached to 
ect by a standard 

coupling reaction using 1-et
pyl) carbodiimide (EDC
succinimide (sulpho-NHS). 
device with deionized 
measurements are taken in
buffered saline) using the p
gate and applying a small 1
Without adding complement
features are observed and 
flicker noise as shown in F
complementary target (1 
two-level fluctuations appea
(SNR) of greater than 3 (sh
trace in Fig. 4). 

 
Figure 4: Real time measureme

 
We have previously a

thermodynamics of these 
interpreted the low conduct
duplex DNA (hybridized sta
state as a device with solely
consistent with low tempe
sensing experiments [6] us
defects where the defect re
Frenkel-Poole emission.  Th
charged DNA target mol
modulation, which yields the
CNT conductance.  In addi
decrease in the conductan
non-specific adsorption to th
platinum electrode.   

Figure 5: Time Lag Conductan
exposure to complementary DN

thyl-3-(3-dimethylamino pro- 
C) and sulpho-N-hydroxy- 

 After thoroughly rinsing the 
water, all subsequent 

n 1X PBS buffer (phosphate 
platinum electrode as a liquid 
100 mV source to drain bias. 
tary target DNA, no particular 
the device is dominated by 

Fig. 4.  After the addition of 
μM 5’-CCTTTTTTCC-3’), 

ar with a signal to noise ratio 
hown in the lower real time 

 

ent of CNT conductance. 

analyzed the kinetics and 
fluctuations [4] and have 

tance state as a device with 
ate) and the high conductance 
y probe DNA.  This model is 
erature studies [5] and gas 
sing carbon nanotubes with 
epresents a tunnel barrier or 
he attachment of a negatively 
lecule results in a barrier 
e two-level fluctuations in the 
ition, there is a small overall 
nce, which we attribute to 
he nanotube sidewall and the 

 
nce plot before (a) and after (b) 
NA. 

883



In order to clearly show the two states, we have used a 
time lag plot (TLP) [7], which is a two dimensional 
histogram of the conductance at consecutive data points. 
Fig. 5A shows the single state in the TLP with probe DNA 
only.  Fig. 5B shows the two states after adding 
complementary DNA target.  
 
EXTRACTION OF DNA KINETICS 

One method to extract the kinetics is by idealizing the 
fluctuations using a hidden Markov model (HMM) and 
then exponentially fitting the dwell time histograms (Fig. 
6a) [4].  There is a dominant kinetic mode characterized 
by very fast transitions (labeled “dominant kinetics” in 
Fig. 6a) and very slow transitions (labeled “non-ergodic 
intervals” in Fig. 6a).  These long tails in the dwell time 
histograms are from time intervals where the fluctuations 
stop (as shown in the inset).  

 

 
Figure 6: Kinetics extraction: HMM based (a) and 
autocorrelation based (b). 

 
Another method to extract the kinetics is by taking the 

autocorrelation of the conductance.  This method has been 
used for FCS based experiments when the FRET intensity 
levels cannot be clearly identified and the SNR ratio is 
low.  The autocorrelation of the conductance G(t) is given 
by        

                   A(τ) =
G(t)G(t + τ )

G(t)
2 −1     (1) 

 
We have plotted the autocorrelation of the 

conductance in Fig. 6b for a device with no target DNA 
and then immersed in 1 μM target DNA.  Ideally, the 
autocorrelation should fit to an exponential, but because 
of noise (mostly flicker noise in the carbon nanotube), a 
stretched exponential function was shown to best fit the 
data.  Similar to FCS experiments, the autocorrelation can 
then be fit to  
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This equation has been used for fitting both the 

dominant and the non-ergodic time intervals as shown in 
Fig. 6b.  The extracted dwell time τ is a combination of 
the high and low rates, given by 1/τ=1/τhigh+1/τlow. 
Previously, we have shown that the melting curve of the 
DNA can be extracted by fitting a Gaussian function to 
the high and low conductance levels.  The melting curve 
gives the ratio of the two rates as M= τhigh/(τhigh +τlow), 
which can be used to compute khybridizing = (1-M)/τdom and 
kmelting=M/τdom. 

In order to extract the melting curve, we have used a 
circular heater/refrigerator to control the temperature of a 
water reservoir, which in turn heats or cools down the 
temperature inside the microfluidic setup in Fig. 1 up to 
±0.1 °C.  The conductance of the CNT device was 
monitored using a current preamplifier for 8-minute time 
intervals at different temperatures.  Fig. 7 shows the 
extracted melting curve from the Gaussian fits (inset of 
Fig. 7).  We have only used time intervals without 
substantial non-ergodic sections in order to accurately 
extract the melting and hybridization rates. 

 
Figure 7: Melting curve. Inset shows example of Gaussian fits. 
  
Finally, the kinetic rates at different temperatures can be 
extracted to create an Arrhenius plot to show the kinetic 
rates as an inverse function of temperature.  Fig. 8a shows 
the Arrhenius plot using the Hidden Markov Model and 
Fig. 8b using autocorrelation.  The Arrhenius plots using 
the two different methods are similar.  Both plots show a 
shallow slope for both melting and hybridization rates at 
lower temperatures and then a sharp transition around the 
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melting temperature.  The slight difference in the 
Arrhenius plots (the hybridization and melting rates show 
a greater difference both at high and low temperatures for 
the autocorrelation extracted one) is likely due to some 
residual non-ergodic intervals in the melting curve.  
 

 
Figure 8: Arrhenius plots showing kinetic rates: kinetics were 
extracted based on (a) HMM and (b) autocorrelation. 
 

CONCLUSION 
We have presented a method to create a carboxylic 

acid defect in a carbon nanotube, which can be used to 
covalently attach biomolecules.   As a proof of principle, 
we have studied the hybridization kinetics of a 10-mer 
DNA duplex.  We have shown that both a hidden markov 
model and the autocorrelation of the conductance can be 
used to extract the kinetic rates and create an Arrhenius 
plot.  
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