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Nanobiosensors are devices which incorporate nanomaterials to detect miniscule quantities of biological and chemical agents. The
authors have already developed a novel bionanosensor (BNS) for quick, efficient, and precise detection of bacterial pathogens using
the principles of CNT-DNA interaction and DNA hybridization. The detection ability of the (BNS) was observed to be independent
of the device resistance. Two new methods (low-pass filter (LPF) and curve fitting (CF)) were developed for better analysis of the
BNS. These methods successfully model the BNS. Evidence is provided to elucidate the success of the model, which can explain
the DNA hybridization on the sensor surface. These models successfully demonstrated the detection of DNA hybridization versus
nonhybridization. Thus, the models can not only help in better and efficient design and operation of the BNS, but can also be used

to analyze other similar nanoscale devices.

1. Introduction

Since the advent of nanotechnology, scientists and engineers
have looked forward to the challenges of designing and fabri-
cation of efficient and reliable methods to detect very minute
quantities of biological and chemical agents. A nanobiosen-
sor is defined as a device which incorporates nanomaterials
for detecting microscopic quantities of biological/chemical
agents by measuring changes in the properties of the device
[1]. The change is observed primarily in the physical
properties of the sensor which is subsequently detected. The
two primary methods of response detection for measuring
the change of these properties are optical/spectroscopic [2, 3]
and electrical [4]. Different types of nanomaterials (e.g.,
carbon nanotubes, silicon nanowires, TiO, nanoparticles,
etc.) have been used by researchers [5] to fabricate the
sensors. Among the electrical detection methods, some of
these techniques measure the electrochemical potential [6],
while some others measure the FET transistor characteristics

[7]. An economical carbon nanotube- (CNT-) based bio-
nanosensor (BNS) was developed [8] that can precisely and
reliably detect biological pathogens. This resistance-based
sensor works on the principle of being able to detect DNA
hybridization of the pathogen DNAs. The sensor detects
the change of the electrical properties of the CNT caused
by the wrapping and unwrapping of the single-stranded
DNA molecules on CNTs before and after hybridization. The
specificity of the BNS has also been demonstrated, by observ-
ing that the electrical properties remain unchanged, for a
sensor that does not hybridize (referred as nonhybridized
sensor). It has also been observed that the specificity and
sensitivity of the BNS do not depend on its initial (referred in
this paper as bare) resistance. The fabricated BNS had a wide
range of bare resistances (50 Q2 to 12 KQ), which did not have
any effect on its performance. This paper presents an electri-
cal modeling technique that was developed for understand-
ing the operation of the BNS across such a wide resistance
range, including the detection of DNA hybridization [9].



2. Materials and Methods

The BNS (also sometimes referred as the “sensor”) were
fabricated with multiwalled carbon nanotubes (MWCNT)
mats and had a range of resistances. The resistance is
dependent on the number of carbon nanotubes. However,
the number of carbon nanotubes on each sensor is unknown,
as exhibited in SEM micrograph (Figure 1(b)). Moreover, the
resistance is affected by the orientation of carbon nanotubes.
Consequently, there is an element of randomness built-in
to the sensors. The fabrication technique developed was
similar for all the BNS’s and is independent of the device
base resistance. Since the results did not depend on the
initial base resistance, it was not required to incorporate
precise resistance in the fabrication process. A modified form
of solution-casting method was adopted to fabricate the
sensor surface. The base adhesive substrate was prepared
by mixing 50 mg of tapioca starch to 1000 uL of distilled
water and then microwaving (1000 Watt) the solution in
two steps. It was initially microwaved for 20 seconds, and
then, the process was repeated for another 10 seconds to
completely dissolve the tapioca starch and make it into a
solution. The tapioca starch solution was then deposited
on to the printed circuit board (PCB) sensor area, along
with the MWCNT (Catalytic Solutions 99.9%) solution. The
solutions were then cured for 30 minutes. On curing, the
surface was primed with a thin layer of a single-stranded
DNA primer (Borrelia Burgdorferi or Salmonella Enterica),
in a buffer solution. Silver paint (Electron Microscopy
Sciences, EpoTek) was used for connecting the sensor
to the copper terminals of the Printed Circuit Board
(PCB). Figure 1(a) is the photograph of the BNS while
Figure 1(b) is the scanning electron micrograph of the
sensor showing the multiwall carbon nanotubes (MWCNT)
networks.

These BNS were driven by the frequency generator
( Phillips-PM 5138) in the range of 10 Hz to 10 MHz with
input voltage 1 Volt peak-to-peak and the corresponding
output was measured on the oscilloscope (Phillips-PM
3377). The voltage gain was measured as a function of
frequency by a three-step process. All the measurements
were calibrated with reference to the substrate, contacts, and
curing conditions. Initially, the gain-frequency response was
measured for the bare sensors. Then, the same measurement
was made with the sensor primed with the single stranded
DNA primer. This is referenced in this paper as the base
data. The gain was again measured once the complimentary
DNA strand was added. This is the detection stage of
the BNS and is referenced in this paper as hybridization
stage.

In Figure 2, the gain-frequency characteristics for BNS
with a range of different DC resistances are presented for
some representative BNS in one graph.

Figure 2 shows that for all the sensors the gain attenuates
as the frequency increases. Sensors with lower resistance have
higher gain compared to high resistance sensors. For high-
resistance sensors (above 2 KQ), there is a rolloff in gain
followed by an extremely small change in gain with respect
to frequency.
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This characteristic graph also leads us to classify the
BNS into two categories based on their resistance. The low-
resistance sensors have been classified as devices having
resistances of 510 Q or lower. The high-resistance sensors are
devices having resistance value of 800 Q or higher.

Modeling is a simplified representation of the sensor.
It helps to understand the factors responsible for sen-
sor functionality. It allows the prediction of the sensor
response, if a certain parameter is changed, and also
aids in the improvement of the overall performance. In
order to model a sensor, the electronic circuit simulation
technique has been used. Circuit simulation is reasonably
inexpensive, easily available and not difficult to use, and
it also provides fairly accurate and very fast simulation
compared to nonelectrical simulation methods. Multidisci-
plinary processes are complex as it involves transformation
from one domain to another (e.g., bond graph simula-
tion, which is a graphical representation of a dynamical
system). Thus, it is always beneficial to have the sys-
tems simulated under one domain (i.e., circuit simula-
tion).

The sensors have been molded based on two different
resistance ranges (low and high resistances) by two different
methods, both of which have yielded very similar results.
In the first method, the sensor based on a low-pass filter
(LPF) using MULTISIM (LPF model) was modeled, while in
the second method, the data was mathematically fitted, and
then, equations were solved for the circuit parameters using
MATLAB (curve fitting model-CF model).

2.1. Modeling the Sensor Based on LPF. As observed, the char-
acteristic curves for all the sensors relate to the characteristics
of a LPF [10, 11]. Hence, using the standard formula of a
cutoff frequency in a LPF, the sensors were molded

1
I'= ke
Here, f = Cutoff frequency in Hertz, R = Resistance in Q, C =
Capacitance in Farads.

From the observed characteristics, curve frequency “f”
was determined and for a known value of resistance “R” for
sensors, Capacitance “C” was designed. Then, subsequently
the sensors were modeled as RC circuits using MULTISIM.
The modeled RC circuits were simulated with frequen-
cies ranging from 10Hz to 10 MHz. The gain-frequency
responses for these models were very similar to the patterns
that were observed from the experimental data. This can be
observed in Figure 3(a), where a model for the 219 Q) sensor
has been simulated and then overlaid with the experimental
data. Figure 3(b) depicts a similar match for the modeled
and the experimental data for high-resistance (11.52KQ)
SEensors.

The RC circuit model of the 219 Q sensor is demon-
strated in Figure 4. As can be observed from the Figure 4, the
modeled circuit has capacitance of 68 pE.

Modeling other sensor resistances with the LPF model
has also shown a similar response with the experimented
data.

(1)
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FIGURrE 1: (a) Photographic image of the BNS depicting 3 sensors which are the black spots in the image. (b) SEM-micrograph of the BNS.

This micrograph is of the black regions of (a).
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FIGURE 2: Gain-frequency response for sensors having resistance
from 70 Q to 11.52 KQ.

2.2. Sensing and Detection with the Sensor. After successfully
developing the modeling technique, the sensors were exam-
ined for their detection capacity. They were examined using
deoxyribonucleic acid (DNA) primers to determine if the
model can assist in the determination of DNA hybridization.
DNA is a double-stranded biological molecule that has
instruction about genes for the biological development of all
cellular forms of life [12, 13]. Hybridization is the process
where one strand of the DNA (F-DNA) bonds together
with the other complementary strands (R-DNA) to form a
double helical DNA structure. This bonding combination is

very specific and does not occur even if one DNA strand
is misaligned by a single base pair. The converse of this
hybridization is known as nonhybridization, where the two
single-strand DNAs do not combine to form a double helical
structure.

Single stranded DNA is known to comfortably wrap
around CNT (carbon nanotube) [14]. The process of
bonding is energetically favored, through Van der-Waals
forces. However, when this F-DNA finds its complementary
strand (R-DNA), then the bonding between the DNA strands
are significantly stronger (hydrogen bond) which causes the
single stranded DNA to unwrap from the CNT and hybridize
itself with its complementary primer. This causes a change
in electrical properties of the CNT and subsequently the
detection efficacy of the BNS. In the DNA nonhybridization
process, the F-DNA does not make bonds with its non-
complementary (R-DNA) primer and single-stranded DNA
continues to wrap around CNT. The electronic property of
DNA [15, 16] can lead to some higher order interference,
which is not significant in the scale of the BNS.

2.3. Experiments on Sensor with DNAs. The final single
strand of DNA (R-DNA) as well as the F-DNA (which was
added in the priming process) needs to be delivered in an
ionic medium, known as buffer, to keep the DNA intact. For
every sensor, the base data was gathered with the sensor being
primed by the buffer but without any DNA strands. This is
shown in Figure 5 as the “buffer” data.

In Figure 5(a), the gain-frequency plot for a typical
low resistance sensor (70 Q) in the hybridization detection
process is presented. Here, it can be observed that the gain-
frequency plot shifts downwards (lowering the gain), as the
sensor is primed with the F-DNA. It also shifts further
downwards on the addition of R-DNA detecting the DNA-
hybridization. Hence, it can be inferred that for a low
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F1GURE 3: (a) Comparison of the gain-frequency response of a sensor modeled low resistance (219 ) resistance) with the actual experimental
data. (b) Comparison of the gain-frequency response of a sensor modeled high resistance (11.52 KQ resistances) with the actual experimental
data. The “sensor” implies the experimental data, and the “model” implies modeled/simulated data using MULTISIM.
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FiGURE 4: MULTISIM model of sensor having resistance 219 Q.

resistance sensor the gain decreases with the increase in
frequency signaling the detection of DNA-hybridization.

In Figure 5(b), the similar gain-frequency plot for a high
resistance sensor (2.52 KQ) is presented. Contrary to the low
resistance sensor, it can be inferred that the gain increases
with increase in frequency as sensor detects hybridization.

Similarly, the plots showing DNA nonhybridization is
presented in Figure 6. The gain-frequency curves of buffer
and R-DNA (nonhybridizing DNA) almost overlap irrespec-
tive of their resistances. This behavior shows that the sen-
sors can distinguish between hybridized and nonhybridized
DNA.

Note. The hybridizing DNA pair used in the experiment was
obtained with Borrelia Burgdorferi (Borrelia-Forward and
Borrelia-Reverse (BR)) and the nonhybridizing DNA pair was
obtained with Borrelia-Forward (BF) and Salmonella-Reverse
(SR).

3. Observation and Results

Based on the gain-frequency characteristics, the sensors were
classified as the following:

Group-(1) low resistance sensors: ranging from 10 Q
to 510 Q).

Group-(2) high resistance sensors: ranging from
800 Q) to 12 KQ.

Each of these groups was analyzed and modeled by LPE
According to LPE, the capacitance of the equivalent model
of the circuit was calculated using a cutoff frequency. As
representative example of Group-1, a sensor with 70 Q) bare
resistance was chosen. With this cutoff frequency, it was
observed that the designed capacitance of the sensor exhib-
ited almost a fivefold increase from 239.3 pF to 1034 pF. This
increase is from the base characteristics to the hybridized
characteristics of that sensor. Since the Group-2 sensors had a
different gain versus frequency characteristics, a 2.52 KQ bare
resistance sensor was chosen as a representative example. In
this case the cutoff frequency was iteratively determined from
the average of the start and the plateau of the gain behavior.
It was also observed that in this case the designed capacitance
of the sensor circuit decreases marginally from 18.3 pF to
14.19 pE. To demonstrate the sensing ability of the sensors,
nonhybridization DNA data was presented demonstrating
that the capacitances of the sensor circuits remained same
after adding the R-DNA (nonhybridized).

To authenticate the LPF model, the groups of resistances
was alternatively modeled, by a more rigorous and quantita-
tive, curve-fitting model (CF). According to this model, the
gain-frequency data was fitted by a second degree polynomial
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FIGurek 5: (a) The gain versus frequency plot for a low-resistance sensor detecting the DNA hybridization process. It can be observed that
the gain of the hybridized sensor is lower than the original (buffer or base). (b) The gain versus frequency plot for a high-resistance sensor

in the sensor detecting the DNA hybridization process. It can be observed that the gain of the hybridized sensor is higher than the original
(buffer or base).
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FIGURE 6: (a and b) The gain versus frequency plot for the sensor detecting the DNA nonhybridization process. It can be observed that the
gain of the nonhybridized sensor is similar to the original (buffer or base). Each graph represents a sensor with different resistance.

(quadratic) for the Group-1 and Group-2 sensors. This The equation of the gain-frequency relation for the
polynomial equation was solved to determine the cutoff  quadratic curve fit is given as follows:

frequency which was then subsequently used to design the
capacitance equivalent of the sensor circuit. The algorithm
for curve fit technique is explained below. where, y is the gain (Known); g, b and k are constants.

y=az?+bz+k, (2)



TaBLE 1: The capacitance calculated from the circuit models (LPF
and CF) for a low resistance sensor.

Capacitor Capacitor

(designed) (calculated)
BASE 239.3 pF 229.75 pF
Hybridized DNA 1034 pF 1038 pF

TaBLE 2: The capacitance calculated from the circuit models (LPF
and CF) for high resistance sensors.

Capacitance Capacitance

(designed) (calculated)
BASE 18.3 pF 18.31 pF
Hybridized DNA 14.19 pF 16.21 pF

TaBLE 3: (a and b) The capacitance calculated from the circuit
models (LPF and CF) for nonhybridizing DNA sensors.

(a)

. Capacitance Capacitance
90 Q resistance (designed) (calculated)
BASE 313 pF 322pF
Nonhybridized DNA 313 pF 316 pF
(b)
. Capacitance Capacitance
320 Q resistance (designed) (calculated)
BASE 58 pF 58 pF
Nonhybridized DNA 58 pF 58 pF
And
xX—m
z= ; 3)
n

where frequency (x) is scaled through (3) using MATLAB;
(m) and (n) are constant scaling factors. Equation (2) is
reduced to

az?+bz+k—y=0. (4)

Since (k) and (y) are constants, using k — y = ¢ and
simplifying (4) yields

az? +bz+c=0. (5)

The roots of this equation are

—b + /b? — dac

7= ———". (6)
2a

Substitution of (3) in (6) will produce

‘e [bi\/bzélac

P } * n+m. (7)

Equation (7) has two roots. Since (x) is a frequency, it can
also be matched to the LPF model

1
© 27RC’

(8)

X
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Substituting (8) in (7), the value of capacitance (C) can be
evaluated for a given resistance value. Following is the curve
fit solver for low- and high-resistance sensors.

Figures 7(a) and 7(b) show how the curve-fitting model
compares with the experimental data for the base and
hybridized sensor, respectively. The quadratic equations are
illustrated under the curves. Table 1 shows the value of the
capacitances calculated (LPF) and the designed (CF) for the
two models. It can be observed that there is a close match
between the values.

Figures 8(a) and 8(b) are the graphs showing the curve
fitting model with the experimental data for the base
and hybridized for a high-resistance sensor, respectively.
The second degree polynomial was the closest fit for the
relevant cutoff frequency regions of the gain-frequency
graph. The equations are illustrated under the respective
curves and the calculated (LPF) and designed (CF) values
of capacitances are shown in Table 2. These values are
quite similar, thus, demonstrating a close match of the
models.

Similar comparison processes for calculating the capac-
itances between the LPF and CF models were applied,
for the sensors where nonhybridization experiments were
performed. Table 3 shows the designed and calculated capac-
itance for nonhybridizing sensors. There was a close match
between the designed and calculated capacitance values
authenticating the LPF model.

4. Discussion

On combining the experiments with the modeling parame-
ters, the following were observed.

The low resistance sensors on being hybridized, that is,
after receiving second primer (R-DNA), show an increment
in the value of capacitance, whereas for very high resistance
sensors, there is a decrement in the value of capacitance.
Figures 9(a) and 9(b) histogram plots indicating the changes
in capacitance for very low and high resistance sensors.
The capacitance remains constant when there is no DNA
hybridization (nonhybridization) occurring on the sensor.
This behavior is illustrated in Figures 10(a) and 10(b),
respectively. Thus, the BNS detects DNA hybridization by a
change in the capacitances, and this process is independent
of the bare resistances of sensors.

The reason for the different trends in the capacitor
change is critical in understanding the operation and per-
formance of a BNS. The change in the capacitance can be
understood using the RC circuit model. Figure 11 is the
circuit model which is applicable to both very low- and high-
resistance sensors.

After adding buffer; the capacitance for both; very low-
and very high-resistance sensor increases [17]. The sensor is
cured after it receives buffer and that causes buffer to spread
throughout the sensor. Once the AC voltage is applied, the
capacitance caused by buffer will experience the same voltage
as of the capacitance caused by the bare sensor. This gives
the base capacitance of the sensor. In the case of the low-
resistance sensors, it was observed that the gain depends
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FIGURE 7: (a) and (b) represent the curve fitting technique applied on the 70 Q) Base and Hybridized sensor, respectively. Equations
underneath respective figures represent the gain-frequency relationship. Using the above equations, the capacitance for the sensor with
known resistance was calculated and it resulted in a value comparable to the designed capacitance. Table 1 represents the designed and
calculated capacitance (from above equations).
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FiGure 8: (a) and (b) represent the curve fitting technique applied on the 2.52 KQ bare and hybridized Sensor, respectively. Equations
below the respective figures represent the gain-frequency relationship. Using the above equations, the capacitance for the sensor with known
resistance (2.52 KQ) was calculated, and it was closely comparable with the designed value of capacitance. Table 2 represents the designed
and calculated capacitance.
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FIGURE 9: (a) Designed capacitance change from BASE to hybridized DNA for sensor having 70 Q bare resistance. (b) Designed capacitance
change from BASE to hybridized DNA for sensor having 2.52 KQ bare resistance.
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FiGurk 10: (a) Designed capacitance remains the same from BASE to hybridized DNA for sensor having 90 Q) bare resistance. (b) Designed
capacitance remains the same from BASE to hybridized DNA for sensor having 320 Q bare resistance.

on the frequency, and so, the impedance of the sensor is
predominantly capacitive.

From the models (LPF and CF) discussed earlier, it was
observed that on hybridization, the capacitance of the sensor
increases by almost a fivefold for the low-resistance sensors.
Hybridization occurs when the complementary primer (R-
DNA) is added to the sensor. At this stage the F-DNA,

which was already on the surface of the sensor, wrapped
around CNTs leaves the host (CNT) and starts bonding
with the F-DNA. This creates additional parallel channels
of capacitance. Some of these new capacitance channels are
quite large, since it is created from the void left over by
the F-primer. The extra channel capacitance, is connected
in parallel to the earlier capacitances of the base sensor,
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_ T Co
Figure 11: RC model for sensor with C, (buffer capacitance) in
parallel.

and hence increases the overall capacitance of the hybridized
Sensor.

The gain for the high-resistance sensors remains constant
over the major frequency domain (after the initial drop),
where the measurement was performed. This implies that
the impedances of these sensors are not frequency depen-
dent and, therefore, are primarily resistive. Hence in the
hybridization stage the unwrapping of the DNA does not
cause any significant increase of the capacitance. This is
possible only when the additional small capacitance caused
by the hybridization is connected in series to the original
capacitance of the base sensor. This leads to a small decrease
in capacitance of the hybridized sensor which matches with
the experimental observation.

However, for the nonhybridization process, the capaci-
tance of R-DNA was similar to that of the buffer. The F-
DNA on the MWCNTs will not make any bonds with R-
DNA, and as a result, the R-DNA will again wrap around the
MWCNT. This will neutralize the capacitance caused by the
F-DNA, and hence, the final capacitance is same as the buffer
capacitance.

5. Conclusion

Successful frequency dependent models showing the oper-
ation of the BNS were developed. The models were able
to analyze data for both low- and high-resistance sensors
and hence were independent of sensor resistances. The
results from both the electrical circuit models (LPF and
CF) were consistent with each another. The CF model
is more quantitative and can provide information on the
concentration of the hybridized and nonhybridized DNA in
a particular sample. Both of these models hypothesized the
BNS to be working like an RC circuit with the capacitance
playing a major role in the results. Even though the
characteristic curves of the low- and high-resistance sensors
are very different from each other the sensor performance, it
is independent of their resistances. The modeling not only
aids in understanding the working principle of the sensor
but also enables its efficient design leading to the optimal
operation frequency range. These models will be very useful
in studying other types of sensors leading to their optimal
performance.
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