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Cost-effective single-walled carbon nanotubes (SWCNTs) and poly(3,4-ethylenedioxythiophene)
nanocomposite-microwire (N-MWSs) electronic biosensor was fabricated by microlithography and
layer-by-layer nanoassembly. Using N-MWs, we not only can achieve accurate large-scale registra-
tion and integration of nanoscale materials into a functional device, but also can enhance the sens-
ing surface area significantly, which can open great opportunities for the cost-effectively fabrication
of ultrasensitive biosensors. Using the binding assay between Protein A and Rabbit Immunoglobu-
lin G (IgG) as a model, measurements find that the N-MWs electronic biosensor, containing carbon
nanotubes (CNTs) and conductive polymers, exhibits field effect and the resistance changes upon
its binding to biomolecules. The effect of the dimensions of the N-MWs on the sensitivity of the

sensor has also been evaluated.

Keywords: Electronic Biosensor, Nanocomposite, Microwire, Layer-by-Layer Nanoassembly,
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1. INTRODUCTION

Easy-to-use, cost-effective and ultrasensitive sensors are
required for a variety of applications in biological, life
science and medical research, security, temperature and
infrared sensing, and environment monitoring.'” The sen-
sitivity and selectivity of all types of sensors are essen-
tially determined by the sensing materials. For the past
decades, a great deal of nanoscale materials such as car-
bon nanotubes (CNTs), nanowires (NWs), nanopores and
nanoparticles (NPs) have been discovered or synthesized
and have shown great potential as advanced sensing mate-
rials, offering super sensitivity otherwise impossible by
other materials.'®!'7 As a result, extensive research efforts
have been devoted to develop sensors based on one dimen-
sional (1-D) materials such as single silicon NWs and
single CNTs,!%12 showing great promise for rapid, ultra-
sensitive biodetection.
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However, 1-D materials and related devices using either
the bottom-up or the top-down fabrication approaches suf-
fer from some limitations. The bottom-up approach has
limitations such as device-to-device uniformity, challenges
of large-scale accurate registration and integration of NWs
or CNTs. The top-down approach has issues such as
expensive and time-consuming fabrication process (e.g.,
e-beam nanolithography), even though it offers great relia-
bility and scalability to produce uniform and well-aligned
Si NWs. !

Nanocomposite materials might be one of the options
to avoid the aforementioned issues to fabricate functional
devices, while still maintaining some unique properties
of single NWs or CNTs such as high surface-to-volume
ratio and extreme sensitivity for sensing applications.
Nanocomposite materials have been evaluated for sens-
ing applications.'®' However, how to fabricate ultrasensi-
tive nanocomposite-microwire electronic biosensors is still
a challenging endeavour. The layer-by-layer nanoassem-
bly is a facile cost-effective self-assembly method for
nanocomposite fabrication, allowing the deposition of
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materials one layer at a time, with precise nanoscale
thickness and abundant choices of material source.?*?*
In this paper, we report a type of electronic micro-
biosensors based on nanocomposite-microwires (N-MWs)
fabricated by combining microlithography and layer-
by-layer self-assembly technology.’*?* The combina-
tion of the conventional microlithography method and
the versatile layer-by-layer self-assembly technology
allows us to fabricate high performance nanocomposite-
microwire (N-MWs) electronic biosensor in a facile, cost-
effective way.

2. MATERIALS AND METHODS

2.1. Chemicals and Materials

Poly diallyldimethylammonium chloride (PDDA) and
poly(3-4-ethylenedioxythiopene)-poly(styrenesulfonate)
(PEDOT:PSS) are the polycations while poly(sodium
4-styrenesulfonate) (PSS) is the polyanion. PDDA
(409014, Average Mw 1,00,000-2,00,000) and PSS
(243051, average Mw 70,000) both were purchased from
Sigma. PEDOT:PSS was also purchased from Sigma
(483095) in a form of 1.3 wt% dispersion in H,O. PEDOT
constitutes 0.5 wt% while PSS constitutes the remaining
0.8 wt% of the dispersion. This conjugation of the poly-
mers has a conductivity of 1 S/cm. Single-walled carbon
nanotubes were purchased from Carbon Solutions Inc.
(AP-SWNT). A suspension of these in deionized (DI)
water was prepared by sonication for a period of 13 hours.
The concentration of nanotubes in the suspension was
25 pg/ml.

Recombinant Protein A produced in E. coli was pur-
chased from Thermo Scientific. Protein A binds specifi-
cally to the Fc region of the rabbit IgGs. The isoelectric
point of protein A is 4.7. Rabbit IgGs used for the exper-
iments were purchased from Sigma. The isoelectric point
for the IgGs lies between 5.8 and 7.3. The working con-
centrations of both protein A and IgG solutions were
1 mg/ml prepared in phosphate buffer. Blocking buffer
SEA BLOCK (SB) was purchased from Thermo Scien-
tific and used to prevent direct binding of the IgGs to the
sensor surface, which may give rise to false positive sig-
nals. Phosphate buffer (1x) of pH 7.5 was purchased form
TEKnova and was used to prepare all the solutions. SB
solution was prepared by taking one part of the SB against
four parts of the phosphate buffer.

2.2. Operational Principle of the Electronic Biosensor
Schematic of a proposed biosensor is shown in
Figure 1(a). The sensing element inside each sen-
sor is the nanocomposite-microwire (N-MW), which
contains single-walled CNTs (SWCNTs) and poly(3,4-
ethylenedioxythiophene) (PEDOT). While CNTs have
both metallic and semiconducting components, PEDOT is
conductive polymeric materials. The biological samples
are delivered to the sensing element through the PDMS

7592

Input Auelectrode Output
(a) npu Wi 7 P

Figure 1. (a) Sketch of a single-walled carbon nanotubes (SWCNTs)
and poly(3,4-ethylenedioxythiophene) N-MW based electronic biosensor
with PDMS microfluidic channel for sample delivery; (b) sketch of an
N-MW (L x W x H) and its close up showing internal CNTs and NPs.

microfluidic channels as shown in the figure. Each sensor
can be used to monitor one specific biomolecule. Arrayed
sensors, which can be easily batch-fabricated on a sin-
gle chip, therefore, can provide multiplexed biosensing
capability.

Assuming the microwire (MW) is a rectangular solid
(Fig. 1(b)) with 20 wm (width) x 0.2 um (height) and
50 pm (length), it can contain hundreds of thousands of
1-D CNTs, 1-D NWs or NPs. As a result, for a MW
with the same length of a single NW or a single CNT, it
offers (i) the surface area for the binding of biomolecules
at least two orders of magnitude larger than that of a sin-
gle Si NW or CNT; (ii) the sensitivity (e.g., detection of
biosamples) at least two orders of magnitude higher than
that of a single NW or CNT-based biosensor. In addition,
the N-MW based biosensor has the following advantages
that are unavailable for a single Si NW and CNT based
biosensors: (i) its simplicity and easiness for large-scale
integration; (ii) its low cost due to the inexpensive fabrica-
tion process by combining optical lithography and layer-
by-layer (LbL) nanoassembly technique.?’*

2.3. Fabrication of the Nanocomposite Biosensor

The detailed fabrication process flow is illustrated in
Figure 2, which involves two major steps: fabrication of
N-MWs by combining optical microlithography and LbL
nanoassembly process and integration of them within a

(a) Au (c) LbL nanoassembly
L
Glass 7V
N-MW
(b) Pl{.otoresist (d) PDMS
—] ' o

Figure 2. Fabrication process flow of the N-MW based biosensor.
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microfluidic chip. Specifically, a silicon dioxide (SiO,)
layer of 500 nm is grown on a silicon substrate. Using a
lift-off process, the Au electrodes are patterned. Then the
molds for N-MWs synthesis are formed in the photoresist.
Thereafter, the wafer is alternately immersed in aqueous
poly(dimethyldiallyl ammonium chloride) (PDDA, MW
200 000, Sigma) and sodium poly(styrenesulfonate) (PSS,
MW 70 000, Sigma) at a concentration of 3 mg/mL and
pH 8, in a sequence of [PDDA (10 min)+ PSS (10 min)];.
The subscript 3 refers to the number of immersion of
the wafer into the PDDA and PSS solutions, respec-
tively. Between immersions, there is an intermediate rins-
ing by deionized water for 1 min followed by drying the
wafer using a nitrogen gun. These six layers of polyion
films enhance the subsequent nanomaterial adsorption in
that they form a uniform and strongly charged precursor.
Thereafter, PEDOT (Sigma) and SWCNTs (Carbon Solu-
tions, Inc.), taken at 25 pg/mL and pH 8 water dispersion,
are added on the precursor layers in the sequence [PDDA
(10 min) +PEDOT (10 min) +PDDA (10 min) + SWCNT
(20 min)],s. The photoresist mold is then removed by ace-
tone and the N-MWs are formed. A polydimethylsiloxane
(PDMS) microfluidic channel fabricated separately using
a soft-lithography process. Finally, the PDMS microfluidic
chip is bonded to the N-MW chip. Note that this method
basically can fabricate N-MWs containing any type of
nanoscale materials with minimum changes in the process
sequences. Hence, it is a simple, inexpensive process of
great flexibility.

3. RESULTS AND DISCUSSION
An optical micrograph and a SEM image of an N-MW are
given in Figure 3(a). The N-MW consists of the CNTs,
PDDA, PSS, and PEDOT with a thickness of 200 nm.
A photo of 4 arrayed N-MW based biosensors is shown
in Figure 3(b) with an integrated PDMS-based microflu-
idic interface for biological sample delivery. The N-MW is
70 um wide and 200 nm thick. Its total length is 1.3 mm
and the length for biosensing is 500 wm, which is inside
the microfluidic channel.

The operational principle of the N-MW biosensor as
shown in Figure 4(a) is similar to that of a single
semiconducting NWs and CNTs.!"'2 The electronic
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Figure 3. (a) Optical micrograph of a fabricated single-walled carbon
nanotubes (SWCNTs) and poly(3,4-ethylenedioxythiophene) N-MW and
its corresponding SEM image; (b) a photo of 4 totally assembled N-MW
based electronic biosensors.
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transducing signal is the resistance/conductance of the
N-MW, which changes when the charged biomolecules
are attached to or in close proximity to it due to field
effect. Specifically, binding of charged biomolecules with
each single CNTs or single nanoparticles within the
N-NWs causes the depletion or accumulation of carri-
ers inside CNTs or nanoparticles. As a result, the resis-
tance/conductance of the nanoscale materials changes, so
does the N-MWs. It should be noted that theoretically
the materials inside the N-MWs can be any kinds of
nanoscale materials as far as they are of field effect elec-
trical properties.

A protein—protein binding assay is used to demonstrate
the operation and biomolecular detection capability of the
N-MW sensors. Specifically, the bioassay of the bind-
ing between Protein A, which is immobilized on N-MW,
and Rabbit Immunoglobulin G (IgG) is performed. As
aforementioned, the blocking buffer SB is used to occupy
locations of an N-MW without immobilized Protein A to
avoid any non-specific binding between Rabbit IgG and
the N-MW. To this end, control experiments have been
performed and the normalized real-time resistance changes
are shown in Figure 4(b). In this case, SB, diluted with
phosphate buffered saline (PBS) solution at ratio of 1:4,
is first applied on the N-MW, while the measurement is
taken every 1 minute. The resistance increases and even-
tually saturates since SB is gradually immobilized on and
occupy all available sites of the N-MW. The PBS solu-
tion is then used to rinse the sensor to remove unbound or
loosely bound SB, and simultaneously the measurements
are taken every 1 minute until the resistance becomes sat-
urated. Thereafter, the rabbit IgG solution with concentra-
tion of 1 mg/ml is applied and then PBS solution is again
used to rinse the sensor. The measurements are taken as the
same as that in the step of applying SB on the N-MW. It
is found that the resistance remains essentially unchanged
after rabbit IgG is applied, which indicates SB can effi-
ciently block non-specific binding between rabbit IgG with
the N-MW. All the measurements are carried out using
a HR2 meter (AlphaLab, Inc.), which can measure resis-
tance up to 1.9999 Tera ohms with an accuracy of +2%
for each reading.

The detailed experimental procedure for binding pro-
cess between Protein A and rabbit IgG is as the following:
Firstly, the resistance of the sensor without any biolog-
ical samples is measured. Secondly, the Protein A solu-
tion is applied, while the measurement continues to be
taken every 1 minute until the resistance becomes satu-
rated. Thirdly, PBS solution is then used to rinse the sensor
to remove unbound or loosely bound Protein A, again the
measurements are taken every 1 minute. Fourthly, the mea-
surements are repeated in the same manner as that in the
second and third step after Sea Block solution is applied
and PBS solution is used to rinse the sensor thoroughly.
Finally, the rabbit IgG solution is applied and then PBS
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(a) Operational principle of the biosensor: The electronic transducing signal is the resistance of the N-MW, which changes upon the binding

of biomolecules with N-MW; (b) control experiment showing the SB can avoid non-specific binding between rabbit IgG and the N-MW.

solution is again used to rinse the sensor. The same mea-
surement procedures are carried out. It should be noted
that measurements have been taken continuously before
and after the sensors have dried.

In these experiments, the concentrations of Protein A
and Rabbit IgG are both at 0.5 mg/ml. Sea Block is diluted
with PBS solution at a ratio of 1:4. As shown in the inset
in Figure 5, the measured resistance shows a clear change
from 8 MQ for the blank N-MW to 24 M) with immo-
bilized Protein A, to 32 MQ after SB is applied on the
sensor and to 38.4 M() after the binding between Pro-
tein A and rabbit IgG. Real-time monitoring of resistance
change of the sensor during this bioassay process is also
shown in Figure 5. The staircase change of the resistance
of the sensor is clearly observed after sufficient incubation
time for each bioassay step. Between each saturated resis-
tance, the resistance is changing gradually, which means
the immobilization of biomolecules (e.g., Protein A and
SB) on the N-MW is a dynamic process, so is the bind-
ing between Protein A and rabbit IgG. It is very clear that
the field effect of the CNTs plays an important role in
the resistance change of these sensors. However, differ-
ent from the single CNT or single NW based devices, the
resistance change of these sensors is an average effect of
the nanomaterials inside the N-MW.

In order to evaluate the effect of the width of N-MW
(while the thickness of N-MW is kept the same at 200 nm)
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0 50 100 150
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Figure 5. Real-time monitoring of the resistance changes of the N-MW
during the bioassay experiments: (1) blank N-MW, (2) Protein A applied,
(3) after PBS rinsing, (4) SB applied, (5) after PBS rinsing, (6) rabbit
IgG applied, (7) after PBS rinsing. Inset is the measured resistance at
step (1), (3), (5) to (7).
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of the sensor on the transducing signals, three types of
sensors with N-MW widths of 20 um (Device#1), 30 um
(Device#2) and 70 um (Device#3) have been fabricated,
respectively. With the change in the width of N-MW in
the sensors, the total sensing surface area exposed to the
samples also changes, which means that the total surface
area available for the biomolecules to bind to changes.
As shown previously, the resistance of the N-NW is influ-
enced by the charges present on the biomolecules. The
change in the resistance of the N-MW is the parameter
observed to determine the presence of the biomolecules in
the test samples. Due to the change in the surface area of
the N-MW, the maximum possible number of the charged
biomolecules influencing the resistance also changes. In
other words, the sensitivity of the sensors is expected to be
dependent on the surface area of the sensing components.

In addition, another important parameter to affect the
sensitivity is the Debye length of the sensor. Debye length
is defined as the length or the distance from the sens-
ing area within which the external charges can have an
effect on the mobility of the carriers within the sensing
surface.'>?

The percentage change in the resistance (response) of
the three sensors for each step is summarized in Figure 6.
The sensors show a very good response to the adhe-
sion or presence of protein A. A big percentage change
(~205% to ~364%) in the resistance can be observed
during the procedure to immobilize protein A on these
sensors (Fig. 6(a)). In contrast, the sensors show a com-
paratively very low response (~0.3% to ~27%) to the
addition of the SB (Fig. 6(b)). This indicates that the
occupancy of the binding sites by protein A leaves very
few spaces for the SB to bind to. This is why a smaller
response is observed during this step (Fig. 6(b)). Note that
at this stage, both Protein A and SB adhere directly to
the surface of the M-MW. When the IgGs are applied and
bind to Protein A through their Fc regions, the resistance
of the N-MW changes due to the “Debye effect” since
IgGs do not directly bind to the surface of the N-MW. As
shown in Figure 6(c), the response of the sensor increases
for the sensor with an increased width (from Device#l
to Device#3), suggesting the increased available binding
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Figure 6. The measured resistance change (%) of sensors with different
widths of N-MW at different steps: (a) After being functionalized with
Protein A; (b) after being coated with SB; and (c) after being applied
IgG. The three sensors have the same thickness of 100 nm and the same
length of 500 wm, but have different widths. Device#1: W; =20 um,
Device#2: W, =30 um, and Device#3: W; =70 um.

sites for IgGs and thus the change of resistance increases.
Based on these experiments, it is evident that Device#3
offers higher sensitivity to detect the molecules (IgGs) in
the binding assay. For the Device#3, at the current stage,
it has been found as low as 50 ug/ml of IgGs can be
detected.

4. CONCLUSIONS

In summary, cost-effective single-walled carbon nano-
tubes (SWCNTs) and poly(3,4-ethylenedioxythiophene)
nanocomposite-microwire electronic biosensors have been
fabricated by microlithography and layer-by-layer technol-
ogy. The combination of optical microlithography and LbL
nanoassembly process paves the way for the simple, flexi-
ble and rapid fabrication of prototype cost-effective ultra-
sensitive sensors. As a technical demonstration, the N-MW
based electronic biosensors have been used to monitor the
binding between Protein A and Rabbit IgG successfully,

J. Nanosci. Nanotechnol. 19, 7591-7595, 2019

showing clear resistance changes at each bioassay step.
The sensitivity of this type of sensor is dependent on the
dimensions of the N-MW. It is anticipated that this type
of sensors can be used to detect a variety of biomolecules
such as disease biomarkers.
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