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ABSTRACT

Silane-based methods have become the standards for the conjugation of biomolecules, especially for the
preparation of one-dimensional nanomaterial biosensors. However, the specific binding of those target
molecules might raise problems with regard to the sensing and non-sensing regions, which may contam-
inate the sensing devices and decrease their sensitivity. This paper attempts to explore the encapsulation
of biomolecules on a one-dimensional nanomaterial field effect transistor (FET) biosensor using polypyr-
role propylic acid (PPa). Specifically, the encapsulation of biomolecules via the electropolymerization of
pyrrole propylic acid (Pa), a self-made low-conductivity polymer, on TiO,-nanowire (NW)-based FETs
is presented. The energy dispersive spectrum (EDS) was obtained and electrical analysis was conducted
to investigate PPa entrapping anti-rabbit IgG (PPa/1°Ab) on a composite film. The specificity, selectiv-
ity and sensitivity of the sensor were analyzed in order to determine the immunoreaction of PPa/1°Ab
immobilized NW biosensors. Our results show that PPa/1°Ab achieved high specificity immobilization on
NWs under the EDS analysis. Furthermore, the TiO,-NW FET immunosensor developed in this work suc-
cessfully achieved specificity, selectivity and sensitivity detection for the target protein rabbit IgG at the
nano-gram level. The combination of PPa material and the electropolymerization method may provide

an alternative method to immobilize biomolecules on a specific surface, such as NWs.

Crown Copyright © 2010 Published by Elsevier B.V. All rights reserved.

1. Introduction

In recent years, one-dimensional (1-D) nanomaterials (e.g.,
nanowires, nanorods and nanotubes) field effect transistors (FETSs)
have attracted much attention in biosensing research and related
applications due to their high sensitivity and specificity for rapid
analyte detection (Cui et al., 2001a; Patolsky et al., 2006a; He et
al., 2008). Many studies have illustrated the fabrication of nanos-
tructure sensors using semiconducting 1-D titanium dioxide (TiO;)
materials. Immunosensors and gas sensors made of TiO, nanowire
(NW) devices have been successfully developed with acceptable
sensitivity for Listeria monocytogenes, humidity and hydrogen gas
detection (Varghese et al., 2003; Li et al., 2010; Wang et al., 2008). A
TiO, matrix with a 1-D structure is an easily manufactured material
with stable chemical and photo-chemical properties, as well as bio-
compatibility in biological systems (Li et al., 2010; Bao et al., 2008).
An important benefit of 1-D nanostructure TiO, materials is their
wide energy band gap (between 1.8 and 4.1 eV), which may provide

* Corresponding author. Tel.: +886 6 2757575x63426; fax: +886 6 2343270.
E-mail addresses: hcchang@ccmail.ncku.edu.tw, hcchang@mail.ncku.edu.tw
(H.-C. Chang).

a better sensitivity range than those of other available matrices for
FETs (Wang et al., 2008).

The specific antibody-antigen reaction is an important part of
all nanostructure-based materials for biosensors and immunosen-
sors. Here, biomolecules provide the specific ability to recognize
target substances (e.g., proteins, antigens, and peptides) via affin-
ity adsorptions. Many chemical- and physical-based methods,
such as silane linking (e.g., APTMS, APTES or APDMES) or poly-
mer entrapment (e.g., PEI/PEG), are well-established protocols for
immobilizing biomolecules on matrices (Star et al., 2003; Katz
and Willner, 2004; Zheng et al., 2005; Byon et al., 2008). To date,
the majority of research on biomolecule immobilization methods
has been on the sensing and non-sensing regions. A number of
studies have shown that biomolecules can be encapsulated via
the electrochemical polymerization (ECP) of a conducting poly-
mer on the sensing area of the biosensor device (Lange et al.,
2008; Ramanathan et al., 2007). Unfortunately, the thin-film for-
mation via the polymerization of conducting polymers used in ECP
- based immunosensor studies seems to be inapplicable to 1-D
nanomaterials for FET biosensor development, as an FET sensor
coated with a higher conductivity ECP may lose its semiconduc-
tor functions owing to increasing the electron transfer rate. In our
previous works, a self-made electrochemical polymerizable con-
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Fig. 1. (a) Structure of pyrrole propylic acid before and after ECP, and (b) the exper-
iment setup of the ECP system.

ducting material, polypyrrole propylic acid (PPa), was shown to
be a good material for immunosensor development because of its
poorer conductivity compared to those of other commonly used
materials (e.g., polyaniline, polypyrrole) (Lange et al., 2008; Gerard
et al., 2002) (Fig. 1a). More details on the preparation and char-
acterization of PPa can be founded in our previous works (Dong
et al., 2006, 2007; Hu et al., 2007), and the practicality of the pro-
posed PPa material and biomolecule immobilization approach were
demonstrated through the TiO,-NW-based FET.

This study focuses on an elementary understanding of
biomolecule encapsulation on a 1-D nanomaterial FETs biosen-
sor by PPa, and the basic operating protocol for the ECP of
PPa/biomolecules matrices is also provided. Immunoglobulin G
is a commonly used protein for the specific adsorption of
biomolecules, and has been well studied in much previous research
on immunosensors and immunoanalyzation (Dong et al., 2006;
Storri et al., 1998; Wilson and Nie, 2006; Chen et al., 2010; Hu
et al., 2010). In this paper, the anti-rabbit IgG was selected as
the receptor protein (1°Ab), which was encapsulated on the TiO;-
NW-FET-based electronic immunosensor via polymerization of a
low-conductivity polymer for specific recognition of an antigen
(rabbit IgG, 2°Ab). In brief, specific 1°Ab was encapsulated via the
ECP of PPa film onto the patterned TiO, NW surface for affinity reac-

tion. The conductance changes during the modification processes
were measured and recorded. The before and after affinity binding
were analyzed. The fabrication processes, detection mechanisms,
and advantages of using PPa are described in detail.

2. Experimental details
2.1. TiO>-NW-based FET device

The fabrication of the NW-based FET device was similar to as
stated in previous works, with some slight modifications. The first
step was the synthesis of TiO, NWs by using a simple hydrother-
mal method. Briefly, 75 mg of TiO, powder (Degussa P25) was
added to 10mL of 10M NaOH solution in a Teflon-lined auto-
clave and placed in a furnace at 200°C for 24 h, and then cooled
to room temperature (RT). The resulting product, sodium titanate
(NayTi3O7) NWs, was then transformed into hydrogen titanate
(H,Ti3O7) NWs after being immersed in 50 mL of 1M HNOs3 for
1 h and washed with 3 L of deionized water. TBAOH (tetrabutylam-
monium hydroxide) solution containing 1 mg/mL of H,Ti307 NWs
was then pulled and spin-coated onto the silicon substrate (P100,
resisitivity: 0.01-0.05 €2, 100-nm-thick thermal oxide layer at pol-
ished side) with patterned 15 wm gap gold/titanium (150/50 nm)
electrodes. An average of 72 & 10 pieces of the NW-coated substrate
with an area of 100 wm? was obtained from each batch procedure.
The coated H;TisO; NWs devices were then further transformed
into TiO, NWs devices after 3 h of thermal treatment at 650°C.

2.2. Encapsulization of biomolecules on the device

The three-electrode system setup for encapsulating structured
PPa/1°Ab on the TiO,-NW FET device via ECPis illustrated in Fig. 1b.
Based on the method in previous research and with slight modifi-
cations, the following conditions were used for the parameters and
electrolyte concentration throughout this work (Dong et al., 2006,
2007, 2008; Hu et al., 2007, 2008; Lu and Li, 2008.). The electrolyte
was prepared by adding 100 wg/mL of 1°Ab to phosphate buffered
saline (10 mM PBS) containing 15 mM of pyrrole propylic acid (Pa)
monomer under gentle mixing at 25 °C for 15 min. The mixed solu-
tion was cast and a thin PPa/1°Ab film formed on the surface of the
TiO, NW after ECP using the cyclic voltammetry method (voltage
of 0 to 0.76 V for 20 cycles, scan rate of 0.1V/s, Ag/AgCl reference
electrode and Pt counter electrode). The current-voltage diagram
shows that the current increased dramatically in the first 20 cycles,
which indicates that the mixture of PPa/1°Ab was gradually poly-
merized on the surfaces of TiO, NWs and the metal. After 20
scanning cycles, the observed saturation current indicated that the
formation of a PPa/1°Ab film. Biomolecules can be attached to the
PPa surface or entrapped in the PPa polymer network easily owing
to its enriched carboxyl groups (Dong et al., 2006). To develop 1-D
based immunosensors, the biomolecule copolymer film was fur-
ther embedded specifically on the surface of the NW, which may
preventing contamination of biomolecules on non-target areas (out
of NWs).

2.3. Analyte properties

All analyte solutions containing 2°Ab and anti-human IgA were
prepared from stock solutions by a series of dilutions in 10 mM PBS.
Adjusted 2°Ab with final concentrations of 119 pg/mL, 1.19 ng/mL,
2.38ng/mL, 5.95ng/mL, and 11.9ng/mL were obtained for the
performance studies, including specificity, selectivity and sen-
sitivity analyses. Another adjusted mixture with 12.3 ng/mL of
anti-human IgA was used for the selectivity analysis. Briefly, the
prepared PPa/1°Ab-coated device was exposed to 10 uL of the
above-mentioned analyte solutions at RT for 5 min. The device was
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then thoroughly rinsed three times with 10 mM PBS and deion-
ized water, then subsequently dried under N, gas and placed in a
vacuum oven at RT for 5 min. After drying, the biomolecule conju-
gated PPa/1°Ab-coated device was assembled and connected to the
electrical analyzer for electrical properties analysis.

2.4. Morphology and structure of the NWs

A scanning electron microscope (SEM, JEOL 6700F) and trans-
mission electron microscope (TEM, Hitachi H-7500) were used to
analyze the morphology of the NW and devices. The surfaces of the
NWs were coated with ultra-thin gold layer and examined under
an SEM operated at a 10 kV accelerating voltage. An energy disper-
sive X-ray spectroscope (EDS, OXFORD INCA400) was attached to
the SEM. Moreover, Raman scattering spectrum analysis (Raman,
Thermo DXR) was conducted to further characterize the prepared
NWs specimens.

2.5. X-ray microanalysis of the devices

To obtain the PPa/1°Ab distributions and locations on the NW-
devices, element analyses were conducted using EDS. The devices
were examined under an SEM operated at a 15 mm working dis-
tance and 13 A probe current. The spectrum acquisition setup of the
element distribution was collected using the line-mapping mode
and an X-ray detector operated at one process time and 600 s acqui-
sition time. The spectrum acquisition setup of the element ratio was
collected using the rectangle-scanning mode and an X-ray detector
operated at six process times and 100 live-time.

2.6. Electrical measurements

A characterization curve plot showing the changes in the drain
current (Ip) together with drain-source voltages (Vps) is an impor-
tant diagram to better understand the electrical properties of such
devices. Briefly, the analyzing probes, which act as the back-gate,

drain, and source electrodes, were connected between the analyzed
device and Sourcemeter system (KEITHLEY, 2612) via the triaxial
cables, and the signal was recorded using LabTracer. Various gate-
source voltages (Vs ) were applied to the silicon substrate (Vgs = —4
to 8 V) to monitor the changes of I for —5 to 10V of sweep Vps. To
avoid external electrical interference on the measurement results
at the lower current analysis, all of the electrical analysis in this
work was prepared and undertaken within a shielding box.

3. Results and discussions

The major focus of this research was to develop an alter-
native method to the conventional silane linker approach for
biomolecule immobilization, which may easily contaminate non-
sensing regions and cause lower sensitivity. To accomplish this, the
ECP method was applied and investigated for in situ polymerization
of PPa/1°Ab on a 1-D nanomaterial FET. The investigation centered
on PPaimmobilization and TiO, NW-based FETs, as a number of fac-
tors indicate that these matrices may be suitable for the particular
demands of an immunosensor. The preparation and characteriza-
tion procedure of the TiO,-NW and TiO,-NW-based FET device, and
the ECP of PPa together with IgG molecules will be fully studied in
this work, along with the specific recognition of target proteins. The
sensitivity of the designed TiO,-NW FET is also presented.

3.1. Characteristics of TiO; NWs and TiO,-NW-based FET device

The morphologies and structural properties of TiO, NWs and
the related FET device were characterized under SEM and TEM.
Fig. 2a and b shows the SEM and TEM images of TiO, NWs, respec-
tively. The average diameter and length of the prepared NWs were
40-50nm and 10-20 pm, respectively. As can be seen, no core-
shell structure was observed in the fabricated NWs. Fig. 2c shows
the Raman scattering spectrum of the NWs under 532-nm laser
excitation. Three characteristic peaks at 396, 515, and 638 cm™!
indicate the prepared TiO, NWs have the anatase structure. These
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Exposure time: 2.00 sec
Number of exposures: 3
Laser: 532 nm

Laser power: 5.0 mW
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Fig. 2. (a) SEM image showing the diameter and length of TiO, NWs, which were calculated to be 40-50 nm and 10-20 wm, respectively. (b) TEM image showing the NW
structure of the prepared TiO, matrix in which no material core-shell was observed. (c) Raman spectrum of TiO, NWs measured using a laser at a 532 nm wavelength. The
characteristic peaks at 396, 515, and 638 cm~"! indicate that the prepared TiO, NWs has an anatase structure.
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Fig. 3. (a) Schematic diagram of bottom-gated multiwire TiO, NW device. (b) Gate-source voltage of TiO, NWs was measured to determine the relationship between the
channel drain current and the drain-source voltage under various applied gate-source voltages. The complementary behavior indicated that the Ip-Vps responses of prepared

TiO, NWs were similar to those of n-type semiconductors.

results are also in agreement with those presented by Papp et al.
(2005). These analyses again indicate that the simple hydrother-
mal method can be used in order to synthesize TiO, NWs with an
anatase structure.

Further analyses were conducted to understand the electrical
characteristics of the prepared TiO,-NW FET device. Fig. 3a shows
a schematic diagram of a bottom-gated multiwire TiO,-NW-based
FET device and the experimental setup for the electrical mea-
suring system. The gate voltage of TiO, NWs was measured to
obtain the relationship between the channel drain current and the
drain-source voltage under various applied gate-source voltages.
As shown in Fig. 3b, an increased Ip tendency can be observed at
a larger positive Vs in the prepared TiO, NWs device, which indi-
cated that our designed device acts similar to an n-type FET, and
this result is consistent with those reported for other n-type 1-D
nanomaterial FET studies (Jin et al., 2004; Patolsky et al., 2006b).

3.2. ECP encapsulation of biomolecules

The surface of the TiO,-NW FET device was examined using EDS
analysis to confirm the ECP of PPa and the encapsulation 1°Ab.
Fig. 4a and b shows the EDS analysis results, which were used

to identify the polymerization or the contamination locations of
prepared PPa/1°Ab-coated TiO,-NW FETs and untreated TiO,-NW
FETs in both the target (NWs) and non-target areas (NWs free) of
the titanium/carbon element spectra. The line-mapping results in
Fig. 4a show that two significant signals from contributed titanium
(blue curve) are expressed on the NWs. After the polymerization
of PPa/1°Ab on the surface of TiO, NWs, signals from carbon (red
curve) exhibited a similar pattern, with two significant peaks at the
same places as those of titanium. This demonstrates that most of
the biomolecules and PPa were electrically polymerized only on
the NWs surface. Here the TiO,-NW-only group, without PPa/1°Ab
coating, is also presented for comparison with the effect of the ECP
processes (Fig. 4b). Before ECP, the line-mapping analysis shows
only one strong peak from titanium can be observed. In addition,
the weight percentages and distributions of the major elements (i.e.
C, O, Ti and Au) before and after ECP of PPa/1°Ab on the surface of
NWs and substrates are summarized in Fig. 4c. As can be seen, the
weight percentages of oxygen and silicon were the dominant ones
on the Si/SiO, substrate, and the percentage of other elements on
the NWs surface did not significantly change, even after the ECP
of PPa/1°Ab. Moreover, before/after the surface modification, no
carbon elements were found on the NW-free area, which indicates

1 Electron Image 1

1 Eleclron Image 1

(C) Weight% Microelectrode (area) Substrate (area)
Element C o] Ti Au C 0 Si
|Untreared TiO2 NWs FET - 171 4.01 88.25 - 52.10 4190
TiO2 NWs FET
(electropolymerization) 2.19 6.89 3.4 87.67 - 53.54 46.46

Fig. 4. The EDS analyses show the distribution and percentage of elements in the TiO,-NWs FET devices with and without PPa/1°Ab coating. The line-mapping results
represent the devices (a) with and (b) without PPa/1°Ab coating, and the blue and red spectra show the distributions of titanium and carbon, respectively. A significantly
higher carbon spectrum can be found for the PPa/1°Ab-coated device when compared to that for the device without this coating. (c) EDS rectangle-scanning results for
TiO,-NWs FET devices. The substrate-only area was measured as the background for comparison with the Pa/1°Ab modified microelectrode area. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of the article.)
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Fig. 5. Ip-Vps curve showing the specificity and selectivity of the TiO,-NW-based immunosensor (a) with and (b) without immobilization of 1°Ab for 2°Ab detection. A
change of about 75 nA in the drain current was observed in the 1°Ab-immobilized group after addition of 2°Ab under the applied conditions of Vps=5V and Vgs=5V (a).
In contrast, a negligible current change was found for the PPa-coated group device (without 1°Ab) (b). A similar pattern with negligible current change was observed after

addition of anti-human IgA on the PPa/1°Ab-coated device. In contrast, a significant change can be observed on same device after addition of 2°Ab (c).

the PPa was electrochemically polymerized only on the NWs sur-
face. These unchanged elements (Si, O and C) indicate that the ECP
processes can be controlled at a specific area (e.g., NWs surface in
this case) without any unexpected adsorption or contamination.
The weight percentages of the four major elements on the Au/Ti
electrode were also analyzed. As the gold element comes from the
patterned gold electrode, the titanium may come from the TiO,
NWs, and the oxygen was contributed from both the substrate and
the NWs. Similar weight percentage ratios can be found for the
three elements in both the untreated and study groups. In contrast,
only the carbon ratio increased significantly, from an undetectable
level to about 2.2%, which suggests PPa/1°Ab was successfully elec-
trical polymerized on the NWs surface of the treated group.

As data shown in Fig. 4, the carbon element, which is domi-
nated by Pa and 1°Ab on the TiO,-NW devices, can be analyzed via
the change in chemical composition before and after ECP. Electro-
chemical polymerized Pa may have great ability for encapsulating
biomolecules, especially on the sub-micron scale (i.e., nanomate-
rials) without contaminating non-target areas, and this might be
expected to increase the sensitivity of the device. In addition, one of
the aims of this study was to explore the feasibility of biomolecule
encapsulation on a 1-D nanomaterial FETs biosensor using PPa. In
order to ensure the immobilized 1°Ab was saturated on the TiO,
NWs, which provides a greater sensing ability due to a high pro-
teins/NWs ratio, an electrolyte a high concentration of 1°Ab was
applied for the ECP reaction (Cui et al., 2001b). It is worth not-
ing that the number of immobilized proteins on NW can be further
controlled and adjusted via a well controlled scan rate and the num-
ber of scan cycles in cyclic voltammetry, as discussed in previous
studies (Cosnier et al., 1999; Kwon et al., 2006; Kum et al., 2007).

3.3. Specificity and selectivity analysis

To confirm the specific recognition capability of the PPa/1°Ab-
coated TiO,-NW FET device, the signal for electrical response before
and after reaction with 2°Ab was studied and analyzed. Fig. 5a and
b shows the Ip-Vps curves to illustrate the difference in electri-
cal characteristics after immunoreaction with 11.9 ng/mL of 2°Ab
on both PPa/1°Ab and PPa modified TiO,-NW-FET devices, respec-
tively. Fig. 5a shows significant changes in the response of Ip with
the addition of 2°Ab to the PPa/1°Ab-coated device. Significant
increases in Ip were observed before and after ECP of PPa/1°Ab
compared to the PPa-only group (Fig. 5b). Although PPa is a poor
conductive polymer (about 52.1 wS/cm in this study), it still pro-
vides a few conducting path for carriers, which may lead to a slight
increase in Ip (increased conductance) (Dong et al., 2006). The anti-
rabbit IgG (1°Ab) was encapsulated on the TiO, NW surface to
specifically capture target rabbit IgG (2°Ab), and the PPa-coated

TiO,-NWs FET served as the control group (electrolyte without
1°Ab or any other protein). The captured 2°Ab induced carrier cap-
ture along the PPa/1°Ab-coated TiO, NWs, leading to an increase in
Ip, The negligible Ip change during the immobilization of IgG and the
increased Ip caused by the target protein (2°Ab) are in agreement
with some previous studies (Curreli et al., 2008).

To confirm the selectivity of the developed biosensors, solu-
tions of anti-human IgA and rabbit IgG (as 2°Ab in this work) were
added in sequence onto the same TiO,-NW biosensor, as described
in the methodology section. Fig. 5c¢ shows the Ip value of the
Ip-Vps curve after 10 wL of analyte solutions were dropped on the
PPa/1°Ab-coated TiO, NW device. As can be seen clearly, the Ip-Vpg
curve has a similar pattern before and after the introduction of
12.3 ng/mL of anti-human IgA, in contrast, an increasing tendency
can be observed when the 11.9 ng/mL of 2°Ab was applied. A sig-
nificant selectivity binding can thus be found during the stepwise
reaction of the NW device to anti-human IgA and 2°Ab (rabbit IgG).
These clear results again demonstrate that our FET-based biosen-
sor has acceptable selectivity and specificity with regard to affinity
adsorption for target 2°Ab.

3.4. Sensitivity measurement

The sensitivity of the PPa/1°Ab-coated TiO,-NW FET device
was examined by adding various concentrations of target 2°Ab.
After affinity adsorption, the device was connected to the
measurement system, and the electrical responses from the
analyte were recorded and analyzed. Fig. 6 shows that PPa/1°Ab-
functionalized TiO,-NW biosensors have high specificity and
selectivity with good sensitivity towards target 2°Ab, due to the
specific antibody-antigen reaction. The device was first exposed
to the mixture solution containing 119 pg/mL of 2°Ab. After the
un-adsorbed proteins in the solution were removed, a significant
change in the Ip curve was measured for the surface-dried TiO,-NW
FET device. The device was further tested in a solution contain-
ing 2°Ab, which was increased from low to high concentration.
Stepwise-increasing affinity adsorption and measurement (Ip-Vps)
procedures were performed at each concentration, as shown in
Fig. 6a. The slope of the measured Ip decreased when the concen-
tration of the target 2°Ab was increased. Calculations of Ip changes
at various protein concentrations at 5V of applied voltage were
undertaken to determine the performance and sensitivity of the
NW FET biosensor (Fig. 6b). Under the study concentrations rang-
ing from 119 pg/mL to 5.95 ng/mL, the limits of detection (LOD) for
5V of the applied Vps were —3.96 A/(ng/mL) and R-square = 0.903.
Such operating conditions should be important for the sensitivity
and LOD of our TiO,-NW-based FET biosensors.
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Fig. 6. Ip-Vps curve showing the response of the TiO,-NW-based immunosensor
after immunoreactions with various concentrations of 2°Ab. (a) The Ip-Vps curve
decreased when the concentration of 2°Ab was changed from low to high. (b)
The immunoresponse of TiO,-NW-based immunosensor exhibited a linear region
(Vps=5V) at 2°Ab concentrations lower than 5.95ng/mL. (¢) Schematic diagram
of the NWs/PPa/1°Ab surface showing negative charges, even when the adsorbed
2°Ab concentration increased. A positive space charge might form near the NW side,
increasing the depletion region and the channel resistance.

Once antigens or antibodies (usually negatively charged) are
affinity adsorbed on a bio-functionalized NW surface, a few charges
or carriers can follow the conducting path through the PPa layer.
Ip decreased when the sensor surface had more immunoreactions,
and, according to Curreli and Zhang, an electrical field may be cre-
ated on the NW surface or inside and outside the semiconductor
conducting channel (Curreli et al., 2008). As shown in Fig. 6¢c, the
saturated conducting path may have a positive effect on the con-
ducting channel of TiO, NWs. The negatively charged 2°Ab, acting
as electron carriers, becomes the main carrier of the n-type TiO;-
NW FET. As the electron carriers might deplete after the affinity
bounding of 2°Ab, the density of all mobile carriers becomes zero
in this area (depletion region) with a decreasing tendency of Ip.
These findings are consistent with those reported in Lieber and

other studies (Patolsky et al., 2006b; Curreli et al., 2008; Li et al.,
2005).

Several implications for 1-D nanomaterial FETs biosensor can
be drawn from this study. The TiO,-NW-based FET immunosen-
sor reported in this paper has demonstrated that the encapsulation
of biomolecules by PPa can be practically implemented and pro-
vide adequate results, as a significant improvement in biomolecule
immobilization at specific regions was obtained in this work.
An important area for future research will be in refinement of
approaches to NW deposition/alignment on a substrate. In addi-
tion, more tests should be performed, including those that focus on
the reliability and repeatability of similar designs. Another interest-
ing avenue of investigation might be the potential of TiO, materials
for use in photo-electric-based biosensors.

4. Conclusions

A TiO,-NW-based FET immunosensor with the ECP of low-
conductivity PPa/1°Ab-coated film on the NW surface was
demonstrated. EDS analysis shows that the carbon element on the
PPa/1°Ab-coated TiO, NWs had a significantly higher weight ratio
than that of the control group. Electrical analysis indicates that the
current change (Ip) on the bio-functionalized immunosensor was
larger than that of the PPa-coated group. The FET immunosensor
developed in this work can be used for the detection of rabbit IgG
in a linear range of 119 pg/mL-5.95 ng/mL, with R-square values of
0.903 for the linear region (Vps =5 V). A low-conductivity polymer
was used as the encapsulation matrix for the ECP of biomolecules.
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