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We study the protein viability on Au nanoparticles during an electrospray and electrostatic-force-directed assembly process,
through which Au nanoparticle-antibody conjugates are assembled onto the surface of carbon nanotubes (CNTs) to fabricate
carbon nanotube field-eﬀect transistor (CNTFET) biosensors. Enzyme-linked immunosorbent assay (ELISA) and field-eﬀect
transistor (FET) measurements have been used to investigate the antibody activity after the nanoparticle assembly. Upon the
introduction of matching antigens, the colored reaction from the ELISA and the change in the electrical characteristic of the
CNTFET device confirm that the antibody activity is preserved during the assembly process.

1. Introduction
The protein viability has always been an issue in the biosensor design and fabrication, and is a key factor for the function
of biosensing devices. In the past decade, carbon nanotubes
(CNTs) with all atoms on the surface have been demonstrated for biomolecular sensing [1–3]; and in particular,
field eﬀect transistors (FETs) based on semiconducting CNTs
have been used as biosensors [4–8]. The CNTFET devices
are sensitive to variations in the surrounding environment
because all the electrical current flows through the outermost
layer of the CNT. The electrochemical detection of protein
binding [9, 10] and DNA hybridization [11–14] using the
CNTFET have been reported and changes in the device
characteristics (e.g., drain current amplitude and threshold
voltage) are mainly attributed to the charge transfer
between proteins and CNTs. In these CNTFET devices
[10–12], the CNT surface is often directly or indirectly (e.g.,
through Au nanoparticles) labeled with probe proteins,
which function as binding sites for target proteins in the
sensing process. Therefore, the viability of proteins during
the assembly or labeling process is critical to the device
functionality.

Here we investigate the viability of proteins on Au
nanoparticles (Au NPs) during an assembly process for
the fabrication of CNTFET biosensors, in which Au NPs
labeled with anti-horseradish peroxidase (anti-HRP) were
assembled onto the external surface of CNTs by a simple
method that combines electrospray with electrostatic force
directed assembly (ESFDA) [15–17]. To study the viability
of antibodies on Au NPs, we first used the enzyme-linked
immunosorbent assay (ELISA) technique, which is mainly
used in immunology to detect the presence of antibodies and
antigens. For visualization of the antigen-antibody reaction,
an enzyme and a related substrate are often introduced,
which could oﬀer a colored reaction that can be spectrophotometrically measured. In this study, the antigen-antibody
binding reaction was indicated by the color change (diimine
terminal oxidation product/yellow end product) from the
3, 3 , 5, 5 -tetramethyl benzidine (TMB) substrate in the
ELISA, in which horseradish peroxidase (HRP) functions as
the antigen and enzyme. To further confirm the viability
of antibodies, CNTFET devices containing the antibodyconjugated Au NPs were fabricated and FET measurements
were obtained to detect the antigen-antibody binding events.
The amplitude change of the drain current was observed
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when HRPs were introduced in the sensor. The above two
independent approaches clearly show that the antibodies on
Au NPs are still active after the electrospray and electrostatic
force directed assembly process.

2. Experimental
2.1. Materials. Au nanoparticles (18 nm Colloidal Gold)
labeled with anti-HRP were purchased from Jackson
Immunoresearch and used without further purification.
HRP from human serum were ordered from Sigma-Aldrich.
A blocking agent bovine serum albumin (BSA), which was
used to block the nonspecific binding of proteins with the
sensing element, was purchased from Rockland. PBS (pH
7.4, ×1) (Fisher BioReagents) was used as the solvent for
HRP and BSA. TMB and HCL were purchased from Bio-Rad
Lab and VWR, respectively. All solutions were prepared with
distilled and deionized water (DI water) supplied by Cellgro.
Multiwalled CNTs (MWCNTs) with diameter of 20 nm and
lengths of several microns were purchased from Alfa Aesar.
2.2. Electrospray and Electrostatic Force Directed Assembly.
Figure 1 shows a schematic of Au nanoparticle-antibody
conjugates aerosolization by an electrospray process and
the subsequent assembly of the conjugates onto CNTs by
ESFDA. A commercial electrospray aerosol generator (EAG,
TSI Model 3480) was used to spray colloidal Au nanoparticleantibody conjugates. The colloidal conjugates applied with
a high dc voltage were extracted through a capillary tube
due to the capillary eﬀect and the capillary inlet/outlet
pressure diﬀerence. The conjugates ejected from the capillary
were atomized to form charged fine droplets due to the
electrohydrodynamic break-up. Charged Au NP-antibody
conjugates were obtained after the solvent evaporation and
subsequently assembled onto the surface of CNTs in an
electric field. Since the electric field near the CNT was
significantly enhanced due to their small diameters, the
charged conjugates were attracted to the external surface
of CNTs via electrostatic force. In our case, CNTs on a
copper transmission electron microscopy (TEM) grid and Au
electrodes were used. The assembly time was on the order of
hours.
2.3. ELISA. 96-well polystyrene microplate (Sigma-Aldrich)
was used as the reaction chamber in this procedure. At
first, MWCNTs were dispersed on a copper TEM grid
(400 mesh, Ted Pella, Inc.), and then Au nanoparticleantibody conjugates were assembled onto the CNTs by electrospray and ESFDA. Three samples with diﬀerent antibody
concentrations on the CNTs were prepared by adjusting the
deposition time from one hour to three hours. The samples
were placed in a microplate and incubated with 200 μL BSA
(0.01 mg/mL) for two hours, and then washed with the PBS
buﬀer. After that, 100 μL of HRP (1.8E − 6 M, 0.08 mg/mL)
were pipetted into the microplate for the protein binding
for one hour, followed by wash and dry. Finally, 100 μL of
TMB substrates were pipetted into the microplate for the
colored reaction; after 30 minutes, 100 μL of 0.1 M HCL were
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pipetted to stop the reaction and to turn the solution into
yellow which can be measured through the light absorption
using a microplate reader.
2.4. CNTFET Fabrication and Measurement. Gold interdigitated electrodes with both finger width and interfinger spacing (source-drain separation) of about 1 μm were
fabricated using an e-beam lithography process (Raith 150
lithography tool, 30 kV) on a Si wafer with a top layer
of thermally-formed SiO2 (thickness of 200 nm). Firstly,
MWCNTs were dispersed onto the electrodes and dried
under room temperature. The device was then annealed
in argon flow (1 lpm) for one hour at 200◦ C to remove
residue solvents and to improve the contact between CNTs
and electrodes. After annealing, we found that the device
was very robust. CNTs were immobilized between two metal
electrodes and could not be washed away after several cycles
of washing and drying, which has been confirmed by the
SEM imaging. The device was then incubated with BSA for
two hours and washed with the PBS buﬀer to reduce the
possible nonspecific binding of HRP to CNTs and electrodes.
After that, 20 μL HRP was pipetted onto the device for
protein binding for one hour, followed by wash and dry. FET
measurements were carried out using a Keithley 2602 source
meter by recording the drain current response (Vd = 0.01 V)
when ramping the gate voltage Vg from −3.0 to 3.0 V (with
a step of 0.01 V). A Hitachi S-4800 UHR FE-SEM was used
for scanning electron microscopy (SEM) characterization
of the biosensing device at an acceleration voltage of
30 kV.

3. Results and Discussion
For the ELISA technique (Figure 2(a)), three samples with
increasing deposition time from one hour to three hours
were prepared. All the samples were performed in ELISA
with exactly the same procedure as described previously
in Experimental. BSA was used to reduce the possible
nonspecific binding of HRPs to the CNT, TEM grid and
the well wall. In our case, the HRP functions as an enzyme,
which converts the related substrate (TMB) to produce a
yellow product. After adding the TMB substrate and HCL,
the color of the solution turned yellow, which confirms the
presence of HRPs on the sample. Since BSA was introduced
to block the non-specific binding, HRPs could only bind with
anti-HRP on the CNT. Therefore, the color change of the
solution indicates that the antibody activity was preserved in
the electrospray and ESFDA process.
Figure 2(b) shows the light absorption measurements for
the three samples after the colored reaction. The absorption
intensity increased with the deposition time. By adjusting
the deposition time of electrospray and ESFDA, the concentration of Au NP-anti HRP conjugates on CNTs could
be controlled. With more antibodies on CNTs, more HRPs
can bind on the device, therefore leading to more converted
yellow product. The absorption results further confirm that
the anti-HRP activity is preserved and antigen-antibody
binding events occurred in the ELISA.
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Figure 1: Schematic of Au nanoparticle-antibody conjugates aerosolization by an electrospray process and their subsequent assembly onto
CNTs by ESFDA.

Au nanoparticle-antibody conjugates assembled on
CNTs could be used in a CNTFET biosensor, from which
the antibody activity could be studied by FET measurements.
To confirm the presence of Au NPs on the surface of the
CNT, SEM imaging was used to examine the CNTFET after
the electrospray of Au NP-antibody conjugates. Figure 3(a)
shows an SEM image of the Au interdigitated electrode
[18]. In this configuration, Au electrodes are used as metal
contacts for drain and source and the SiO2 layer is used
as the insulating material, through which a gate bias is
applied to the back silicon wafer during the FET measurement.
Figure 3(b) shows the SEM image of a single CNT
coated with Au NP-anti HRP conjugates and spanning across
an electrode gap. After being electrosprayed with Au NPantibody conjugates, many Au NPs (light dots) are uniformly
distributed on the surface of the CNT, indicating the presence
of Au NPs in the CNTFET. Based on the SEM images, we
conclude that Au NPs have been successfully attached to the
CNTs likely through noncovalent binding [15, 17]. On the
other hand, anti-HRPs are covalently linked to the surface
of Au NPs and the bonding between antibody and Au NPs
is relatively strong. Therefore, it is reasonable to assume that
the antibodies are present in the CNTFET device after the
assembly process. From the SEM image, we also found that
the surface of the Au NPs was covered with a solvent layer,
which is from the colloidal solution. It is known that the
antibody is active for months when stored in buﬀer solution
at 2–8◦ C. In our case, the antibody on the Au NPs are covered
with a solvent layer similar to the buﬀer solution, which
prevents the metamorphose of the antibody. We assume that
the antibodies are active in the sensor for probing antigens,

which has been confirmed by the sensing results presented as
follows.
Figure 4(a) shows the schematic illustration of the fabrication process of the CNTFET biosensor, in which the
anti-HRP is anchored to the CNT surface through Au NPs
and functions as the specific recognition group for HRP
binding. FET measurements of the device were performed
to study the antibody viability. Figure 4(b) shows the gate
voltage dependence of the normalized drain current Id (Id
is normalized by the drain current of the device at Vg =
−3.0 V) after the CNTFET was treated with Au NP-anti-HRP
conjugates, BSA and HRP. During the FET measurement,
a gate bias Vg ramped from −3.0 V to 3.0 V while a
constant bias of 0.01 V was held between the drain and
the source. Based on Figure 4(b), the device characteristics
resemble those of typical p-type semiconductors, in which
holes are the majority carriers and the conductivity of the
CNT depends on the mobility and density of holes. No
hysteresis was observed in all Vg -Id measurements. The type
of device did not change after the CNTs and Au NP-antiHRP conjugates were further treated with BSA and HRP;
however, the drain current Id decreased for both processes.
The decrease in the drain current Id after the BSA treatment
is possibly because BSA is negatively charged in the PBS
buﬀer and negative charges could transfer to CNTs or
electrons could transfer from the electron-rich group such
as secondary amine N–H in the BSA to CNTs, both of
which could lead to the decrease in the density of holes in
CNTs.
After the introduction of HRPs to the device, a significant
decrease of Id (about 36% at Vg = −3.0 V) was observed,
which is a direct evidence for antigen-antibody binding
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Figure 2: (a) Schematic illustration of ELISA. (b) Light absorption measurement from ELISA, in which HRP was added to three samples
with diﬀerent Au NP-anti HRP conjugates deposition time (1 hr, 2 hrs, and 3 hrs) and thus concentrations.
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Figure 3: (a) SEM image of the Au interdigitated electrode. (b) SEM image of a single CNT coated with Au NP-anti HRP conjugates and
spanning across an electrode gap.

events. The antibody-antigen interaction may have two
eﬀects on the CNT conductivity [5]. First, the antigen
(HRP) triggers various scattering centers across the CNT as
a result of binding events. Upon antigen-antibody binding,
geometric deformations occur and increase the scattering
centers across the tube; thereby reducing the mobility of
holes in the CNT and thus leading to the decrease of drain
current. As a possible second eﬀect, the decrease of the drain
current involves the charge tunneling from HRPs to CNTs.
Charge tunneling from α-amino acid groups in HRPs to the
CNT through the solvent is possible in the buﬀer solution,
which reduces the carrier density in CNTs and thus leads
to the decrease in the drain current. The observed drain
current decrease could be the results of both the scattering

mechanism and the charge tunneling [10, 12]. To study the
solvent influence to the drain current, a control experiment
was performed by introducing only the PBS buﬀer to the
device and a very tiny response (5% decrease in Id ) from the
device was observed, indicating that the sensor response is
mainly due to the binding of antigen to antibody. Figure 4(c)
shows the drain-source voltage dependence of drain current
Id for a CNTFET treated with HRP of concentrations ranging
from 4.5E − 8 M to 4.5E − 5 M. From the I-V characteristics,
we found that the drain current decreased monotonically
with the increase of the HRP concentration, and this could
only be explained by more antigens binding with antibodies,
more scattering centers created, and more charge tunneling
between CNTs and Au NPs.
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Figure 4: (a) Schematic illustration of the CNTFET biosensor fabrication process. (b) Gate voltage dependence of the normalized drain
current Id for a CNTFET treated with Au NP-anti-HRP conjugates, BSA and HRP (Vd = −0.01 V, HRP concentration = 4.5E − 5 M).
(c) Drain-source voltage dependence of drain current Id for a CNTFET treated with HRP of concentrations ranging from 4.5E − 8 M to
4.5E − 5 M.

Each antibody preferentially binds to a specific antigen,
an interaction similar to that of a lock and key. The antigen
(HRP) used in this study can only bind to the corresponding
antibody (anti-HRP); therefore, if the structure of the
antibody changes during the assembly process, there will be
no binding events in the sensing process and no significant
change in the drain current would have been observed.
Moreover, the drain current change was observed to increase
with the increasing HRP concentration. Based on the FET
sensing results and the ELISA results, we conclude that the
activity of antibodies on Au NPs is preserved during the
electrospray and ESFDA assembly process.

4. Conclusion
The viability of antibodies on Au nanoparticles during an
electrospray and electrostatic force directed assembly process

is studied using ELISA and FET biosensing measurements.
The activity of antibodies on Au nanoparticles is preserved
in the assembly process as confirmed by the colored reaction
in ELISA and the drain current change in FET measurements. Since the same assembly technique could successfully
assemble Au nanoparticle-antibody conjugates onto carbon
nanotubes and many other nanostructures in a controlled
manner, the assembly method could be useful for protein
labeling in various biosensor fabrication processes.
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