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Multiscale pore contained carbon nanofiber-based
field-effect transistor biosensors for nesfatin-1
detection†

Sung Gun Kima and Jun Seop Lee *b

Nesfatin-1 (NES1) is a potential biomarker found in serum and saliva that indicates hyperpolarization and

depolarization in the hypothalamic ventricle nucleus as well as an increase in epileptic conditions. However,

real-time investigations have not been carried out to detect changes in the concentration of NES1. In this

study, we develop a multiscale pore contained carbon nanofiber-based field-effect transistor (FET) biosensor

to detect NES1. The activated multiscale pore contained carbon nanofiber (a-MPCNF) is generated using a

single-nozzle co-electrospinning method and a subsequent steam-activation process to obtain a signal

transducer and template for immobilization of bioreceptors. The prepared biosensor exhibits a high

sensitivity to NES1. It can detect levels as low as 0.1 fM of NES1, even in the presence of other interfering

biomolecules. Furthermore, the a-MPCNF-based FET sensor has significant potential for practical applica-

tions in non-invasive real-time diagnosis, as indicated by its sensing performance in artificial saliva.

1. Introduction

Epilepsy is a global health concern and one of the most difficult
conditions to diagnose. For the diagnosis of epilepsy, electro-
encephalogram (EEG) measurements are beneficial in addition
to investigating the clinical history of the symptoms of seizures.
However, practical diagnosis is still a difficult task as EEG with
sophisticated instruments is expensive for patients and some-
times cannot even provide a definitive diagnosis, which leads
to nonpathological consequences.1–4 Recently, it has been
reported that a relationship exists between animal and human
hormones and seizures; changes in serum hormone levels have
been associated with temporary deformation during seizures,
affecting brain function, metabolism, and temporal epilepsy
secretion.5–8 Although diagnostic methods for epilepsy have
been reported in several studies, including the diagnostic

potential of serum prolactin levels, its sensitivity and specificity
for the diagnosis of epileptic seizures remain controversial.9–11

Nesfatin-1 (NES1) is involved in various physiological func-
tions, including food intake, stimulation of appetite, and energy
homeostasis, with a decreased expression in the hypothalamic
ventricle nucleus (PVN) during starvation.12–14 In addition, elec-
trophysiological studies have shown that NES1 stimulates hyper-
polarization and depolarization in PVN neurons and in the
arcuate nucleus (ARC) and that NES1, found in serum and saliva,
is a potential biomarker of increased epilepsy.15–18 Currently, in
addition to EEG, increased prolactin levels are used to distinguish
epileptic seizures from nonepileptic events.19,20 However, in this
regard, the use of prolactin has several limitations, such as the
fact that it should be measured 10–20 min after the event and that
it is not suitable for use in conditions such as status epilepsy,
repetitive seizures, and neonatal seizures.21–23 The levels of NES1
have been reported to increase in real-time in patients with
epilepsy and thus may be useful in identifying individuals suffer-
ing from epileptic seizures.24

Precise sensing platforms for the detection of appropriate
biomarkers have become increasingly important for monitor-
ing human diseases, food safety, and hazardous elements.25–28

Among them, a field-effect transistor (FET)-based sensor using
a bioreceptor (such as an aptamer or antibody) is most com-
monly used since it can be employed to acquire a change in
signal in real-time with high sensitivity.29–31 Carbon nanoma-
terials are often used for the charge-transfer channel in FET
biosensors since they can be easily modified using a variety of
covalent or p-stacking methods to immobilize the bioreceptors.32–35
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In particular, 1D carbon nanostructures have been shown to be
particularly effective due to their increased charge-transfer proper-
ties and large surface-to-volume ratio, which are critical factors for
increasing the sensitivity of the sensing electrode.36,37 As 1D carbon
structures, carbon nanofibers (CNFs), generated from electrospin-
ning, are promising for sensing applications since their electro-
chemical properties and structures can be easily controlled by
varying the processing conditions and precursor composition.38–40

However, research on how the functional group can be introduced
while changing the carbon microstructure, without the loss of
electrochemical and structural benefits, is still limited.

Here, we report the fabrication of a FET-based biosensor for
NES1, with nesfatin-1 antibody (anti-NES1) immobilized activated
multiscale pore contained carbon nanofibers (Ab-a-MPCNFs) using
single-nozzle co-electrospinning and a steam-activation process.
First, multicore polymer nanofibers consisting of poly(methyl
methacrylate) (PMMA) (for the core) and poly(acrylonitrile) (PAN)
(for the shell) were generated through electrospinning of the mixed
polymer solution. The activated multiscale pore contained carbon
nanofibers (a-MPCNFs) were then formed after the heat treatment
step, in combination with carbonization and steam activation. In
particular, the amount of functional groups and micropores in the
carbon structure was controlled by changing the time of exposure
to H2O vapor. Finally, anti-NES1 was immobilized onto the a-
MPCNF surface, and a FET-type sensing electrode was assembled
with a liquid-ion gate configuration. The electrode of the biosensor
exhibits a high sensitivity to NES1, exhibiting a low limit of
detection (LOD) of 0.1 fM and a fast detection time (o1 s) owing
to the multiscale porous structure. Moreover, this biosensor can
distinguish NES1 from artificial saliva, thus illustrating its potential
in non-invasive diagnosis of epileptic seizures.

2. Experimental section
2.1 Materials

All chemicals were used as received without any further purification.
Poly(acrylonitrile) (PAN, Mw 150 000), poly(methyl methacrylate)
(PMMA, Mw 350 000), 4-(4,6-dimethoxy-1,3,5-triazin-2-yl)-4-methyl-
morpholinium chloride (DMT-MM), and 3-aminopropyltrimethoxy-
silane (APS) were purchased from Sigma-Aldrich. N,N-Dimethyl-
formamide (DMF) (Sigma-Aldrich) was used as the solvent for both
the PAN and PMMA solutions. NES1 and anti-NES1 were purchased
from LSBio. The anti-NES1 stock solution was diluted with a PBS
buffer solution (pH 7.4) and was stored at �20 1C until use.
Recombinant hepatitis B virus surface antigen protein was pur-
chased from Abcam. The commercial artificial saliva for xerostomia
was used as the saliva solution sample.

2.2 Fabrication of the a-MPCNF-based biosensor

As a signal transducer, a-MPCNFs were fabricated via electro-
spinning, carbonization, and subsequent steam activation. In
detail, 10 wt% PAN solution was prepared in a DMF solvent at
60 1C followed by vigorous stirring for 2 h. PMMA solution was
also prepared in the same manner as the PAN solution. The
mixed polymer solution (1 : 1 mass ratio of PAN:PMMA) was

electrospun using a single syringe nozzle with an applied
voltage of 18 kV to generate multicore nanofibers. Then, the
electrospun nanofibers were stabilized at 270 1C for 1 h in air,
carbonized under an argon (Ar) flow at 700 1C for 1 h and then
activated for different durations with exposure to H2O under an
Ar flow at 800 1C.

To develop the bioreceptor-modified a-MPCNF FET-based
biosensor, the amino silane (APS) coated electrode was fabri-
cated as the first step. In detail, an interdigitated array (IDA)
electrode was treated with aqueous APS (5 wt%) for 6 h to
introduce amino groups to the electrode surface. The treated
electrode was then exposed to a mixture of a-MPCNFs solution
(40 mL, 0.1 wt%) and DMT-MM aqueous solution (40 mL, 1 wt%)
at 25 1C for 12 h. Subsequently, the coupling reaction to attach
the anti-NES1 to the a-MPCNF surface was carried out using a
mixture of the antibody (0.1 mM) solution and DMT-MM
aqueous solution (40 mL, 1 wt%) for 12 h. The electrode was
then repeatedly rinsed with distilled water and dried at 25 1C
for 12 h.

2.3 Characterization

Field-emission scanning electron microscopy (FE-SEM) images
were obtained using a JEOL-6700 (JEOL) (JEOL Ltd, Tokyo,
Japan) installed at the Chemical and Biological Engineering
Research Facilities at Seoul National University. Transmission
electron microscopy (TEM) images were obtained using a
JEM-2100 installed at the National Center for Inter-University
Research Facilities at Seoul National University. Nitrogen
adsorption–desorption isotherms were analyzed using an ASAP
2010 (Micrometrics) equipment. The pore size distribution and
surface area were measured via the Brunauer–Emmett–Teller
(BET) and Barrett–Joyner–Halenda (BJH) methods. FT-IR spec-
tra were collected with a Spotlight 200i Frontier (PerkinElmer)
spectrophotometer in attenuated total reflection mode. XPS
spectra were recorded using an Axis-His system (KRATOS).

2.4 Investigation of the sensing performance

All electrical measurements were carried out using a Keithley
2612A source meter and a probe station (MS TECH, model 4000).
A 300 mL chamber was used for the solution-based measure-
ments. The change in the current was normalized as follows:

DI=I0½ �SD %ð Þ ¼ I � I0

I0
� 100

The artificial saliva was produced according to the published
recipe as follows: 25 mM K2HPO4 (0.1 L), 24 mM Na2HPO4 (0.1 L),
150 mM KHCO3 (1 L), 1.5 mM MgCl2 (0.1 L), 100 mM NaCl (0.1 L),
25 mM citric acid (0.006 L), and 5 mM CaCl2 (0.1 L).22 Further-
more, the commercially available oral rinse (Biotene, GSK, USA)
was added to give a viscosity similar to actual saliva.

3. Results and discussion
3.1 Fabrication of a-MPCNFs

For the conductive channel of the sensing electrode, a-MPCNFs
were generated via the single-nozzle co-electrospinning method
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followed by a steam-activation process (Fig. 1a). First, a polymer
solution composed of PAN and PMMA was electrospun through
a single nozzle. During electrospinning of this mixed solution,
discrete droplets of PMMA elongate along the inside of the PAN
shell due to the stretching force of the applied voltage, leading
to the formation of multicore nanofibers with a diameter of
B300 nm (Fig. S1, ESI† and Fig. 1b). The phase-separated
polymer nanofibers were then stabilized at 270 1C for 1 h in
air and carbonized at 700 1C for 1 h under an argon (Ar)
atmosphere. During these two steps, the continuous PAN phase
was transformed into carbon while the inner elongated PMMA
phase decomposed, resulting in the formation of an internal
multichannel.41 Owing to the elimination of PMMA from
within the fibers, the multicore nanofibers are constricted
during the heating process. Moreover, exposure to H2O under
an Ar flow was carried out to functionalize the surface of
carbon. Eventually, the a-MPCNFs were found to be well
fabricated, exhibiting well-defined structures without any col-
lapse of the channels, as shown in Fig. 1c and d. In addition,
the structure and quantity of the carboxyl functional groups
were optimized by controlling the activation time. In particular,
the thickness of the carbon structures was decreased by limit-
ing the activation time up to 10 min, whereas a longer activa-
tion time resulted in the collapse of the outer carbon structure
(Fig. 2).

To investigate the microstructure of carbon nanostructures,
Brunauer–Emmett–Teller (BET) and Barrett–Joyner–Halenda
(BJH) analyses were conducted. Fig. 3a illustrates the adsorp-
tion/desorption isotherms of nitrogen (N2) for the MPCNFs
with different activation times. The isotherms of a-MPCNFs
display a type IV hysteresis that consists of micropores at low
relative pressures (0–0.2 P/P0), originating from the steam
activation, and mesopores at high relative pressures (40.8 P/P0),
originating from the multichannel structure. The surface area
increases as the steam-activation time increases by up to 10 min
(798.3 m2 g�1 for 0 min (MPCNF); 1101.4 m2 g�1 for 5 min
(a-MPCNF-5); and 1350.7 m2 g�1 for 10 min (a-MPCNF-10)).

However, more than a 10 min activation time decreases the
surface area (898.6 m2 g�1 for 15 min (a-MPCNF-15)) due to the
collapse of the structure. Moreover, the pore distribution was
measured via the BJH method, as shown in Fig. 3b. Regarding the
pore distribution of carbon, the peak at ca. 20 nm illustrates the
presence of an inner hollow multichannel in the structure,
whereas the peaks at 1.8 and 2.3 nm indicate the existence of
small pores originating from the thermal decomposition of the

Fig. 1 (a) Illustration of the sequential fabrication steps for the activated
multiscale pore contained carbon nanofibers (a-MPCNFs). Field-emission
scanning electron microscopy (FE-SEM) and transmission electron micro-
scopy (TEM) (inset) images of (b) electrospun multicore nanofibers and
(c) a-MPCNFs. (d) A cross-sectional FE-SEM image of a-MPCNFs.

Fig. 2 FE-SEM and TEM (inset) images of a-MPCNFs with different activa-
tion times: (a) 0 min, (b) 5 min, (c) 10 min, and (d) 15 min.

Fig. 3 (a) Nitrogen adsorption–desorption and (b) pore size distribution
curves of the a-MPCNFs with different activation times: 0 min (black),
5 min (red), 10 min (blue), and 15 min (green).
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PMMA phase. As the steam-activation time reaches 10 min, the
pore distribution peaks at 1.8 and 2.3 nm increase, and a peak at
3.1 nm is observed because of the etching of carbon, as a result of
the activation. Thus, the multichannel and small pores in the
carbon structure can lead to an increase in the amount of
immobilized receptors without aggregation. On the other hand,
a 15 min activation time decreases the volume of micropores due
to the collapse of the structure. In the case of CNF, the longer
activation process time increases the surface area and the volume
of the micropores (Fig. S2, ESI†). However, the CNF not only has a
smaller surface area than MPCNF, but it is also limited to types of
micropores around 2 nm.

Fourier-transform infrared (FT-IR) spectra for a-MPCNFs are
presented in Fig. 4. Functionalization of MPCNFs is confirmed
by the presence of peaks associated with oxygen, including the
CQO stretching peak at 1720 cm�1, the stretching vibration
and deformation peaks of –OH groups at 3430 and 1400 cm�1,
respectively, and the stretching vibration peaks of C–O bonds
(including those in phenol groups) at 1080 and 1230 cm�1. The
peak at 1590 cm�1 corresponds to the structural lattice vibra-
tions of the carbon nanofibers and indicates that the structure
of the a-MPCNFs remains intact after activation treatment.
The increase in the intensity of the characteristic peaks at
1230, 1720, and 3430 cm�1 suggests that the carboxyl groups
are properly formed on the surface of the MPCNFs as the
activation time increases.

The chemical composition of a-MPCNFs was also investi-
gated via X-ray photoelectron spectroscopy (XPS). Fig. 5 displays
high-resolution XPS spectra for the C (1s) region around
284.5 eV; these peaks were deconvoluted into the following
component peaks: CQC and C–C (284.3 eV) in the aromatic
rings, C–O (286.5 eV) in the epoxy and hydroxyl groups, and
CQO (288.0 eV) derived from the carbonyl and carboxyl groups.
An increase in the intensity of the peak associated with the
carboxyl groups was observed by comparing the intensity of the
peaks corresponding to the oxygen-related functional groups.
This demonstrates that the intensity ratios, IC–O and ICQO,
gradually increase as the activation time increases owing
to an increase in the quantity of oxygen in the a-MPCNFs
(Table S1, ESI†). These spectral investigations indicate that
the carboxyl groups were well functionalized on the MPCNFs
after the steam-activation process.

3.2 Fabrication of the Ab-a-MPCNF-based biosensor

Due to the large surface area and the presence of the carboxyl
functional group on the surface, a-MPCNF-10 was used as the
conductive channel of the sensing electrode. First, a-MPCNF-10
was located between anti-NES1 and the electrode as a sensing
transducer via covalent bonding of the functional groups. Fig. 6
depicts a schematic illustrating the formation of the receptor-
modified a-MPCNF-10 on the electrode substrate. The amine-
functionalized electrode and carboxyl-functionalized a-MPCNF
form an amide bond through an organic catalysis reaction.42 In
addition, the anti-NES1 is immobilized onto the a-MPCNF-10
surface via the same reaction. Fig. 7a illustrates the anti-NES1
immobilized onto a-MPCNF-10 (Ab-a-MPCNF-10) on the sen-
sing electrode. The morphology of Ab-a-MPCNF-10 is con-
firmed through the decoration of anti-NES1 in the carbon
structure without aggregation, owing to micro-/mesopores in
the carbon (Fig. 7b). Anti-NES1 is also uniformly distributed on
the carbon surface based on the amide bond after the activation
process (Fig. S3, ESI†). However, there is little distribution of

Fig. 4 Fourier-transform infrared spectra of the a-MPCNFs with different
activation times (black: 0 min, green: 5 min, blue: 10 min, and red: 15 min).

Fig. 5 X-ray photoelectron spectra of C 1s of the a-MPCNFs with differ-
ent activation times: (a) 0 min, (b) 5 min, (c) 10 min, and (d) 15 min.

Fig. 6 Schematic illustration of the fabrication steps for the activated
multiscale pore contained carbon nanofiber (a-MPCNF)-based liquid-ion
gated FET-type biosensor.
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micropores, which results in less uniformity than MPCNF. In
addition, the C 1s XPS spectra of Ab-a-MPCNF-10 suggest a new
peak at 286 eV (C–N) that indicates the formation of an amide
bond after anti-NES1 immobilization (Fig. S4, ESI†). Finally,
phosphate buffer solution (PBS) was added via a small chamber
to prepare the liquid-ion gate sensing system.

3.3 Characterization of the biosensor electrode

Fig. 8 indicates the current–voltage (I–V) characteristics of anti-
NES1 immobilized carbon nanofiber-based electrodes that employ
the activated carbon nanofiber from only PAN (a-CNF-10) and
a-MPCNF-10. Both before and after being modified with the anti-
body, these I–V characteristics exhibit a linear trend in the voltage
range from �0.1 to 0.1 V. This indicates that the conductive

transducer materials form Ohmic contacts with the electrodes. As
the anti-NES1 provides resistance, the value of dV/dI increases in
proportion to the concentration of the modifying antibody. How-
ever, the order of dV/dI does not change, and the linear Ohmic
properties are maintained after immobilization of the antibody.
These results suggest that the covalent immobilization of the
antibody is successful and that the electrical contacts are reprodu-
cible. In addition, the slope of a-MPCNF-10-based electrodes is
slightly lower than that of a-CNF-10. This is due to the destroyed sp2

carbon structure caused by the decomposition of PMMA, which
contributes to electrical conductivity. In addition, Fig. 8b and
Fig. S5 (ESI†) indicate the source–drain current (ISD) as a function
of the source–drain bias (VSD) under various gate biases (VG) for the
liquid-ion-gated FET devices, formed using Ab-a-MPCNF-10 and the
antibody modified a-CNF-10 (Ab-a-CNF-10). The I–V measurements
indicate that ISD increases (i.e., becomes more negative) as VG is
decreased from +0.8 to �0.8 V, indicating p-type behaviour (i.e.,
hole transport). Varying VG alters the oxidation state of the sp2

carbon and the charge carrier distribution.

3.4 Real-time response of the biosensor

To evaluate the sensing characteristics of the electrodes,
changes in ISD were monitored in real-time, with VG = 50 mV
and VSD = 50 mV, while introducing solutions containing
various concentrations of NES1 in PBS. Fig. 9a shows the real-
time response of Ab-a-CNF-10 and Ab-a-MPCNF-10 biosensors.
Following the injection of NES1, ISD decreases rapidly within ca.
1 s and saturates thereafter (Fig. S6, ESI†). The decrease in ISD is
caused by the interaction between NES1 and the antibody
during the formation of the antibody–NES1 complex. NES1
specifically binds to Ab-a-MPCNF-10 due to the intermolecular
interaction with the target compounds. The formation of the
antibody–target complex influences the negative charge density
at the surface of the carbon structure. This changes the charge-
transport properties of the carbon-based conductive channels
that may decrease the hopping rate of charge carriers, resulting
in a decrease in ISD. The sensing capacity of Ab-a-MPCNF-10 is
higher than that of Ab-a-CNF-10 because the micro-/meso-
porous structure of carbon increases the amount of antibody
covered in carbon. This result indicates that the change in the
surface charge density affects Ab-a-MPCNF-10 to a greater
extent than Ab-a-CNF-10. For this reason, the Ab-a-MPCNF-10
electrode was able to detect NES1 more rapidly with a remark-
ably low LOD of 0.1 fM (a signal-to-noise ratio of Z3.0) which is
much higher (B105 fold) than that of conventional carbon
nanomaterial-based biosensors (Table S2, ESI†).

Fig. 9b illustrates the sensitivity (S) of the electrodes as a
function of the concentration of NES1. The sensitivity was deter-
mined from the normalized change in the current (i.e., the satura-
tion level of [DI/I0]SD � 100 measured after exposure to the analyte
for 10 s). Salivary NES1 is normally secreted at levels
ranging from 2 pM � 300 fM; however, it remarkably increases
to 340 pM � 29 pM in the saliva of epileptic patients.23 Therefore,
a biosensor for salivary NES1 should cover the range from
1 to 1000 pM. The sensitivity of the Ab-a-MPCNF-10 sensor
to NES1 in PBS linearly increases with the concentration, over a

Fig. 7 (a) FE-SEM image of the binding receptor functionalized a-MPCNF
(Ab-a-MPCNF)-based sensor electrode. (b) TEM image of the Ab-a-
MPCNF.

Fig. 8 (a) Source–drain current–voltage (ISD–VSD) curves of carbon
nanofiber-based FET sensor electrodes: a-CNF (black), Ab-a-CNF (red),
a-MPCNF (blue), and Ab-a-MPCNF (green). (b) ISD–VSD characteristics of
Ab-a-MPCNF-10-based FET sensor electrodes (�0.8 V r VG r +0.8 V in
steps of 0.2 V with a VSD scan rate of 10 mV s�1).
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wide concentration range of 10�5–107 pM, which covers the
physiological range of the NES1 concentration (up to pM) in
real saliva.

The specificity of the Ab-a-MPCNF-10 sensor was examined
using nontarget samples (glucose, hepatitis B, and cortisol),
which can be found in real saliva. The Ab-a-MPCNF-10 sensor
exhibits negligible changes in ISD following exposure to a
1.5 mM solution containing the nontarget molecules. However,
a much larger change in the signal occurs immediately after
exposure to a 100-pM solution of NES1, as shown in Fig. 9c. In
addition, 1.5 mM solutions of mixed nontarget molecules were
prepared with and without 100 pM of BPA and were added
consecutively and individually to further investigate the speci-
ficity. As presented in Fig. 9d, a significant change in ISD can be
observed only upon introducing the mixtures containing NES1,
thereby demonstrating the high specificity of this sensor to
NES1. The Ab-a-MPCNF-10 sensor also displays excellent sensi-
tivity to NES1 even in the presence of other peptide hormones
(insulin, glucagon, oxytocin, corticotropin, and thyrotropin)
(Fig. S7, ESI†).

Additionally, to confirm the feasibility of the diagnosis of
epilepsy, the detection of NES1 was conducted in artificial
saliva as the electrolyte. As shown in Fig. 9e and f, the Ab-a-
MPCNF-10 sensor exhibits a detection limit of 10 fM with a
wide dynamic sensing range (10 fM–1 nM), including that for
normal and epileptic patients (2 pM–340 pM).23 NES1 was also
measured in an artificial saliva solution using Ab-a-CNF and
detected concentrations ranging from 500 pm to 500 nM
(Fig. S8, ESI†). This concentration range, unlike in the case of

Ab-a-MPCNF, cannot detect changes in patients with epilepsy
due to seizures.

Fig. 10 suggests an estimation of the stability of the Ab-a-MPCNF
electrode over several weeks. To confirm stability, the Ab-a-MPCNF
electrode was stored in a sealed vessel at 25 1C for 4 weeks under air-
dried conditions. The response of the electrode is displayed with
0.1 fM, 10 fM, and 1 pM of NES1. Under these conditions, the
response current decreases less than 5% after 4 weeks, which
originates from the deactivation of anti-NES1.43

4. Conclusions

In summary, an anti-NES1-modified a-MPCNF-based biosensor
was developed via a co-electrospinning method and subsequent

Fig. 9 (a) Real-time responses of the normalized current of Ab-a-CNFs and Ab-a-MPCNF-based FET sensors (gate bias: VG = 50 mV and source–drain
bias: VSD = 50 mV). (b) Calibration curves of FET sensors formed as a function of NES1 concentration (detection of NES1 was conducted 5 times for every
concentration. Error bars originated from the standard deviation method.). A real-time response of the Ab-a-MPCNF FET sensor (c) to non-target
(glucose, hepatitis B, and cortisol) and target (NES1) and (d) to various analytes before and after being mixed with NES1. (e) A real-time response of the
normalized current and (f) the calibration curve of the Ab-a-MPCNF FET sensor at various concentrations of NES1 in the artificial saliva solution (detection
of NES1 was conducted 5 times for every concentration. Error bars originated from the standard deviation method.).

Fig. 10 Sensing performance comparison of the Ab-a-MPCNF sensor to NES1
over 4 weeks of storage. Measurements were obtained at 1 week intervals.
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steam-activation process. The highly porous carbon structure
enhances the amount of the bioreceptor covered on the sensor
electrode and increases its affinity to the target analyte (NES1
molecule). As a result, the Ab-a-MPCNF sensor electrode exhi-
bits a high sensitivity (down to 0.1 fM) to NES1, which is much
higher (B105 fold) than that of conventional carbon nano-
material-based sensors. Moreover, the Ab-a-MPCNF FET sensor
displays a high selectivity to NES1 in mixtures with interfering
molecules and artificial saliva. Thus, the results of the present
work indicate an effective method for the fabrication of FET-
based biosensors with high sensitivity using porous carbon
nanostructures.
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