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a b s t r a c t

Like antibodies, aptamers are highly valuable as bioreceptor molecules for protein biomarkers
because of their excellent selectivity, specificity and stability. The integration of aptamers with
semiconducting materials offers great potential for the development of reliable aptasensors. In
this paper we present an aptamer-based impedimetric biosensor using a nanocrystalline diamond
(NCD) film as a working electrode for the direct and label-free detection of human immunoglobulin
E (IgE).

Amino (NH2)-terminated IgE aptamers were covalently attached to carboxyl (COOH)-modified NCD
surfaces using carbodiimide chemistry. Electrochemical impedance spectroscopy (EIS) was applied to
measure the changes in interfacial electrical properties that arise when the aptamer-functionalized
diamond surface was exposed to IgE solutions. During incubation, the formation of aptamer–IgE
complexes caused a significant change in the capacitance of the double-layer, in good correspon-

dence with the IgE concentration. The linear dynamic range of IgE detection was from 0.03 �g/mL
to 42.8 �g/mL. The detection limit of the aptasensor reached physiologically relevant concentrations
(0.03 �g/mL). The NCD-based aptasensor was demonstrated to be highly selective even in the pres-
ence of a large excess of IgG. In addition, the aptasensor provided reproducible signals during six
regeneration cycles. The impedimetric aptasensor was successfully tested on human serum samples,
which opens up the potential of using EIS for direct and label-free detection of IgE levels in blood

serum.

. Introduction

Allergenicity is a major health concern in both children and
dults. Approximately 2% of adults and 8% of children suffer from
llergenicity (Sampson, 1999). Allergic reactions are caused by

xposure of the skin to chemicals, or of the respiratory system to
ollen or dust, and consumption of certain food products (Kim et al.,
009). Human immunoglobulin E (IgE) has been demonstrated
o be a mediator in diseases of immediate type hypersensitivity.
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Therefore, the total IgE level in serum is widely reported as a marker
of atopic diseases (Buravkova et al., 2007; Jackola et al., 2004). An
adult is considered to be atopic when the total IgE serum level lies
above 100 IU/mL (Wuthrich et al., 1996).

Currently, enzyme-linked immunosorbent assay (ELISA) tech-
nology using antibodies for quantification of serum IgE is
commercially available (Diagnostics Automation, INC, CA, USA).
Next to traditional immunoassay methods, several aptamer-based
techniques have been developed to detect IgE including capillary
electrophoresis (CE) (German et al., 1998), fluorescence anisotropy
(Gokulrangan et al., 2005), surface plasmon resonance (SPR) (Pollet
et al., 2009), and quartz crystal microbalance (QCM) (Yao et al.,
2009). In contrast with these sensing platforms, electrochemical

impedance spectroscopy (EIS)-based molecular detection offers the
advantage that it is not only sensitive and selective but also well
suited for integration in a very compact and portable biosensor. It
has been proven that EIS can be successfully used as an immunosen-
sor (Berggren et al., 2001; Cooreman et al., 2005), an enzyme sensor
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Alfonta et al., 2001; Kharitonov et al., 2000), and a DNA sensor (Cai
t al., 2003; Lee and Shim, 2001; Vermeeren et al., 2007; Yang et
l., 2004).

Synthetic diamond has been studied extensively as a transducer
aterial for biosensor fabrication because of its very appeal-

ng physical, chemical, and electrical characteristics (Swain and
amesham, 1993). It has a wide electrochemical potential window,

s chemically inert, and can be made electrically semiconductive by
hemical doping (Koizumi et al., 1997; Nebel et al., 2007; Williams
nd Nesladek, 2006). In addition, various procedures have been
eveloped to covalently attach biomolecules to diamond, such as
hemical (Ushizawa et al., 2002), photochemical (Härtl et al., 2004;
ermeeren et al., 2008; Wenmackers et al., 2009; Yang et al., 2002),
nd electrochemical methods (Uetsuka et al., 2007). These linkages
ere demonstrated to be more stable than those with other com-
only used electrode materials, such as gold (Au), Si, glass and

lassy carbon (Yang et al., 2002). Moreover, diamond is biocom-
atible (Smisdom et al., 2009; Tang et al., 1995), therefore allowing

n vivo electronic applications.
In this paper, we describe the development of a novel

anocrystalline diamond (NCD)-based aptasensor for the label-free
etection of human IgE using EIS. We investigated the influence of

gE binding to the aptamer receptor on the impedance properties of
he system. Furthermore, we showed that changes in capacitance of
he double-layer relate directly to the concentration of the desired
nalyte. Our findings demonstrate the potential of using NCD-based
IS in combination with aptamers to directly measure IgE levels.

. Materials and methods

.1. Materials

The anti-IgE aptamer originally selected by Wiegand et al.
1996) was synthesized by Eurogentec (Luik, Belgium). The
ptamer was extended with 20 thymidine bases at the 5′ amino
NH2)-binding site to give the aptamer its maximum flexibility
or binding with IgE proteins. For characterization of the NCD
urface, the aptamer was also labeled at the 3′ end with an Alexa
luor® 488 label. The full sequence of the aptamer is 5′-NH2-C6H12-
TTTTTTTTTTTTTTTTTTTGGGGCACGTTTATCCGTCCCTCCTAGTGGCG
GCCCC-3′. IgE from human myeloma plasma, with an isoelectric
oint (pI) of 9, was supplied by Athens Research and Technology
Georgia, USA). Human IgG and 10-undecenoic acid were supplied
y Sigma–Aldrich (Bornem, Belgium). Bovine serum albumin (BSA)
as purchased from Roche Diagnostics (Vilvoorde, Belgium),

-ethyl-3-(3-dimethylaminopropyl)-carbodiimide (EDC) and 2-
N-morpholino]-ethanesulphonic acid (MES) were purchased from
erbio Science (Erembodegem, Belgium). Trizma base, potassium
hosphate dibasic (K2HPO4), glycine, sodium chloride (NaCl), and
odium hydroxide (NaOH) were purchased from ACROS (New
ersey, USA).

The buffer used for electrochemical impedance measurements
onsisted of 25 mM trizma base, 192 mM glycine, and 5 mM K2HPO4
TGK) at a pH of 8.3.

.2. NCD sensor fabrication

Commercially available H-terminated NCD wafers, grown by
ot filament chemical vapour deposition (HFCVD) from rho-BeSt
Innsbruck, Austria), were used. The wafers consisted of a 2–4 �m

hick NCD film with a grain size of 5–15 nm, grown on p-type sil-
con. Further treatment of the wafers can be found in Vermeeren
t al. (2008). Briefly, the wafers were cut into 1 cm2 pieces using
diamond scribe and cleaned for 30 min in an oxidizing mixture

ontaining 100 mL of H2SO4 18 M and 50 mg KNO3 at 100 ◦C for
ctronics 26 (2011) 2987–2993

2 h. This procedure was followed by washing in an ultrasonic bath
with distilled, ultrapure water at room temperature. Afterwards,
the samples were thoroughly rinsed with heated distilled, ultrapure
water and dried with nitrogen gas. Before use, the samples were
hydrogenated at 700 ◦C for 60 s at 3000 W, 35 Torr, and 1000 sccm
H2.

2.3. NCD sensor functionalization

Three NCD surfaces were incubated with a 50 �L droplet of the
mixture containing different amounts of NH2 modified and Alexa
488-labeled aptamer (5 pmol, 50 pmol and 500 pmol) and 5 �mol
of EDC in a 25 mM MES buffer (pH 6) according to the protocol
described by Vermeeren et al. (2008). In brief, unsaturated fatty acid
(10-UDA) was first photochemically attached to the H-terminated
NCD. In the second step, NH2-terminated IgE aptamers were cova-
lently linked to COOH-modified NCD surface using EDC coupling.
As a negative control, one surface was treated with the mixture
containing 500 pmol aptamer but EDC was replaced by an equal
volume of MES buffer. Finally, the aptamer-coated NCD electrodes
were immersed in 1 × PBS buffer with 6% BSA at 4 ◦C overnight to
reduce non-specific binding of IgE onto the NCD surface.

The fluorescence intensity of the aptamer-functionalized NCD
surfaces was measured using a Zeiss LSM 510 META Axioskop
2 FS Mot laser scanning confocal fluorescence microscope. The
NCD samples were excited with 10% laser intensity of the 488 nm
line of an argon-ion laser. The fluorescence emission was selected
with a long pass filter BP 500–550, using beam splitters HFT
UV/488/543/633.

All images were collected with a W Plan-Apochromat 10 × NA
0.3 W Ph1. The image size was 1024 × 1024 pixels. The pinhole size
was 1.97 airy unit. Pixel dwell time was 1.60 �s. The detector gain
was set at 1000.

2.4. Sensor setup

The sensor setup used in our study is represented in Fig. 1A,
similar to that used by Bijnens et al. (2009). Four separate NCD sam-
ples of 1 cm2 coated with anti-IgE aptamer, functioning as working
electrodes were mounted onto a Cu plate back contact using Ag
paste. Rubber O-rings with an inner-diameter of 7 mm and a Teflon
lid containing 4 circular holes of equal size were pressed onto the
samples to create 4 reaction wells above the NCD.

The wells were filled with 140 �L of reaction fluid. Four gold
wires, one for each reaction well, placed ∼1 mm above the NCD
surface in contact with the reaction fluid, were used as counter
electrodes. The working and counter electrodes were connected to
the impedance analyzer with shielded cables. This set-up allows
the recording of 4 signals simultaneously.

2.5. Impedance spectroscopy

Impedance spectroscopy was performed using a Hewlett
Packard 4248 A precision LCR meter (Agilent, Diegem, Belgium).
The impedance was measured by applying a small, sinusoidally
modulated voltage (U) of 10 mV to the measurement cell. The
response to this potential is an AC signal (I). The complex
impedance (Z) was measured for 25 frequencies in a frequency
range from 20 Hz to 100 kHz. The duration of one frequency sweep
was 2.35 min.

Real-time impedance spectra were collected continuously dur-

ing stabilization, analyte addition and rinsing. The reaction wells
were first filled with 130 �L TGK buffer, and the device was allowed
to stabilize until no further change in Z between two successive
frequency sweeps was detected throughout the entire frequency
range. Then, 10 �L of samples containing target protein (IgE or
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ig. 1. (A) Schematic illustration of the aptasensor setup with four reaction wells. (
o fit the experimental data.

gG) was injected into the buffer in each well. The mixture was
eft to incubate for 1 h. Subsequently, the wells were rinsed and
efilled with buffer, and the signal was allowed to stabilize for
t least 45 min prior to denaturation of the aptamers for reuse.
he IgE–aptamer complex was denatured by filling the wells with
00 �L of denaturation buffer containing 0.05 M NaOH and 1 M
aCl for 10 min. This step was repeated twice. Finally, the device
as again stabilized with fresh buffer and used for the next

ycles.
For all impedance experiments, the sensor setup was placed

n a humidity-controlled hybridization oven at 37 ◦C, which also
esulted in electromagnetic shielding.

.6. Analysis of impedance data

The electrical circuit parameters were determined by fitting
he impedance data to the equivalent circuit given in Fig. 1B. The
ts were performed over the total frequency range from 20 Hz
o 100 kHz using the non-linear least-squares fit principles per-
ormed with ZSimpWin software from Princeton Applied Research
Massachusetts, USA). The circuit consists of three components
onnected in series: the solution resistance Rs, between the gold
lectrode and the NCD surface, a resistance Rdl and a constant phase
lement (CPE) Qdl in parallel, corresponding to the molecular layer
nd its associated double-layer on the NCD surface, and a resistance
sp and a CPE Qdl in parallel, corresponding to the space-charge
egion in the NCD.

.7. Clinical sample analysis

To illustrate the feasibility of using the presented aptasensor
o measure IgE concentrations in biological samples, different IgE

oncentrations were added to a sample of commercially available
uman serum (Sigma–Aldrich, Bornem, Belgium). After stabilizing
he sensor with TGK buffer, IgE spiked serum was injected into
he well to obtain final concentrations of 0.05 �g/mL, 0.4 �g/mL,
.5 �g/mL, 2.9 �g/mL, 5.8 �g/mL, 11.7 �g/mL, 23.3 �g/mL, and
electrical circuit model describing the chemically modified electrode system used

46.7 �g/mL. The measurement protocol for the serum sam-
ples was the same as that of IgE in buffer described in
Section 2.5.

To validate the aptasensor results, a commercially available
ELISA kit (Diagnostics Automation, INC, CA, USA) for IgE determina-
tion was used as a benchmark to analyze all these serum samples.
When necessary, serum samples that had concentration levels out-
side of the measurement range of the ELISA kit were diluted for
measurement. The ELISA assay was performed according to the
instructions of the manufacturer.

3. Results and discussion

3.1. Functionalization of the NCD surface with aptamers

To make sure that the NCD samples could effectively be func-
tionalized with aptamer biorecognition molecules, three NCD
samples were modified with different amounts of NH2-modified
Alexa 488-labeled aptamer (5 pmol, 50 pmol, and 500 pmol) using
an EDC coupling. Another sample, as a negative control, was also
treated with 500 pmol aptamer but without EDC. The results of
the fluorescent imaging demonstrated that the maximum inten-
sity was obtained for the sample treated with EDC and 500 pmol
aptamer (Fig. 2C), which corresponds to 3 × 1014 molecules immo-
bilized on the surface while the negative control showed no
fluorescence (Fig. 2D). In the further experiments the NCD surfaces
were modified with 500 pmol aptamer.

3.2. Impedance measurement of IgE–aptamer binding

For the detection of IgE in solution, impedance spectroscopy
was used to extract electrical properties of the electrolyte/diamond

interface. Fig. 3 shows Bode (A) and Nyquist (B) plots obtained
before adding 42.8 �g/mL IgE and after 1 h of reaction in a typical
experiment. It is noted that ‘before adding IgE’ can be regarded as
an internal reference point, corresponding to a condition where the
NCD sensor is completely stabilized with buffer, before addition of
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ig. 2. Fluorescent intensity of the NCD surfaces treated with different amounts of N
DC. (C) 500 pmol with EDC. (D) 500 pmol without EDC.

nalyte, and before any aptamer–IgE complexes are formed. This
s done so for every measurement. Exposing the aptamer-coated
CD surfaces to IgE results in a decrease of the complex impedance
s shown in the Bode plot. This change is more pronounced at low
requencies (from 20 Hz to 100 Hz) while at high and intermedi-
te frequencies, between 100 Hz and 100 kHz, the two traces are
early overlapping. This is because in the low frequency range the

mpedance is dominated by the events in the molecular layer while
t high frequencies the impedance is more sensitive to the compo-
ition of the buffer solution than the surface capacitance effects
Lasseter et al., 2004) (Fig. 1B).

While the logarithmic impedance plot (Fig. 3A) shows the
hange in the response over the entire frequency range, the lin-
ar Nyquist plot (Fig. 3B) presents more clearly the impedance
hanges of different layers of the sensor surface. The fits of these
ata to the given electrical circuit (Fig. 1B) are indicated by solid

ines. As can be seen in Fig. 3B, there is an increase of the second
emi-circle corresponding to the decrease of the impedance during
gE recognition at low frequency as the result of the formation of
he aptamer–IgE conjugated layer on the electrode surface. How-
ver, the shape of the high-frequency semi-circle corresponding to
he diamond layer remained the same upon exposure to IgE solu-
ion. This phenomenon can be due to the fact that at the working
uffer pH of 8.3, IgE molecule is slightly positive since its isoelec-
ric point is about 9.0 (Iijima et al., 1999). Therefore, the binding

f IgE to the surface could not attribute to the depletion zone in
he diamond substrate. This finding is different from the results
btained by Vermeeren et al. (2007) and Yang et al. (2004) on DNA
ensors in that their studies observed a clear decrease of impedance
t high frequency during hybridization which was not the case in

ig. 3. Impedance measurement of the IgE–aptamer binding. The aptamer-functionalized
he impedance modulus versus frequency and (B) Nyquist plot showing the response of
ange measured before (�) and after 1 h (�) exposure to IgE. Symbols represent the mea
odel shown in Fig. 1B.
odified Alexa 488-labeled aptamer. (A) 5 pmol aptamer with EDC. (B) 50 pmol with

the current study and their observations could be explained by the
field-effect mechanism.

3.3. Aptasensor sensitivity and linear dynamic range

To investigate the dynamic range of the impedimetric aptasen-
sor using impedance spectroscopy, different IgE concentrations
were added to the TGK buffer in each well so that the final con-
centrations were 0.2 �g/mL, 0.54 �g/mL, 2.14 �g/mL, 10.7 �g/mL,
21.4 �g/mL, and 42.8 �g/mL. In order to understand the physical
meaning of the impedance changes at low frequencies, the circuit
shown in Fig. 1B was used to fit the experimental data. The fitting
result before and after 1 h of exposure to different concentrations
of IgE is given in Table 1. The electrolyte ohmic resistance Rs which
is dependent on the ionic strength of the buffer dominates at the
highest frequency (100 kHz) thus it is not much affected by the
binding reaction of IgE to the surface. The values of Rsp, Qsp and nsp

do not significantly change after IgE incubation. This means that
the formation of IgE–aptamer complexes on the electrode surface
does not affect the impedance of the space charge region. However,
these complexes contributed to a change of the capacitance value
(Qdl) of the molecular layer and its associated double-layer on the
surface. This can be well explained by the fact that the additional
layer of IgE captured on top of the anti-IgE aptamer layer decreases
the dielectric constant of the medium due to the strong solvata-

tion effect of the electric charge and increases the thickness of the
biomolecular membrane as well. Both factors lead to a decrease
of the capacitance of the electrode surface (Bijnens et al., 2009;
Wei et al., 2003). The changes of Rdl were not employed because
the model fit sometimes gave high uncertainties of this parameter.

NCD (500 pmol aptamer) was incubated with 42.8 �g/mL IgE. (A) Bode plot showing
the real and the imaginary part of the complex impedance in the total frequency
sured data and solid lines represent the fit curves, based on the equivalent circuit
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This can be explained due to the fact that Rdl is the value of the
real impedance, extrapolated from the second semi-circle in the
Nyquist plot. As can be observed in Fig. 3B, only the start of this
semi-circle is visible, therefore a high uncertainty was obtained for
Rdl.

Consequently we used the change of the double-layer capac-
itance (�Qdl) for quantification purposes. Fig. 4A reveals the
calibration plot of the IgE detection. The aptasensor showed an
excellent linear correlation between the �Qdl values and the IgE
concentrations, which is desirable for the quantification. The lin-
ear relation gave a regression equation of �Qdl = 0.42[IgE] + 0.535
with a determination coefficient of 0.994. The limit of detec-
tion (LOD) (S/N = 3) was evaluated to be 0.03 �g/mL based on
3 times the standard deviation of the blank (buffer solution in
which IgE was diluted). The sensitivity was 0.42 nS sn mL/�g as
calculated from the slope of the calibration curve and the linear
dynamic range is as low as 0.03 �g/mL to at least 42.8 �g/mL.
There have been a number of studies from different groups using
EIS based aptasensors for detection of IgE. For instance, Xu et al.
(2005) used aptamer-based array electrodes in which aptamers
were immobilized on gold electrodes to detect IgE with a LOD
of 0.02 �g/mL, similar to that of our system. Recently, Kara et al.
(2010) reported a bioelectronic detection of aptamer–IgE binding
based on the EIS technique using disposable graphite working elec-
trodes. A LOD of 0.1 �g/mL was obtained in this case. Although
the electrode materials used by these groups are compatible with
micro-electronic processes, they are not as chemically stable as
diamond and the bio-interfaces may degrade upon contact with
aqueous electrolytes (Nebel et al., 2007). Moreover, a redox probe
labeling was added to their systems to facilitate the electron
transfer resistance, which is not necessary in the current study,
making our protocol faster and simpler. Other techniques than EIS
have been developed for IgE detection. Gokulrangan et al. (2005)
used fluorescence anisotropy technique with LOD of 0.07 �g/mL,
which is the same range as that of our aptasensor. However, this
technique requires relatively complicated optics. With the com-
mercial ELISA kit for quantification of IgE, the detection limit
is 0.01 �g/mL.

3.4. Specificity of the aptasensor

To verify the specificity of the aptasensor, IgG which has an
analogous structure to IgE and appears in high concentration in
blood sera was used. The specificity was evaluated by compar-
ing �Qdl resulting from IgE binding to that from IgG binding to
the NCD surface. Fig. 4B shows the Nyquist plot of a typical result
obtained before and after 1 h of IgG addition. The impedance mod-
ulus after incubating with 32.1 �g/mL IgG almost falls back onto
that before recognition. Fig. 4A shows the changes in double-
layer capacitance as a function of the protein concentration. As
mentioned above, the capacitance changes (�Qdl) are propor-
tional to the IgE concentrations in the range from 0.03 �g/mL
to 42.8 �g/mL. However, the capacitance changes are negligible
for IgG. This result suggests that the aptasensor has very high
selectivity towards IgE and exhibits minimal non-specific bind-
ing due to successful application of BSA when preparing the
electrodes.

3.5. Reusability of the aptasensor

To assess the reusability of our aptasensor, the aptamer-coated

NCD electrode that had been incubated with IgE solution in the pre-
vious cycle was first rinsed and stabilized with TGK buffer. Then
the IgE–aptamer complex was denatured by filling the wells with
100 �L of the denaturation buffer for 10 min. Subsequently, the
regenerated sensor was challenged to a next cycle of IgE recogni-
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ig. 4. (A) Dose–response curve of the aptasensor to IgE (�) and IgG (©) at different co
rror bars present standard errors. (B) Nyquist plot of the aptamer-coated NCD sen
he aptasensor during six repeated cycles.

ion and the impedance spectra were recorded again. Fig. 4C shows
he complex impedance values (Z) at 82 Hz of the regenerated sur-
ace during six repeated cycles for four reaction wells. The relative

tandard deviations (R.S.D.) of the complex impedance at 82 Hz for
ix regeneration cycles were found to be 1.1%, 1.3%, 1% and 0.8%
or well 1, well 2, well 3 and well 4, respectively. This result indi-
ates that the aptasensor was reusable; the aptamer probe layer
s not damaged by the denaturation steps. This is due to the cova-

ig. 5. (A) EIS responses of the diamond electrode to different IgE concentrations in hum
nd the IgE concentrations in the range of 0.05 mg/mL to 5.8 �g/mL. Each point represe
orrelation between the signals obtained by the ELISA kit and those obtained by the apta
f the mean based on three measurements of the same set of samples.
rations (0.2–42.8 �g/mL). Each point represents the average of three measurements.
tained before (�) and 1 h after adding 32.1 �g/mL of IgG (�). (C) The reusability of

lent attachment approach for the immobilization leading to a very
stable aptamer-diamond interface.
3.6. Application of the aptasensor in biological samples

The practical application of the aptasensor was demonstrated
by measuring IgE levels in human serum samples. Fig. 5A shows
the dose–response curve of IgE detection using the aptasensor.

an serum. Inset: the calibration curve of the aptasensor between the �Qdl values
nts the average of three measurements. Error bars present standard errors. (B) A
sensor for different IgE concentrations. The error bars represent the standard error



Bioele

T
a
d
t
b
s
n
t
m
l
f
c
g
c
f
E
t
t
s
w
s
p

4

s
d
t
c
0
s
s
I
t
c
r
i
n
m

A

G
t
fi
(
‘
T

D.T. Tran et al. / Biosensors and

he aptasensor showed a linear trend between the �Qdl values
nd the IgE concentrations up to 5.8 �g/mL with a coefficient of
etermination of 0.98 (inset of Fig. 5A). Above this concentration,
he sensor reached saturation. Comparing to the data obtained in
uffer, the aptasensor has a shorter linear dynamic range and less
ensitivity. This might be due to the interference of the compo-
ents in the serum. To validate the accuracy of the aptasensor,
he IgE concentrations measured by EIS were plotted against those

easured by the ELISA reference technique (Fig. 5B). An excel-
ent correlation was found between the aptasensor and the ELISA
or determination of IgE in serum samples with a correlation
oefficient of 0.99. The slope of the correlation curve is 1.01 sug-
esting good clinical agreement between both techniques. It can be
oncluded that our aptasensor is definitely capable of quanti-
ying IgE levels in serum. Although the detection limit of the
LISA kit (0.01 �g/mL) is somewhat lower than that of our sys-
em (0.03 �g/mL), the linear dynamic range of the EIS aptasensor is
hree times as broad as that of the ELISA benchmark. However, the
tandard error on the EIS measurements is still considerably large;
ork is in progress to reduce this variability. To further improve the

ensor performance pre-treatment of the sensor surface, sample
reparation and sensor miniaturization can be optimized.

. Conclusions

We have demonstrated an impedimetric aptamer-based biosen-
or using NCD thin films as working electrodes for the label-free
etection of human IgE. A linear relationship between capaci-
ance and IgE concentration has been obtained throughout the
oncentration range of 0.03–42.8 �g/mL with a detection limit of
.03 �g/mL. The NCD-based aptasensor developed in the present
tudy is able to detect unlabeled human IgE. The aptasensor
hows no change in electrical properties in the presence of
gG, thus exhibiting the minimal non-specific binding due to
he application of BSA. It can also be reused for at least six
ycles. We have illustrated that the EIS aptasensor works fine in
eal human serum samples. Although its linear dynamic range
s three times as broad as that of the reference ELISA tech-
ique, further research is required to reduce the variability on the
easurements.
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