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a b s t r a c t

House dust mites are the major source of indoor allergens that are responsible for asthma. The major
dust mite allergen is the group II allergen, Der p2. Myeloid differentiation-2 (MD-2) acts as an essential
component in the CD14-TLR4 (toll-like receptor)/MD-2 receptor complex for Der p2 recognition.
Mutations of the MD-2 associated gene on chromosome 8 degrade a human's innate responses. In this
study, we report the effective detection of mutations to the MD-2 gene promoter, using a sensitive
nanostructured biosensor with a sensing electrode of gold nanoparticles (GNPs) uniformly deposited in a
nanohemisphere array. The 70 mer MD-2 expressed gene fragment was used to probe gene mutation.
The complementary target, containing 156 mer nucleotide, was prepared using the fresh blood from
patients with allergic disease. A total of 37 target samples, including 19 gene mutated samples and 18
normal samples, were prepared by a 20 cycles PCR process, and used for discrimination experiments.
Experimental results illustrated that the nanostructured biosensor clearly discriminates between
mutated and non-mutated MD-2 allergy genes.

& 2013 Elsevier B.V. All rights reserved.
1. Introduction

Common allergy related diseases include perennial allergic
rhinitis, allergic asthma, perennial allergic conjunctivitis, atopic
dermatitis, and urticaria. Among these, allergic rhinitis and asthma
are the most common. The pathogenic mechanism is the inflam-
matory response, induced by the attachment of allergens in air to
the epithelia of the respiratory tract. When people with allergies
are exposed to allergens, a series of immune reactions, such as the
mass production of immunoglobulin E (IgE) antibodies, eosino-
philia, mast cell activation, and histamine production, are induced
by the body. Allergic constitution is due to the activation of
myeloid differentiation-2 (MD-2) in toll-like receptors (TLR),
which is the main mechanism of pathogenic microorganism
identification in a human's innate immune system. MD-2 binds
to dust mite allergens, inducing allergic reactions. It has been
reported that mutations of the MD-2 associated gene on chromo-
some 8 degrade a human's innate responses (Miyake, 2004). Gene
ll rights reserved.
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variation in the allergic innate immune receptors is due to single
nucleotide (A, T, C or G) replacement polymorphisms, commonly
called single nucleotide polymorphisms (SNPs). If gene variations
in the allergic innate immune receptors are accurately detected,
the early diagnosis of allergic pathogens and preventive treatment
can be effectively achieved.

When two human genomes are compared, there is only 0.01%
difference (Cooper et al., 1985). Most of these differences are SNPs.
Almost all usual SNPs have only two alleles. Although SNPs
generally occur more frequently in non-coding segments than in
coding segments, a small variation in DNA sequences can affect
humans' response to pathogens, chemicals, drugs, vaccines, and
other agents, with implications in inducing severe disease. Several
analytical methods have been implemented for the detection of
known SNPs, including DNA sequencing (Altshuler et al., 2000),
mass spectrometry (Griffin and Smith, 2000), capillary electro-
phoresis (Drabovich and Krylov, 2006), electrochemical analysis,
denaturating HPLC, gel electrophoresis, and hybridization analysis.

Kerman et al. (2004) detected SNPs by observing the change in
the oxide wave of monobase-modified colloidal gold nanoparticles
(GNPs). When the mismatched bases were complementary to the
monobase, a significant change in the Au oxide wave was detected.
A label-free method for the detection of point mutations in short
DNA samples, based on non-metallized silicon field-effect transis-
tors (FET) in a microarray, was reported by Ingebrandt et al. (2007).
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The use of the differential AC readout concept enabled a reliable
readout and the possibility for quick screening of large sensor
arrays. Zhang et al. (2009) proposed a label-free and sensitive SNP
detection approach, based on the integration of ligation-rolling
circle amplification (L-RCA) and methylene blue intercalation; a
detection limit of 40 amol mutated strands was achieved. An
electrochemical method for multiplex SNP detection, without probe
immobilization, was developed by Luo and Hsing (2009). A neu-
trally charged peptide nucleic acid (PNA) probe, labeled with an
electroactive indicator and a negatively charged ITO electrode, was
used for the immobilization-free detection of target DNA. Palchetti
et al. (2010) demonstrated the feasibility of detecting hybridization
of DNA target oligonucleotides, on a mixed monolayer of peptide
nucleic acid and mercaptohexanol, using electrochemical impe-
dance spectroscopy (EIS). Ensafi et al. (2011) detected cancer and
chronic lymphocytic leukemia using a DNA impedance biosensor
based on a gold-nanoparticle-modified electrode. An electrochemi-
cal biosensor for sensitive detection of the BRAF V600E mutation in
colorectal cancer cells, based on a dual amplification strategy of
amplification-refractory mutation system (ARMS) PCR and multiple
enzyme labels, was developed by Situ et al. (2012). The proposed
method was demonstrated to be more sensitive than DNA sequen-
cing and agarose gel electrophoresis of the cell-line dilution model.
An allele-specific PCR and surface hybridization based electroche-
mical detection method for SNP detection was proposed by Huang
et al. (2012). Successful identification of single base mutations in
human β-globin with a detection limit of 0.5 fM was reported.

Among these methods, the EIS analysis possesses the advan-
tage of high sensitivity and short processing time. In this study, an
EIS based nanostructured biosensor, with uniformly deposited
GNPs as the sensing electrode, for effective detection of allergy
gene mutation is proposed. In this device, an anodic aluminum
oxide (AAO) barrier layer with a nanohemisphere array was used
as the substrate. A gold thin-film was sputtered onto the AAO
barrier-layer substrate to serve as the electrode for GNP deposition
and sensing. A 70 mer gene fragment of the genome that is related
to the expression of MD-2 was used for the detection of the gene
mutation. The complementary target, containing 156 mer nucleo-
tide, was prepared using the fresh blood from patients with
allergic disease. An EIS analysis was implemented to discriminate
between matching and mismatching of hybridizations for the
capture probes and complementary targets.
2. Material and methods

2.1. Nanostructured impedance biosensor fabrication

The nanostructured impedance biosensor for the detection of
SNPs is schematically illustrated in Fig. 1. The barrier-layer surface
of an AAO membrane was adopted as the substrate. A gold thin-
Fig. 1. Schematic illustration of the n
film was sputtered onto the substrate, followed by a uniform
electrochemical deposition of GNPs on the gold thin-film.

The fabrication details of the nanostructured biosensor are
similar to those of previously reported work (Tsai et al., 2011) and
are concisely depicted below. An AAO membrane was prepared
using the conventional anodization process. A honeycomb-like
surface barrier layer, containing convex honeycombs of around
80 nm diameter, was obtained after removing the remaining
aluminum from under the barrier layer. The shape of the honey-
combs on the surface of the barrier layer was further modified
with 30-wt% phosphoric acid. An electrode consisting of a 10 nm
Au thin film was sputtered onto the modified barrier-layer surface,
using a radio frequency (RF) magnetron sputter. To make certain
that the sensing area of each biosensor was consistent, a ϕ¼6 mm
hole was punched into the center of a 2.5�2.5 cm2 piece of
parafilm, the bottom surface of the parafilm square was coated
with a thin layer of AB glue, and the parafilm was adhered to the
Au film barrier layer surface. Finally, a GNP layer was synthesized
on the Au thin film by electrochemical deposition.

2.2. Probe and target DNAs preparation

A gene fragment that is related to the expression of MD-2 was
used to probe the detection of a gene mutation in a patient. The
sequence of the probe, as shown in Table 1, contains 70 mer of
nucleotide. The 32nd nucleotide (C), indicated in bold, is the
mutation location. The synthetic ssDNA of MD-2, with0 base
sequences shown in Table 1, was purchased from Tri-I Biotech,
Taiwan. The target DNAs, as listed in Table 1, contain 156 mer of
nucleotide and were prepared according to the genomic DNA mini
kit protocol for fresh blood (Geneaid Biotech, Taiwan). The 79th
nucleotide (T), indicated in bold, is the mutation location. It should
be (G) for a normal person.

2.3. Immobilization of the ssDNA probe and hybridization of the
complementary target

The process for ssDNA probe immobilization is detailed below.
A 10 μM probe-ssDNA solution was diluted 100-fold with
phosphate-buffer saline (PBS), followed by uniform shaking. The
diluted probe-ssDNA solution (30 μL) was then dropped onto the
electrode surface of the biosensor and incubated for 1 h. A 2 mM
solution of 6-mercapto-1-hexanol (MCH) was added to the probe-
ssDNA immobilized sample, in order to block the non-immobilized
area. The sample was then incubated for 1 h and washed with PBS.

The hybridization process for the complementary target is
described below. The genome specific DNA sample for allergic
disease (complementary target) was magnified through a PCR
process. Various numbers of PCR cycles (5, 10, and 20) were
conducted to determine the minimum number of cycles required
to produce sufficient amounts of the complementary target for
anostructured biosensor.



Fig. 2. Comparison of gel electrophoresis for the primers of complementary target
and hybridized DNA.

Table 1
Base sequences of the probe and the target oligonucleotide sequences

ACCTCACATCACCGGGTTAGAACCGAGTGACGTTGGA
GACGGAGGAC

ATTAAAAATATAAAAATCATCTCTGCCTTAAAGTT
GTAC
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effective detection using the nanostructured biosensor shown in
Fig. 1. The double-stranded reference (target) DNA solution was
denatured at 95 1C for 10 min to form single-strand DNA. The
solution of denatured target DNA was cooled to 50 1C, followed by
uniform shaking. The diluted target DNA solution (30 μL) was then
dropped onto the sensing device, which was incubated at 50 1C for
30 min and washed with PBS.

In the absence of a gene mutation in the reference DNA, all of
the nucleotides in the selected DNA fragment matched with their
corresponding nucleotides in the selected probe DNA fragment.
However, if a gene mutation was present, then one of the
nucleotides in the selected DNA fragment would not immobilize
to the corresponding nucleotide in the selected probe åDNA
fragment.

2.4. Electrochemical analysis

An SP-150 potentiostat (Bio-Logic, USA) was implemented for
the cyclic voltammetry (CV) analysis and electrochemical impe-
dance spectroscopy (EIS) analysis. The EIS analysis was used to
distinguish between DNA matching and mismatching through
measurement of impedance differences. The working electrode,
counter electrode and reference electrode were the nanostruc-
tured sensor, Pt film, and Ag/AgCl, respectively. A mixture of 5 mM
Fe(CN)64−, 5 mM Fe(CN)63− and 0.1 M KCl in 100 mM 2-(N-mor-
pholino)-ethanesulfonic acid (MES) (pH¼6.0) was used as the
buffer solution. The applied DC power and AC power were 0 V and
10 mV, respectively. The scanning AC frequency was between
0.01 Hz and 100 kHz.

2.5. Elemental composition analysis

A PHI 5000 VersaProbe (ULVAC-PHI, Japan) X-ray photoelectron
spectroscopy (XPS) instrument was used to analyze the elemental
compositions of the electrode surface at each stage of immobilization.
3. Results and discussion

3.1. Sensor fabrication

Sensor fabrication results are displayed as SEM images of the
AAO barrier layer and the GNP deposited hemispheric electrode
array in Fig. S1. The diameter of the uniformly deposited GNPs
shown in Fig. 2(b) was estimated to be 10–15 nm. Since the
difference between a mutated and a non-mutated MD-2 allergy
gene is very slight, it requires a highly sensitive biosensor to
discriminate the difference. The high surface to volume ratio of the
proposed nanostructured biosensor allows more probes to attach
onto the electrode. Fig. S2 illustrates steady-state CVs for three
different electrodes (AAO/Au/GNP, AAO/Au film, flat Au) in 20 mM
Fe(CN)64− and 0.1 M KCl at 100 mV/s versus Ag/AgCl reference
electrode. The effective electrode area of the AAO/Au/GNP elec-
trode is estimated to be 4.18-fold of the flat Au electrode.

3.2. Single-strand DNA probe immobilization and complementary
target hybridization

3.2.1. ssDNA probe immobilization
The cyclic voltammograms for the GNP deposited and the

ssDNA immobilized electrodes are displayed in Fig. S3. For the
ssDNA probe immobilized electrode, both the peak anode current
(Ipa) and the peak cathode current (Ipc) decreased, relative to the
GNP deposited electrode. This result can be attributed to a drop in
surface capacitance of the electrode due to the ssDNA probe
immobilization. The CV results reveal that the ssDNA probes were
effectively immobilized on the nanostructured electrode.
3.2.2. Complementary target hybridization
Various complementary target solutions, prepared by different

PCR cycles, were used for hybridization experiments. When the
hybridization was stable, sonication was conducted to detach
hybridized DNA pairs. The primers for the complementary target
were added to the solution containing sonicated DNA, followed by
a 30 cycles PCR process to further magnify the complementary
targets. Finally, gel electrophoresis was conducted to identify
the complementary targets. Fig. 2 shows the results of the gel
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electrophoresis for two MCH immobilization conditions. The gel
electrophoresis results indicate that the hybridized DNA was the
complementary target. The complementary target, which was
produced by a 5 cycles PCR process, hybridized to the probe
ssDNA after a 60 min MCH immobilization process.
Fig. 4. Equivalent circuit for the nanostructured biosensor.
3.2.3. Elemental composition analysis
Fig. 3 displays the XPS spectra for C, O, P and N with atomic

orbital of C1s, O1s, P2p and N1s on the GNP deposited and ssDNA
probe immobilized electrode surfaces, respectively. Based on the XPS
spectra for P2p and N1s shown in Fig. 3(a) and (b), it was calculated
that the area of the ssDNA probe immobilized electrode surfaces was
851.89 (I� eV) and 1173.79 (I� eV), respectively. In general, the XPS
signals of N1s and P2p were not so strong when compared to that of
the C1s and O1s (Lee et al., 2006). Furthermore, the used ssDNA was
a 10 μM diluted 100-fold solution, the XPS signals of N1s and P2p
were further attenuated. However, these results confirm the covalent
immobilization of phosphorus and nickel.

3.3. Optimization of the probe ssDNA immobilization

To optimize the probe ssDNA immobilization, the original
10 μM probe ssDNA solution was diluted 10-, 100-, and 1000-
folds. After immobilization of probe ssDNA, EIS was conducted to
measure the variation in charge transfer resistance at different
probe ssDNA concentrations.

The equivalent circuit shown in Fig. 4 was used to model the
nanostructured biosensor that was used in this study, where Ret
denotes the charge transfer resistance, Rs is the solution resistance,
C is the double-layer capacitance, Rn represents the nanostructures
resistance, Q models the constant phase element, and W is the
Warburg impedance. Ret can be represented by the diameter of the
Nyquist plot of the EIS analysis and can be used to indicate the
resistance variations due to the DNA bindings.

To illuminate variations between different sensor substrates
(AAO barrier layer), the Retp ratio, defined as the charge transfer
Fig. 3. XPS spectra for C, O, P and N on the GNP deposited and ssDNA probe immob
respectively.
resistance difference between the probe ssDNAs immobilized
electrode and the bare nanostructured electrode (ΔRetp¼Retp−Retb),
divided by the charge transfer resistance of the original bare
nanostructured electrode Retb, was used. This ratio is an indicator
for the evaluation of the optimal concentration for probe ssDNA on
the nanostructured electrode. Fig. S4 shows various Retp ratios,
with respect to corresponding probe ssDNA concentrations. It was
found that the values of the Retp ratio for the 10- and 100-folds
diluted probe ssDNA solutions are similar. The Ret saturated when
a probe ssDNA concentration 100-fold diluted from the original
10 μM sample was used. This indicates that the 100-fold diluted
probe ssDNA solution was sufficient to cover the surface of the
nanostructured electrode.

3.4. Discrimination between matching åand mismatching
hybridizations

A total of 37 combined target samples from patients, including
19 gene mutated samples and 18 normal samples, were used for
discrimination experiments. The mutation point for the gene
mutated samples was verified by gel electrophoresis. Similar to
the optimization of the probe ssDNA immobilization, the Rett ratio,
defined as the charge transfer resistance difference between the
complementary target hybridized electrode and the probe ssDNAs
immobilized electrode (ΔRett¼Rett−Retp), divided by the charge
ilized electrode surfaces; (a), (b), (c) and (d) spectra for P2p, N1s, O1s, and C1s



Fig. 5. Discrimination of matching and mismatching hybridizations of the 37 complementary targets that were produced by a 20 cycles PCR process; (a) complementary
targets that were produced by a 20 cycles PCR process, Rett ratio (matching)¼(59.7730.8)%, and Rett ratio (mismatching)¼(196.2742.5)% and (b) complementary targets
that were produced by a 10 cycles PCR process, Rett ratio (matching)¼(24.8713.1)%, and Rett ratio (mismatching)¼(113.3746.0)%.
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transfer resistance of the probe ssDNAs immobilized electrode Retp,
was used as the indicator for the discrimination between matching
and mismatching hybridizations.

Fig. 5(a) displays the results of the discrimination experiments
for the complementary targets that were produced by a 20 cycles
PCR process. The measured impedance data are tabulated in Table
S1(a). Based on Fig. 5(a), Rett ratios of the matching hybridizations
were less than 120%, while those of the mismatching hybridiza-
tions were larger than 120%. The results demonstrate that the
nanostructured biosensor discriminated between mutated and
non-mutated MD-2 allergy genes. The left figure displays the EIS
analysis results for one of the matched and one of the mismatched
samples.

Complementary targets produced by a shorter PCR process of
10 cycles and 5 cycles were used to investigate the limitations of
the nanostructured biosensor. Fig. 5(b) shows the discrimination
results for the complementary targets after a 10 cycles PCR
process. The measured impedance data are tabulated in Table S1
(b). The results indicate that almost all of the SNPs for the
complementary targets, after a 10 cycles PCR process, were
detected by the nanostructured biosensor, except for one SNP
from each group. The Rett ratios of the matching hybridizations
were less than 65%, while those of the mismatching hybridizations
were larger than 40%. There were four overlaps out of 37 samples,
including two matching samples and two mismatching samples.
The relatively low Rett ratios, when compared to those of the 20
cycles PCR processed complementary targets, can be attributed to
a lower concentration of complementary target.

Full discrimination of complementary targets after a 5 cycles
PCR process was not successful. It can be speculated that the
concentration of the complementary targets after a 5 cycles PCR
process was below the sensing limit of the nanostructured
biosensor. In our future work, the microvibration method (Tsai
et al., 2013) will be adopted to enhance the adhesion uniformity of
the complementary targets so that PCR free discrimination can be
achieved. More samples will be tested to verify the feasibility of
the nanostructured biosensor for the detection of base pairs in SNP
of allergy genes.
4. Conclusion

In mammals, signaling of bacterial lipopolysaccharide (LPS), a
major component of the cell wall of Gram-negative bacteria,
proceeds through innate immune system (toll-like receptors:
TLR). The MD-2 on the TLR acts as an essential component of the
TLR/MD-2 receptor complex for microbial cell wall component
recognition. The promoter, containing numerous transcription
factor binding sites, is central to the regulation of gene transcrip-
tion. There is growing evidence indicating that genetic variations
in this region affect the transcription of target genes.

In this study, a sensitive nanostructured biosensor, based on
uniformly deposited GNPs as the sensing electrode, for the
effective detection of allergy gene mutation is presented. An AAO
barrier-layer with a nanohemisphere array was used as the
substrate, deposition of a gold thin film on the AAO barrier-layer
substrate served as the electrode for GNP deposition. The MD-2
related 70 mer gene fragment was used to probe gene mutation.
åA total of 37 target samples from patients, including 19 mutated
samples and 18 normal samples, were used for discrimination
experiments. It was demonstrated that mutated and non-mutated
allergy genes of MD-2 could be discriminated by the nanostruc-
tured biosensor; target samples were prepared with a 20 cycles
PCR process.
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