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In figure 4 of the original published paper, the unit of X-axis
shall be corrected to ‘copy numbers/50µl’. In order to present
clearly, the color of particle size distribution of 2, 18 and
40 nm AuNPs, in the inset, are shown as green, red, and blue,
respectively. The corrected version of figure 4 is presented
below.
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Figure 4. EV71 concentration compared with the relative change of charge transfer resistance with various sizes of AuNPs. AuNPs with
sizes of 2, 18 and 40 nm are shown as green, red, and blue respectively. The lowest detection of limit of 2, 18, and 40 nm AuNPs conjugated
with Anti-EV71 Ab, were 1, 1, and 61 copy number(s)/50 µl reaction volume, respectively. The linear range of 2, 18 and 40 nm AuNPs
after conjugation with anti-EV71 Ab were 1–6, 1–6050 and 6–605 copy numbers/50 µl reaction volume, respectively. The 18 nm AuNPs
showed the best performance in connecting anti-EV71 Ab to detect EV71. The inset denotes the particle size distributions of 2, 18 and
40 nm AuNPs by DLS measurement.
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Abstract
Enterovirus 71 (EV71) infection is an emerging infectious disease causing neurological complications and/or
death within two to three days after the development of fever and rash. A low viral titre in clinical specimens
makes the detection of EV71 difficult. Conventional approaches for detecting EV71 are time consuming,
poorly sensitive, or complicated, and cannot be used effectively for clinical diagnosis. Furthermore, EV71 and
Coxsackie virus A16 (CA16) may cross react in conventional assays. Therefore, a rapid, highly sensitive,
specific, and user-friendly test is needed. We developed an EV71-specific nanogold-modified working
electrode for electrochemical impedance spectroscopy in the detection of EV71. Our results show that EV71
can be distinguished from CA16, Herpes simplex virus, and lysozyme, with the modified nanogold electrode
being able to detect EV71 in concentrations as low as 1 copy number/50 µl reaction volume, and the duration
between sample preparation and detection being 11 min. This detection platform may have the potential for use
in point-of-care diagnostics.

(Some figures may appear in colour only in the online journal)

1. Introduction

Enterovirus 71 (EV71) has become the most fulminant virus
of the enteroviruses (EVs) after the global eradication of
polio [1]. It was first identified in California in 1969 as
a neurotropic virus that can cause acute flaccid paralysis,
encephalitis, rhombencephalitis, neurological paralysis, my-

ocarditis, pulmonary oedema, and death within three days
of infection [2, 3]. Large outbreaks and mortality were
reported in Bulgaria, Hungary, Australia, Japan, Taiwan,
Singapore, Malaysia, and China [4–11]. Children with EV71
infections may present with mild respiratory tract infection,
sore throat, and/or skin rash in the early stage, similar to
other EV infections, in particular Coxsackie A16 (CA16) [12].
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Therefore, making a definite diagnosis of EV71 infection is
difficult, but is critical.

Conventional viral diagnostic procedures, such as
cell culture testing, the neutralization test, and reverse
transcription polymerase chain reaction (RT-PCR), have been
used to investigate EV71 [13–15]. However, these virus
detection procedures are expensive, slow, or complicated.
Therefore, the application of these methods is appropriate
for epidemiological monitoring but not for clinical diagnosis.
A commercial quick strip test had been developed for the
detection of EV71 and CA16 in the 1990s, but it was not
clinically applicable because CA16 proved not as serious as
EV71. A rapid and specific EV71 diagnostic test has not yet
been developed up to the time of this study.

Electrochemical impedance spectroscopy (EIS), which
measures the molecular interaction of the electrode surface,
is rapid and sensitive [16]. Nanogold particles (AuNPs) can
enhance the signal of EIS by increasing the surface area and
reducing impedance and steric hindrance between antigen
(Ag)–antibody (Ab) interaction, thus increasing the sensitivity
of EIS [17, 18]. When the electrode is modified with AuNPs
and a specific Ab, EIS can be an excellent tool to detect trace
microorganisms. This powerful technique monitors events
on sensing electrodes, and has shown promising results for
point-of-care and real-time monitoring [19–21].

In this study, we investigated the effects of different
interfacial self-assembled monolayer (SAM) types of working
probes and found the cysteamine–glutaraldehyde–cysteamine
(CGC) should be the appropriate interfacial layer for
further working probe modification. Therefore, a workable
nanogold-enhanced EIS probe for EV71 detection has been
developed. To the best of our knowledge, EV71 detection
by EIS has not been reported previously. In addition, our
biosensing probe can reliably distinguish EV71 from CA16,
Herpes simplex virus (HSV), and lysozyme, and the detection
limit of this probe is as low as a single EV71 viral particle
per reaction (50 µl of reaction volume). The entire detection
process, including the Ag–Ab reaction and EIS analysis, can
be completed within 11 min. In summary, we have developed
a rapid, easy to perform, and highly specific and sensitive EIS
platform for EV71 detection.

2. Materials and methods

2.1. Materials

Cysteamine (BioChemika grade), glutaraldehyde (Grade
I), 3-mercaptopropionic acid (3-MPA), (3-mercaptopropyl)-
trimethoxysilane (3-MPS), and sodium citrate were purchased
from Sigma-Aldrich (St Louis, Mo, USA). Hydrogen
tetrachloroaurate (III) trihydrate (ACS, 99.99%) was pur-
chased from Alfa Aesar (Ward Hill, MA, USA). Potassium
hexacyanoferrate (III) and potassium hexacyanoferrate (II) of
ACS grade were purchased from J T Baker (Mallinckrodt
Baker, Inc., Phillipsburg NJ, USA). Bovine serum albumin
(BSA) (Biotechnology grade) was obtained from Amersco
(Solon, OH, USA). Hen egg white lysozyme (BioChemika
grade) was purchased from Fluka (Buchs, Switzerland).

Phosphate buffered saline (PBS) at a pH of 7.4 was
prepared with final concentrations of 137 mM NaCl, 10 mM
phosphate, and 2.7 mM KCl. All solutions were prepared with
double-distilled water (ddH2O). Ultem 1000 (polyetherimide)
was purchased from Chenway Co., Ltd (Taichung City,
Taiwan). Gold wire (250µm) of 99.99% purity was purchased
from Yuh-Cheng Materials Co., LTD (Taoyuan, Taiwan).
Silver wire (100 µm) and Teflon-coated platinum wire were
purchased from AM System, Inc. (WA, USA). Vycor porous
glass was purchased from Vycor Co. (Iserlohn, Germany).
A specific anti-EV71 monoclonal Ab was purchased from
Abnova (Taoyuan, Taiwan). Inactive EV71, CA16, and HSV
were obtained from the Centers for Disease Control and
Prevention (CDC), Taiwan, ROC. The measured viral titres of
EV71, CA16, and HSV were 1.21×106, 3.16×105, 6.31×106

copy numbers ml−1, respectively, by real-time RT-PCR.

2.2. Preparation of colloidal gold nanoparticles

The preparation of AuNPs at 2, 18 and 40 nm in size,
which had been described previously, were used in this study
[22, 23]. Briefly, aqueous solutions of HAuCl4 (0.01%, w/v)
and sodium citrate (1%, w/v) were prepared in ddH2O.
HAuCl4 solution (60 ml) was boiled in a flask containing
a condenser. Sodium citrate was slowly dropped into the
vigorously mixing and boiling HAuCl4 solution. The solution
turned from light yellow to dark blue, then finally to ruby
red. The solution was boiled and vigorously mixed for 30 min
and then refluxed for an additional 15 min without heat. The
AuNPs prepared with sodium citrate 0.9 ml and 0.3 ml using
this method had average particle sizes of 18 and 40 nm,
respectively [22]. The cooled AuNPs stock solution was
stored at 4 ◦C until further use. Two nm AuNPs were produced
as previous described by Bonnard [24]. The size distribution
was determined by dynamic light scattering analysis [25].

2.3. Disposable working electrode modification and antibody
immobilization

Modification of the working electrode and the formation
of a SAM were modified from previous described methods
[19, 26, 27]. Briefly, a gold electrode was polished with
various grits of abrasive papers followed by aluminum oxide
powders (0.3 and 0.05 µm in diameter, respectively) on
microcloth pads. Next, the gold electrode was rinsed in
ddH2O and sequentially ultrasonicated in ddH2O and absolute
ethanol for 5 min each. Subsequently, the electrode was
electrochemically polished in a 0.1 M H2SO4 solution. The
electrode was polished via potential scanning from 0 to
+1.6 V (versus Ag/AgCl) at a scan rate of 80 mV s−1 until
a stable cyclic voltammogram (CV) was obtained.

2.3.1. Self-assembled monolayer selection. For comparing
the SAM interfacial effect of EIS probes, three SAM
processes (3-MPA, 3-MPS, and CGC), were prepared and the
conductivity of the probes was tested without AuNPs by EIS.

For 3-MPA SAM formation, the polished bare gold was
immersed in 0.02 M 3-MPA for 12 h [27].
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Figure 1. Scheme of the working electrode modification, antigen
incubation and EIS reaction process. The working electrode was
modified with SAM, AuNPs, EV71 Ab and BSA (A). The EV71
sensing probe was immersed in EV71 samples. After washing with
PBS, the probe was tested by EIS with the electrolyte of
hexacyanoferrate (Fe(CN)3−/4−6 ). (SAM may be modified by a
CGC, 3-MPA, or 3-MPS layer. In this study, the CGC layer was
chosen for further study.)

For 3-MPS SAM formation, the polished bare gold was
immersed in 40 mM 3-MPS in methanol for 3 h. The silane
units were polymerized by dipping into aqueous 0.01 M
NaOH for 2 h [28].

For CGC SAM formation, following the electrochemical
polish the gold electrode was rinsed with ddH2O and
immersed in a 20 mM cysteamine aqueous solution for
12 h. After removing the physically adsorbed cysteamine
with copious amounts of ddH2O, the electrode was modified
by soaking in a glutaraldehyde solution (12.5%, v/v) for
1 h. Subsequently, the electrode was rinsed with ddH2O and
soaked in a 20 mM cysteamine solution for approximately
12 h before it was rinsed again with ddH2O.

2.3.2. Nanogold conjugation and antibody immobilization.
After the SAM was formed, the electrode was immersed
immediately in 50 µl of various sizes of AuNPs for 12 h
and then covered with a monolayer of AuNPs. The modified
electrode was soaked in anti-EV71 Ab (50 µl, 1 µg ml−1 in
1× PBS, pH 8.8) at 4 ◦C for approximately 12 h and rinsed
with PBS (pH 7.4) to thoroughly remove the excess particles
physically adsorbed on its surface. Furthermore, the electrode
was immersed in BSA solution (10 mg ml−1) for 30 min to
block nonspecific binding sites of the AuNPs. The scheme
highlighting the sequential connection of the compounds on
the working electrode is shown in figure 1. All electrodes were
washed again with PBS (pH 7.4) and stored at 4 ◦C until use.

2.4. Electrochemical measurements

All electrochemical measurements were performed with a
three-electrode cell. These electrodes included a modified

Au electrode (working electrode), a coiled platinum wire
(counter-electrode), and an Ag/AgCl wire immersed in 3 M
KCl (reference electrode). All experiments were performed
at room temperature, and all potentials in this work were
measured with direct relevance to the Ag/AgCl reference
electrode. The EIS operates with a 10 mV AC sinusoidal
amplitude and a 0.23 V (versus Ag/AgCl) direct current (DC)
potential, which is the standard oxidizing potential of 2.5 mM
Fe(CN)4−/3−6 (1:1 in 10 mM PBS solution [pH 7.4]), and a

frequency ranging from 1 to 105 Hz. Fe(CN)4−/3−6 acted as
a redox substance in this study. ZSimpWin V 3.20 software
from Informer Technologies Inc. (Tennessee, USA) was used
for simulation to reveal the related electrical parameters of
the working electrode. The working electrode is disposable
after using once. Each diluted sample was detected three times
with different working probes. The parameters of the Nyquist
plot were calculated using ZSimpWin V 3.20 and shown as
mean ± standard deviation (SD).

The impedance between the working electrode and
the counter-electrode can be represented as a modified
Randles circuit, which is properly applied under semi-infinite
conditions. The parameters of a modified Randles circuit
include the resistance of solution (Rsol), the constant phase
element (Q), the charge transfer resistance (Rct), and the
Warburg element (W). Rsol is an active electrolyte resistance
between the work electrode and the counter-electrode. Q is the
behaviour of a double layer of the working electrode, which
is usually an imperfect capacitor. The formula for calculating
the imperfect Q is the following:

Q =
1

Q0
(jω)−n,

where Q0 is capacitance, j is the imaginary unit, ω is the
angular frequency and n is a number between 0 and 1. When
n= 1,Q is an ideal capacitor; when n= 0,Q is a pure resistor.

Rct and W are defined as the active charge trans-
fer resistance and the specific electrochemical element
of diffusion of the impedance of a Faradaic reaction,
respectively. The relative charge transfer resistance ratio
(1Rct(Analyte)/Rct(Ab (BSA))) is adopted because of its relation-
ship to the concentration of EV71.

2.5. Sample preparation

The viruses were diluted with PBS in a series of ten-fold
dilutions to evaluate the detection limits of our method.
The lysozyme was diluted with PBS serially ten-fold to a
concentration of 1 nM–1 mM. Fifty microlitres of analytic
samples were incubated for 10 min.

3. Results

3.1. Self-assembled monolayer selection

There are many type of SAMs applied as the interface-layer
in biosensors, such as CGC, 3-MPA, and 3-MPS [21, 27,
28]. The detection range may be affected by the conducting
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Figure 2. Conductivity of various SAMs determined by EIS. Red
line: CGC SAM; blue line: 3-MPA SAM; green line: 3-MPS SAM.
The Rct simulated by Randles model, of 3-MPA, 3-MPS and CGC
SAMs are 0.7, 7.9 k�, and 964.4 k�, respectively.

feature of the SAM layer. Figure 2 shows the Nyquist plot of
different SAMs determined by EIS. The Rct of CGC, 3-MPA,
and 3-MPS were 0.7, 7.9, and 964.4 k�, respectively. Figure 2
shows the conductivities of various SAMs, indicating that
the CGC SAM has the lowest resistance and is therefore the
most appropriate connecting interfacial layer for the detection
of low EV71 concentrations. Additionally, the thiol tail can
connect to AuNPs, which can enhance the signal by increasing
surface area. Therefore, the CGC SAM was used in the
subsequent study.

3.2. Verification and characterization of the working
electrode via cyclic voltammetry

Figure 3(a) shows the working electrode chemical polish in
0.1 M H2SO4 with the potential 0–1.6 V (versus Ag/AgCl).
The positive sweep peaks are 1.085 V and 1.261 V (versus
Ag/AgCl), respectively. The negative sweep peaks are 0.937 V
and 0.775 V (versus Ag/AgCl), respectively. The cleanliness
and purity of the gold plate are consistent with Kondo and
Burke [29, 30].

Each step of the surface-modified working electrode was
verified with CV during the biosensor electrode preparation
and is shown in figure 3(b). The CV responses of the electrode
in various modification stages were measured in 2.5 mM
K3Fe(CN)6/K4Fe(CN)6 redox electrolyte in PBS (pH 7.4)
with a scan rate of 80 mV s−1 between −0.2 and +0.6 V
(versus Ag/AgCl). In the bare Au electrode state, a reversible
CV with peak-to-peak current amplitude (1Ip) of 735.22 nA
was obtained. When the bare Au electrode was modified
with the CGC layers, 1Ip of the CGC/Au redox electrode
decreased to 701.82 nA. Furthermore, when the 18 nm
AuNPs were chemically bound to the CGC/Au electrode
(denoted as AuNPs/CGC/Au), 1Ip became 719.99 nA.
1Ip decreased to 495.76 nA when the AuNPs/CGC/Au
electrode was linked with anti-EV71 Ab and BSA, which
bound the probe surface where the anti-EV71 Ab was
not conjugated (Ab(BSA)/AuNPs/CGC/Au). The CVs of

Figure 3. (a) The cyclic voltammetry of bare gold in 0.5 M H2SO4.
Peak A: oxidation of Au (100); peak B: oxidation of Au(111); peak
C: reduction of Au(100) and Au(111); peak D: reduction of the
multilayer of Au. (b) The cyclic voltammetry of working electrode
modifications. Black line: bare gold of the electrode; green line:
CGC/Au; red line: AuNPs/CGC/Au; pink line: EV71
Ab/AuNPs/CGC/Au; blue line: EV71 Ab(BSA)/AuNPs/CGC/Au.
(c) Nyquist plot of the working electrode modification and modified
Randles circuit. Black line: bare gold; green line: CGC/Au; red line:
AuNPs/CGC/Au; pink line: EV71 Ab/AuNPs/CGC/Au; blue line:
EV71 Ab(BSA)/AuNPs/CGC/Au. All dots represent raw data, and
all lines are simulated by ZSimpWin V 3.20 software. The inserted
scheme shows the Randles circuit. Rsol: resistance of electrolyte in
mass solution; Rct: charge transfer resistance; Q: constant phase
element of non-infinite solution; W: Warburg element.

various modification stages of gold electrode showed that
1Ip decreased gradually when the electrode was modified
sequentially with CGC, AuNPs, Ab and BSA (figure 3(b)).
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Table 1. Stimulation of the Nyquist plot for the working electrode modifications (n = 3).

Bare gold C–G–C AuNP EV71 Ab BSA

Rct (k�) 0.27 ± 0.03 0.87 ± 0.04 1.30 ± 0.08 30.56 ± 5.02 34.83 ± 1.79
Q (µS s−n) 0.05 ± 0.04 0.20 ± 0.25 0.25 ± 0.23 0.10 ± 0.06 0.07 ± 0.02
n 0.96 ± 0.05 0.86 ± 0.12 0.83 ± 0.09 0.82 ± 0.04 0.87 ± 0.01
W (µS s−1/2) 4.04 ± 0.57 3.68 ± 0.15 3.66 ± 0.27 2.91 ± 0.27 3.83 ± 0.18
Rsol (k�) 0.59 ± 0.02 0.63 ± 0.05 0.63 ± 0.01 0.64 ± 0.02 0.52 ± 0.05
ChiSq (×10−4) 3.97 ± 0.77 3.94 ± 0.95 4.66 ± 0.27 7.40 ± 0.35 5.16 ± 0.85

The peak-to-peak voltage of the working electrode also
showed the property change when the working electrode
was modified with biological substances. The peak-to-peak
voltage (1E) of bare gold was 72.68 mV. The 1E values of
CGC/Au, AuNPs/CGC/Au, and Ab (BSA)/AuNPs/CGC/Au
were 75.05, 65.33, and 179.8 mV, respectively.1E increasing
and1Ip decreasing progressively indicated the high resistance
substance conjugated on the probe systematically during
probe modification.

The Nyquist plot and the parameters of EIS for working
probe modification are shown in figure 3(c) and table 1,
respectively. As the EIS parameter is derived from the Nyquist
plot, the charge transfer resistance (Rct) yields the most
suitable data for evaluating the electrode surface reference,
a value that is correlated to the change in peak-to-peak
amplitude of CV. The Rct of EIS increased as the peak-
to-peak amplitude decreased. The Rct values of bare gold,
CGC/Au, AuNPs/CGC/Au, and Ab(BSA)/AuNPs/CGC/Au
were 0.27 ± 0.03, 0.87 ± 0.04, 1.30 ± 0.08 and 34.83 ±
1.79 k�, respectively. After modification with Ab, the Rct
value of the probe changes considerably. This indicates that
Rct is more sensitive when the probe is conjugated with large
bio-substances than with small chemicals.

3.3. Effect in sensitivity of the working probe with different
sizes of AuNPs

As indicated in previous studies, the AuNPs may enhance the
signal of EIS and reduce the steric hindrance between the
Ag and Ab interaction [17, 18]. It is interesting to study the
size effect of AuNPs-modified probes. Figure 4 demonstrates
EV71 detection limits and a linear range between 1 and 6050
copy numbers/50 µl reaction volume with different sizes of
AuNPs. Figure 4 inset shows the size analysis of AuNPs by
DLS. The sizes of the 2, 18, and 40 nm AuNPs were measured
as 1.99 ± 0.06 nm, 17.91 ± 0.23 nm and 42.88 ± 1.35 nm.
As the threshold of 1Rct is 0.38, the detection of limits of
2, 18, and 40 nm nanogold-enhanced working probes were 1,
1 and 61 copy number(s)/50 µl reaction volume. The linear
ranges of 2, 18, and 40 nm nanogold-enhanced probes were
1–6, 1–6050, and 6–605 copy numbers/50µl reaction volume,
respectively. These results showed the working probes with
18 nm AuNPs show the lowest detection limit and the widest
linear range in our modification protocol. However, working
probes with 2 and 40 nm AuNPs modifications did not have a
similar enhanced ability. Therefore, 18 nm AuNPs were used
in the following study.

Figure 4. EV71 concentration compared with the relative change of
charge transfer resistance with various sizes of AuNPs. AuNPs with
sizes of 2, 18 and 40 nm are shown as green, red, and blue
respectively. The lowest detection of limit of 2, 18, and 40 nm
AuNPs conjugated with Anti-EV71 Ab, were 1, 1, and 61 copy
number(s)/50 µl reaction volume, respectively. The linear range of
2, 18 and 40 nm AuNPs after conjugation with anti-EV71 Ab were
1–6, 1–6050 and 6–605 copy numbers/50 µl reaction volume,
respectively. The 18 nm AuNPs showed the best performance in
connecting anti-EV71 Ab to detect EV71. The inset denotes the
particle size distributions of 2, 18 and 40 nm AuNPs by DLS
measurement.

3.4. Incubation time and working probe performance with
18 nm AuNPs

To determine the optimal incubation time, the incubation
time versus the ratio of the change of Rct is plotted in
figure 5. As shown, there were no obvious differences in the
1Rct(Ag)/Rct(Ab w/BSA) ratio after incubation for 3 min, and
it reached a plateau after incubation for 10 min. For higher
sensitivity, the analyte was incubated for 10 min in this study.

CA16, HSV, and lysozyme were used to test the binding
specificity of EV71 electrodes. The relative charge transfer
resistance ratio of various concentrations of EV71, CA16,
HSV and lysozyme are shown in figure 6. The data plotted
as 1Rct(Analyte)/Rct(Ab(BSA)) reflect the relative increase
of charge transfer resistance compared with Rct(Ab(BSA)),
where Rct(Ab(BSA)) represents the baseline of charge transfer
resistance when the Ab-immobilized electrode was immersed
in EV71-free solution. The data showed no obvious
change in lysozyme (1 nM–1 mM), HSV (3.15–3.15 ×
104 copy numbers/50 µl reaction volume) and CA16
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Figure 5. The different incubation times of 61 copy numbers/50 µl
reaction volume of EV71 compared with the relative change of
charge transfer resistance.

Figure 6. Analyte concentration compared with the relative change
of charge transfer resistance with 18 nm AuNPs. Ten-fold serial
dilutions of EV71, CA16, HSV, and lysozyme compared with the
relative charge transfer resistance. Black line: EV71; blue line:
CA16; red line: HSV; green line: lysozyme. (For lysozyme, the
x-axial unit is nM; the error bar in the scheme is SD.)

(1.58–1.58 × 105 copy numbers/50 µl reaction volume).
The probe could detect EV71 in a concentration range
between 1 and 6.05 × 104 copy numbers/reaction. The
means of maximal 1Rct(Analyte)/Rct(Ab w/BSA) ratio for HSV,
CA16 and lysozyme were 0.17, 0.24, and 0.14, respectively.
The mean value of 1Rct(Analyte)/Rct(Ab(BSA)) for EV71 at a
concentration of 1 copy numbers/50 µl reaction volume was
0.45, which was much higher than the corresponding values
for CA16, HSV or lysozyme (figure 6).

3.5. The sensitivity and specificity of the working probe

Table 2 shows the EV71 test positive and negative findings in
this experiment. When the threshold was 0.45 (mean of 1 copy
number/50 µl reaction volume), the sensitivity and specificity

Table 2. Sensitivity and specificity of the EV71 sensing probe. The
thresholds of 1Rct are 0.45 and 0.38 in tables (a) and (b),
respectively. (P: positive; N: negative; T: total; others include tests
of 3 PBS, 21 CA16, 18 HSV and 21 lysozyme.)

Truth

EV71 virus Others T

(a)

EIS test
P 17 0 17
N 1 63 64
T 18 63

Sensitivity = 17/18 = 94%
Specificity = 63/63 = 100%

(b)

EIS test
P 18 0 18
N 0 63 63
T 18 63

Sensitivity = 18/18 = 100%
Specificity = 63/63 = 100%

were 94% and 100%, respectively (table 2(a)). When the
threshold was 0.38, both the sensitivity and specificity were
100% (table 2(b)). The appropriate threshold of 1Rct was
0.38.

4. Discussion

In order to obtain the highest sensitivity of the EIS
measurement (the Rct ratio between Ag and Ab binding), the
resistance of the interfacial layer between bare gold and AuNP
should be as low as possible. As indicated in section 3.1 and
figure 2, the CGC SAM had the lowest resistance and reduced
the interference of the Rct of Ab and Ag–Ab. Therefore, CGC
is the best interface for further working probe modifications
for detecting small amounts of particles in this study.

As shown in figure 4, the detection limits of 2 and
18 nm AuNPs have higher sensitivity as 1 copy number/50 µl
reaction volume. This can be explained as the ratio of charge
density in small AuNPs being higher than for larger ones.
As indicated in the introduction, the AuNPs could enhance
the signal of EIS by increasing the surface area and avoiding
the steric hindrance [17, 18]. AuNPs of size 40 nm showed
a higher detection limit and a shorter linear range than the
18 nm AuNPs modified probe. Therefore, the difference
of the detection linear range may be attributed to avoiding
steric hindrance through a curvature effect of the AuNPs.
Accordingly, 18 nm is the appropriate size of AuNP in this
study.

Electrochemistry provides an effective way to analyse the
properties of surface layers [31]. The surface conformation
and cleanliness of the polycrystalline gold electrode are very
important for CV and EIS measurements. In CV of sulfuric
acid, the straight lines from 0.2 to 0.7 V (versus Ag/AgCl)
indicate that the gold surface is very clean and that no
reduction or oxidation of the bare gold surface occurs during
the sweep. Kondo et al [29] measured redox peaks of +1.3
and +0.91 V for a single crystal of Au(111) and +1.11 and
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+0.93 V for a single crystal of Au(100) in 0.5 M H2SO4
using CV and the values were measured against an Ag/AgCl
reference electrode, which is similar to what we did. In
our results, the three similar redox peaks (figure 3(b), peaks
A–C) indicated that most gold atoms belong to Au(111)
and Au(100), showing that our electrode had the ability to
form SAM [29]. The reduction peak D of 0.775 V (versus
Ag/AgCl) is assigned as a multilayer oxide and/or involved
hydroxide [30]. The cyclic voltammogram can characterize
the interface of the working electrode. In our study, the 1Ep
of bare gold was 72.68 mV. It is higher than 59.1 mV in an
ideal system by the Nernst equation, but it is consistent with
Mohadesi’s report [32]. Additionally, the values of Ipa/Ipc and

1E from CV of Fe(CN)3−/4−6 , and Q and n of bare gold from
EIS indicate that the cleanliness of the gold plate surface is
optimal.

Electrochemistry can also provide an effective way to
analyse the properties of adsorbed layers [31]. In the CV
of Fe(CN)3−/4−6 , 1Ip will decrease and 1E will increase
when bare gold is modified step by step with biochemical
substances because the resistance of the bio-substance
connected to the working probe is higher than bare gold. In
our study, the Rct increased when the working electrode was
modified with CGC, AuNPs, and EV71 Ab and connected
with EV71 sequentially, indicating a successful systematic
surface modification and optimal detection. After AuNPs
modification, 1Ep was 65.33 mV, which is close to the ideal
system (59.1 mV). The decreased 1Ep(AuNPs) indicates the
purity of the AuNPs surface, which may enhance protein
chemical binding. The increased1Ip(AuNPs) might indicate an
increased surface area of the working electrode. When EV71
Ab is bound to the probe, 1Ip decreased and 1E increased
dramatically (figure 3(b)). The dramatic change of 1Rct
between AuNPs and EV71 Ab-modified probes indicates that
the bio-molecular size and the net negative charge of the
protein might play a role in the change of resistance.

The equivalent circuit elements of a modified Randles
model were applied in EIS measurement (figure 3(c) inset).
The value of Rct, which presents the charge transfer
from the electrode during the Faradaic reaction, is the
optimal parameter of the elements to analyse the Ag–Ab
reaction of the working electrode in the Randles circuit.
The nonhomogeneous surface of each probe would limit
the application of EIS for routine clinical detection [21].
However, as indicated in the previous description, the relative
charge transfer resistance ratio (1Rct(Analyte)/Rct(Ab w/BSA))
can solve this problem and has been applied in previous
studies [22].

The anti-EV71 Ab chosen in this study is specific to
EV71 only. The detection limit is as high as picograms
to femtograms and is used for western blot analysis. In
addition, the ratio of 1Rct(Analyte)/Rct(Ab(BSA)) remained
almost constant after the probe was immersed in serial
dilutions of CA16, HSV, and lysozyme (figure 6). In summary,
the EV71 sensing probe is specific to EV71 viral particles and
does not interact with CA16, which shares highly sequential
similarity with EV71, and HSV, which shows the similar
symptoms and signs of the enterovirus [33] (figure 6).

Additionally, the EV71 Ab does not interact with lysozyme
(figure 6). Since the surface charge of lysozyme is positive, we
can exclude the artefact of charge attraction from the working
electrode probe. These results indicate that this sensor is
specific to EV71, and that the EV71 sensing probe has the
potential to differentiate EV71-infected children from others.

Our previous study demonstrated that the haptoglobin
(Hp) detection probe can distinguish phenotypes within
1–3 nm of each other and can quantify accurately down to
picomolar levels of Hp 2–2, where the molecular size and
weight are 13 nm and 190 kDa respectively [21]. EV71 is an
icosahedral structure consisting of 60 copies of four capsid
proteins. One of the capsid proteins, virus protein 1 (VP1),
is the protein detected by our probe. EV71 is 30 nm in size
and 5400 kDa (not including RNA). Our virus particle is
more compact than Hp, and therefore the detection limit of
the EV71 diagnostic platform is better than that of the Hp
diagnostic platform. In order to avoid the steric hindrance of
Ag–Ab binding on the working electrode, AuNPs were used
to enhance the detection signal, as described in section 1 [17,
18]. Therefore, the detection limit of EV71 can be pushed
to a single viral particle, which is more sensitive than the
conventional detection process.

Although the sensitivity and specificity of diagnostic
tools are important in the clinic, the timing is crucial
for diagnosis of severe diseases. Our study included an
incubation time of 10 min, with the 1Rct being saturated
and having reached a plateau (figure 3). The EIS procedure
was completed within 1 min. Therefore, the total testing
time is approximately 11 min, which makes the test ideal
for applications in emergency rooms (ERs) or outpatient
departments (OPDs). Because the EV71 sensing probe does
not interact with lysozyme, the sample could be taken from an
oral swab, which is less invasive than a blood sample. At the
same time, this method might be convenient for doctors and
acceptable for children. To avoid contaminating the operator
and the environment, the probe was designed to be disposable.

In spite of important clinical application issues, our study
also demonstrates that the electrochemical method is more
convenient, inexpensive, and rapid than previous approaches,
which include viral RNA extraction and PCR amplification,
viral isolation and culture, the neutralization test and the
detection of anti-EV71 IgM [34]. Viral RNA must be
extracted by reagents or commercial kits and PCR amplified
using a thermocycler, the settings of which are usually too
complicated to be used in a clinical context. Additionally, the
PCR products need further analysis by electrophoresis. The
total procedure is costly, complicated, and both labour and
time consuming. Viral isolation and culture requires special
instruments and cell lines. When a cytopathic effect is noted,
it still needs further RT-PCR amplification and sequencing
to distinguish the highly similar sequences among the EV
family. The neutralization test requires expensive equipment,
including microtitre plates, an incubator, microscopes, and
a human embryo rhabdomyosarcoma cell-line. The results
are often varied because the data are collected 2–7 days
after incubation. The anti-EV71 IgM detection method, which
is relatively convenient, catches the µ-chain of IgM by
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enzyme-linked immunosorbent assay (ELISA), and has the
potential to be used in the clinic. However, ELISA needs
an incubation of at least 1 h and the procedure is more
complicated than our EIS approach. Additionally, detection
of anti-EV71 IgM method cannot give information regarding
the viral particle. In our study, the relative charge transfer
resistance ratio was linear to EV71 concentrations from 1 to
6050 copy numbers/50 µl reaction volume. The quantity of
EV71 particles in the patient sample may link to the viral
pathogenesis, prognosis, and its ability to transmit. Therefore,
this EV71-specific probe could be used for early detection of
suspected carriers and infected children and for following up
patients in their convalescent stage. It is known that EV71 can
be transmitted by contaminated fomites, such as toys, foods,
water, and household persons who contact EV71-infected
patients. Our sensing probe could detect EV71 in human body
fluids and environmental samples. Namely, this detection
platform could effectively screen out EV71-infected/carried
persons and prevent this disease becoming widespread.

In Taiwan, neurological complications and/or deaths due
to EV71 infection have been reported almost every year, and
large outbreaks have been reported every 3–5 years. Since
1998, thousands of children in Taiwan have contracted EV71
infection and suffered neurological sequelae and/or death [2].
Early detection of EV71 can prevent the virus spreading
and monitor the disease prognosis, which can save both
socioeconomic and medical costs.

5. Conclusion

There are outbreaks of EV infection in the West-Pacific
region every year. Early detection of EV71 infection is
needed in these countries to deploy preventive measures and
may help to reduce morbidity and mortality due to EV71
infection. In this study, we demonstrate a highly sensitive and
specific method that can detect EV71 in concentrations as
low as approximately 1 copy number/reaction in 11 min. The
simple, rapid, and highly sensitive method described in this
study provides a crucial improvement for the early detection
of EV71 infection, which may save many EV71-infected
children.
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