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The progression of influenza varies according to age and the presence
of an underlying disease; appropriate treatment is therefore required
to prevent severe disease. Anti-influenza therapy, such as with
neuraminidase inhibitors, is effective, but diagnosis at an early phase
of infection before viral propagation is critical. Here, we show that
several dozen plaque-forming units (pfu) of influenza virus (IFV) can
be detected using a boron-doped diamond (BDD) electrode termi-
nated with a sialic acid-mimic peptide. The peptide was used instead
of the sialyloligosaccharide receptor, which is the common receptor of
influenza A and B viruses required during the early phase of infection,
to capture IFV particles. The peptide, which was previously identified
by phage-display technology, was immobilized by click chemistry on
the BDD electrode, which has excellent electrochemical characteristics
such as low background current and weak adsorption of biomole-
cules. Electrochemical impedance spectroscopy revealed that H1N1
and H3N2 IFVs were detectable in the range of 20–500 pfu by using
the peptide-terminated BDD electrode. Our results demonstrate that
the BDD device integrated with the receptor-mimic peptide has high
sensitivity for detection of a low number of virus particles in the early
phase of infection.
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Seasonal H1N1 and H3N2 virus subtypes circulate every
year, resulting in widespread influenza (1, 2). High-risk

patients (e.g., young children, the elderly, and individuals with
underlying disease) are more likely to develop severe influenza.
A clinical diagnosis can be made with a rapid immunochro-
matography test kit consisting of a monoclonal antibody against
influenza virus (IFV) (3, 4) that is used to analyze swab samples
collected from patients; however, it is not sufficiently sensitive
to diagnose early stages of influenza. Early detection is critical,
as neuraminidase (NA) inhibitor therapy is effective within 30 h
of the onset of symptoms (5, 6).
Type A virus is classified into subtypes on the basis of the anti-

genicity of hemagglutinin (HA) and NA; to date, 16 HA and nine
NA subtypes have been identified (7). Sialylgalactose (Neu5Ac-Gal)
is the common receptor of influenza HA in all subtypes in the same
animal; as such, sialyloligosaccharides have been used to detect
HAs and IFVs (8, 9). Electrodes immobilized with α2-3- or
α2-6-sialylated groups can distinguish between H1N1 and H5N1
HA (10) or H1N1 and H5N9 virus (11). A boron-doped diamond
(BDD) electrode was recently developed and has shown excellent
electrochemical characteristics, including a broad range of electro-
chemical potentials, low background current, and weak adsorption
of biomolecules compared with conventional electrode materials
such as glassy carbon (GC) or platinum (12). BDD electrodes
can detect biomolecules such as glutathione (13) and reduced
nicotinamide adenine dinucleotide (14) and have been applied
to the diagnosis of stomach disorders on the basis of detection
of pH changes (13). In the present study, a sialic acid-mimic
peptide was immobilized on a BDD electrode by click chemistry for

electrochemical detection of IFV (Fig. 1). The sialic acid-
mimic pentapeptide Ala-Arg-Leu-Pro-Arg was identified by serial
selection from random peptide libraries, using phage-display tech-
nology (15). In contrast to the standard sialyloligosaccharide receptor,
this peptide was predicted to be able to capture HA and, hence, IFV
(16, 17): When IFV is incubated with a sialylated electrode, NA di-
gestion of the electrode-bound sialyloligosaccharide can reduce the
sensitivity of IFV detection, whereas the sialic acid-mimic peptide is
free from risk for NA digestion.

Results and Discussion
Alkyne-Terminated BDD Electrode. A thin BDD film was prepared
by microwave plasma-assisted vapor deposition on a Si(111) wafer
substrate; its polycrystalline structure was confirmed by field
emission scanning electron microscopy (Fig. 2A). The form of the
diamond was verified by Raman spectroscopic analysis, using a
532-nm wavelength light (18), and a sharp sp3 peak corresponding
to diamond was observed at 1,332 cm−1 (Fig. S1A). The triiso-
propylsilyl-protected ethynyl aryl group (TIPS-Eth-Ar) was
immobilized onto the BDD surface by electroreduction (Fig. S1B)
(19). The reduction peak at −0.01 V was clearly observed in the
first cycle of the cyclic voltammogram (Fig. S1C), and blocking of
the electric charge transfer between BDD and a bulky TIPS-Eth-Ar
was observed in the second or a later cycle. To expose the Eth
group, the TIPS group was deprotected, and recovery of the
blocking properties was confirmed by cyclic voltammetry (alkyne-
terminated BDD; Fig. S1D).

Significance

A large number of people suffer from influenza every year.
Early detection is critical for preventing severe influenza in
high-risk groups. There is usually not enough time to produce
vaccines against pandemic viruses before they spread to other
countries. Anti-influenza therapy using neuraminidase inhibi-
tors is effective within 30 h of the onset of symptoms. Here we
show that several dozen plaque-forming units of influenza
virus (IFV) are detectable by a boron-doped diamond electrode
terminated with a sialic acid-mimic peptide with the ability to
capture IFV. The electrode was sufficiently sensitive to detect
IFV in specimens obtained in the early phase of infection. The
device developed in the present work has potential applica-
tions in the highly sensitive detection of IFV to fight against
influenza.
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Click Reaction of Peptide with Alkyne-Terminated BDD Electrode. To
improve the affinity of the peptide for the HA of IFV, a dimer of
the sialic acid-mimic peptide with a branched lysine (Lys) core
[(Ala-Arg-Leu-Pro-Arg)2Lys-Lys(N3)] was chemically synthe-
sized (SI Methods and Fig. S2A) (20, 21). This peptide dimer
had an azide Lys with an azido side chain (N3) at the carboxyl
terminal of the Lys core. For the click reaction, the alkyne-
terminated BDD electrode was incubated with the azide-con-
jugated peptide for 24 h. After washing, the electrode was
dried (peptide-terminated BDD; Fig. 2B). Fig. 2C shows the
cyclic voltammograms of 10 mM [Fe(CN)6]

3−/4−, using BDD
electrodes before and after modification. The bare BDD elec-
trode had a quasi-reversible voltammogram, with two peaks
representing the oxidation and reduction of [Fe(CN)6]

3−/4−. For
the Eth-Ar-modified BDD electrode, the separation between the
oxidation and reduction peaks was larger, and the height of the
peaks was reduced. Because [Fe(CN)6]

3−/4− molecules in solution
can easily reach the electrode surface, the changes in the peaks
indicated that the Eth-Ar layer acted as a barrier for electric
charge transfer. The height of the peaks of the peptide-terminated
BDD electrode was even lower. The peptide immobilization was

further confirmed by water contact angle hysteresis and X-ray
photoelectron spectroscopy. The values of the contact angle de-
creased from 68° for the bare BDD to 50° and 47° for the Eth-Ar-
and peptide-terminated BDD, respectively (Fig. 2D). These re-
sults indicated that the bare BDD surface was converted to a
hydrophilic surface on which the peptide was immobilized. In
addition, the X-ray photoelectron spectroscopy spectrum of the
peptide-terminated BDD showed a strong N(1s) peak derived
from the peptide and triazole ring (Fig. S1E), indicating formation
of the peptide-terminated BDD (19).

Estimation of Amount of Peptide on BDD Electrode. To estimate the
surface coverage of peptide immobilized on the BDD elec-
trode, a ferrocene-containing peptide dimer was immobilized
(Fig. 2E) (22). Two ferrocenyl groups were attached to the N
terminus of the peptide dimer (Fig. S2B) (23). The ferrocenyl
peptide-terminated BDD electrode showed a well-defined
ferrocene/ferrocenium redox system (Fig. 2F). The anodic and
cathodic peak current densities (ipa and ipc) were proportional
to the potential sweep rate (Fig. 2G), and the ipa/ipc ratio was
close to unity. These characteristics indicated that the redox
process on the electrodes was controlled by charge-transfer
kinetics, confirming that the ferrocenyl peptide was immobi-
lized on the BDD surface (24).
The oxidation current was integrated to estimate surface cov-

erage (Fig. 2F). The amount of ferrocenyl peptide immobilized on
BDD electrode was around 0.11 pmol/cm2 (Q = 0.021 μC/cm2),
according to the gray area of the oxidation peak between 0.28 and
0.50 V. This value was about four times lower than that of a
grafted ferrocene on a GC electrode (0.44 pmol/cm2) (22). On the
basis of the surface coverage of peptide immobilized on the BDD
electrode, the density of peptide was calculated as 5.4 molecules
per 100 nm2 (i.e., 10,000 nm2, with a distance between peptides of
about 42 nm). Because the size of IFV is 80–120 nm, peptide

Fig. 1. Schematic illustration of the preparation of a peptide-terminated
BDD electrode and IFV detection. The sialic acid-mimic peptide dimer was
immobilized on the alkyne-terminated BDD electrode via a click reaction. IFV
capture was detected electrochemically.

Fig. 2. Preparation of BDD electrodes modified with sialic acid-mimic peptide. (A) Scanning electron micrograph of the BDD electrode. (B) Structure of
peptide-terminated BDD. The azide-containing peptide (Ala-Arg-Leu-Pro-Arg)2Lys-Lys(N3) was immobilized on an alkyne-terminated BDD electrode via a click
reaction. (C) Cyclic voltammograms of 10 mM K3[Fe(CN)6] using bare (dotted line), alkyne-terminated (dashed line), and peptide-terminated (solid line) BDD
electrodes in 100 mM Na2SO4. The sweep rate was 100 mV/s. (D) Water contact angle images for bare (68°; Upper), alkyne-terminated (50°; Center), and
peptide-terminated (47°; Lower) BDD electrodes. (E) Structure of a ferrocenyl peptide-terminated BDD electrode. (F) Cyclic voltammogram of a ferrocenyl
peptide-terminated BDD electrode in PBS. The amount of ferrocenyl peptide immobilized on the electrode (0.11 pmol/cm2) was estimated from the gray area
of the oxidation peak (0.021 μC/cm2) between 0.28 and 0.50 V. The sweep rate was 200 mV/s. (G) Potential sweep rate dependence of anodic and cathodic
peak current densities (ipa and ipc).
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coverage was considered to be sufficient to form an IFV mono-
layer on the BDD surface.

Selective Detection of HA on Peptide-Terminated BDD by EIS. For
HA detection, the peptide-terminated BDD surface was incubated
with HA in PBS for 15 min. The BDD electrode was washed with
PBS, and electrochemical impedance spectroscopy (EIS) was
carried out, using 5 mM [Fe(CN)6]

3−/4− in PBS as a redox probe.
Fig. 3A shows the spectra obtained for 5–375 nM HA, using the
peptide-terminated BDD electrode. With increasing HA concen-
tration, the diameter of the Nyquist plots increased, where the
diameter of the semicircle represents charge transfer resistance
(Rct) on the electrode surface. The HA-bound layer decreased
charge transfer for the redox probe. A plot of protein concen-
tration versus Rct values revealed a slope that was significantly
larger for HA than for BSA (Fig. 3B). These results indicated that
the peptide-terminated BDD electrode selectively detected HA.
A peptide-terminated GC electrode was also prepared, and the

binding of HA was evaluated by EIS (22). The amount of ferrocenyl
peptide immobilized on the GC electrode was 1.3 pmol/cm2 (Q =
0.25 μC/cm2; Fig. S3 A and B), which was 12 times greater than that
on the peptide-terminated BDD electrode (0.11 pmol/cm2; Fig. 2F).
Despite the large amount of peptides on the modified GC elec-
trode, the Rct values did not increase as a function of HA con-
centration (Fig. S3C), indicating that the BDD electrode was
superior for HA detection. BSA is known to adsorb onto the surface
of GC, but not onto that of the BDD electrodes (25). This protein
adsorption suppresses electrochemical responses (26). We therefore
considered that HA and BSA adsorb equally onto the GC surface,
regardless of the efficiency of peptide immobilization, resulting in
no selective binding of HA to the peptide-terminated GC electrode.

Highly Sensitive Detection of IFV by EIS. Seasonal H1 and H3
subtypes of influenza A virus were analyzed by EIS, using the
peptide-terminated BDD electrode. The viral titer of IFV stock
was determined by the plaque assay, using Mardin-Darby canine
kidney epithelial cells (15). The IFV stock solution was thawed
and diluted with PBS, and the electrode was incubated in H1N1
solution (1–400 pfu) for 45 min. After washing the electrode
with PBS, EIS was carried out using 5 mM [Fe(CN)6]

3−/4− in
PBS. The diameter of the Nyquist plots increased in the 20–400

pfu range, but there was no increase in Rct values for the Lys-
terminated BDD electrode (Fig. 3 C and D) prepared by modi-
fying BDD with Lys(N3) without peptide, thereby confirming the
peptide-mediated detection of IFV. Fig. 3E shows the difference
in ΔRct values between peptide- and Lys-terminated BDD elec-
trodes; ΔRct values were higher for the H1N1 than for the H3N2
subtype (400 pfu; 9,230 and 2,215 ohm, respectively), demon-
strating that the peptide-terminated BDD electrode could quan-
titatively detect both H1N1 and H3N2 IFVs at 20–400 pfu.

Conclusion and Future Perspective. Using the combination of sialic
acid-mimic peptide and BDD electrode, the range of IFV de-
tection observed here (400–8,000 pfu/mL, or 20–400 pfu in 50 μL)
indicated that the peptide-terminated BDD electrode could detect
IFV in nasal wash specimens (400–10,000 pfu/mL) with high
sensitivity (27). EIS studies of inactivated IFVs (H1N1 and H3N2)
have recently been carried out using sialyl galactoside-immobilized
(11) and antibody-immobilized (28) electrodes; although IFVs
were detected, viral titers were reported in micrograms per mil-
liliter, making it difficult to compare the limits of IFV detection
with our findings. The specimens obtained from patients were
broadly evaluated, using an immunochromatography test kit for
the rapid diagnosis of influenza. The kit did not require any ad-
ditional equipment (4). However, to improve the detection, an
expensive apparatus, such as a fluorescence detector, is required
(3). We are constantly exposed to not only seasonal but also highly
pathogenic viruses such as H5N1 and H7N9 (1). The peptide-
terminated BDD electrode developed here has potential appli-
cations in the early diagnosis of influenza and in anti-influenza
therapy in the event of a pandemic.

Methods
Materials. HAs used in the study were provided by Yujiro Suzuki (Kitasato
Institute). HA H1 and H3 subtypes were prepared from influenza A/New
Caledonia/20/99 (H1N1) and A/New York/55/2004 (H3N2) viruses, respectively
(29). The A/Puerto Rico/8/34 (H1N1) and A/Aichi/2/68 (H3N2) IFVs have been
previously described (15). IFVs were grown in allantoic sacs of 11-d-old em-
bryonated eggs and resuspended in 10 mM Tris·HCl (pH 7.8) containing
1 mM DTT and 20% (wt/vol) glycerol and stored at −80 °C until use (30).

BDD Electrode. A thin BDD film was deposited onto a Si(111) wafer substrate
(5-cm diameter) in a microwave plasma-assisted vapor deposition system

Fig. 3. Detection of H1 HA and IFV on the peptide-terminated BDD electrode by EIS. (A) Representative Nyquist plots of HA on the peptide-terminated BDD
electrode. The Rct value is plotted as a function of HA concentration (Inset). (B) Change in Rct (ΔRct) as a function of HA concentration in PBS. (C) Repre-
sentative Nyquist plots of H1N1 (A/Puerto Rico/8/34) IFV on the peptide-terminated BDD electrode. (D) Dependence of ΔRct on the number of IFVs in PBS.
(E) Peptide-mediated detection of IFVs on the peptide-terminated BDD electrode. Pep-BDD, peptide-terminated BDD; Lys-BDD, Lys-terminated BDD.
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(AX6500; CORNES Technologies Corp.). Acetone and trimethoxyborane
gas were used as carbon and boron sources, respectively, at an atomic ratio of
B/C = 0.3%. Deposition was carried out for 8 h under 85 Torr chamber pressure,
5,000 W microwave power, and 900–1,000 °C substrate temperature. Surface
morphology was characterized by field-emission scanning electron microscopy
(JSM-7600; JEOL). Raman spectra were obtained in ambient air at room tem-
perature under excitation at 532 nm from a green laser diode (ST-BX51; Seki
Technotron Corp.). The wafer was divided into two pieces for further electro-
chemical experiments (bare BDD).

Electrochemical Measurements. Cyclic voltammetry (CV) and EIS were carried out
with a standard three-electrode configuration, usingapotentiostat (CompactStat;
Ivium Technologies). The BDD electrode used as the working electrode was as-
sembled as the bottom (2-cm diameter) of a single-compartment cell. An Ag/AgCl
(saturatedKCl) electrodeandPtwireelectrodewereusedas the reference (+0.199
V vs. standard hydrogen) and counter electrodes, respectively. EIS measurements
were carried out at the equilibrium or open circuit potential without bias voltage
in the frequency range of 5 Hz–50 kHz and a 25-mV amplitude.

Deposition of Alkynyl Group onto the BDD Surface. To obtain alkyne-terminated
BDD, the surface (diameter of 2.08 cm) was modified (Fig. S1B) (19) by electro-
reduction via CV with a scan rate of 50 mV/s for five cycles between +0.60 V
and −0.70 V in acetonitrile solution containing 100 mM TIPS-protected Eth-Ar
diazonium salt and 100 mM tetrabutylammonium hexafluorophosphate
(Bu4NPF6). An electroreduction peak was observed at −0.01 V (Fig. S1C); the peak
current disappeared after the second cycle, indicating that electron transfer
between BDD and the bulky TIPS-protected Eth-Ar group was blocked. The TIPS
group was deprotected by immersing the TIPS-terminated BDD in a tetrahy-
drofuran solution of tetra-n-butylammonium fluoride (50 mM) for 20 min at
room temperature, yielding alkyne-terminated BDD.

The electrochemical behavior of BDD electrodes was monitored by CV in an
acetonitrile solution of 1 mM ferrocene and 0.1 M Bu4NPF6, with a scan rate of
100 mV·s−1 between +1.0 and −0.50 V (vs. Ag/AgCl). CVs of a ferrocene redox
reaction were almost identical for bare (dotted line) and alkyne-terminated
(solid line) BDD electrodes (Fig. S1D). In contrast, decreases in both oxidation
and reduction peak currents were observed for TIPS-terminated BDD elec-
trodes, and the separation of peak-to-peak potentials was larger than for bare
BDD (Fig. S1D; broken line). These results indicated that bulky TIPS groups
blocked electron transfer between BDD and ferrocene in solution.

Click Chemistry and Electrode Properties. The peptide dimerwas immobilized on
the alkyne-terminated BDD by click chemistry. The alkyne-terminated BDD (1/8
cut) electrode was incubated for 24 h in a solution of 0.1 mM peptide, 0.8 mM
CuSO4, 0.5 mM sodium ascorbate, and 0.1 mM Tris(benzyltriazolylmethyl)
amine in 1 mL methanol:water (0.375:0.625). The electrode was washed with
water, ethanol, and acetone and dried under N2 gas, yielding peptide-terminated
BDD. The electrochemical measurements were performed within a few days
after the preparation of the peptide-terminated BDD.

The blocking properties of each layer on the BDD electrode were char-
acterized by recording the CV of ferrocene oxidation after each modification
step. CVs of bare and alkyne- and peptide-terminated BDD electrodes were
recorded in 100 mM Na2SO4 containing 10 mM K3[Fe(CN)6] with a scan rate
of 100 mV·s−1 between 0 V and +1.0 V (vs. Ag/AgCl) (Fig. 2C). CVs of fer-
rocenyl peptide-terminated BDD electrodes were recorded in Dulbecco’s PBS
(pH 7.4) with a scan rate of 200 mV·s−1 between +0.2 V and +0.55 V (vs.
Ag/AgCl) (Fig. 2 E and F). Water contact angle measurements were carried
out to assess the hydrophilic/hydrophobic nature of the electrode before
and after peptide modification by the sessile drop method.

Surface Coverage of Peptide on BDD Surface. Surface coverage by the peptide
was estimated by click reaction with a ferrocenylpeptide dimer instead of the
peptide dimer (Fig. 2E). Two ferrocenyl groups were linked to the N terminus of
the peptide dimer (Fig. S2B). The total coverage of the BDD surface by the peptide
(Γpep) was determined from the integration of the area under the oxidation peak
at low scan rates yielding the charge passed (Q) (Fig. 2F), according to the equation
Γpep=Q/(nFA) (22), where n is the number of electrons involved in the reaction, F is
the Faraday constant, and A is the electro-active surface area of the peptide-ter-
minated BDD electrode. The typical Γpep value was estimated to be 0.11 pmol/cm2.

HA and IFV Detection by EIS. The peptide-terminated BDD electrode (2-mm
diameter) was incubated in 50 μL of a solution consisting of HA, BSA, or IFV in
PBS (pH 7.4) for 15 min (HA and BSA) or 45 min (IFV). The electrode was
washed with PBS, and EIS measurements were carried out using PBS con-
taining a mixture of 5 mM Fe(CN)4− (ferrocyanide) and 5 mM Fe(CN)3− (ferri-
cyanide) as redox probes.
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