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A B S T R A C T

Binary nanoparticles (NPs)-modified graphene has been spotlighted due to their multi-functionalities and var-
ious applications. In this study, Au and iron oxide NPs-decorated graphene was prepared as dual-functional
plasmomagnetic graphene (PMGRP), which plays roles in both magnetic carrier and a plasmonic substrate, and
was utilized for a magnetofluoro-immunosensing (MFIS) platform. As proof of concept study of plasmonic
substrate effect, fluoro-immunosensing (FIS) for detection of influenza virus was demonstrated by using anti-
hemagglutinin antibody (HA Ab)-modified PMGRP and quantum dot (QD). In the presence of the virus, the
sandwich structure between PMGRP and QD was formed through HA Ab-virus conjugation, and the fluorescence
of QD was depended on the virus concentration. Influenza virus A (H1N1) in deionized water was successfully
detected with a detection limit of 7.27 fg/ml. When human serum was mixed into virus as a model of a biological
sample, the target virus-captured PMGRP was separated from impurity by magnetic force and the MFIS was
performed with QD assistance. This result shows that virus was successfully separated and detected without any
interruption of impurities, thus PMGRP-based MFIS platform is a potential and promising system for detection of
virus in complex biological samples.

1. Introduction

Plasmonic/magnetic hybrid nanomaterials have been spotlighted
due to their multifunctional properties, such as the magneto-optical
effect, surface-enhanced Raman scattering (SERS), plasmon resonance
energy transfer (PRET), plasmonic coupling and enhanced electrical
conductivity [1–6]. Based on these synergic functionalities, such as-
sembled nanomaterials could be applied to various fields, for example,
meta-materials, nano-optics, sensors, contrast agents, and nano-elec-
tronics [7–13]. Among several plasmonic-magnetic hybrid nanomater-
ials, metal/magnetic nanoparticles (NPs)-decorated carbon nanoma-
terials have attracted attention due to plasmonic/pi electrons and
magnetic spin interactions. Indeed, a plasmonic coupling between
metal nanoparticles on carbon nanomaterials could also occur due to pi
electrons on carbon nanomaterials [14,15]. Thus, these hybrid nano-
materials have been used as plasmonic substrates, especially for sensing
applications [16–19]. On the other hands, in order to conduct the on-
site virus detection, the interference of impurities or biomolecules in
the sample should be reduced because on-site sample was non-purified
containing a lot of impurities with target virus, which reduces the

sensing performance. Thus, to improve the sensing ability, a magnetic
separation of target virus from the impurity is one of the effective
sensing strategy.

In this study, Au/iron oxides (Au/IONPs)-decorated graphene was
prepared as plasmonic/magnetic graphene (PMGRP), which is utilized
for a target virus separator and a plasmonic substrate. We also used the
PMGRP to detect a target virus through PRET-based magnetofluoro-
immunosensing (MFIS) system. In addition, CdSeInS quantum dots
(QDs) were used as a fluorescence indicator for a fluoro-immunosensing
(FIS). In general, there is a PRET effect between the adjacent plasmonic
material and a fluorescent material, which leads to enhanced fluores-
cence intensity [20–23]. Based on this phenomenon, in our previous
works, Au/GRP and Au/carbon nanotube were applied as the plasmonic
substrate for PRET-based FIS to detect influenza virus and Myco-
bacterium tuberculosis. And this sensing platform was successfully de-
monstrated via fluorescence enhancement effect based on target virus-
mediated sandwich structure between Au/carbon nanomaterials and
QDs [14,15].

MFIS was demonstrated with influenza virus A (New Caledonia/20/
1999) (H1N1). Influenza viruses are classified into three types (A, B, C).
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Influenza virus A is the most common because it carries the infectious
human pathogen and is highly diversified and easily mutated [24,25].
The pandemic influenza virus A (H1N1) occurred in 2009 and caused
an outbreak of a respiratory infection that emanated from Mexico and
spread globally to 191 countries [26,27].

To demonstrate MFIS, the PMGRP was synthesized through two
steps: i) Graphene was mixed with Au3+ ions in deionized (DI) water by
sonication, and ii) gallic acid-modified oxidizable IONPs (GA-IONPs)
were added to the mixture and stirred for 3 h. During this step, Au3+

ions were reduced to Au NPs on the surface of graphene due to the
reduction potential of GA-IONP [28]. In this case, the gallic acid has an
anti-oxidant effect, so the GA-IONP can act as a reducing agent in this
reaction [29]. At the same time, the GA-IONP also bound with graphene
through pi-pi interactions between the aromatic groups of GA-IONP and
graphene. This hybrid structure possesses plasmonic and magnetic
properties and was designated as PMGRP.

2. Experimental section

2.1. Materials and instruments

Hydrogen tetrachloroaurate (III) (99.9%), gallic acid monohydrate
(3,4,5-trihydroxy benzoic acid monohydrate), iron (III) chloride, iron
(II) chloride tetrahydrate, L-cysteine, N-ethyl-N'-(dimethylamino-
propyl) carbodiimide (EDC), N-hydroxysuccinimide (NHS), 25% am-
monia solution and BSA were obtained from Sigma-Aldrich Co. LLC
(Tokyo, Japan). Graphene flakes were purchased from Graphene
Supermarket (Calverton, NY, USA). Three kinds of influenza viruses A
(New Caledonia/20/99) (H1N1), (Netherlands/219/03) (H7N2) and
(Hong-Kong/1073/99) (H9N2) were purchased from ProSpec-Tany
TechnoGene Ltd. (Rehovot, Israel). Anti-hemagglutinin antibody (HA
Ab) against influenza virus A (New Caledonia/20/99) (H1N1) HA (H1)
and a mouse monoclonal Ab [B219M] were purchased from Abcam Inc.
(Cambridge, UK). Human serum was purchased from Sigma-Aldrich Co.
LLC (Tokyo, Japan). Goat anti-mouse IgG-horseradish peroxidase was
purchased from GE healthcare (Tokyo, Japan). Tetramethylbenzidine
(TMBZ) was purchased from Dojindo (Kumamoto, Japan). To demon-
strate magnetic separation, neodymium magnet (KENIS Ltd., Osaka,
Japan) was used.

The plasmonic property of the PMGRP was measured using UV/Vis
spectroscopy (Infinite® F500, TECAN, Ltd., Männedorf, Switzerland).
The SERS effect of PMGRP was analyzed with an excitation wavelength
of 532 nm by Raman spectroscopy (NRS-7100, JASCO, Tokyo, Japan).
The functional groups of PMGRP were characterized by using FT-IR
spectroscopy (FT-IR 6300, JASCO, Tokyo, Japan). The magnetic prop-
erty of the PMGRP was measured from −30 kOe to+ 30 kOe using a
superconducting quantum interference device (SQUID, MPMS-XL7,
Quantum Design, Inc., San Diego, CA, USA). The shape and surface
morphologies of IONP, graphene, and PMGRP were observed using a
transmission electron microscope (TEM, JEM-1400, JEOL, Tokyo,
Japan), a high-resolution transmission electron microscope (HR-TEM,
JEM-2100 F, JEOL, Tokyo, Japan), and a scanning electron microscope
(SEM, JSM-6510LV, JEOL, Tokyo, Japan). The HA Ab conjugation with
the PMGRP was confirmed by an enzyme-linked immunosorbent assay
(ELISA) with a plate reader (Model 680, Bio-Rad, Hercules, CA, USA).
The fluorescence of quantum dot (QD) and FIS was measured by using a
filter-based multimode microplate reader (Infinite® F500; TECAN, Ltd,
Männedorf, Switzerland).

2.2. Synthesis of PMGRP

Firstly, oxidizable GA-IONP was prepared as a reducing agent for Au
NP decoration. Briefly, 1mmol of iron chloride and 0.5mmol of iron
(II) chloride tetrahydrate were dissolved in 20ml of DI water.
Subsequently, 0.6ml of 25% ammonia water was dropped into the
mixture and stirred for 10min for co-precipitation process to form the

IONP. After that, 1.5 mmol of gallic acid powder was added into IONP
solution and stirred for 30min for 90 °C. After stirring process, GA-
IONPs were precipitated with excess acetone and purified by a magnet
separation.

PMGRP was prepared at room temperature in two steps. Five mg of
graphene and 10mg of hydrogen tetrachloroaurate (99.9%, 25mmol)
were mixed in 40ml of DI water by sonication for 30min. This Au ion
and graphene mixture was added 1ml of GA-IONP solution (1mg/ml
concentration in DI water) and then was vigorously stirred for 3 h.
Finally, the PMGRP was separated by centrifugation and external
magnetic field.

2.3. Antibody modification process and virus separation and MFIS test for
virus detection

Influenza virus detection via PMGRP-based FIS was conducted with
a 96-well plate for a preliminary study to confirm the role of the
PMGRP as a plasmonic substrate. Firstly, in order to conjugate HA Ab
on the surface of PMGRP, amine functionalization was carried out. One
ml of cysteamine (0.03M) was added into PMGRP (3mg/ml) and this
mixture was stirred for 1 h. During this reaction, the thiol group of
cysteamine was attached on the surface of Au NP in PMGRP structure.
After the reaction, amine group modified PMGRP was separated and
purified by using external magnetic force and washed by using D.I
water. Secondly, to fabricate plasmonic substrate, 50 μl of amine group
modified PMGRP (2.5 mg/ml) was added into 96-well and magnetically
deposited in each well plate and dried at room temperature. After that,
50 μl of EDC (1mg/ml)/well and 50 μl of NHS (1mg/ml)/well were
added to the wells for HA Ab conjugation reaction. Fifty one ng/ml of
HA Ab/well were added to the 96-well plate, shaken briefly 30 s and
stayed overnight at 7 °C. After that, the 96-well plate washed 3 times
using 200 μl of PBST (1 l of 0.1 M PBS+ 5% Tween). After HA Ab
conjugation process, HA Ab-PMGRP binding was confirmed by ELISA
test. The sensitivity test was carried out with various concentrations of
influenza virus from 1 fg/ml to 10 pg/ml. In this case, 100 μl of each
concentration of virus was added into the mixture and shaken for 1 h.
And then, 50 μl of QD (1mg/ml) was dropped into the mixture to in-
duce the virus-mediated sandwich structure for FIS. The fluorescence
intensity of hybrid structure was measured with 450 nm excitation
wavelength, and the maximum fluorescence intensity was collected at
614 nm emission wavelength for the calibration curve.

Influenza virus A (H1N1) in human serum was monitored through
MFIS platform. Human serum is a mimic of complex biological ma-
trices, containing iron 35–180mg, cholesterol 110–210mg, triglyceride
30–175mg, glucose 60–140mg, endotoxin<10 EU, and hemoglobin
20mg (Sigma–Aldrich, Louis, MO, USA). By mixing human serum and
target virus, detection performance was investigated under conditions
close to actual clinical samples. Various concentrations of the virus in
the range of 0.1 pg/ml to 1000 pg/ml was added into 90 μl of human
serum and its sensitivity test was carried out. Briefly, 0.2mg/ml con-
centration of HA Ab-conjugated PMGRP was added into the influenza
virus/human serum matrix and the mixture was shaken for 15min for
antibody-virus conjugation reaction. Virus subsequently conjugated HA
Ab-PMGRP and was separated by external magnetic force for 3min and
the supernatant was removed. After washing process, 50 μl of HA Ab-
conjugated QD (1mg/ml) was added into the virus-PMGRP solutions to
be monitored fluorescence intensity depending on the virus con-
centration. The fluorescence intensity was meadured with 450 nm ex-
citation wavelength, and the maximum fluorescence intensity was
collected at 614 nm emission wavelength for the calibration curve.

3. Results and discussion

3.1. Physicochemical property of PMGRP

The physicochemical properties of PMGRP have been characterized,
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including plasmonic and magnetic aspects. The plasmonic absorbance
of PMGRP was measured by UV/Vis spectroscopy. A broad absorbance
band appeared near 580 nm (Fig. 1A), which indicates that the size of
Au NP on the graphene was polydisperse. In addition, the secondary
absorbance band was shown around 755 nm. This absorbance was re-
lated with plasmonic coupling interaction between adjacent Au NPs on
the GRP, and this effect was induced via pi electrons on the GRP [30].
The pi electrons were delocalized, so free electron movement occurred
on the surface of GRP. And this electron movement caused the plas-
monic coupling reaction between Au NPs, so it was assumed that GRP
played a role as a mediator in the plasmonic coupling interaction. The
similar phenomenon was also observed in Au NP-GRP and Au NP-CNT
hybrid structures [14,15]. In addition, the SERS effect of PMGRP was
characterized by Raman spectroscopy at an excitation wavelength of
532 nm (Fig. 1B). In this case, PMGRP and GRP were deposited on the
Si wafer to measure the Raman spectrum of D band and G band to
compare the intensity for SERS effect. The Raman intensity of PMGRP
was 3 times higher than that of PMGRP due to the SERS effect. It was
established that decoration of Au NP on the graphene contributed to the
SERS effect which was induced through the electromagnetic mechanism
based charge transfer between Au NP and GRP [31]. The D band of
PMGRP was clearly observed at approximately 1355 cm−1, and the G
band was indicated at approximately 1582 cm−1. In addition, a sec-
ondary band appeared at approximately 1618 cm−1, because PMGRP
was not a single layer but multiple layers stacked on the Si substrate by
external magnetic force. The functional groups of PMGRP were ana-
lyzed by FT-IR spectroscopy, and its spectrum is shown in Fig. 1C. The
aromatic group of PMGRP is seen at 1452 cm-1 – 1570 cm-1. The alkane
and alkene group in PMGRP appeared at approximately 2900 cm-1 and
3090 cm-1, respectively. The carbonyl group of gallic acid was mea-
sured at approximately 1650 cm-1, and the C–O vibration was char-
acterized near 1090 cm-1. Moreover, the Fe-O vibration was observed at

approximately 600 cm-1. The magnetic property of IONP and PMGRP
was measured using a SQUID. In the case of IONP, magnetic hysteresis
curve was clearly observed and depicted in Fig. S1. The remanence
effect of IONP has indicated around -0.96 emu/g and 0.86 emu/g, and
the coercive force was measured about -28.03 Oe and 28.05 Oe. And
after decoration process, the remanence effect of PMGRP was indicated
at approximately -0.07 emu/g and 0.07 emu/g according to the mag-
netic hysteresis curve of PMGRP (Fig. 1D). In addition, coercive force
was analyzed at approximately 9.33 Oe, and -11.21 Oe, indicating that
graphene possesses magnetic force after IONP decoration. In addition,
the optical property of QD was characterized by UV/Vis spectroscopy
and fluorescence spectroscopy. The absorbance λmax of QD was in-
dicated at approximately 380 nm, and the maximum fluorescence in-
tensity of QD was estimated at 620 nm (Fig. S2) at the emission spectra
of 450 nm.

3.2. Morphology of PMGRP

The morphology and shape of graphene were observed through a
TEM. Graphene shows a smooth, clean surface (Fig. 2A). The size and
structure of IONP were also observed at approximately 12 nm with a
spherical shape (Fig. S3). After decoration on the surface of graphene,
two different types of particles appeared and were well-dispersed on the
surface of graphene; large, black particles indicates Au NP, and small,
gray dots IONP (Fig. 2B and C). Because the electron density of the Au
NP surface is higher than that of IONP, Au NP was darker than IONP.
The size of Au NP was around 250 nm. The surface of PMGRP was also
observed via SEM without ions or Pt sputtering. PMGRP possessed ex-
cellent electrical conductivity, so a hybrid structure was clearly ex-
hibited with SEM without surface treatment. Large and white particles
indicated Au NPs, and tiny, gray particles IONPs (Fig. 2D).

Fig. 1. Physicochemical characterization of graphene (GRP) and PMGRP: (A) UV/Vis spectrum for plasmonic absorbance, (B) Raman spectrum for SERS effect, (C) IR
spectrum and (D) SQUID for magnetic properties.
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3.3. Confirmation of plasmonic substrate effect of PMGRP via FIS test

Influenza virus detection was conducted through PMGRP-based FIS
to confirm the plasmonic substrate function of PMGRP. The hybrid
material was magnetically deposited in a 96-well plate to fabricate the
plasmonic substrate. After deposition, an HA Ab against influenza A
virus (New Caledonia/20/1999) (H1N1) HA (H1) was conjugated on
the surface of amine-modified Au NPs on PMGRP through an EDC/NHS
coupling reaction to capture the target virus. HA Ab was also con-
jugated on the surface of QD to develop the fluorescence, depending on
the interaction with target virus. HA Ab conjugation on the surface of
both PMGRP and QD was confirmed by an ELISA test (Fig. S4), in-
dicating that HA Ab was successfully conjugated on the surface of
PMGRP and QD via an EDC/NHS process.

When a target virus is present in this system, a sandwich structure
between PMGRP and QD was assembled via HA Ab and virus interac-
tions (Fig. 3A), and fluorescence intensity of QD (FL) was enhanced by
the PRET effect. In this case, the virus size is around 100 nm, so the
distance between PMGRP and QD was little far. However, the size of Au
NP was large, and many Au NPs were attached on the surface of PMGRP
which showed plasmonic coupling effect via pi electron. Not only Au
NP on the GRP but also PMGRP itself played a role as the plasmonic
substrate for energy transfer, and it means that the synergic effect of the
plasmonic property was utilized for energy transfer. Thus, the distance
issue of sandwich structure was overcome and enhancement was oc-
curred. Moreover, the difference of enhanced FL (ΔFL) was correlated
with the concentration of target virus [14,15]. The ΔFL was depended
on the concentration of influenza virus (Fig. 3B). Based on this ap-
proach, the ΔFL with various concentrations of virus from 1 fg/ml to
10 pg/ml was collected at 618 nm to characterize the calibration curve
and ΔFL was calculated by Equation 1 as below.

△FL= FLwith virus – FL0 (1)

Where 0 the subscript of FL denotes FL value at 0 fg/ml of virus con-
centration. Through this calibration curve, a linear response was ob-
tained with a correlation coefficient (R2) of 0.9664 (Fig. 3C). The
PMGRP-based FIS exhibited a good sensitivity performance, and the
limit of detection of this system was estimated at approximately
7.27 fg/ml using a linear regression (Equation S1 in the SI). In addition,
a selectivity test was conducted with 2% BSA, influenza viruses A
(H7N2) and A (H9N2) at 10 ng/ml. Even a high concentration of other
types of influenza virus was introduced into this system, and only
fluorescence intensity highly increased at 10 ng/ml of H1N1 (Fig. 3D).
Thus, the PMGRP-based FIS exhibited excellent performance in terms of
specificity.

Virus detection was visualized after antibody and virus conjugation
using a confocal microscope with an excitation wavelength of 405 nm.
The PMGRP was magnetically deposited on the cover glass slide to
fabricate the plasmonic substrate and modified with HA Ab. After that,
1 ng/ml of influenza virus A (H1N1) was introduced to induce a virus-
mediated sandwich structure between PMGRP and QD. The QDs on the
virus-HA Ab-PMGRP structure subsequently showed orange fluores-
cence spots on the surface of hybrid materials by using a confocal mi-
croscope. Thus, the virus can be visually monitored using hybrid na-
nomaterials (Fig. 4). On the other hands, the influenza virus used in this
study (purchased from company) was observed and target separation
process was monitored by using TEM. The round shape of influenza
virus was observed (blue arrow in the image), and the size was less than
100 nm. Also, some impurities like protein structures (gray structures
and small black dots) were also observed around the virus before se-
paration process (Fig. S5A). However, after the virus was captured and
isolated by PMGRP through external magnetic force, viruses were ob-
served around the Au NP (Fig. S5B). It meant that target separation

Fig. 2. TEM images of (A) graphene, (B) PMGRP (at low mag, × 20 k) and (C) PM-GRP (at high mag, × 150 k) and SEM image of (D) PMGRP.
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process using PMGRP via magnetic force was successfully demon-
strated.

3.4. Influenza virus detection via PMGRP-based MFIS platform

The influenza virus in impurities was detected by PMGRP-based
MFIS, which has the magnetic separation of target virus from impurities
and the plasmonic substrate for FIS. Firstly, the multi-functional
PMGRP was added into the sample that was a mixture of target virus
and impurities. During the mixing and shaking process, the target virus
was bound to the HA Ab-conjugated PMGRP which was recovered from
the supernatant containing impurities by the external magnetic force
(Fig. 5). The target virus bound HA Ab-conjugated PMGRPs were re-
placed DI water of the same amount of the supernatant. Secondly, the
HA Ab-conjugated QDs were added into the virus-bound HA Ab-

conjugated PMGRP solution, and the QD-virus-PMGRP sandwich
structure was induced. The ΔFL was depending on the concentration of
target virus.

After magnetic separation process, the ΔFLwas obviously monitored
depending on the concentration of target virus (Fig. 6A). The ΔFL was
correlated with the concentration of target virus in the mixture and was
dependent on the virus concentration. As the control test, influenza
virus in the human serum was detected using PMGRP without magnetic
separation process in the virus concentration range from 0.1 pg/ml to
1000 pg/ml. The ΔFL was not clearly measured, and linearly response
was not obtained depending on the concentration of virus (red circles in
Fig. 6B). On the other hands, a linear response was obtained under
magnetic separation process (black squares in Fig. 6B) with the limit of
detection (LOD) of 6.07 pg/ml. It means that magnetic separation
process successfully occurred and target virus was obviously detected

Fig. 3. Influenza virus detection performance with PMGRP-based FIS. (A) Schematic illustration of detection mechanism (not to scale), (B) monitoring of FL spectra
depending on virus concentration, (C) calibration curve of ΔFL and virus concentration in the PMGRP-based on FIS results, and (D) selectivity test against other types
of influenza virus.

Fig. 4. Confocal microscopic fluorescence images after virus conjugation with PMGRP and QD via antibody and virus binding; (A) optical microscope image, (B)
fluorescent image and (C) {(A)+(B)} merged image.
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by MFIS system. Compared with LOD in buffer condition detection, that
in impurity-MFIS based detection was higher because the concentration
window in each detection test was different. The slope of MFIS-based
detection was 810.9, while it is 498.8 in DI water system. Correlation
coefficient of MFIS-based detection was 0.97, while it is 0.91 in DI
water system. These results indicate that detection performance was
improved by magnetic separation, but statistical accuracy was lower
compared to that of DI water system. This means that the impurities in
sample still interfere the detection accuracy in the MFIS-based detec-
tion system.

Recently, various approaches for detection of influenza virus have
been developed by using nanotechnology-based sensing systems [32],
and MFIS system was compared with other researches (Table 1). In
some of other cases, virus was monitored in pure environment without
impurity, however in this case, virus in impurity mixed sample was
detected. Even though the virus sample in this study was mixed with
other biomolecule, interestingly, the LOD of this system is similar with
them or lower than that of other detection systems. It meant that this
system was regarded as a potential detection method for the virus in
impurity mixed sample. Thus, multi-functional PMGRP-based MFIS
process successfully demonstrated the detection of a target virus in a
biological sample containing lots of impurities.

4. Conclusions

The PMGRP possesses plasmonic and magnetic effects that are the
attractive function for virus detection. In the proof of concept of virus
detection, this hybrid structure played a role in the plasmonic substrate
for FIS system with the assistance of QD. Influenza virus in DI water was
detected with the LOD of 7.27 fg/ml. Furthermore, this detection
method showed high selectivity among various biomolecules. Influenza

Fig. 5. Schematic illustration of target virus monitoring through PMGRP-induced magnetofluoro-immunosensing (MFIS) process (Not to scale).

Fig. 6. Virus detection performance through MFIS. (A) spectra of the difference of FL, (B) sensitivity results depending on magnetic separation process and the
concentration of influenza virus.

Table 1
Recent research comparison of influenza virus detection with various ap-
proaches.

Detection method Target virus LOD Ref

Localized surface plasmon coupled
fluorescence fiber-optic biosensor

H1N1 13.9 pg/ml [33]

Integrated liquid core waveguides based
microfluidic immunosensor
ITO-TFT based biosensor

H3N2
H5N1

1 pg/ml
80 pg/ml

[34]
[35]

Electrochemical immunosensor with
magnetic separation process

H7N9 6.8 pg/ml [36]

Magnetofluoro immunoassay H1N1 in
serum

6.07 pg/ml This
work
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virus in human serum as a model of biological sample was separated
from impurities by the magnetic property of PMGRP and was detected
through QD-assisted FIS. Through PMGRP-based MFIS, influenza virus
in human serum was detected with the LOD of 6.07 pg/ml, which is
comparable to other studies. Particularly, compared with other cases
which the virus was monitored without impurity, the excellent sensi-
tivity of this system was shown. Thus, the PMGRP-based MFIS system is
a potential biosensing and diagnostic platform for a complex biological
sample.
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