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ABSTRACT: Nanoparticle-decorated carbon nanotubes or graphenes have attracted attention
because of their synergic properties such as enhanced electrical conductivity, magneto-optical
effect and plasmon resonance energy transfer. These hybrid carbon nanomaterials are widely
used in sensing platforms to monitor target biomolecules, gases, and chemicals. In this study,
binary nanoparticles, specifically gold (Au)/magnetic nanoparticle (MNP)-decorated
graphenes (GRPs), were applied in a virus-sensing platform. This hybrid material exhibited
multiple functionalities, including magnetic, plasmonic and enhanced electrical properties.
Au/MNP-GRPs were synthesized in 2 steps at room temperature under mild conditions and
magnetically deposited on a Pt-interdigitated electrode (IDE) as electrical-sensing channels.
After deposition onto the electrode, the surface of Au/MNP-GRPs was conjugated with
norovirus antibody (Ab) to produce a norovirus-like particle (NoV-LP)-sensing platform.
NoV-LPs were successfully detected by the hybrid nanomaterial-sensing platform, exhibiting
high sensitivity and specificity in a concentration range from 0.01 pg to 1 ng. In this case, the
limit of detection was calculated as 1.16 pg/ml. Thus, binary-nanoparticle-decorated graphene

shows excellent potential as an electrical-sensing platform for biomolecules.

KEYWORDS: Binary nanoparticle-decorated graphene, Au/MNP-decorated graphene,

Norovirus-like particle, electrical biosensor, magnetically deposited sensing channel
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1. INTRODUCTION

Nanoparticle-decorated carbon nanomaterials have been widely used in various fields as
sensors, energy devices, drug delivery systems (DDSs) and optical devices because of their
interesting synergic properties, including enhanced electrical and mechanical properties,
catalytic activity, magneto-optical (MO) effect, and plasmonic resonance energy transfer.'™
Among diverse applications, such hybrid nanomaterials have been applied in several optical-
and electrical-sensing platforms to monitor gases, biomolecules, and chemicals.*® More
specifically, multi-functional hybrid-nanomaterial-based sensing systems have been used to
develop accurate diagnostic systems and on-site sensing systems with a rapid response time

and high sensitivity and selectivity.”'’

Indeed, various infectious diseases require early
detection and frequent monitoring to prevent spread, thus improving human well-being and
public safety.“'13 To this end, hybrid nanomaterials and, eventually, nanoparticle-decorated
carbon nanomaterials have been widely applied as biosensors, and various approaches have
been used, including -electrochemical-based detection, optical-property-based sensing
platforms, and quartz crystal microbalance (QCM) sensors.' "’

Norovirus is a highly infectious virus with a critical pathogenesis because infection can
occur with 100 or fewer virus particles in the human body."® This disease can also cause
physical problems such as intense vomiting and diarrhea. In particular, infants and elderly
people with lowered resistance might become severely sick.'” Moreover, norovirus has shown
negative effects and is considered an economic and health service burden.® Although several
immune-chromatography-based detection kits for norovirus have been introduced, concerns
about their sensitivity remain.”""** In addition, these detection systems are time-consuming
and have poor cost performance.”** Because no robust replication system exists for

25,26

norovirus cell culture, norovirus-like particles (NoV-LPs) have been used as target

. . . . . 10,27
biomaterials for norovirus-sensing studies.
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In this study, we achieved a highly sensitive and selective sensing system for norovirus,
whereby a Au-NP/magnetic-NP-decorated graphene (Au/MNP-GRP) hybrid structure was
applied in electrical-sensing channels to monitor the electrical signal differences of
biomolecules. In this case, Au/MNP-GRPs were magnetically deposited onto a Pt-
interdigitated electrode (Pt-IDE) and functionalized by binding GII types of norovirus-
specific antibodies (Abs) on the Au/MNP-GRP surface; the change in electrical resistance
was then measured. To demonstrate the virus detection system, NoV-LPs were applied as
target biomolecules for our system. First, the sensitivity test was performed with NoV-LP
concentrations ranging from 0.01 pg/ml to 1 ng/ml. Second, several biomolecules, such as
influenza virus (H7N7) antigen and bovine serum albumin (BSA) were used in the specificity
test; the system displayed high sensitivity against other biomolecules. Thus, this system

exhibited excellent detection performance.

2. EXPERIMENTAL SECTION

2.1. Materials and Instruments

HAuCly-3H,0 (99.9%), gallic acid monohydrate (GA; 3,4,5-trihydroxy benzoic acid
monohydrate), FeCls, FeCl,-4H,0, L-cysteine, N-ethyl-N'-(dimethylaminopropyl)
carbodiimide (EDC), N-hydroxysuccinimide (NHS), 25% NH4OH solution and BSA were
obtained from Sigma-Aldrich Co. LLC (Tokyo, Japan). Graphene flakes (AO-3) were
purchased from Graphene Supermarket (Calverton, NY, USA). The planar Pt-interdigitated
electrode (Pt-IDE) was purchased from DropSens, S.L. (Llanera, Spain). Mouse anti-
flavivirus group antigen monoclonal antibody (Ab) was obtained from EMD Millipore
Corporation (Billerica, MA, USA). Goat anti-rabbit [gG-HRP was obtained from Santa Cruz
Biotechnology (Paso Robles, CA, USA). Tetramethylbenzidine (TMBZ) was purchased from
Dojindo (Kumamoto, Japan).

4
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The plasmonic property of the Au/MNP-GRPs was measured using UV/Vis spectroscopy
(Inﬁnite® F500, TECAN, Ltd., Méannedorf, Switzerland). The functional groups of GRP and
the Au/MNP-GRPs were analyzed by FT-IR spectroscopy (FT-IR 6300, JASCO, Tokyo,
Japan). The X-ray diffraction (XRD) patterns of the AwMNP-GRPs were characterized using
a powder X-ray diffractometer (RINT ULTIMA, Rigaku, Corp., Tokyo, Japan) with Cu Ka
radiation and a Ni filter. The patterns were collected from 2 6 = 20 to 100° at a scan rate of
0.01° per step and 10 s per point. The magnetic properties of the MNPs and the Au/MNP-
GRPs were measured using a superconducting quantum interference device (SQUID, MPMS-
XL7, Quantum Design, Inc., San Diego, CA, USA). The surface morphologies of GA-MNPs,
graphene and the Au/MNP-GRPs were observed using a transmission electron microscope
(TEM, JEM-1400, JEOL, Tokyo, Japan), a high-resolution transmission electron microscope
(HR-TEM, JEM-2100F, JEOL, Tokyo, Japan), and a scanning electron microscope (SEM,
JSM-6510LV, JEOL, Tokyo, Japan). The Ab conjugation with the Au/MNP-GRPs was
confirmed by an enzyme-linked immunosorbent assay (ELISA) with a plate reader (Model
680, Bio-Rad, Hercules, CA, USA). The conductivity of the Au/MNP-GRPs was measured,
and NoV-LP detection was performed with a potentiometer (VersaSTAT 4, AMETEK Inc.,
Berwyn, PA, USA).

2.2. Synthesis of Au/MNP-GRPs

First, as the reducing agent and magnetic nanoparticles, GA-MNPs were prepared using
the co-precipitation process. In this process, FeCl; (1 mmol, 0.1622 g) and FeCl,-4H,0 (0.5
mmol, 0.0994 g) were dissolved in deionized (DI) water (20 ml), and 0.6 ml of 25% NH4OH
solution was added to the mixture and stirred for 10 min to form magnetic Fe;O4 NPs.
Subsequently, GA (1.5 mmol, 0.255 g) powder was poured into the black Fe;04 NP solution

and stirred at 90 °C for 30 min. Because of the binding between GA and Fe in the GA-MNP
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structure, the solution color changed from black to deep violet. After stirring, GA-MNPs
were purified, precipitated with excess acetone and separated using a magnet.

Au/MNP-GRPs were synthesized in 2 steps. First, 5 mg of graphene and 10 mg of
HAuCl4-3H,0 (25 mmol) were dispersed in 40 ml of DI water by ultrasonication for 30 min.
Then, 1 ml of GA-MNP solution (1 mg/ml concentration in DI water) was added into the
Au’"-GRP mixture. After 3 h of vigorous stirring, the hybrid material was separated by
centrifugation and magnetic force and dried in the oven at 60 °C.

2.3. Bioconjugation Between Functionalized Nanomaterials and Antibody

To conjugate the mouse anti-flavivirus group antigen monoclonal antibody, the surface of
Au/MNP-GRPs was modified with cysteamine for amine functionalization. First, 1 ml of
0.03 M cysteamine was added into the Au/MNP-GRP solution (1 mg/ml concentration). After
30 min of stirring, the amine-functionalized Au/MNP-GRPs were separated using a magnet,
centrifuged (7500 rpm, 10 min) and dried in an oven. Bioconjugation and the virus detection
process were performed in a polydimethylsiloxane (PDMS) well, which was attached on the
Pt IDE (see Figure S2). To demonstrate the bioconjugation with Norovirus Ab, 15 ul (30 ug)
of Au/MNP-GRPs (2 mg/ml concentration) was magnetically deposited onto the Pt-IDE and
dried at room temperature. Then, 20 pl of EDC (0.1 M) was dropped and gently shaken for
30 min. Subsequently, 20 pl of NHS (0.1 M) was dropped and gently shaken for 5 min.
Finally, 3 pl of GII norovirus-specific Ab (NV14, 1 ug/ul) was dropped and agitated for 16 h
at 7 °C, and the electrode was washed with DI water. After Ab conjugation, the electrical
conductivity was measured to evaluate the electrical resistance value before (Rg) and after
(Rap) the Ab conjugation.

2.4. Virus Detection by the Ab-Conjugated Au/MNP-GRP Deposited Electrode

6
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The sensitivity and specificity of the Ab-conjugated Au/MNP-GRP-deposited electrode
sensing platform were monitored using a potentiostat. In this case, the sensitivity and

specificity were evaluated via the resistance difference as shown in Equation (1).

AR _ {R(ab+vip) - Rab}
R Rab

(1)

where Rap+vipy and Rap are the electrical resistance values of the virus-sensing electrode
and Ab-conjugated electrode, respectively. The prepared NoV-LP was a round particle with a
virus surface covered with a cup-like protein, and its size was 38 nm, similar to that of native
norovirus. The sensitivity of this sensing platform was tested using various concentrations
(from 0.01 pg/ml to 1 ng/ml) of the target NoV-LPs. The binding processes of NoV-LPs and
Ab were monitored via the resistance change of the sensing channel (Au/MNP-GRP) on the
Pt-IDE. The specificity test was performed using several biomolecules, and each response
was detected by measuring the electrical conductivity change. In this case, influenza virus
antigens and BSA were used as biomolecules as a negative control. The NoV-LP production

process is described in the supporting information (SI).*

3. RESULTS AND DISCUSSION

20 min wsge Graphene sheet
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Figure 1. Schematic of Au/MNP-GRP preparation (not to scale).

Figure 1 depicts the synthetic scheme of Au/MNP-GRPs. This hybrid structure was
prepared in 2 steps under mild conditions at room temperature. First, Au salt was dispersed
with GRP in DI water via sonication. During this step, positive Au ions were placed and
attached on the surface of GRP because the pi electrons on the GRP induced electrostatic
interactions with the Au ions. Oxidizable GA-MNP was added to the mixture to reduce the
Au ions to Au NPs on the GRP. Because of the anti-oxidant effect of GA, GA-MNP plays the
role of the reducing agent for the Au NP synthetic process,”* meaning that nucleation and
island growth of Au NP occurs due to electrostatically attached Au ions on the GRP surface;
as a result, Au NP could be physically attached to GRP. Simultaneously, the aromatic groups
of the GA-MNP induced a pi-pi interaction with GRP. As a result, GA-MNPs can be

decorated on the surface of GRP with Au NPs.’
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35 Figure 2. TEM images of (A) GA-MNP, (B) GRP, (C) Au/MNP-GRPs (low magnification,
4k x) and (D) Au/MNP-GRPs (high magnification, 150k x).

39 After preparation of the Au/MNP-GRPs, the morphologies and sizes of the nanomaterial
41 were observed by TEM. GA-MNPs and GRP before the reaction are shown in Figures 2A and
43 B, respectively. The size of GA-MNP is approximately 12 nm, and clear GRP sheets were
45 observed. After 2 steps, two different types of particles appeared on the GRP sheets. The
large black spots are Au NPs, whereas the small gray particles are MNPs. The Au NPs are
50 non-spherical and widely dispersed on the surface of the GRP. The size of the Au NPs was
52 approximately 200 nm, which is slightly larger than typical Au NPs because a surface
54 capping agent was not applied for size control. Because the surface electron density of Au

o6 NPs is higher than that of MNPs, the Au NPs appear as black spots. Similar to Au NPs, GA-
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MNPs are attached on the surface of GRP.

1904 (A) R
'S
o 1857 o
> =
£ =
& 1.804 ~
= g
s
2 1754 =
<= = —GRP
< g — Au/MNP-GRP
1.70 z
c
]
-
1.65 ; : : T . . T T T T r : T
300 400 500 600 700 800 900 1000 4000 3500 3000 2500 2000 15010 1000
Wavelength (nm) Wavenumber (cm™)
(C) ay
£ 24 (D)
=
= 0.5
8 11
o
o L0
2 | ooy |F” ©
e 220) (341 -1- _
E (222) R T P SR
422) (400) ] Field (Oe)
T T T T T T T T T T T T T T T
20 40 60 80 100 -30k -20k -10k 0 10k 20k 30k
2 Theta (0) Field (Oe)

Figure 3. (A) UV/Vis and (B) FT-IR spectra, (C) XRD pattern (black; GRP, blue; GA-MNP,
and red; Au NP) and (D) SQUID hysteresis curve of Au/MNP-GRPs

The physicochemical properties of the Au/MNP-GRPs are shown in Figure 3. The
plasmonic property of the Au/MNP-GRPs was measured by UV/Vis spectroscopy. The
absorbance of Au NPs is indicated at approximately 580 nm (Figure 3A), and this result is
consistent with the size of the Au NPs in the TEM images.’® As mentioned previously, the Au
NPs are slightly larger in size; thus, Amax 1S shown in that range. In addition, closely located
Au NPs on the GRP sheet can induce the plasmonic coupling effect, which is observed at
approximately 900 nm as the longitudinal direction coupling.*® The functional groups of the
Au/MNP-GRPs were analyzed by FT-IR spectroscopy. First, the Fe-O vibration from GA-

MNP was approximately measured at 600 cm™. The aromatic ring in GRP was located at
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approximately 1560-1455 cm™. The C=O vibration of GA appeared at approximately 1637
cm™ (Figure 3B). Structural analysis of the Au/MNP-GRPs was conducted with XRD (Figure
3C). First, the diffraction pattern of GRP was indicated at 2 § = 26.63° as the (002) plane
(ICSD card no: 01-075—1621). In addition, several diffraction peaks of Au NPs, including
the (111), (200), (220), (311), (222), and (400) planes, were identified at 2 6 = 38.37°, 44.67°,
64.62°, 77.49°, 81.69°, and 98.35°, respectively (ICSD card no: 00—004—0784). The (422)
plane of iron oxide was measured at the 2 0 value of 54.44 (JCPDS card no: 88-0315).
Magnetic property analysis of the Au/MNP-GRPs was performed using SQUID at room
temperature from -30 kOe to 30 kOe. In this case, the magnetic-hysteresis relationship was
expressed as a nonlinear and reversible hysteresis loop. According to the loop curve shown in
Figure 3D, the coercive force of the Au/MNP-GRPs was approximately -20 Oe and 20 Oe.
Indeed, the remanence effects were approximately 0.07 and -0.07 emu/g. Thus, GRP displays

a magnetic property after the MNP decoration process.

Figure 4. SEM images of (A) Au/MNP-GRPs on a Si wafer and (B) a Au/MNP-GRP sensing
channel on Pt-IDE.

To magnetically deposit Au/MNP-GRPs onto the electrode, first, Pt-IDE was placed on the
magnet (see Figure S1). In addition, to prevent spillage of solution from the electrode, a
PDMS well was attached to the electrode. Au/MNP-GRP was gently dropped onto the
electrode surface and dried under atmospheric conditions. The deposited Au/MNP-GRPs

11
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were observed via SEM, and the image is shown in Figure 4. Au/MNP-GRPs on a Si wafer is
shown in Figure 4A, and this image is consistent with the TEM image, where the Au NPs and
GA-MNPs were dispersed on the GRP layer. In this case, the electrical density on the surface
of GA-MNPs was lower than that of Au NPs, and the MNPs was much smaller than the Au
NPs; thus, MNP structure was not clearly shown by SEM. Additionally, it was confirmed that
the hybrid material was satisfactorily located on the Pt-IDE after magnetic deposition (Figure
4B). In this image, the AWMNP-GRP layer was clearly observed and was well spread on the
Pt-IDE. In addition, because the layer of Au/MNP-GRPs was thin, the Pt-IDE could be
observed under the hybrid carbon nanomaterial.

The EDC/NHS coupling reaction between norovirus Ab and the amine group of Au/MNP-
GRPs occurred on the Pt-IDE in the PDMS. Before the NoV-LP-sensing demonstration, an
ELISA was performed to prove that the Ab had conjugated with the Au/MNP-GRPs (Figure
S2). According to the ELISA result, the absorbance of AwWMNP-GRPs was higher than that of
BSA. Thus, the norovirus Ab was successfully conjugated on the surface of the Au/MNP-
GRPs. The conjugation reaction between the Ab and the Au/MNP-GRPs was performed on
the Pt-IDE to detect NoV-LPs based on the resistance change. In this study, an external
magnetic force was applied to deposit Au/MNP-GRPs with the aim of improving the sensing
behavior and reduce contact resistance.’’ Using external magnetic force, stacking of the
Au/MNP-GRPs occurred on the Pt-IDE, and this phenomenon reduced the contact resistance
between Au/MNP-GRP structures. As a result, the sensing behavior could be improved to
when compared Au/MNP-GRPs were deposited without magnetic force. In the case of
magnetic deposition, the sensing performance was improved to a greater extent than that

without the magnetic deposition process (Figure S3).
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Figure 5. (A) Virus detection process with hybrid materials (not to scale), (B) IV curve for
32 conductivity measurement of norovirus Ab-conjugated Au/MNP-GRPs (R,;) and NoV-LP-
33 bound-norovirus Ab-conjugated Au/MNP-GRPs (Riap+nov-1p)) On the IDE; (C) NoV-LP

concentration-dependent resistance difference ({ Riap+nov—rp) — Rap }/ Rap ) for the
36 sensitivity test, and (D) specificity test with the influenza antigen (H7N7) and BSA.

38 The detection mechanism of the target infectious pathogen is notably simple and is
40 illustrated in Figure 5A. In brief, this system monitors the target biomolecules or biomaterials
according to the change in electrical resistance. When the target biomolecules bind the
45 Au/MNP-GRPs through biological affinity in this system, the resistance of the Au/MNP-
47 GRPs increases. The electrical conductivity change after Ab modification on the Au/MNP-
49 GRPs occurred and was also decreased (Figure S4). However, to monitor the Ab-NoV-LP
conjugation for biosensing performance, in this case, it was considered that Ry, was Rpp.

54 The value of AR = {R(ap+vip) — Rap} depends on the concentration of target biomolecules.

56 Based on this type of approach, the sensing behavior of the Au/MNP-GRP-deposited Pt-IDE
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was demonstrated using various concentrations of NoV-LPs (Figure 5). When the target NoV-
LPs were added (Figure 5A), the conductivity of the Ab-conjugated Au/MNP-GRPs (blue
line) decreased after the NoV-LPs bound Ab-conjugated Aw/MNP-GRPs (red line) in this
sensing system (Figure 5B). Thus, the concept of this system was demonstrated by
monitoring the conductivity change. Subsequently, the detection sensitivity of the Au/MNP-
GRP-based sensing system was characterized with NoV-LP concentrations ranging from 0.01
pg/ml to 1 ng/ml. As expected, the conductivity decreased with an increase in NoV-LP
concentration. To verify the sensitivity, the resistance at each concentration was normalized

(AR/R,p) and compared (Figure 5C). According to Equation S1 in the SI, the limit of

detection (LOD) of this system was calculated as 1.16 pg/ml; thus, this sytstem shows
excellent sensitivity. It is well known that the sensitivity of the commercial diagnostic kit for
norovirus is approximately 1 ng/ml. Thus, the norovirus sensitivity of this sensing platform
offers dramatically improved performance (by a factor of approximately 10°). However, the
sensing behavior was also related to the amount of sensing channels, which means that the
sensitivity could change depending on the amount of Au/MNP-GRPs. When a smaller
amount of AWMNP-GRPs (20 pg) was deposited on the Pt-IDE, the results of the sensitivity
test (Figure S5) still exhibited a linear calibration curve, but the standard deviation was too
wide; this low reliability is acknowledged. The specificity test of this system was performed
using the influenza virus antigen and BSA. As shown in Figure 5D, a high response (AR)
was only obtained in the NoV-LP case, whereas the resistance change was not clearly
observed in the other cases, which indicates that this system has high specificity. Thus, our

system shows high potential for use in biosensing systems.
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On the other hands, it would be considered that target biomolecule could be existed with
28 other matrix in the real situation and field. Thus, in order to evaluate the sensing behavior of
30 this system against background impact, various concentration from 1 pg/ml to 1000 pg/ml of
32 NoV-LP were mixed in 2 % BSA solution as a biological complex medium and these
mixtures have been monitored by Au/MNP-GRP based sensing channel. In this case, though
37 large amount of proteins was mixed NoV-LP, the target NoV-LP could be detected as shown
39 in Figure 6. The density of proteins in the mixture is much higher than that of NoV-LP and
41 sample was not homogenous environment, so, binding hindrance between target VLP and Ab

could be occurred by high dense background impact. And as a result, low AR/R,, was

46 obtained in complex medium. This is the reason that a correlation coefficient, R? value and
48 sensitivity in NoV-LP/BSA mixture (red circle) was lower than that value in NoV-LP/buffer
50 (black square). However, the potential was shown that against of background impact which
contains high amount of BSA, low concentrations of NoV-LP were successfully detected by

55 Au/MNP-GRP sensing channel.

60 15
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4. CONCLUSIONS

In our study, AwMNP-GRPs were successfully prepared in two simple steps, and both
particles were well dispersed on the GRP surface. This hybrid structure has excellent
electrical conductivity and a magnetic property. Thus, based on these multi-functionalities,
the Au/MNP-GRPs can play a role in bio-sensing channels. To demonstrate the biosensing
application, Au/MNP-GRPs were deposited on a Pt-IDE via an external magnetic force, and
the surface of this hybrid material was conjugated with the GII type of norovirus-specific Ab.
In this case, the resistance difference of Ab-Au/MNP-GRPs was monitored based on the
concentration of NoV-LPs. The system showed an excellent sensitivity level, and the LOD
was calculated as 1.16 pg/ml. In addition, the Au/MNP-GRP-based NoV-LP detection system
exhibited good selectivity over that of other biomolecules such as influenza virus and BSA.
In addition, NoV-LP was successfully monitored against high background impact. Thus, this

hybrid nanomaterial has great potential for nanobiosensing applications.
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