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ABSTRACT: The use of graphene in conventional plasmonic
devices was suggested by several theoretic research studies.
However, the existing theoretic studies are not consistent with
one another and the experimental studies are still at the initial
stage. To reveal the role of graphenes on the plasmonic sensors,
we deposited graphene oxide (GO) and reduced graphene oxide
(rGO) thin films on Au films and their refractive index (RI)
sensitivity was compared for the first time in SPR-based sensors.
The deposition of GO bilayers with number of deposition L from
1 to 5 was carried out by alternative dipping of Au substrate in
positively- and negatively charged GO solutions. The fabrication of layer-by-layer self-assembly of the graphene films was
monitored in terms of the SPR angle shift. GO-deposited Au film was treated with hydrazine to reduce the GO. For the rGO-Au
sample, 1 bilayer sample showed a higher RI sensitivity than bare Au film, whereas increasing the rGO film from 2 to 5 layers
reduced the RI sensitivity. In the case of GO-deposited Au film, the 3 bilayer sample showed the highest sensitivity. The
biomolecular sensing was also performed for the graphene multilayer systems using BSA and anti-BSA antibody.

KEYWORDS: surface plasmon resonance (SPR) sensor, graphene plasmons, plasmonic coupling, sensitivity enhancement,
refractive index sensing, layer-by-layer self-assembly

1. INTRODUCTION

Surface plasmon polaritons (SPPs) are the collectively
oscillating charge densities at the interface between thin
metal film and dielectrics in resonance with the incident light.
Attractive properties of surface plasmon resonance (SPR)
include (i) the amplified electromagnetic field at resonant
frequency and (ii) energy confinement to the metal-dielectric
interface in nanoscale dimension. In this regard, noble metal
nanostructures which show SPR properties in visible ∼ near-
infrared range have been applied in various applications such as
light-emitting enhancements,1 visible light active photocata-
lysts,2 photovoltaics,3−5 optical biosensors,6−8 etc. Among these
applications, SPR-based sensors have emerged as a versatile
tool for the label-free and real-time biomolecule sensing during
the recent two decades.7,9 However, it has been recognized that
the sensitivity has yet to be improved to allow for single
molecule detection. Incorporation of additional plasmonic
nanostructures onto SPR sensor chip is one of the most
promising strategies.10 Metal nanoparticles with controlled sizes
and lateral distances,11,12 and plasmonic nanostructures such as

nanogratings13 were employed in Kretschmann-configuration
SPR sensors and the sensitivity enhancement was achieved
because of the coupled field enhancement.
Another novel approach for the sensitivity enhancement of

SPR-based sensors is the use of graphene. Graphene, single-
atom-thick layer with sp2-bonded carbon atoms, having several
distinctive properties such as high electronic and thermal
conductivity, high quantum efficiency, and excellent mechanical
strength, has attracted the attention of many scientific and
industrial societies for the developments of optoelectronic
devices.14−20 Plasmons in graphene were also intensively
investigated by some researchers and tight confinement,
tunability and long propagation which make graphene as a
promising material for SPP-based optical nanodevice applica-
tions were reported.21−27 Furthermore, other advantageous
features of graphene and its derivatives, such as large surface
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area and strong interaction with biomolecules, have led to the
use of graphene in biomedical applications.28,29 Meanwhile, the
excitation of graphene plasmons in the visible range is still
remaining as the debating subjective.30 Even though most of
the graphene plasmonics have been demonstrated at terahertz
frequency,23,31 visible-light excitation is also theoretically
expected.32 However, it is required to enhance the light-matter
interaction for the actual applications despite of relatively high
light absorption of single layer graphene.22 In this regard, the
use of graphene in conventional plasmonic devices has been
suggested.22 For example, Wu et al. proposed graphene-Au film
based SPR biosensor as one of the pioneering studies.33 They
performed numerical investigation and obtained the propor-
tionate relationship between the number of graphene layer and
the sensitivity due to strong and stable biomolecule adsorption
and optical property of graphene. The sensitivity of graphene-
on-Ag substrates in SPR imaging sensors have also been
investigated.34 In this study based on numerical analysis, the
sensitivity decreased exponentially with increasing the number
of graphene sheets and only less than 6 layers of graphene
could enhance the sensitivity. Meanwhile, Verma et al. have
tried to define the optimized structure for SPR-based sensors
with a dielectric silicon layer.35 Forty nanometer Au and 7 nm
Si layers with graphene bilayer was assumed as the optimum
structure for SPR sensors using 633 nm wavelength light. On
the other hand, experimental observations were conducted
using graphene synthesized by CVD method36−41 or by
electrochemical method,42 graphene oxide (GO)43−49 and
reduced graphene oxide (rGO).50−52 These studies mainly
discussed that the sensitivity enhancement stemmed from large
surface area and enhanced biomolecule attachment on
graphene. Moreover, as the previous theoretical results are
inconsistent one another in terms of the correlation between
the number of graphene layers and the sensitivity of SPR-based
sensors, fundamental and systematic experimental research on
the contribution of graphene plasmonics to the sensitivity
enhancement separating from other concurrent factors
mentioned above is required and comparative study on the
GO and rGO should also be carried out.
Meanwhile, layer-by-layer assembly is a facile and low-cost

method to produce a thin film with well-defined thickness
consisting of oppositely charged materials.53 As chemically
prepared GO sheets contain carboxylic acid, epoxide, and
hydroxyl functional groups, formation of multilayer of GO with
controllable thickness is not favored because of repulsive force.
Thus, the introduction of positive charge on GO by either
covalent bond formation of amine group or by coating with
polyelectrolytes was developed in order to induce layer-by-layer
(LbL) assembly.54,55

Herein, in this work, negatively charged GO, which is
solution-processable and has tunability of the ratio of the sp2

and sp3 fractions by reduction, was prepared first and decorated
with amine group to obtain positively charged GO. Multilayer
graphene thin films were obtained by stepwise alternate
deposition on Au films via layer-by-layer assembly. Bulk
refractive index (RI) sensitivity and biomolecular recognition
of GO-Au and rGO-Au substrates with different number of LbL
deposition time were systematically compared in order to
explore the sensitivity improvement induced by graphene-Au
hybrid structures.

2. MATERIAL AND METHODS

2.1. Materials and Reagents. Graphite, sulfuric acid
(H2SO4), sodium nitrate (NaNO3), potassium permanganate
(KMnO4), barium chloride (BaCl2), N-(3-(Dimethylamino)-
propyl)-N′-ethylcarbodiimide hydrochloride (EDC), ethyl-
amine, triethyl amine, bovine serum albumin (BSA, 98%),
and antibovine albumin antibody (produced in rabbit, anti-BSA
antibody, 4.8 mg mL−1) were purchased from Sigma-Aldrich.
All other chemical reagents were obtained from Daejung
Chemicals (Korea).

2.2. Preparation of Graphene Oxides. Negatively
charged graphene oxide (GO(−)) was prepared using the
modified Hummer’s method. Graphite flakes (2.5 g) were
mixed with H2SO4 (57 mL) in a flask under vigorous stirring.
NaNO3 (1.5 g) was added in this mixture and stirred for 1 h,
and then the dispersion was cooled to 0 °C in an ice bath.
KMnO4 (7.5 g) was added dropwise to the flask while
maintaining the temperature below 20 °C followed by
maintaining at 35 °C for 2 h. Cold deionized water was
added slowly into the suspension. The mixture was stirred at 35
°C for 15 min and diluted by adding 350 mL of deionized water
and 50 mL of 30% H2O2. Finally, the resulting yellow brown
solution was centrifuged with a mixture of HCl and deionized
water to remove the remaining metal ions until no sulfate ions
were detected in a BaCl2 solution test. The GO solution of light
brown color was then washed repeatedly with deionized water
until the pH of the filtrate became neutral. The resulting GO
slurry was freeze-dried and stored in a desiccator. The required
amount of GO was ultrasonicated in deionized water,
centrifuged, and used as negatively charged graphene oxide
(GO(−)). Positively charged GO (GO(+)) was prepared by
using GO(−) suspension (50 mL), stirred for 4 h with EDC
(500 mg), ethylamine (5 mL), and triethyl amine (1 mL), and
then dialyzed for 24 h to eliminate unreacted reagents.

2.3. Layer-by-Layer (LbL) Deposition of GO on Au
Film. Glass substrates with 2 nm thick Cr adhesion layer and
50 nm thick Au layer were used. The Au substrate was treated
with O2 plasma (100 W, 50 sccm, 10 min) and immersed in
GO(+) solution (0.1 mg mL−1) for 10 min, then rinsed with
deionized water. After drying with nitrogen stream, the
substrate was dipped in GO(−) solution (0.1 mg mL−1) with
the same immersion time and rinsing step. The immersion was
conducted repeatedly until the desired thickness of assembled
GO layers were obtained and the resulting multilayer was
designated as [GO(+)/GO(−)]L. L corresponds to the number
of deposition of bilayer GOs (L = 0−5).

2.4. Reduction of GO on Au Film. LbL-assembled GO-Au
film was treated by hydrazine vapor at 80 °C for 12 h.

2.5. Simulation. Calculation of GO thickness was carried
out using Winspall software (RES-TEC, Germany) with
complex refractive index value of 3 + 1.149106i for GO.56 It
was assumed that both the GO(+)and GO(−) have the same
refractive index value.

2.6. Characterization of LbL Assembled GO-Au Film.
The surface of the samples was investigated using field emission
scanning electron microscopy (FE-SEM, JSM-6700F, JEOL)
and atomic force microscopy (AFM, Dimension 3100, Veeco)
in tapping mode.

2.7. SPR Measurements. SPR measurements (Resonant
Technologies GmbH/RT2005 SPR spectrometer) were carried
out using p-polarized laser light (He−Ne, 632.8 nm, 10 mW)
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illuminating the Au film through the LaSFN9 prism. All the
SPR curves were collected in duplicate.
2.8. Sensing Experiments. Deionized water and glycerol

solution with different concentrations (5−30 wt %) were used
for the refractive index (RI) sensing (RI = 1.3334, 1.3388,
1.34481, 1.35106, 1.35749, 1.36404, 1.3707). After each
solution was delivered to the sensing chamber, SPR angular
scan was collected. SPR angles for each scan were determined
using Winspall software.
Biomolecular sensing was carried out with BSA and anti-BSA

antibody. BSA solution of 100 μg mL−1 was injected onto the
graphene surface on Au film and adsorption was measured in
situ. The binding event of anti-BSA antibody with concen-
trations of 6 μg mL−1 was also observed by in situ kinetic
measurements at a fixed angle.

3. RESULTS AND DISCUSSION
3.1. Observation of LbL Assembly of GOs on Au Film.

To deposit GO on Au film more efficiently and uniformly,
pristine GO with hydroxyl, epoxy, and carboxylic acid
functional groups and amine-functionalized GO were alter-
natively assembled on oxygen plasma-treated Au film by LbL
assembly, as illustrated in Figure 1A.
The number of one bilayer deposition of GO(+) and GO(−)

was varied from 0 (bare Au film) to 5, namely [GO(+)/
GO(−)]L-Au. To confirm the deposition process, [GO(+)/
GO(−)]L-Au sample was coupled with prism in Kretschmann
configuration (Figure 1B) and SPR angular scan curve was
measured ex situ (Figure 2A). The resonance angle shifted
regularly as the LbL deposition was repeated and Figure 2B
shows the linear correlation between L and SPR angles. An
alternating deposition of one bilayer, i.e., GO(+) and GO(−),
induced 0.12 ± 0.00242° of SPR angle shift. From the
simulation study using Winspall software, we assume that
around 1.2 nm thick GO layer was loaded on Au surface by one
cycle of GO(+) and GO(−) LbL assembly.
3.2. Reduction of GO. The reduction of GO was carried

out using hydrazine to investigate the effect of oxidation state of
graphene on SPR sensitivity. [GO(+)/GO(−)]L-Au samples
were exposed to hydrazine vapor at 80 °C and the SPR angular
curve was compared with the curve obtained from the identical
sample before reduction (Figure 2C). This ex situ reduction
method does not degrade Au-coated glass, whereas thermal
reduction at 400 °C under Ar/H2 atmosphere damaged it
severely so that the glass substrate lost its transparency (see
Figure S1 in the Supporting Information). As shown in Figure

2C, reduction of GO induced further SPR angle shift, indicative
of the increase in the refractive index of graphene. This result is
consistent with literatures which revealed that the complex RI
(N = n1 +k1i) of GO was expressed with smaller value than that
of rGO.24,57 To confirm the reduction of GO, we measured
Raman spectra. Characteristic Raman peaks of GO and rGO are
confirmed as shown in Figure 3. The ratio between the
intensities of the D and G peak (ID/IG) correlates with the
disorder of graphene. ID/IG of GO is 1.05, whereas that of rGO
is 1.55, indicating the successful reduction of graphene oxide on
Au film using hydrazine vapor.

3.3. Surface Analysis of GO-Deposited SPR Chip and
Angular Sensitivity. The surface of the samples was
investigated by AFM images (Figures S2 and S3 and Table
S1 in the Supporting Information) and SEM images (Figure 4A
and Figure S4 in the Supporting Information). First of all,
surface topology of GO(−) and GO(+) was studied (see Figure
S2 in the Supporting Information). The thickness of the amine-
functionalized GO(+) obtained from AFM height profile (see
Figure S2D in the Supporting Information) was 1.45 nm,
whereas the value of GO(−) was 1.11 nm (see Figure S1C in
the Supporting Information), and more rough surface was
observed on GO(+) than on GO(−), which is consistent with
previously reported study.54 Moreover, a decrease in surface
roughness after reduction of GO was observed by AFM analysis
(see Figure S3 in the Supporting Information). As summarized
inTable S1 in the Supporting Information, after hydrazine
treatment, average surface roughness of the sample was slightly
decreased from 4.49 ± 0.67 nm to 4.04 ± 0.51 nm. More rough
surface of GO(+)/GO(−) sample can be ascribed to the
presence of oxygen-containing functional groups in GO(−) and
amine groups in GO(+), leading to the higher interlayer
spacing. On the other hand, for rGO layers, functional groups
were partially eliminated by hydrazine and consequently slightly
densified layer with smooth surface was obtained. This change
in surface morphology after reduction was similarly observed in
LbL-assembled GO after annealing at 1000 °C in H2
atmosphere.58 As revealed in the SPR angular curves in Figure
2A, it was observed by SEM images that repetitive LbL
deposition led to an increase in the surface coverage (see Figure
S3 in the Supporting Information). Particularly, relatively
uniform deposition of GOs with large sizes was observed for
the samples of [GO(+)/GO(−)]3-Au (Figure 4A). An
interesting feature of note in GO-Au composites is that their
SPR angular scan curves almost did not show any broadening
which is very common in nanostructures-incorporated Au film

Figure 1. Schematic diagram of (A) GO deposition by LbL method and (B) Kretschmann configuration of GO-Au substrate.
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samples.59 For highly sensitive SPR sensing devices, smaller full
width at half-maximum (fwhm) value and deeper and narrower
resonance spectrum are advantageous. Because of the atom-
scale thickness of graphenes, the broadenings of curves and
increases of reflectance at SPR angle position were barely
observed, maintaining the resolution and figure of merit
(FOM) as high as bare Au film (Figure 4B). FOM of SPR
sensors is defined by Liu et al. as following eq 160

= ΔR
R

FOM
1

FWHMc (1)

where ΔR is the difference in reflectivity between the critical
angle and resonance angle, whereas Rc is the reflectivity at the
critical angle. In the case of [GO(+)/GO(−)]3-Au, in the
aqueous medium, its FOM is measured to be 0.194 in our
system, whereas the SPR curve of neat Au film in the aqueous
medium showed 0.21 of FOM, which is comparable with GO-
deposited samples.

Figure 2. (A) SPR angular scan curves as a function of the GO(+)/
GO(−) deposition number L, (B) relationship between the deposition
number L and SPR angle positions and (C) SPR angular scan curves
of [GO(+)/GO(−)]4-Au before and after hydrazine treatment.

Figure 3. Raman spectra of [GO(+)/GO(−)]4-Au (gray) and
[reduced GO(+)/GO(−)]4-Au (pink).

Figure 4. S(A) EM image of [GO(+)/GO(−)]3-Au and (B) schematic
representation for the evaluation of the figure of merit of Au film and
[GO(+)/GO(−)]3-Au.
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3.4. Bulk Refractive Index Sensitivity. Previous works
revealed that graphene can enhance the sensitivity by two
factors: (i) increasing the attachment of biomolecules because
of large surface area and (ii) increasing electromagnetic field. By
demonstrating the bulk refractive index (RI) sensing by simply
varying RI of the medium, which is irrelevant with any
attachment of receptor and adsorption efficiency, electro-
magnetic contribution of GO and rGO can be deconvoluted.
To investigate the bulk RI sensitivity, we introduced GO-Au or
rGO-Au hybrid samples into the SPR spectrometer and the
SPR angle shifts upon changing the concentration of aqueous
glycerol solution were measured (Figure 5, Figure S5−S7 in the
Supporting Information). The RI sensitivity is defined as the
shift of SPR angle divided by the change in RI, which

corresponds to the slope of the graph in Figure 5B. The RI
sensitivity of all the samples with GO and rGO was compared
with bare Au film as a function of the number of deposition in
Figure 5C. [GO(+)/GO(−)]L-Au for L= 1, 3, and 4 and
[reduced GO(+)/GO(−)]1-Au showed higher sensitivity
(147.11 ± 0.273, 150.38 ± 0.314, 145.71 ± 0.310 and 149.43
± 0.504 deg RIU−1, respectively) than neat Au film (145.34 ±
0.329 deg RIU−1). Among these, [GO(+)/GO(−)]3-Au
samples showed the highest sensitivity, with RI sensitivity of
150.38 ± 0.314 deg RIU−1, which is 3.45% higher than the bare
Au substrate. For the GO-deposited samples, there was no clear
correlation between L and the RI sensitivity. In the case of the
[reduced GO(+)/GO(−)]L-Au samples, a drastic downward
trend in RI sensitivity is shown in Figure 5C when L was larger
than 1, which is in agreement with a previous theoretic study34

describing that the nonzero imaginary dielectric constant of
graphene induced the damping of plasmons resulting in the
decrease in sensitivity with increasing number of graphene
layer. The sensitivity of our system is higher compared with the
conventional SPR sensors with Kretschmann configuration
which show typical RI sensitivity of 50−100 deg RIU−1,61 and it
is clearly demonstrated that the enhanced RI sensitivity of GO-
and rGO-deposited samples is attributed to the optical
properties of graphene. Xing et al. have also demonstrated
that four layers of graphene on top of prism showed transverse
magnetic (TM) mode sensitive behavior, which is similar to Au
thin film in resonance condition with incident light, enabling RI
sensing.62 This reflects that graphene plasmons propagate at the
interface of prism and media, and produce evanescent field,
which is sensitive to the RI of environment. In this context, it
can be concluded that the RI sensitivity enhancement was
derived from coupling between propagating SPR, i.e., surface
plasmon polaritons, and graphene plasmons.

3.5. BSA-anti-BSA Immunoreaction Sensing. Biomo-
lecular sensing was further demonstrated using bovine serum
albumin (BSA) and anti-BSA antibody (Figure 6). Control
experiment was carried out with Au film, which was immersed
in 1 mM mercaptopropionic acid (MPA) for 24 h in order to
mimic GOs and to promote BSA attachment. BSA was first
injected to the sample surface. The adsorption of BSA to the
surface was observed by in situ kinetic measurements (Figure
6B, D, yellow curve). In both samples, the increased reflectivity
after injecting BSA into the sensing chamber was observed in
real time. The rinsing step was applied to remove improperly
bound proteins, consequently resulting in a 3.3 and 2.5%
increase in reflectivity from kinetic measurement and 0.10 and
0.09° of SPR angle shift in scan mode measurement, for the
control and GO sample, respectively (Figure 6A, C, yellow
curve). Then anti-BSA antibody was introduced to observe the
binding kinetics between anti-BSA antibody and BSA. As
shown in Figure 6D (blue curve), a sharp increase in reflectivity
around 6% was obtained from GO sample due to the antigen−
antibody reaction with high affinity (note that the molecular
weight of antibody (∼160 kDa) is higher than that of BSA (66
kDa)). It was found that the [GO(+)/GO(−)]3-Au sample was
capable of detecting 6 μg mL−1 of anti-BSA antibody with 0.2°
of SPR angle shift, which corresponds to the mass sensitivity of
1430 pg mm−2, indicating that this system shows the detection
capability of the order of 7.15 pg mm−2 for an angular
sensitivity of 1 mdeg. However, for the control sample, it
showed only 0.5% increase in reflectivity in kinetic measure-
ment (Figure 6B, blue curve) and 0.06° of SPR angle shift
(Figure 6A, blue curve). SPR angle shift for BSA binding step in

Figure 5. (A) Refractive index sensitivity of [GO(+)/GO(−)]3-Au
sample, (B) relationship between refractive index of medium and SPR
angles, and (C) comparison of RI sensitivity obtained from different
samples.
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both sensor chips was similar. However, [GO(+)/GO(−)]3-Au
chip exhibited 3.33 times higher sensitivity in anti-BSA
antibody detection than control sample. It is conjectured that,
in terms of anti-BSA antibody detection, this 3.33-fold
enhancement in sensitivity was achieved through synergetic
effect of graphene: (i) graphene plasmon coupling with Au film
and (ii) the increased adsorption efficiency.

■ CONCLUSION

In summary, GO and rGO were introduced on gold film by
LbL assembly and their effect on RI increase were systemati-
cally investigated. The recent development of SPR sensor chip
with graphene was mainly focused on the improved attachment
of receptor molecules and graphene layers were considered as
dielectric material in theoretic studies. However,in this work,
graphene plasmons couple with surface plasmon polaritons,
resulting in amplification of evanescent field intensity and
propagation length.This effect was supported by the observ-
edenhanced RI sensitivity, while other factors such as the large
surface area of graphene and improved adsorption efficiency of
biomolecules were excluded. The coupling of graphene
plasmons and surface plasmon polaritons induced higher
sensitivity than conventional SPR sensor by simply depositing
LbL assembled GO and the corresponding rGO on Au film.
Moreover it was found that the FOM was almost maintained
even after repetitive deposition of GO. Among the LbL
assembled multilayer samples, the [GO(+)/GO(−)]3-Ausam-
ple showed the best performance in RI sensing of 150.38 ±
0.314 deg RIU−1and immunoreaction sensing was also
conducted with a mass sensitivity of 7.15 pg mm−2 for anti-

BSA antibody corresponding to 1 mdeg angular sensitivity,
which is enhanced by 3.33-fold compared with the control
sample.
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