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A Novel Graphene Oxide-Based Surface Plasmon
Resonance Biosensor for Inmunoassay

Hua Zhang, Ying Sun, Shang Gao, Jia Zhang, Hanqi Zhang, and Dagian Song*

Recently, graphene has received significant interest due to its
outstanding properties including prominent electrical con-
ductivity, extraordinary mechanical strength, facile surface
modification, and good biocompatibility.!! As a promising
precursor for graphene, graphene oxide (GO) is a mono-
layer of two-dimensional carbon-based material that contains
multifunctional groups, such as carboxyl, epoxy, ketone, and
hydroxyl groups, in its basal and edge planes.?l Due to the
large surface area (theoretical limitation: 2630 m? g1), flat
surface, and rich n-conjugation structure, GO can serve as a
good support for biomolecules. What is more, GO has shown
great potential for use in biosensors because of its versatile
surface modification, good water dispersibility, and photolu-
minescence.?#l However, until recently there have been lim-
ited studies on GO-based surface plasmon resonance (SPR)
biosensors. The SPR sensor chip surface is usually coated with
sulfhydryl compounds forming a sensing layer to immobilize
an antibody.’] Then the antigen can be detected through
antibody—antigen immunoreaction. But the sensitivity of this
method is limited. Herein, a GO-based SPR biosensor for
detection of human immunoglobulin G (IgG) is reported.
When GO is fabricated on the Au film surface of a SPR bio-
sensor, the special property of GO enables a greater refrac-
tive index change near the GO/sensing medium interface.
Meanwhile, the coating of Au film with GO also modifies the
propagation constant of the surface plasmon polariton, which
influences the sensitivity to refractive index change.!

The surface plasmon wave is sensitive to the change in
refractive index or thickness of the medium close to the Au
film.[#] Metal nanoparticles, such as Au or Ag nanoparticles,
have been used to enhance the sensitivity through the induct-
ance coupling interaction between metal nanoparticles depos-
ited on sensors and Au films.'%1 Another way to enhance the
sensitivity results from the fact that Au or Ag nanoparticles
couple with antigen and the conjugates bind to the antibody
immobilized on the SPR biosensor surface.''l Au nano-
rods (AuNRs) are elongated nanoparticles that exhibit two
absorption bands: one is the transverse band around 520 nm,
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similar to the absorption band of spherical gold nanoparticles;
the other is the longitudinal band, which is tunable from the
visible through near-infrared region with nanorod aspect
ratio.l”] It has been proved that AuNRs show higher sensi-
tivity to the local dielectric environment than similar-sized
spherical gold nanoparticles owing to their stronger SPR
characteristics.'*! Considering these facts, AuNRs have been
widely applied for biosensing.['Y When human IgG is coupled
with AuNRs, the sizes increase resulting in a refractive index
change. As mentioned above, it is possible to design a highly
sensitive and selective SPR biosensor. As shown in Figure 1,
GO has many negatively charged groups, such as carboxylic
acids, hydroxyl groups, and epoxides, so GO sheets can be
assembled on a positively charged SPR Au film (p-Au film)
through electronic interactions, which are strong enough to
ensure that the GO is retained during a washing step. Goat
anti-human IgG is immobilized on the GO through covalent
attachment between the amine group and the carboxyl group.
Thus, human IgG can be detected based on specific antibody—
antigen interaction.

The GO used in this study was synthesized from natural
graphite powder by using a modified Hummers and Offe-
man’s method.'l X-ray photoelectron spectroscopy (XPS)
and atomic force microscopy (AFM) were applied to the
characterization of GO. As shown in Figure 2, the C 1s XPS
spectra can be deconvoluted into four peaks at 284.6, 285.9,
286.9, and 288.7 eV, which are associated with C-C, C-OH,
C(epoxy/alkoxy), and C=0, respectively.') AFM data show
that the prepared GO sheets are mono- or bilayers and the
surface is flat. The subsequent assembly of GO onto Au film
was investigated by monitoring the wavelength shift with the
SPR biosensor (Supporting Information, Figure S2). When
3-mercaptopropionic acid (MPA), poly(allylamine hydro-
chloride) (PAH), and GO were assembled on Au film step
by step, the wavelength shifted about 2.66, 4.87, and 6.87 nm,
respectively. This suggests that GO was successfully immobi-
lized on the Au film surface.

After the carboxyl group of GO was activated, goat anti-
human IgG was injected into the flow cell to covalently attach
on GO. To select the optimum concentration of antibody, dif-
ferent concentrations of goat anti-human IgG were tested
experimentally. The effects of the concentration of goat anti-
human IgG on the shift of the resonant wavelength A are
shown in Figure 3A. It was found that the resonant wave-
length exhibits an evident shift at first and then increases
slowly as time goes on. Eventually, the resonant wavelength
is almost unchanged when the time is longer than 120 min,
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Figure 1. Schematic diagram of the experimental procedure. NHS = N-hydroxysuccinimide,

EDC = 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide.

which indicates that the immobilization of goat anti-human
IgG on the sensor surface was accomplished. With an increase
of the concentration, more antibodies were immobilized on
the sensor surface. It resulted in a slight change of the reso-
nant wavelength when the antibodies immobilized on the
sensor surface reached saturation. As shown in Figure 3A,
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when the concentrations of goat anti-
human IgG are 50, 75, and 100 pug mL™!,
the shifts of the resonant wavelength are
5.31, 8.62, and 9.72 nm, respectively. As a
consequence, 75 ug mL~! was chosen as
the optimum concentration of goat anti-
human IgG for the detection of human
IgG.

As shown in Figure 3B, when the
co concentration of goat anti-human IgG is
Y75 ug mL7, the antibody immobilized
on the sensor surface formed a sensing
layer very well. The covalent attachment
between the amine group and the car-
boxyl group is a good stratagem for the
immobilization of antibody on the Au
film. For the biosensor based on GO, the
shift of the resonant wavelength increases
quickly at first and then slowly and reaches
about 86% of its total shift within 1 h. The
maximum resonant wavelength shift for
the immobilization of goat anti-human IgG is 8.62 nm for
the biosensor based on GO within 150 min. However, when
75 ug mL! goat anti-human IgG was also immobilized on the
surface of the biosensor based on MPA to detect human IgG,
the kinetic adsorption curves of the antibody immobiliza-
tion shown in Figure 3B indicate that the maximum resonant
wavelength shift is 5.52 nm within 150 min.
The immobilization of antibody is related
to both the number of binding sites and
proper space between the binding sites.
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When MPA was assembled on the smooth
surface of Au film to immobilize antibody,
it was arranged very closely and the steric
hindrance was increased. The surface of
GO is relatively rough because of the
abundant functional groups. When GO
was assembled step by step, the space of
the sensor surface was expanded. Owing
to the large surface area and the space
effect, it is easier for the antibody to be
immobilized. It is clear that the maximum
resonant wavelength shift based on GO
is much bigger than that based on MPA,
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which indicates the amount of goat anti-
human IgG immobilized on the sensor
based on GO is much more significant

Section Analysis than that immobilized on the sensor based
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on MPA.
At room temperature, after the goat
anti-human IgG was immobilized on the

sensor surface, human IgG was injected
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into the flow cell. The shifts of resonant
wavelength caused by antibody-antigen
interaction were monitored in real time.
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Figure 2. XPS spectra (top) and AFM image (bottom) of GO.
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For the direct detection of antigen, human
IgG was diluted with sodium phosphate-
buffered saline (PBS) to obtain solutions of
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Figure 3. A) Kinetic adsorption curves of immobilized goat anti-human
IgG on a GO-based SPR biosensor. B) Kinetic adsorption curves of
immobilized goat anti-human IgG at the concentration of 75 ug mL™!
on SPR biosensors based on MPA and GO. C)Relationship between the
concentrations of human IgG and the shifts of resonant wavelength
obtained with the biosensor based on MPA and GO; relationship
between the concentrations of AuNR-human IgG conjugates and the
shifts of resonant wavelength obtained with the biosensor based on
MPA and GO.

different concentration. As shown in Figure 3C, the biosensor
based on MPA shows a satisfactory response to human IgG
in the concentration range of 1.25-40.00 ug mL~'. The min-
imum shift of resonant wavelength is 0.22 nm at 1.25 ug mL™!
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and the maximum shift of resonant wavelength is 3.31 nm
at 40.00 pg mL!. The biosensor based on GO shows a sat-
isfactory response to human IgG in the concentration range
of 0.30-40.00 ug mL~!. The minimum shift of resonant wave-
length is 0.22 nm at 0.30 ug mL~! and the maximum shift of
resonant wavelength is 4.41 nm at 40.00 ug mL~!. By con-
trast, the application of GO improves the performance of the
wavelength modulation SPR biosensor.

For the sake of further sensitivity enhancement, when
antibody was immobilized on the sensor surface the antigen
coupled with AuNRs was detected. Covalent attachment was
demonstrated to be more stable to construct the AuNR-
antigen conjugates. The effect of ratio of AuNRs to human
IgG was investigated to select the optimum experimental
conditions. A 0.5 mL volume of AuNRs solution was selected
as the optimum volume to bind with 5 ug of human IgG
(Supporting Information, Figure S3). AuNR-antigen conju-
gates were diluted to different concentrations with PBS and
injected separately into the flow cell. As shown in Figure 3C,
when the human IgG was modified with AuNRs, the biosensor
based on MPA showed a satisfactory response to human IgG
in the concentration range of 0.30-40.00 ug mL™'. The min-
imum shift of resonant wavelength is 0.22 nm at 0.30 ug mL™!
and the maximum shift of resonant wavelength is 5.31 nm
at 40.00 ug mL!. The biosensor based on GO shows a sat-
isfactory response to human IgG in the concentration range
of 0.075-40.00 ug mL~'. The minimum shift of resonant
wavelength is 0.22 nm at 0.075 pg mL™' and the maximum
shift of resonant wavelength is 6.84 nm at 40.00 ug mL~". The
limit of quantification (LOQ) is defined as the lowest concen-
tration of an analyte that can be determined quantitatively by
the present approach. Under identical conditions, the LOQ
obtained with the biosensor based on GO was about 4 times
lower than that obtained with the biosensor based on MPA.
When the human IgG was modified with AuNRs, the LOQ
obtained with the biosensor based on GO was about 16 times
lower than that obtained with unmodified human IgG for the
biosensor based on MPA.

These experimental results indicate that when GO and
AuNRs were used, the sensitivity of the SPR biosensor
was remarkably enhanced. Since GO has a large surface
area and contains carboxyl groups, it is favorable for the
immobilization of antibody. The amount of the antibody
immobilized on the sensor surface does indeed have an
effect on the sensitivity of the SPR biosensor. The more
antibodies that are immobilized on the sensor surface, the
more antigens are detected. Then the resonant peak shifts
to a longer wavelength. Based on theoretical analysis, the
shift of the resonant wavelength towards a long wavelength
could increase the sensitivity of the wavelength modula-
tion SPR biosensor.'”] Besides, GO will also modify the
propagation constant of the surface plasmon polariton,
which results in the increase of the refractive index and
the enhancement of sensitivity. AuNRs exhibit two absorp-
tion bands: the transverse band and the longitudinal band.
The longitudinal band of AuNRs has been found to be
more sensitive to changes in the local environment. The
incident light field coupling to the local surface plasmon
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might resonantly excite the surface plasmon of AuNRs
through energy transfer and induce a strong local electro-
magnetic field, which further increases the shift of the reso-
nant wavelength. On the other hand, when AuNRs couple
with antigen, the sizes of the antigen increase, which results
in a change of refractive index that is observed as a shift
of resonant wavelength. Based on the above factors, the
application of GO and AuNRs can enhance the sensitivity
of the wavelength modulation SPR biosensor significantly.
The proposed biosensor extends the application of GO and
AuNRs in immunoassay.

Evaluation of the specificity was performed by detecting
bovine IgG and bovine serum albumin (BSA). After the goat
anti-human IgG was immobilized on the surface of the bio-
sensor, bovine IgG and BSA at the concentration of 10 g mL™!
were injected separately into the flow cell for 40 min. There
were no observable shifts of the resonant wavelength, which
indicated selective binding with human IgG (Supporting
Information, Figure S4).

In conclusion, we have developed a novel GO-based
wavelength modulation SPR biosensor for highly sensitive
and selective detection of human IgG. The GO-based SPR
biosensor has been demonstrated to be a promising plat-
form for the sensitive detection of biomolecules. Consid-
ering the low cost of preparing GO and facile fabrication of
GO onto the sensor surface, it indicates the great potential
of GO for applications in biotechnology and the biomedical
fields.

Experimental Section

Synthesis of GO: GO was synthesized through a modified
Hummers and Offeman’s method. When the reaction finished,
the resulting solution was centrifuged several times to completely
wash the graphite oxide flakes and then dispersed into individual
sheets in distilled water under sonication.

Synthesis of AuNR-Antigen Conjugates: AuNRs were first syn-
thesized following a seed-mediated method. The AuNR-antigen
conjugates were prepared by adding human IgG to the activated
AuNRs solution and different ratios of AuNRs to human 1gG were
prepared to select the optimum experimental conditions.

Instrumentation: The wavelength modulation SPR biosensor
installed in our laboratory was used (Supporting Information,
Figure S1). All SPR measurements were carried out at room tem-
perature. XPS (KRATOS, AXIS ULTRA) measurements were carried
out by using a monochromatized Al Ko (1486.7 eV) X-ray source.
AFM was performed on a Nanoscope Il scanning probe micro-
scope (from Digital Instruments) in tapping mode under ambient
conditions.

Immunoassay: After the Au film modified with GO was fixed on
the SPR instrument, a solution containing N-hydroxysuccinimide
(NHS) and 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC)
was injected into the flow cell to activate the carboxyl groups of
GO. Then the goat anti-human IgG solution was injected to cova-
lently attach on GO. Finally, different concentrations of AuNR-IgG
diluted with PBS buffer were detected.
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Supporting Information

Supporting Information is available from the Wiley Online Library
or from the author.
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