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A wavelength modulation surface plasmon resonance (SPR) biosensor based on gold nanorods-Fes04
(GNR-Fe304) nanohybrids was developed for the determination of mouse IgG. The premade negatively
charged Fe;0,4 nanoparticles were coated on the surface of positively charged GNRs through electrostatic
interaction. The synthetic method was simple, quick and easy operation. The aldehyde group
functionalized GNR-Fe;04 nanohybrids possess unique magnetic property, exceptional optical property
and good biocompatibility, which can be used as immobilization matrix for biomolecules. The magnetic
nanohybrids can be easily immobilized on the surface of SPR biosensor chip with a magnetic pillar, which
simplifies the experimental procedure. The effects of GNR-Fe;04 nanohybrids on the sensitivity of SPR
biosensor were also studied. The SPR biosensor based on GNR-Fe304 nanohybrids shows a good response
to mouse IgG in the concentration range of 0.15-40.00 pg mL~ !, while the biosensor based on MPA and
Fe30, nanoparticles show a good response to mouse IgG in the concentration range of 2.50-
40.00 pg mL~" and 1.25-40.00 pg mL~", respectively. As a result, when GNR-Fe;04 nanohybrids were

used in SPR biosensor, the sensitivity for the determination of mouse IgG is significantly enhanced.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

The synthetic procedures of nanoparticles in different shapes and
sizes have been evolved in the past few years. There are plenty of
methods for the nanoparticles preparation including chemical vapor
deposition [1], molecular beam epitaxy [2], and colloid chemistry
approach [3]. Especially, the wet chemical synthesis is of great
advantages, for it provides a tight control of particle size and shape,
as well as easy operation and low cost [4]. Depending on the nature of
materials, nanoparticles show particular properties such as surface
plasmon resonance (SPR) for noble metals [5], magnetic response for
iron or cobalt [6], and luminescence for semiconductors [7]. It is still a
major challenge to obtain novel nanohybrids containing more
than one property, which will broaden new technological applications.
The hybrid nanostructures can be divided into two types, core-shell
structures and heterodimers. Core-shell nanohybrids consist of a
nanocrystalline core and another nanomaterial shell. As for hetero-
dimers, two or more domains are connected through a small inter-
facial area. With different synthetic methods, many systems of
nanohybrids have been obtained such as metallic-metallic [8,9],
metallic-semiconductor [10,11], magnetic—-metallic [12,13] and semi-
conductor-magnetic [14]. In each case, the photoluminescence
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properties, optical properties and magnetic properties can be
improved as compared to those of single-component nanoparticles.
Metallic nanoparticles, especially noble metal nanoparticles
have unique optoelectronic properties, which provide a promising
application for chemical sensing [15-17]. Noble metal nanoparti-
cles are highly sensitive to the refractive index (RI) of their surface
bound materials and surrounding environment [18]. The increase
in RI of the surrounding environment results in a red shift of
surface plasmon wavelength of noble metal nanoparticles. Gold
nanoparticles exhibit well-defined optical properties depending
on their geometric shape and size. The difference between gold
nanorods (GNRs) and spherical gold nanoparticles is that GNRs
show two absorption bands: one associated with the transverse
mode (~520 nm), and the other with the longitudinal mode
(>600nm, usually the end region of visible or near infrared
region) [19]. Importantly, the longitudinal plasmon wavelength is
more sensitive to the changes in the dielectric properties of the
surrounding, and the sensitivity increases with the aspect ratio of
the nanorods [20,21]. Magnetic nanoparticles have been of scien-
tific and technological interest due to their potential applications
in biosensors [22], drug delivery [23], bioseparation [24], and
molecular interaction in live cells [25]. Owing to the super
paramagnetic property and high ratio of surface area to volume,
magnetic nanoparticles can be used as immobilization matrix
and are easy to be separated from liquid phase by the magnetic
field. Therefore, to take full advantages of GNRs and magnetic
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nanoparticles, the as-prepared positively charged GNRs were
coated with negatively charged Fe30, nanoparticles through
electrostatic interaction to obtain the GNR-Fe3O4 nanohybrids,
which were further used in SPR biosensor.

SPR biosensor is a powerful tool to investigate the interaction
between biomolecules, especially antibody-antigen complexes
because of its characteristics of simplicity, label-free, high selectivity
and real-time monitoring [26,27]. As a quantitative tool, SPR
biosensor can be used to determine reaction kinetic and affinity
constants for molecular interaction, as well as the active concentra-
tion of biomolecules in solution. A variety of SPR biosensors have
been developed and applied for the detection of specific analytes in
the area of biotechnology, medical diagnosis, environmental pro-
tection and food safety [28]. In SPR measurements, effective
immobilization of biomolecules on the sensor surface plays a crucial
role in enhancing the sensitivity of SPR biosensor. Different kinds of
sensing membranes, such as colloidal Au [29], TiO, film [30], Au/Ag
alloy nanocomposites [31] and graphene oxide [32] were applied in
SPR biosensor to immobilize biomolecules.

In this paper, Fes04 nanoparticles coated GNRs were prepared
and used in SPR biosensor for the determination of mouse IgG. The
GNR-Fe304 nanohybrids have both the advantages of GNRs and
Fe;0,4 nanoparticles. The magnetic nanohybrids can be assembled
on the sensor surface using a magnetic pillar without any chemical
covalent link, which greatly simplify the immunoassay procedures.
And glutaraldehyde was used as the bridge to bind the antibody
and the nanohybrids. Thus the bindings of antibody to antigen
lead to changes in the RI on the sensor surface, which can be
detected by the SPR biosensor.

2. Experimental
2.1. Materials

Mouse IgG, goat anti-mouse IgG, and human IgG were purchased
from Beijing Biosynthesis Biotechnology Company. Bovine serum
albumin (BSA) was purchased from Ding Guo Biotechnology Company
(Beijing,China). Hydrogen tetrachloroauratehydrate (HAuCl,-3H,0)
was purchased from Acrosl. Ferric chloride hexahydrate (FeCls - 6H,0),
ferrous chloride tetrahydrate (FeCl, - 4H,0), sodium hydroxide, triso-
dium citrate, 3-aminopropyltrimethoxysilane (APTMS), glutaralde-
hyde, silver nitrate, ethanol, cetyltrimethylammonium bromide
(CTAB), ascorbic acid and all other chemicals were of analytical reagent
grade. All the solutions were prepared with ultra pure water, and all
the glassware was cleaned with aqua regia before the experiments.

Mouse IgG, goat anti-mouse IgG, and human IgG were stored at
—20 °C. Sodium phosphate buffered saline (PBS, 0.01 mol L~!, pH
7.4) was used as running buffer.

2.2. Equipment

In this paper, the wavelength modulation SPR biosensor
installed in our laboratory was used (Fig. S1). Kretschmann
configuration was applied to achieve the resonant condition by
attenuated total reflection (ATR) in a prism. It is based on fixing
the incident angle and monitoring the resonant wavelength at
which the intensity of the reflected light is lowest. A glass slide
with 50 nm Au film was put on base of a prism (K9 glass) using a
suitable index matching oil (cedar oil). The light emitted from the
halogen tungsten lamp is polarized to produce transverse mag-
netic (TM) polarized light. Two lenses are employed to make the
light parallel. The parallel polychromatic light beam passes
through the optical prism and excites surface plasmon at the
interface between the Au film and the analytes. The output light
from the prism is guided into the optical fiber and then enters the

spectrophotometer (Ocean Optics, Inc., USA). A 2048 element
linear array charge-coupled device (CCD) was used as the detector.
The incident angle is fixed to make sure that SPR occurs. A
magnetic pillar was set under the optical prism and the Au film
was in the magnetic field of 750 G that was measured with Tesla
meter. When the analyte is injected into the flow cell, it produces a
change of the refractive index near the biosensor surface, which is
observed as the shift of resonance wavelength. All SPR measure-
ments were carried out at room temperature.

2.3. Assay procedure

2.3.1. Synthesis of citrate-capped Fes04 nanoparticles

The Fe304 nanoparticles were prepared by chemical coprecipi-
tation methods [33]. Briefly, 2.6 g of FeCl;-6H,0 and 1.0g of
FeCl, - 4H,0O were dissolved in 100 mL of deionized water. Under
nitrogen gas protection, 12 mL of 25% NHs - H,O was added drop by
drop with vigorous mechanical stirring. After 30 min, the obtained
Fe30, nanoparticles were isolated from the solution with a
permanent magnet and washed with deionized water four times.
The nanoparticles were dispersed in 100 mL of deionized water.
To prepare citrate-capped Fe304 nanoparticles, 1 mL of the above
Fe;0,4 nanoparticles solution was added into 20 mL of 10% triso-
dium citrate solution and then sonicated for 20 min. Trisodium
citrate is a kind of hydrophilic surfactant. The citrate ion can be
adsorbed on the surface of FesO, nanoparticles and form a
relatively close-packed layer. There are three carboxyl groups in
every citrate ion, and the repulsive forces between the electric
charges of the radical ions make Fe30, nanoparticles more
dispersed in water. The magnetic nanoparticles were isolated from
the mixture with a permanent magnet and redispersed into 20 mL
of deionized water.

2.3.2. Synthesis of aldehyde group functionalized GNR-Fe304
nanohybrids

GNRs were first synthesized through a seed-mediated method
with CTAB used as a stabilizer [34]. To 10 mL of GNRs solution,
1 mL of the premade citrate-capped Fe304 nanoparticles solution
was added. The mixture was vortexed for a few seconds and sat
undisturbed for 45 min. The resulting solution was centrifuged at
7000 rpm for 5 min to remove the unbound Fe;0,4 nanoparticles
and the obtained nanohybrids were redispersed in 10 mL of
deionized water.

The resultant GNR-Fe;0,4 nanohybrids solution was mixed with
APTMS in ethanol solution (v/v, 4/100) under stirring for 4 h at
room temperature. The magnetic nanohybrids were isolated from
the solution using a permanent magnet and washed with ethanol
and deionized water successively. Then the amino group functio-
nalized nanohybrids were immersed in 2% glutaraldehyde aqueous
solution under stirring for 1 h at room temperature to get the
aldehyde group functionalized GNR-Fe;0,4 nanohybrids. The mod-
ified nanohybrids were isolated from the solution using a perma-
nent magnet and redispersed in deionized water.

In contrast, the single Fes04 nanoparticles were also functio-
nalized with aldehyde group by the same way as mentioned
above. The prepared GNR-Fe304 nanohybrids and Fe30,4 nanopar-
ticles were both stored at 4 °C when they were not used.

2.3.3. Preparation of SPR biosensor based on the modified GNR-Fe30,
nanohybrids

The glass slide with Au film was fixed under the flow cell
equipped with a magnetic pillar under the prism. Deionized water
was first injected into the flow cell. Then the aldehyde group
functionalized GNR-Fe;0,4 nanohybrids solution was injected into
the flow cell. Thus the nanohybrids can be immobilized on the Au
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film through magnetic action, which produced a change of
refractive index that could be observed as a red shift of the SPR
resonant wavelength. After the modified GNR-Fe30,4 nanohybrids
were immobilized, PBS was injected into the flow cell as the
baseline solution. And a solution of goat anti-mouse IgG was
introduced into the flow cell to covalently attach to aldehyde-
activated surface. Ethanolamine hydrochloride solution (pH 8.0,
1 mol L") was used to block the non-specific binding sites on the
biosensor surface. 10 min later, PBS was injected into the flow cell
to wash off non-covalently bound antibody and stabilize the
baseline. A schematic illustration of the experimental procedure
is shown in Fig. 1.

Meanwhile, the aldehyde group functionalized Fe304 nanopar-
ticles were also used to immobilize goat anti-mouse IgG. The
procedure was the same as that stated above. For comparison, the
traditional biosensor based on MPA self-assemble monolayer
(SAM) was also constructed. PBS was first injected into the flow
cell as the baseline solution and 10 mmol L~! MPA was injected to
covalent attach onto Au film through Au-S bonding. After 2 h, the
carboxyl group of MPA was activated with NHS under the catalysis
of EDC for 20 min. Then goat anti-mouse IgG solution was injected
and can be bound with MPA through the covalent attachment
between the amine group and the carboxyl group. The following
processes were the same as those mentioned above.

2.3.4. Immunoassay

At room temperature, mouse IgG at different concentrations
diluted with PBS was separately injected into the flow cell. Due to
the immunoreaction between mouse IgG in the solution and goat
anti-mouse IgG immobilized on the biosensor surface, a shift of
resonant wavelength can be measured by SPR biosensor. After
40 min, PBS buffer was injected into the flow cell and another
sample solution was injected.

To evaluate the selectivity of the method stated above, human
IgG and BSA were determined by the same procedure as used to
determine mouse IgG.

2.3.5. Regeneration
After a series of antibody-antigen immunoassays were performed,
the sensing membrane of the SPR biosensor was regenerated. The

magnetic pillar was taken away from the bottom of the prism and
water was injected into the flow cell to wash away the GNR-Fe;04
nanohybrids coupled with goat anti-mouse IgG. After 30 min, the
conjugates could be removed from the Au film and the resonant
wavelength returned to the initial wavelength.

3. Results and discussions
3.1. Characterization of GNR-Fe304 nanohybrids

The morphologies of the magnetic nanohybrids were charac-
terized by transmission electronic microscopy (TEM). Fig. 2 pro-
vides the TEM images of the prepared GNRs and GNR-Fe3;04
nanohybrids. As shown in Fig. 2a, the average particle size of
GNRs is about 46 x 15 nm. When Fe304 nanoparticles were intro-
duced, it can be clearly seen from Fig. 2b that the surface of GNRs
was coated by Fes04 nanoparticles and the average size of Fe304
nanoparticles is about 10 nm. However, there is some aggregation
of nanoparticles, because Fe304 nanoparticles were synthesized in
water phase and pure magnetic nanoparticles are easy to aggre-
gate due to the high surface energy. Fig. 3 shows the UV-vis
absorption spectra of Fe304 nanoparticles, GNRs and GNR-Fe304
nanohybrids. The absorbance of Fe;0, nanoparticles decreases
with the increase of the wavelength and no obvious absorption
peak is observed. As for GNRs, there are two absorption peaks, the
transverse resonance peak located at 518 nm and the longitudinal
resonance peak at 682 nm. After coated with Fe;0, nanoparticles,
a change in the slope and broadening of resonance peaks of GNRs
can be observed, which is due to the swamping of the plasmon
peak by contributions from Fes04 nanoparticles. And both the
transverse and longitudinal resonance peaks show a red shift,
indicating the surface modification of GNRs. Meanwhile,
X-ray photoelectron spectroscopy (XPS) was used to identify the
composition of prepared GNR-Fe;0, nanohybrids. The binding
energy of C (1s) at 284.8 eV was used as an internal reference.
It can be seen from Fig. 4a that the Au 4f spectrum is resolved into
two spin-orbit components. The Au 4f;, and 4fs;, peaks occur
at the binding energies of 83.1 eV and 86.8 eV, respectively, which
are consistent with metallic gold [35]. Fig. 4b shows the Fe 2p
spectrum with the binding energies of 710.6eV and 725.3

NH, NH,
APTMS
GNRs Fe:;04 NPs NH, NH,
CHO CHO %) C:yg‘z»:Nj)
Glutaraldehyde . — NH, Cf | %)
—  OHC: CHO sl ™~ N=C— C=N-

CHO CHO

Antigen

Antibody

Fig. 1. Schematic diagram of the experimental procedure.
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Fig. 2. TEM images of GNRs (a) and GNR-Fe30,4 nanohybrids (b).
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Fig. 3. UV-vis absorption spectra of Fe304 nanoparticles, GNRs and GNR-Fe;0,4
nanohybrids.

eV, which correspond to Fe 2ps3, and Fe 2pq,, respectively,
and the broad peak at 717.8 eV corresponds to Fe>* [36]. The
results indicated that GNR-Fe;04 nanohybrids were synthesized
successfully.

3.2. Preparation of SPR biosensor based on GNR-Fes0,4 nanohybrids

Traditionally, molecular self-assembly was applied to activate
the SPR sensor surface for the immobilization of antibody, which
requires many different reagents as the link. However, in this work
the magnetic nanohybrids can be easily immobilized on the bare
Au film with the magnetic pillar under the prism. When the GNR-
Fe;0,4 nanohybrids solution was injected into the flow cell, the
shift of the resonant wavelength was monitored in real time. The
maximum shift of the resonant wavelength reached about 8 nm,
which was due to the increase of the thickness of the SPR sensing
membrane and the changes of the refractive index arising from the
interparticle interaction in the GNR-Fe304 nanohybrids. The red
shift demonstrated that the GNR-Fe304 nanohybrids were immo-
bilized on the Au film. Compared with the traditional SPR
biosensor, the SPR biosensor based on GNR-Fe;0,4 nanohybrids is
easy to be constructed owing to the magnetic property of Fe30,,

which greatly simplifies the modification of sensing membrane to
immobilize the antibody. On the other hand, the nanohybrids have
large surface area for the immobilization of antibody and GNRs
could be used to amplify the signal of SPR biosensor.

3.3. Immobilization of goat anti-mouse IgG

To select the optimal concentration of goat anti-mouse IgG
coupled with GNR-FesO, nanohybrids, goat anti-mouse IgG at
different concentrations was separately injected into the flow cell
after the aldehyde group functionalized GNR-Fes04 nanohybrids
were immobilized on the Au film. The amine group of the antibody
can be bound with the terminal aldehyde group of the nanohybrids
through Schiff alkali reaction. Fig. 5 exhibits the kinetic adsorption
curves of immobilizing goat anti-mouse IgG at different concentra-
tions. The terminal aldehyde group shows a strong response to
antibody and the antibody can be immobilized on the biosensor
surface steadily. It can be seen that the shifts of resonant wavelength
(AZ) increased evidently at first and all reached about 85% of total
shifts within 1 h. Finally, the resonant wavelength tends to be stable
when the time is longer than 120 min, which indicates the immo-
bilization of goat anti-mouse IgG on the biosensor surface was
completed. Due to the increase of the concentration of goat anti-
mouse IgG, more and more antibodies were immobilized on the
biosensor surface, resulting in the resonant wavelength moving to
longer wavelength. Once the antibody immobilized on the surface
reached saturation, the resonant wavelength no longer changed and
kept stable in a certain value. As shown in Fig. 5, when the
concentrations of goat anti-mouse IgG are 50, 75, and 100 pg mL~!,
the shifts of resonant wavelength are 5.95, 816 and 8.38 nm,
respectively. Therefore, 75 ugmL~' was chosen as the optimal
concentration of goat anti-mouse IgG for the detection of mouse IgG.

As a contrast, the biosensors based on single Fe30,4 nanoparticles
and MPA were also experimented to study the effects of GNR-Fe304
nanocomposites on the performance improvement of SPR biosen-
sor. Fig. 6 shows the kinetic adsorption curves of goat anti-mouse
IgG at the concentration of 75 pg mL~! on the surface of different
biosensors. It can be seen that the maximum resonant wavelength
shifts are 5.53, 6.40, and 8.16 nm for the biosensors based on MPA,
Fe304 nanoparticles and GNR-Fe304 nanohybrids, respectively. The
results indicated that the aldehyde group functionalized GNR-
Fe30,4 nanohybrids is a good support for the immobilization of
antibody. Due to the large surface area of Fe304 nanoparticles and
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optoelectronic property of GNRs, when the biosensor based on
GNR-Fe304 nanohybrids was used, the maximum resonant wave-
length shift shows a modest increase.

Concentration / ug mL-1

Fig. 7. The relationship between the concentrations of mouse IgG and the shifts of
resonant wavelength obtained with the biosensor based on MPA, Fe304 nanopar-
ticles and GNR-Fe30,4 nanohybrids.

3.4. Determination of mouse IgG

After goat anti-mouse IgG was immobilized on the sensor
surface, mouse IgG at different concentrations was separately
injected into the flow cell. The immunoreaction between the
antibody and antigen occurring on the sensor surface leads to
changes in the RI that is performed as the shift of resonant
wavelength. With the increase of the concentration of mouse
IgG, the shift of resonant wavelength gradually increased, which
can be measured in real time by SPR biosensor. Fig. 7 displays the
relationship between the shifts of resonant wavelength and the
concentrations of mouse IgG. For the SPR biosensor based on MPA,
it exhibits a response to mouse IgG in the concentration range of
2.50-40.00 pg mL~ . The minimum shift of resonant wavelength
is 0.22 nm at 2.50 pg mL~' and the maximum shift of resonant
wavelength is 1.77 nm at 40.00 pg mL~'. The SPR biosensor based
on Fe;04 nanoparticles exhibits a response to mouse IgG in the
concentration range of 1.25-40.00 ug mL~'. The minimum shift of
resonant wavelength is 0.22 nm at 125 pgmL~! and the max-
imum shift of resonant wavelength is 3.08 nm at 40.00 ug mL~ .
The SPR biosensor based on GNR-Fe30, nanohybrids exhibits a
good response to mouse IgG in the concentration range of 0.15-
40.00 pg mL~'. The minimum shift of resonant wavelength is
0.22nm at 0.15pugmL~! and the maximum shift of resonant
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Fig. 8. The competitive SPR response curve for the detection of antigen.

wavelength is 5.28 nm at 40.00 pg mL~'. The experimental results
demonstrate the advantages of using GNR-Fe30, nanohybrids as
SPR substrate for the immunoassay analysis. Under identical
conditions, the lowest concentration determined by the biosensor
based on GNR-Fe304 nanohybrids is lower than those determined
by the biosensors based on MPA and Fe30,4 nanoparticles, and the
signal of SPR biosensor was also enhanced.

When GNR-Fe;04 nanohybrids were used, a significant increase
in sensitivity is obtained in SPR biosensor. The detection of biomo-
lecules interaction on SPR sensor chip is achieved by measuring the
changes of RI and the film thickness on the sensor surface. The
surface plasmon of GNRs might be resonantly excited through energy
transfer in the near field and produce a strong local electromagnetic
field. The interaction between the localized SPR of GNRs and the
propagating plasmon in the Au film led to great changes of SPR
reflectivity via strong optical coupling, which is mostly responsible
for the sensitivity enhancement of SPR biosensor. Meanwhile, the use
of GNR-Fe304 nanohybrids made the thickness of sensing membrane
increase and the resonant wavelength move to longer wavelength.
According to theoretical analysis, the shift of resonant wavelength
towards a long wavelength could increase the sensitivity of the
wavelength modulation SPR biosensor [37]. As stated above, the
application of GNR-FesO, nanohybrids in SPR biosensor has
enhanced the sensitivity significantly.

The evaluation of the specificity was performed by detecting
human IgG and BSA. After the goat anti-mouse IgG was immobi-
lized on the biosensor surface, human IgG and BSA at the
concentration of 10 pgmL~' were separately injected into the
flow cell for 40 min. There were no observable shifts of the
resonant wavelength, which indicated the selective binding with
mouse IgG (Fig. S2).

3.5. Regeneration of SPR biosensor

After the magnetic pillar was taken away from under the prism
and water was injected into the flow cell, the GNR-Fe304 nanohy-
brids coupled with goat anti-mouse IgG could be dissociated from
Au film. The SPR response curve of the whole cycle is shown in
Fig. 8, including the immobilization of GNR-Fes04 nanohybrids
and antibody, the binding of antigen at different concentrations
and the regeneration of the biosensor. When the Au film was
regenerated, new nanohybrids can be introduced into the flow cell
for the next measurement.

4. Conclusions

The aldehyde group functionalized GNR-Fe304 nanohybrids were
successfully synthesized and used in the wavelength modulation SPR

biosensor for mouse IgG detection. The structures of GNR-Fe;O4
nanohybrids were separately characterized by TEM, UV-vis absorp-
tion spectroscopy and XPS. The GNR-Fe;O, nanohybrids could be
easily immobilized on the sensor surface by a magnetic pillar and
have been demonstrated to be an ideal support for the sensitive
detection of biomolecules. The SPR biosensor based on GNR-Fe;04
nanohybrids displays a good response to mouse IgG in the concen-
tration range of 0.15-40.00 pg mL~ . The lowest concentration of
mouse IgG that can be detected with the proposed biosensor is lower
than those detected with the biosensor based on Fe;04 nanoparticles
and the biosensor based on MPA. Therefore, the GNR-Fe30,4 nanohy-
brids are beneficial to improve the performance of SPR biosensor.
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