Biosensors and Bioelectronics 34 (2012) 137-143

Biosensors and Bioelectronics

journal homepage: www.elsevier.com/locate/bios

Contents lists available at SciVerse ScienceDirect

Preparation and application of novel nanocomposites of magnetic-Au nanorod in

SPR biosensor

Hua Zhang?, Ying Sun?, Jing Wang?, Jia Zhang?, Hanqi Zhang?, Hao Zhou®, Dagian Song?*

2 College of Chemistry, Jilin University, Qianjin Street 2699, Changchun 130012, PR China
b jilin Entry-Exit Inspection and Quarantine Bureau, Changchun 130062, PR China

ARTICLE INFO

Article history:

Received 14 November 2011
Received in revised form

31 December 2011

Accepted 26 January 2012
Available online 4 February 2012

Keywords:

Nanocomposite

Fe304-Au nanorod

Surface plasmon resonance (SPR)
Goat IgM

ABSTRACT

A novel nanocomposite Fe3;04-Au nanorod (AuNR) was prepared and used as the substrate in the surface
plasmon resonance (SPR) biosensor to detect goat IgM. Fe;04—AuNR nanocomposites were synthesized
by a method of seed-mediated growth, and further characterized by molecular absorption spectroscopy,
transmission electronic microscopy (TEM), energy-dispersive spectroscopy (EDS) and X-ray photoelec-
tron spectroscopy (XPS). The nanocomposites exhibit both magnetic property and exceptional optical
property, which are beneficial to the antibody immobilization and the sensitivity of detection. The sens-
ing membrane can be regenerated easily and the experimental procedure is simplified. Moreover, the Au
nanorods show two plasmon resonance wavelengths defined as transverse mode and longitudinal mode,
and the longitudinal plasmon wavelengths are more sensitive to the changes in the dielectric properties
of the surroundings. Fe304-AuNR nanocomposites got a high sensitivity in detection of antibody-antigen
immunoassay. In the optimal conditions, the biosensor based on Fe304,-AuNR nanocomposites exhibits a
satisfactory response to goat IgM in the concentration range of 0.15-40.00 p.g mL~'. However, the biosen-
sor without Fe;04-AuNR nanocomposites shows a response to goat IgM in the concentration range of
1.25-40.00 wg mL-1. As a result, the sensitivity of the biosensor based on Fe304-AuNR nanocomposites

is enhanced significantly.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Nanocomposites containing two or more different nanoscale
functionalities can exhibit novel physical and chemical properties.
There are two well-known composite systems including core/shell
nanostructures (Pefia et al., 2009; Malik et al., 2002) and exchange-
coupled magnetic nanocomposites (Liu et al., 2002; Zeng et al.,
2002), which have shown enhanced optical, magnetic and cat-
alytic properties compared with their pure, single-component
materials. Recently, combinations of magnetic nanoparticles and
optical active components have drawn much attention, especially
the combination of Au and magnetic nanoparticles. Core/shell
Au@FePt nanoparticles (Hartling et al., 2010) and dumbbell-like
Au-Fe30,4 nanoparticles (Yu et al., 2005) have been synthesized
previously and showed interesting optical properties in Au and
magnetic properties in FePt or Fe304. Magnetic nanoparticles as
an immobilization matrix have increasingly been used in the area
of bioscience during the past few years (Kouassi and Irudayaraj,
2006). Due to the unique magnetic features and high ratio of sur-
face area to volume, magnetic nanoparticles also have been applied
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in bioseparation (Ito et al., 2005), DNA detection (Weizmann et al.,
2003), drug delivery (Hu et al., 2008), and biosensors (Sun et al.,
2007). However, pure magnetic particles are easy to aggregate
and lack of activating group so that they are difficult to cou-
ple with biomolecules directly. Au is regarded as an excellent
material inimmunoassay owing to its prominent properties includ-
ing exceptional optical property, water-solubility, good stability,
significant biocompatibility and facility of surface functionality
(Daniel and Astruc, 2004). In addition, the Au surface is quite suit-
able for thiol to bind stably. Au nanoparticles could be formed in
various shapes involving nanospheres, nanocubes, nanobranches,
nanorods and nanobipyramids, which showed different surface
plasmon wavelengths to the refractive index of the surrounding
medium (Chen et al., 2008). Spherical Au nanoparticles produce a
strong absorption band around 520 nm, while Au nanorods exhibit
two absorption bands: the transverse mode (520 nm) and the lon-
gitudinal mode (>600nm, usually the end region of visible or
near infrared region) (Eum et al., 2010). The longitudinal plasmon
wavelengths are more sensitive to the changes in the dielectric
properties of the surroundings and the sensitivity increases with
the aspect ratio of the nanorods (Lee and El-Sayed, 2006; Jain
et al., 2006; Link and El-Sayed, 2005). Therefore, Au nanorods are
more sensitive for detecting biological molecules than nanoparti-
cles with spherical structure. Recently researches on application
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of Au nanorods to biosensing have become an increasing interest.
Leong and co-workers have demonstrated the use of multifunc-
tional Au nanorods for gene delivery (Salem et al., 2003). A new
glucose biosensor based on the electron transfer and photother-
mal effect of Au nanorods was reported by Liu et al. (2010). The
biosensor based on Au,,q@SiO, films was first used in colorimetric
detection by Wang et al. (2006).

Surface plasmon resonance (SPR) biosensor has become an
important tool for studying biomolecular interactions at a noble
metal film surface, such as Au or Ag (He et al., 2004). The informa-
tion of the biomolecular interactions can be obtained by measuring
the optical characteristics (intensity, phase and polarization) of
lightreflected from the optical equipment (Law et al.,2011). For SPR
biosensor provides many advantages such as real time, lable-free,
and high sensitivity, it is widely applied for detecting the inter-
actions between biomolecular partners, such as protein-protein
(Fujino et al., 2003), protein-DNA (Hegde et al., 2004), drug-serum
albumin (Rich et al., 2001), drug-liposome (Danelian et al., 2000)
and especially antibody-antigen (Chou et al., 2004). In a tradi-
tional SPR system, the metal film substrate is usually coated with
sulfhydryl compounds to form a sensing membrane, thus the recep-
tor molecules such as antibody can be covalently immobilized on
the activated surface (Wang et al., 2009). Effective immobiliza-
tion of biomolecules on the surface of biosensor chip is crucial for
the sensitivity enhancement of SPR biosensor and simplifying the
immunoassay procedures.

IgM is a large (950 kDa) pentamer which contain five IgG-like
monomers connected through a polypeptide chain rich in disulfide
bonds and can be characterized by the presence of a disulfide-rich
J chain (Caiazzo et al., 2009). Due to the pentameric structure, IgM
antibodies are remarkable in immune response to most antigens
and their presence in serum is a valuable indicator of running infec-
tions. Thus, it is of the essence to detect [gM in a rapid, accurate and
sensitive way.

In this paper, a novel nanocomposite Fe;04—Au nanorod
(Fe304-AuNR) was prepared by a seed-mediated growth method
(Pérez et al., 2007; Nikoobakht and El-Sayed, 2003) and applied
in the SPR biosensor to amplify SPR response signal and simplify
the immunoassay procedures. Compared with traditional biosen-
sor immobilized with a self-assembled monolayer on the surface of
Au film, Fe304-AuNR could be immobilized on the Au film with a
magnetic pillar. The antibody was bound to Fe304-AuNR by MPA,
and then the binding of antigen to antibody lead to change in the
dielectric constant on the biosensor surface, which can be easily
detected by the SPR biosensor.

2. Experimental
2.1. Materials

Goat IgM, rabbit anti-goat IgM and dog IgG were pur-
chased from Beijing Boisynthesis Biotechnology Company. Bovine
serum albumin (BSA) was purchased from Ding Guo Biotechnol-
ogy Company (Beijing, China). 3-Mercaptopropinic acid (MPA),
1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) and N-
hydroxysuccinimide (NHS) were purchased from JK Chemical.
Hydrogen tetrachloroauratehydrate (HAuCly-3H,0) was pur-
chased from Acrosl. Ferric chloride hexahydrate (FeCl;-6H;0),
ferrous chloride tetrahydrate (FeCl,-4H,0), sodium hydroxide,
3-aminopropyltrimethoxysilane (APTMS), silver nitrate, ethanol,
cethltrimethlammonium 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.

Goat IgM, rabbit anti-goat IgM and dog IgG were stored at
—20°C. Sodium phosphate buffered saline (PBS, 0.01 molL~!, 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 configu-
ration was applied to achieve the resonant condition by attenuated
total reflection (ATR) in a prism (Wang et al.,2011). A halogen tung-
sten lamp is used as the excitation light source. A 2 nm adhesive
layer of Cr followed by 50 nm Au film was deposited on a K9 glass
slide whose diameter and thickness were 12 and 0.7 mm, respec-
tively. Then this glass slide was put on base of a prism (K9 glass)
using a suitable index matching oil (cedar oil). A 100 p.L flow cell
was used for the reaction and magnetic pillar was immobilized
under the optical prism. The diameter and height of the magnetic
pillar are 25 and 12 mm, respectively. And the Au film was in the
magnetic field of 750 G that was measured with Tesla meter. The
light emitted from the lamp passes through the optical prism and
excites surface plasmon at the interface between the Au film and
the analytes. The output light 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.

2.3. Assay procedure

2.3.1. Synthesis of Fe304 magnetic seeds

The Fe30,4 nanoparticles were used as seeds and prepared by
chemical co-precipitation methods reported previously (Zhao etal.,
2008). At first, FeCl3-6H,0 (2.6 g), FeCl,-4H,0 (1.0 g) and 12 mol L-!
HCI (0.425 mL) were dissolved in 15 mL deionized water to pre-
pare a stock solution. Then the stock solution was added into NaOH
solution (125 mL, 1.5 mol L-1) drop by drop under nitrogen gas pro-
tection with the solution vigorously stirred at 80 °C. The obtained
Fe304 nanoparticles were isolated from the solution with a per-
manent magnet and washed with deionized water four times. The
nanoparticles were dispersed in 100 mL deionized water.

0.7 mL of Fe304 magnetic nanoparticle solution was dispersed
into 50 mL ethanol by ultrasonic dispersion followed by dripping
0.4mL of APTMS under stirring for 7 h at room temperature. The
magnetic nanoparticles were isolated from the mixture with a per-
manent magnet and washed with ethanol and deionized water
successively, then re-dispersed into 20 mL water and stored at 4°C.

2.3.2. Preparation of Fe304-AuNR

The nanocomposites were produced by means of a seeded
growth method (Pérez et al., 2007), in which the Fe304 nanoparti-
cles were used as seeds. 3 mL of 0.05 (or 0.1)mmol L-1AgNO3 was
added into 50.0 mL of 0.1 molL~! CTAB solution at 25°C. 50.0 mL
of 2mmol L~ HAuCl4 was added into the solution to make up
a growth solution. And 1.05mL of 0.1 molL~! ascorbic acid was
mixed with the growth solution, and the color changed from orange
for Au3*-CTAB complexes into colorless for Au*-CTAB. Finally,
700 L of magnetic seed solution was added. The temperature of
the resulting solution was kept at 27-30°C for 24 h to ensure the
growth completely. The nanocomposites were precipitated with a
permanent magnet. The supernatant solution was removed and the
precipitate was re-dispersed in 30 mL deionized water. To charac-
terize the nanocomposites, the molecular absorption spectroscopy,
transmission electronic microscopy (TEM), energy-dispersive spec-
troscopy (EDS) and X-ray photoelectron spectroscopy (XPS) were
applied.



H. Zhang et al. / Biosensors and Bioelectronics 34 (2012) 137-143 139

2.3.3. Preparation of Fe304-AuNR/anti-goat IgM sensing
membrane

The Fe304—AuNR nanocomposites solution was injected into
the flow cell equipped with a magnetic pillar under the biosen-
sor chip. Thus the nanocomposites can be immobilized on the
biosensor chip through magneticaction, which resulted in a shift
of the SPR resonant wavelength. After the immobilization was
finished, 10mmol L~ MPA was injected into the flow cell and
incubated for 6 h. Then the biosensor surface was activated with
NHS (100 mgmL~1) under the catalysis of EDC (100 mg mL~1) for
20 min. PBS buffer was injected as the baseline solution. After the
resonant wavelength kept constant, rabbit anti-goat IgM solutions
were introduced into the flow cell to covalently attach to carboxyl-
activated surfaces. After 12 h, PBS buffer was injected into the flow
cell to wash off non-covalently bound antibody. In order to block
the non-specific binding sites of activated carboxyl group, 1 mol L~
ethanolamine hydrochloride solution (pH 8.0) was injected. 10 min
later, PBS buffer was injected and the Fe304-AuNR/anti-goat IgM
sensing membrane was formed. A schematic diagram of the exper-
imental procedure is shown in Fig. 1.

For comparison, the MPA/anti-goat IgM sensing membrane
without the nanocomposites was also constructed. PBS buffer was
used as the baseline solution and 10 mmol L-1 MPA was injected
into the flow cell. After 2 h, carboxyl group of MPA was activated
with NHS under the catalysis of EDC for 20 min. 100 g mL~! rabbit
anti-goat IgM solution was injected. The following processes were
the same as those mentioned above.

2.3.4. Immunoassay

At room temperature, goat IgM at different concentrations
was separately injected into the flow cell. The immunoreactions
between goat IgM in the solution and the rabbit anti-goat IgM
immobilized on the surface of biosensor chip leads to a shift of reso-
nant wavelength that can be measured by SPR biosensor. Then PBS
buffer was injected into the flow cell and another sample solution
was injected.

To evaluate the selectivity of the method mentioned above,
human IgG and BSA were determined by the same procedure.

2.3.5. Regeneration

The sensing membrane of the SPR biosensor was regenerated
after a series of goat [gM immunoassays were performed. The mag-
netic pillar was taken away from the prism and water was injected
into the flow cell to wash away the Fe;04—AuNR nanocomposites
coupled with anti-goat IgM. After 40 min, the conjugates could be
removed from the Au film.

3. Results and discussions

3.1. Preparation and characterization of Fe304-AuNR
nanocomposites

Fe304 nanoparticles were first synthesized by co-precipitation
of aqueous Fe2*|Fe3* salt solutions under the basic condition.
For the preparation of Fe304—AuNR nanocomposites, the pop-
ular seeded growth method (Nikoobakht and El-Sayed, 2003)
was applied, with CTAB not only acting as a stabilizer for the
colloids but also facilitating transport of Au ions and directing
anisotropic growth. Specifically, the magnetic particles (Fe304)
were used as seeds. Before the growth solution was added, the
Fe304 nanoparticles were first modified with amino groups to pro-
vide heterogeneous nucleation positions for AuNR. The aspect ratio
of AuNR can be controlled by adjusting the amount of seed solu-
tion, AgNOs solution, and ascorbic acid solution. Compared with
the amount of seeds, the concentrations of Au and Ag ions have
more significant effect on the size of the nanocomposites. It was

reported that Au NRs made in the absence of Ag ions converted
to Au nanospheres and the Ag ions restricted the growth and sta-
bilized the NR surface (Jana et al., 2001). The reaction rate can be
reduced in the presence of Ag ions, which is beneficial to obtain
rod shapes. The reason may be that Ag ions can form a com-
pact silver monolayer over the gold surface prior on the {110}
facets to prevent further growth. The Ag monolayer can be oxi-
dized and replaced by the gold ions from solution. The growth
of gold on {110} facets slows down remarkably. {100} facets
are only partially covered with silver and the rapid growth of
the facets can result in one-dimensional growth along the {100}
direction leading to nanorod formation (Pérez et al., 2007). The
morphologies of Fe304 nanoparticles and Fe304-AuNR nanocom-
posites used in these experiments were characterized by TEM. As
shown in Fig. 2a, the average size of Fe304 nanoparticles is about
10nm and it can be seen that the nanoparticles are aggregative.
Pure magnetic nanoparticles can form large aggregations, which is
due to the high surface energy of the nanoparticles. On the other
hand, there is magnetic attraction between Fe3;04 nanoparticles.
Fig. 2b and c shows the TEM images corresponding to the two
samples of nanocomposites obtained with 0.05 and 0.1 mmol L~!
AgNOs, respectively. The mean particle sizes of the Fe304—AuNR are
50 x 15nm and 65 x 30 nm, respectively. The AuNR grows only on
one special spot of the Fe304 nanoparticles instead of covering the
Fe30,4 nanoparticles completely and the core/shell structure can-
not be formed. Because there is high interfacial energy between Au
and magnetic nanoparticles, the Au prefers to start growing on the
facet with the lowest interfacial energy. When Au is deposited on
this facet of Fe304 nanoparticles, Au* ions remaining in the solution
are easily reduced to Au® on the facet because of a self-catalyzed
reduction of Au ions.

Energy dispersive spectroscopy was employed to determine the
corresponding elements in the nanocomposites. It can be obviously
seen from Fig. 2d that Fe and Au elements coexist in the nanocom-
posites. Because energy dispersive spectrometer was attached with
a field emission scanning electron microscope (SEM), Al and Si ele-
ments occur in the energy dispersive spectrum. Furthermore, X-ray
photoelectron spectroscopy was used to obtain key information
concerning the chemical state of the nanocomposites. The bind-
ing energy for the C (1s) peak (284.7eV) was used as an internal
reference. Fig. 2e shows two intense peaks with the binding ener-
gies of 710.7 eV and 725.3 eV which are assigned to Fe (2p3p;) and
Fe (2py2), respectively. The two peaks including Fe2* (of FeO) and
Fe3* (of Fe,03) peaks are typical characteristics of the Fe30y4 struc-
ture (Barr, 1978). The broad peak at 718.0 eV corresponds to Fe3*,
The Fe (2p3p;) peak shifted slightly from 711.2 to 710.7 eV due to
the addition of Au atoms, suggesting a strong electronic interaction
between Au and Fe304 (Wang and Ro, 2006). Fig. 2f shows the X-ray
photoelectron spectrum of Au (4f) of Fe304—AuNR nanocomposites.
The peaks at 83.5eV and 87.2 eV correspond to Au® 4f;, and Au®
4fs,, respectively (Negishi et al., 2005). The results demonstrate
the presence of Au atoms and Fe304 in the nanocomposites.

Fig. 3 shows UV-vis-NIR absorption spectra of Fe304 nanopar-
ticles and Fe304-AuNR nanocomposites. It can be seen from
Fig. 3A that the absorbance of Fe304 decreases and no obvious
absorption peak is observed. When gold nanorods were intro-
duced, Fe304-AuNR nanocomposites show two absorption peaks
(Fig. 3B). When the concentration of AgNOj3 is 0.05 mmol L1, the
absorption peaks located at around 567 nm and 967 nm arise from
transverse and longitudinal resonances (Fig. 3a). When the concen-
tration of AgNO3 is 0.1 mmolL~!, the transverse resonance peak
is 563 nm, and the longitudinal resonance peak shifts to 1031 nm
(Fig. 3b). Both the transverse plasmon wavelengths show a red
shift compared with the adsorption wavelength of the single Au
nanoparticles (520 nm), which is due to the loss of the electrons
of Au surface. However, this spectrum is unexpected, which is
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Fig. 1. A schematic diagram of the experimental procedure. (C) ) Au nanorod, (' ) antibody, (0 ) antigen.

dominant in the transverse plasmon resonance. It is possibly due
to the presence of other shapes (mostly spheres) in the solution.

3.2. Preparation of SPR biosensor based on Fe304—-AuNR

The Fe304—-AuNR nanocomposites prepared with 0.05 mmol L~!
AgNO3 were used in the following experiments. Different concen-
trations of Fe304-AuNR nanocomposites were injected into the
flow cell to select the optimal condition. With a magnetic pil-
lar under the prism, the modified magnetic nanocomposites can
be immobilized on the Au film by magnetic force easily. Fig. S2
shows the immobilization process of the nanocomposites. The force
exerted on the nanocomposites arises from the magnetic field and
the gradient of the field. The shifts of the resonant wavelength
resulted from the immobilization of the Fe304—AuNR nanocompos-
ites were monitored in real time and got to a steady state in about
40 min (Fig. S3). The capture of the nanocomposites took such along
time because a high gradient of magnetic field did not occur at the
sensor surface and the magnetic capture force was extremely weak.
The result indicates that the resonant wavelength shifts increase
gradually when the concentrations of the Fe304-AuNR nanocom-
posites increase from 0.10gmL~! to 0.50gmL"1. It is found out
that the resonant wavelength reaches a level at the concentration
higher than 0.40gmL~! and the maximum shift of the resonant
wavelength is 2.89 nm.

The immobilization of nanocomposites was examined in the
absence of magnetic pillar under the prism. There was nearly no
change of the resonant wavelength in an hour, which indicated
that the nanocomposites could hardly be immobilized without the
magnetic binding force.

3.3. Immobilization of rabbit anti-goat IgM

After the surface of Au film was activated, rabbit anti-goat IgM at
different concentrations was separately injected into the flow cell
to select the optimal experiment conditions. The antibody can be
immobilized on the Au film through covalent attachment between

the amine group and the carboxyl group. Fig. 4a exhibits the kinetic
adsorption curves of immobilizing rabbit anti-goat IgM at different
concentrations. It is found that the resonant wavelength shifts dis-
tinctly at first and then changes slowly as time goes by. Finally,
the resonant wavelength tends to be stable in 120 min, which indi-
cates the immobilization of rabbit anti-goat IgM on the biosensor
chip surface was completed. With the increase of the concentration
of the rabbit anti-goat IgM, more and more antibodies were immo-
bilized on the biosensor chip surface, which made the resonant
wavelength move to longer wavelength. When the antibody immo-
bilized on the surface reached saturation, the resonant wavelength
increased no longer and maintained a certain value. As shown in
Fig. 4a, when the concentrations of rabbit anti-goat IgM are 50, 75,
100 and 125 pg mL~!, the shifts of resonant wavelength are 5.10,
5.77, 6.88 and 6.96 nm, respectively. As a result, 100 ug mL~! was
chosen as the optimal concentration of rabbit anti-goat IgM for the
detection of goat IgM.

In order to study the effects of Fe304-AuNR nanocomposites
on performance improvement for the SPR biosensor, the biosensor
based on MPA/anti-goat IgM sensing membrane was also investi-
gated. 100 wg mL~! rabbit anti-goat IgM was used to prepare the
MPA/anti-goat IgM sensing membrane. Fig. 4b shows the kinetic
adsorption curves of anti-goat IgM immobilized on Fe304-AuNR
nanocomposites sensing membrane and MPA sensing membrane.
Obviously, the amount of rabbit anti-goat IgM immobilized on
Fe304-AuNR nanocomposites is larger than that immobilized on
MPA.

3.4. Determination of goat IgM

At room temperature, after the rabbit anti-goat IgM was immo-
bilized on the surface of the biosensor, goat IgM was injected
into the flow cell. The shifts of resonant wavelength caused
by antibody-antigen immunoreaction were monitored in real
time. Fig. 5 draws the relationship between the concentrations
of goat IgM and the shifts of resonant wavelength obtained
with the biosensors based on Fe304-AuNR nanocomposites



H. Zhang et al. / Biosensors and Bioelectronics 34 (2012) 137-143 141

a2, = S T o, . emmsiis maas
2.00 4.00 6.00 8.00 10.00 12.00 keV
A (4£,)
340007 Fe @pyy) Fe@2p) 220007 (87.26V)
(710.7eV) Fe** (725.3e¥) 20000 1
320004 1 18000 an? (4£, )
£ 30000 : 16000 4 (83 SeVT;j
s | ' £ 14000 :
o 4
© 28000+ 3 12000
© 10000 ]
26000 8000 1
6000 1
24000 e 4000 f
2000

705 710 715 720 725 730 735
Binding Energy/eV

80 82 84 86 88 90
Binding Energy/eV

Fig.2. TEMimages of Fe;04 nanoparticles (a), Fe304-AuNR nanocomposites (b and c), energy dispersive spectrum of Fe3 04—AuNR nanocomposites (d) and X-ray photoelectron

spectra of Fe (e) and Au (f).

and MPA membrane. It can be seen from Fig. 5a that the SPR
biosensor based on Fe304-AuNR/anti-goat IgM sensing mem-
brane shows a good response to goat IgM in the concentration
range of 0.15-40.00 ugmL~!. The minimum shift of resonant
wavelength is 0.44nm at 0.15pgmL~! and the maximum shift
of resonant wavelength is 5.54nm at 40.00 ugmL-!. The SPR
biosensor based on MPA/anti-goat IgM sensing membrane shows
a good response to goat IgM in the concentration range of
1.25-40.00 wg mL~1. The minimum shift of resonant wavelength
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[=
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Q \
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0.02 4 — |
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is 0.44nm at 1.25ugmL~! and the maximum shift of reso-
nant wavelength is 2.66nm at 40.00 ugmL-!. As mentioned
above, the experimental results indicated that the application
of Fe304—AuNR nanocomposites highly improved the perfor-
mance of the wavelength-modulation SPR biosensor. The limit
of quantification (LOQ) is defined as the lowest concentration
of an analyte that can be quantitatively determined by the pro-
posed method. Under identical conditions, the LOQ obtained
from the biosensor modified with Fe304-AuNR nanocomposites is

0.13 4
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Fig. 3. UV-vis-NIR absorption spectra of Fe304 nanoparticles (A) and Fe304-AuNRs nanocomposites (B).
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eight-fold lower than that obtained with MPA membrane biosen-
Sor.

When Au nanorod is combined with Fe304 nanoparticles, the
resulting nanocomposites exhibit exceptional optical property as
well as magnetic property. Au nanorod has its own localized surface
plasmon due to the collective oscillation of its conduction electrons,
leading to a strong local electromagnetic field near Fe304—AuNR
nanocomposites. The interaction between the localized surface
plasmon of Au nanorod and the propagating plasmon in the Au
film gave rise to the shift of resonant wavelength of SPR biosen-
sor. On the other hand, as the Fe304-AuNR nanocomposites were
immobilized on the surface of biosensor chip, the thickness of the
sensing membrane increases and the resonant wavelength pro-
duces red shifts, which results in the sensitivity enhancement of
the wavelength-modulation SPR biosensor.

The reaction between antigen (Ag) and antibody (Ab) can be
expressed as follows: Ag+Ab=AgAb, the binding constant is Kj:

_ [AgAb] =
A~ TAgl[AD]

where [AgADb] is the concentration of AgAb on the sensor surface,
which corresponds to the SPR biosensor signal at equilibrium Aleq,
[Ag] is the concentration of antigen in the solution, [Ab] is the
concentration of Ab on the sensor surface, which corresponds to
(AAmax — Aleq). Admax is the SPR response corresponding to the
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Fig. 5. The relationship between the concentrations of goat IgM and the shifts of
resonant wavelength obtained with the biosensor based on Fe304-AuNR nanocom-
posites (a) and MPA (b).

maximum capacity of binding antigen on the sensor surface. So Eq.
(1) can be expressed as:

Aleq
Ag

AMeq increases with the increase of [Ag] in the solution. However, it
can be seen from Eq. (2) that Adeq/[Ag] decreases with the increase
of Aleq. So the slope of the relationship curve between the shift
of the resonant wavelength and the concentration of Ag decreases
with the increase of the concentration of Ag, which is in accordance
with the experimental result. Because the response is not linear, the
sensitivity was not expressed by the slope of the calibration curve
and the performance was described by LOQ.

The specificity is also demonstrated by detecting human IgG and
BSA under the same conditions. After the rabbit anti-goat IgM was
immobilized on the biosensor surface chip, human IgG and BSA at
the concentration of 10 wg mL-! were separately injected into the
flow cell for 30 min. There were no observable shifts in the resonant
wavelength (Fig. 6), which indicated the selective binding of goat
IgM.

= KAA)Lmax - KA)&eq (2)

3.5. Regeneration of biosensor

After the magnetic pillar was taken away from under the prism,
the Fe304—-AuNR nanocomposites coupled with anti-goat IgM could
be dissociated from the biosensor chip surface by injecting water

=2

Ar/nm

20
Time/m in

Fig. 6. Kinetic response of human IgG (a), BSA (b) and goat IgM (c) detected by SPR
biosensor based on Fe;04-AuNR nanocomposites.
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into the flow cell. The SPR response curve of the whole cycle
includes the immobilization of Fe304-AuNR nanocomposites and
antibody, the binding of antigen and antibody and the regeneration
of the biosensor (Fig. S4).

4. Conclusions

A wavelength modulation SPR biosensor based on Fe304—-AuNR
nanocomposites was constructed and applied to the detection of
goat IgM. Fe304—AuNR nanocomposites were proved to be ideal
carriers to bind proteins due to their good biocompatible and
exceptional optical properties. Au nanorods show two kinds of plas-
mon absorption bands, especially the longitudinal plasmon band
which is more sensitive to the changes in the dielectric properties
of the surroundings. AuNR coupled with magnetic Fe304 nanopar-
ticles can be easily immobilized on the biosensor chip surface
with a magnetic pillar, which simplifies the experimental proce-
dure. The experimental results indicate that the biosensor based
on Fe304-AuNR nanocomposites exhibits a satisfactory response
to goat IgM in the concentration range of 0.15-40.00 wgmL~1.
Therefore, the Fe304-AuNR nanocomposites play a crucial role in
performance improvement of SPR biosensor.
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