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In this paper, surface plasmon resonance biosensors based on magnetic core/shell Fe304/SiO, and
Fe304/Ag/SiO, nanoparticles were developed for immunoassay. With Fe304 and Fe304/Ag nanoparticles
being used as seeding materials, Fe304/SiO, and Fe;04/Ag/SiO, nanoparticles were formed by hydrolysis
of tetraethyl orthosilicate. The aldehyde group functionalized magnetic nanoparticles provide organic
functionality for bioconjugation. The products were characterized by scanning electronic microscopy
(SEM), transmission electronic microscopy (TEM), FTIR and UV-vis absorption spectrometry. The mag-
netic nanoparticles possess the unique superparamagnetism property, exceptional optical properties
and good compatibilities, and could be used as immobilization matrix for goat anti-rabbit IgG. The mag-
netic nanoparticles can be easily immobilized on the surface of SPR biosensor chip by a magnetic pillar.
The effects of Fe304/SiO, and Fe304/Ag/SiO, nanoparticles on the sensitivity of SPR biosensors were
also investigated. As a result, the SPR biosensors based on Fe;04/SiO, nanoparticles and Fe;04/Ag/SiO,
nanoparticles exhibit a response for rabbit IgG in the concentration range of 1.25-20.00 pgml-! and
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0.30-20.00 pg ml~1, respectively.
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1. Introduction

Recently, magnetic nanoparticles as an immobilization matrix
have been increasingly applied to immobilizing proteins, enzymes,
and other bioactive agents in analytical biochemistry, medicine,
and biotechnology [1].In addition to their applications in the immo-
bilization of biomolecules, magnetic nanoparticles have found
many other applications such as bioseparation [2], drug delivery
[3,4], biosensors [5], DNA detection [6], and molecular interac-
tions in live cells [7]. Pure magnetic nanoparticles are likely to
form a large aggregation, have fewer activating group and be easily
oxidized or dissolved in an acid medium [8]. Therefore, a suit-
able coating on the surface of the pure magnetic nanoparticles
is essential to avoid such limitations, meanwhile improves the
physicochemical properties of the nanoparticles and maintains the
colloidal suspension stability within the biological environment.

Coating biocompatible layers and incorporating optically active
components onto magnetic nanoparticles surface have been widely
studied [9-12]. Core-shell nanoparticles have attracted consid-
erable attentions since the shells could offer protection to the
cores and introduce new properties to the hybrid structures [13].
Core/shell Fe304/Au/Ag nanoparticles have been synthesized and
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shown interesting optical properties in Au, Ag and magnetic prop-
erties in Fe304 [14]. Silica is an important shell-forming material
owning to its high chemical and thermal stabilities, large surface
areas and good compatibilities with other materials [15-17]. The
silica-coated magnetic nanoparticles not only offer improved sta-
bility but also help in binding the various biological ligands at the
nanoparticles surface [18,19].

Surface plasmon resonance (SPR) has been widely used as a
powerful analytical technique for the study of biomolecular inter-
actions [20]. Compared with other biosensor technologies, SPR
biosensor have the advantages of label free detection, small sam-
ple volume and performed in real time. These characteristics make
the SPR technique an easy, convenient and reliable one for study-
ing the molecular recognition [21]. The SPR sensor chip surface
is usually coated with sulfhydryl compounds to form a sensing
layer on the metal film substrate [22]. Then the receptor molecules
such as antibody could be covalently immobilized on the activated
surface. Effective immobilization of biomolecules on the sensor
surface is crucial in enhancing the sensitivity of SPR biosensor.
Magnetic nanoparticles have increasingly been used in the area of
bioscience recently [23,24]. The combined approach of magnetic
nanoparticles and IR spectroscopy was used to detect complex food
matrixes through spectroscopic fingerprinting and special selectiv-
ity due to antibody-antigen immunoreaction [25]. An impedance
biosensor was constructed using interdigitated array microelec-
trode coupled with magnetic nanoparticle-antibody conjugates
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Fig. 1. Schematic illustration of the formation of Fe304/SiO, (a) and Fe304/Ag/SiO, (b) magnetic nanoparticles.

[26]. A glucose biosensor was prepared with Fe304 nanoparticles
containing Prussian blue and glucose oxidase attracted to the sur-
face of solid paraffin carbon paste electrode [27]. The SPR biosensor
system with magnetic nanoparticles was also developed to detect
the interaction between antibody and antigen [28-30]. Compared
to traditional antibody immobilized on the sensing film, magnetic
nanoparticles is a very promising choice for immobilization of anti-
body and there is no covalent link between the Au film and the
antibody.

In this paper, core/shell Fe304/SiO, and Fe304/Ag/SiO, nanopar-
ticles were synthesized and applied in the SPR biosensor. The
aldehyde group functionalized Fe304/SiO; and Fe304/Ag/SiO;
nanoparticles provide organic functionality for bioconjugation.
Compared with traditional biosensor immobilized a self-assembled
monolayer on the surface of the Au film, silica-coated magnetite
nanoparticles have large surface areas and good compatibilities. So
they are ideal immobilization matrixes for biomolecules and more
beneficial to immobilization of antibody. Furthermore, because
Ag nanoparticles could amplify the signal of the SPR biosensor,
Fe304/Ag nanoparticles were prepared by reducing silver nitrate
on the surface of Fe304 nanoparticles using the reverse micelle
technology to enhance the sensitivity of the SPR biosensor [31].
Then silica was formed on the surface of Fe;O4/Ag nanoparti-
cles by the hydrolysis and condensation of tetraethyl orthosilicate
(TEOS) in the ethanol-ammonia mixture solution. Silica nanoparti-
cles have been effectively applied to the immobilization of various
biomolecules and proved to be excellent shell-forming mate-
rial in the fabrication of biosensors. Fe304/Ag/SiO, nanoparticles
have the characteristics of magnetic properties, good compat-
ibilities and can enhance the sensitivity of the biosensor in a
certain degree. The interactions of surface plasmon resonance of
Au substrate and the localized surface plasmon resonance (LSPR)
of the nanoparticles are expected to play crucial roles in the gen-
eration and manifestation of this enhancement. The core/shell
Fe304/SiO; and Fe304/Ag/SiO, magnetic nanoparticles could be
easily separated from liquid solution based on their superpara-
magnetic properties. When the aldehyde group functionalized
magnetic nanoparticles were applied in SPR biosensor by a mag-
netic pillar, the gluteraldehyde was used as the bridge to bind
the antibody and the magnetic nanoparticles. Then the antigen

interacts with the antibody immobilized on the surface of the
biosensor. The binding of protein-protein leads to changes in the
refractive index at the sensor surface, which results in the shifts of
resonant wavelength that can be easily measured by SPR biosen-
Sor.

2. Materials and methods
2.1. Reagents

Rabbit IgG, goat anti-rabbit IgG
were purchased from Beijing Boisynthesis
nology Company. 3-Mercaptopropionic acid (MPA),
1-ethyl-3-(3-dimethylaminopropyl)carbodiimide = (EDC) and
N-hydroxysuccinimide (NHS) were purchased from Jkchemi-
cal. Ferric chloride hexahydrate (FeCl3-6H,0), ferrous chloride
tetrahydrate (FeCl,-4H;0), sodium hydroxide, ammonia, tetraethyl
orthosilicate (TEOS), 3-aminopropyltrimethoxysilane (APTMS),
silver nitrate, gluteraldehyde, 2-propanol, Triton X-100, n-hexanol,
cyclohexane, ethanol, cetyltrimethylammonium bromide (CTAB)
and all other chemicals were of analytical reagent grade. All
solutions were prepared with deionized water. Rabbit IgG, goat
anti-rabbit IgG and human IgM were stored at —20°C. Sodium
phosphate buffered saline (PBS, 0.01 moll~!, pH 7.4) was used as
running buffer.

and human IgM
Biotech-

2.2. Equipment

The wavelength modulation SPR biosensor installed in our labo-
ratory was used [32]. It is working with Kretschmann configuration
to achieve the resonant condition by attenuated total reflection
(ATR) in a prism. A K9 glass slide was used and 2 nm adhesive
layer of Cr followed by a 50 nm layer of Au was deposited on the
glass slide. The glass slide with Au film was put on base of a prism
(K9 glass) using a suitable index matching oil (cedar oil) to mini-
mize reflective losses at the prism-substrate interface. A halogen
tungsten lamp is used as the excitation light source in conjunc-
tion with a constant voltage transformer. A charge-coupled device
(CCD) was used to collect the reflected light from the gold sub-
strate. Magnetic pillar was immobilized under the optical prism.
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Fig. 2. SEM images of Fe304 nanoparticles (a), Fe304/SiO, nanoparticles (b), Fe304/Ag nanoparticles (c), and Fe304/Ag/SiO, nanoparticles (d).

The diameter and height of the magnetic pillar are 25 and 12 mm,
respectively.

2.3. Procedures

2.3.1. Preparation of aldehyde group functionalized silica-coated
magnetite nanoparticles

Amino group functionalized silica-coated magnetite nanoparti-
cles were prepared according to the published procedure [33]. The
Fe3;04 nanoparticles were prepared by chemical coprecipitation
methods [34]. 2.6 g of FeCl3-6H,0, 1.0 g of FeCl,-4H,0 and 0.425 ml
of HCI (12 mol I~ 1) were dissolved in 12.5 ml deionized water to pre-
pared a stock solution at first. Then the stock solution was added
dropwise into 125 ml of NaOH (1.5 moll~!) solution under nitro-
gen gas protection and vigorous stirring at 80 °C. After the reaction,
the obtained Fe304 nanoparticles were isolated from the solution
using a permanent magnet and washed with deionized water four
times. The precipitate was dispersed in 100 ml deionized water.
The resulting in 0.724 ml of Fe304 magnetic nanoparticles solution
obtained was diluted with 24 ml of water followed by the addition
of 80 ml of 2-propanol, 20 ml of Triton X-100 and 2 ml of ammonia.
Then 120 pl of TEOS and 30 pl of APTMS were added into the mixed
solution under stirring for 3 h at room temperature. The magnetic
nanoparticles were isolated from the mixture using a permanent
magnet and washed with copious ethanol and water successively.

The amino group functionalized silica-coated magnetic
nanoparticles were immersed in 1.25% glutaraldehyde aqueous
solutions at room temperature under stirring for 1h. Then, the
modified magnetic nanoparticles were isolated using a permanent
magnetic field and washed with water. These nanoparticles were
dispersed in water and stored in 4 °C. The schematic illustration of
the preparation of Fe304/Si0O, magnetic nanoparticles is shown in
Fig. 1(a).

2.3.2. Preparation of aldehyde group functionalized
Fe304/Ag/SiO, nanoparticles

Fe304/Ag nanoparticles were synthesized by the reverse micelle
technology [31]. 0.4ml of Fe304 nanoparticles solution obtained
was mixed with 7.0ml of Triton X-100, 7.0 ml of n-hexanol and
37.5ml of cyclohexane under vigorous stirring. Then, 1ml of
0.10mol1-! AgNO3 was added. After 30 min, 1ml of 0.20mol 1!
NaBH4 was added into the solution. The mixture was stirred at room
temperature for 4 h. After the reaction, the black Fe304/Ag nanopar-
ticles were precipitated by adding excess acetone, and then isolated
from the mixture using a permanent magnet. The precipitate was
washed with ethanol and deionized water and then dispersed in
20 ml deionized water.

0.0145 g CTAB was added into the obtained Fe304/Ag nanoparti-
cles solution under vigorous stirring. Subsequently, 5 ml of ethanol
and 100 w1 of TEOS were added into the above solution succes-
sively. The solution was stirred at room temperature for 3 h. After
the reaction, the obtained Fe304/Ag/SiO, magnetite nanoparticles
were isolated using a permanent magnet and dispersed in 30 ml of
ethanol. Then 1 ml of ammonia and 100 .l of APTMS were added
into the obtained Fe30,4/Ag/SiO, magnetite nanoparticles solution
under vigorous stirring for 5 h at room temperature. The nanopar-
ticles modified with amino group were isolated from the mixture
using a permanent magnet and washed with copious ethanol and
water successively. The procedure of Fe304/Ag/SiO, nanoparticles
modified with aldehyde group was the same as the procedure
mentioned above. The prepared magnetic nanoparticles were dis-
persed in water and stored at —4 °C when they were not used. The
schematic illustration of the preparation of Fe304/Ag/SiO, mag-
netic nanoparticles is shown in Fig. 1(b).

2.3.3. Characterizations of the magnetic nanoparticles
The morphologies of Fe304, Fe304/SiO;, Fe304/Ag and
Fe304/Ag/SiO, nanoparticles were characterized by scanning elec-
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Fig. 3. TEM images of Fe304 nanoparticles (a), Fe304/SiO, nanoparticles (b), Fe304/Ag nanoparticles (c), and Fe;04/Ag/SiO, nanoparticles (d).

tronic microscopy (SEM) and transmission electronic microscopy
(TEM). The samples for SEM were obtained by immersing the Au
film into the sample solutions, which a magnetic pillar was under
for and then washing the Au film with water. The samples for
TEM were obtained by placing drops of each sample on a copper
grid. To confirm the structure of the magnetic nanoparticles, FTIR
spectra were recorded of samples in the 500-4000cm~"! region.
The magnetic nanoparticles were isolated from the solution using
a permanent magnet and then dried. The KBr compressed pellet
method was adopted for solid samples. The UV-vis absorption
spectra of the dispersions were measured by a UV-vis spectrome-
ter. The samples were diluted with deionized water and ultrasonic
treatment to make them homogeneously disperse in the solution
before they were measured.

2.3.4. Preparation of SPR biosensors based on the modified
magnetic nanoparticles

The glass slide with gold film was fixed to the flow cell on
a prism. Deionized water was first injected into the flow cell.
Then PBS was injected into the flow cell as the baseline solution.
The aldehyde group functionalized Fe304/SiO, and Fe304/Ag/SiO,
nanoparticles were isolated using a permanent magnet and redis-
persed in PBS buffer solution as they were used. After ultrasonic
treatment, the modified magnetic nanoparticles homogeneously
dispersed in the solution and then introduced into the flow cell
equipped with a magnetic pillar under the prism for 5 h. The mod-
ified magnetic nanoparticles can be immobilized on the Au film
by the magnetic pillar. After the modified magnetic nanoparticles
were immobilized on the Au film, 100 g ml~! goat anti-rabbit IgG
solution was injected into the flow cell to covalently attach to the
aldehyde-activated surfaces. After 12 h, PBS buffer wasinjected into
the flow cell to wash off non-covalently bound antibody and to sta-
bilize the baseline. PBS buffer is generally used as a solvent and

plays a role in dissolving and protecting the reagents. PBS buffer
could maintain the solution at a certain pH and a certain ions con-
centration, and keep the activity of the antibodies. Prior to the
analysis, 1 moll~! ethanolamine hydrochloride (pH 8.0) was used
to block the non-specific binding sites on the biosensor surface for
10 min. The magnetic pillar was immobilized under the prism on
the whole experiment process.

For comparison, the MPA self-assemble monolayer (SAM) was
also constructed. PBS buffer was used as the baseline solution, and
10mmolI-! MPA was injected into the flow cell. After 2h, car-
boxyl group of MPA was activated with NHS under the catalysis of
EDC for 20 min. Then 100 g ml~! goat anti-rabbit IgG solution was
injected. The next procedures were the same as those mentioned
above.

2.3.5. Immunoassay

At room temperature, different concentrations of rabbit IgG
diluted with PBS buffer were separately injected into the flow cell.
The interaction between rabbit IgG in the solution and the goat
anti-rabbit IgG immobilized on the SPR biosensor surface causes a
change in the refractive index that is observed as the shift of the SPR
resonant wavelength. Then PBS buffer was injected into the flow
cell. When the antigen was dissociated from the antibody immo-
bilized on biosensor surface, another sample was injected into the
flow cell.

Traditionally, chemical reagents such as acid, base, or salt with
high ion strength could be used to desorb antigens bound on a sen-
sor surface. However, strong acid or base solution would destroy
the activity of protein. Using of PBS buffer could overcome the prob-
lem. Due to a large amount of ions in the PBS buffer, the antigen
could be washed by impulsive injection of PBS buffer [35]. When
the concentration of rabbit IgG is low, the antigen is easy to be
removed. When the concentration is too high, the antigen cannot
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be removed completely. When the rabbit IgG was detected from
low concentration to high concentration, it has little effect on the
experimental results.

To examine the reliability of the assay, all determinations of the
experiments were conducted three times.

To evaluate the selective binding of rabbit IgG, human IgM and
BSA were determined by the same procedure.

3. Results and discussion
3.1. Preparation and characterization of magnetic nanoparticles

Fe3;04 nanoparticles were synthesized by co-precipitation of
aqueous Fe2*[Fe3* salt solutions with the addition of a base. The
morphologies of magnetite nanoparticles were characterized by
SEM and TEM. Fig. 2 provides the SEM images of the prepared Fe3Og4,
Fe304/Si0,, Fe304/Ag and Fe304/Ag/SiO, nanoparticles. Fig. 2(a)
shows the SEM image of Fe304 nanoparticles and it can be seen that
the nanoparticles were aggregative. Fig. 2(b)-(d) shows the SEM
images of Fe304/SiO,, Fe304/Ag and Fe304/Ag/SiO, nanoparticles,
respectively. It can be seen that the aggregation of the modified
magnetic nanoparticles was reduced significantly. Fig. 3 provides
the TEM images of the prepared Fe30y4, Fe304/SiO,, Fe304/Ag, and
Fe304/Ag/SiO, nanoparticles. Fig. 3(a) and (c) shows the TEM image
of Fe304 and Fe304/Ag nanoparticles and the average particle sizes
are about 10 nm and 13 nm, respectively. Fig. 3(b) and (d) shows
the TEM image of Fe304/SiO, and Fe30,4/Ag/SiO, nanoparticles and
the average particle sizes are about 16 nm and 19 nm, respectively.
Here the core-shell structures of Fe304/SiO, and Fe304/Ag/SiO;
nanoparticles are shown. The experimental results showed that the
surfaces of Fe304 and Fe304/Ag nanoparticles were fully covered
with SiO shell, and the thickness of layers were about 6 nm. Fe304
and Fe304/Ag nanoparticles are shown as dark dot and covered with
an asymmetric SiO; shell.

3.2. Optical properties of magnetite nanoparticles

The magnetic nanoparticles were characterized by FTIR spec-
trum and UV-vis absorption spectrometry. The FTIR spectra of
Fe304 nanoparticles, Fe304/SiO; nanoparticles and Fe304/Ag/SiO;
nanoparticles are shown in Fig. 4. FTIR is an appropriate tech-
nique to study the chemical adsorption or chemical interaction.
For the Fe304 nanoparticles, the characteristic absorption peak at
590cm~! is attributed to the Fe-O structure [36]. After SiO, is
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Fig. 4. FTIR spectra of Fe304 nanoparticles (a), Fe304/SiO, nanoparticles (b), and
Fe304/Ag/SiO, nanoparticles (c).
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Fig.5. UV-visible absorption spectra of Fe;04 nanoparticles (a), Fe304/Ag nanopar-
ticles (b), and Fe304/Ag/SiO, nanoparticles (c).

coated on the surface of Fe304 nanoparticles, the characteristic
absorption peak at 1095cm~! is attributed to the Si-O-Si struc-
ture [9]. These absorption wavenumbers indicated that SiO, was
successfully covered onto the surface of the Fe304 nanoparticles
and the Fe304/Ag nanoparticles.

The UV-vis absorption spectra of the magnetic Fe304 nanopar-
ticles, Fe304/Ag nanoparticles and Fe304/Ag/SiO, nanoparticles
are shown in Fig. 5. The absorption intensity of Fe304 spec-
trum decreases with the increase of the wavelength in the range
320-600nm and no obvious absorption peak is observed. When
silver was deposited on the surface of Fe304, nanoparticle, the
absorption peak maximum at around 400 nm, which is the charac-
teristic of Ag nanoparticles, appears [37]. This result confirms the
deposition of silver on the surface of Fe304 nanoparticles. After SiO,
is coated on the surface of Fe304/Ag nanoparticles, the red shifts of
the peak for Ag nanoparticles are observed. The peak maximum is
centered at 414 nm. The silica shell also affects the width of peak,
which is due to the confinement of the free electrons with the metal
core in the case of smaller particles. All these effects suggest that
the Fe304/Ag/SiO, nanoparticles have been formed.

The magnetic nanoparticles were repeatedly prepared several
times and the optical properties of the magnetite nanoparticles are
almost the same. So the reproducibility for preparing methods of
the magnetite nanoparticles is satisfactory.

3.3. Preparation of SPR biosensors based on magnetic
nanoparticles

Here, two types of SPR biosensors based on Fe304/SiO, nanopar-
ticles and Fe304/Ag/SiO, nanoparticles were prepared. The glass
slide with gold film connected to the prism with cedar oil, PBS buffer
solution was injected into the flow cell as the baseline solution.
Then the modified Fe304/SiO, nanoparticles and Fe304/Ag/SiO,
nanoparticles solutions were separately introduced into the flow
cell for preparation of the two types of biosensor. The shifts of
the resonant wavelength due to the modified magnetic nanopar-
ticles immobilized on the Au film were monitored in real time.
Because of the magnetic pillar under the prism, the modified mag-
netic nanoparticles can be immobilized on the Au film easily. The
maximum shifts of the resonant wavelength caused by forming this
sensing layer is 5.12 nm for Fe304/SiO, nanoparticles and 7.12 nm
for Fe304/Ag/SiO, nanoparticles. These indicated that the immobi-
lizations on the sensor films were formed. The immobilization of
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the magnetic nanoparticles on the Au film leads to changes in the
refractive index at the sensor surface, which results in the shifts of
resonant wavelength. The biosensor based on Fe30,4/SiO, nanopar-
ticles has two advantages compared with traditional biosensor.
First, the magnetic nanoparticles can be immobilized on the Au
film easily, which greatly simplifies the operation. Second, in con-
trast to traditional biosensor contained only one layer of receptor
molecules on the surface of the gold film, the modified magnetic
nanoparticles have larger surface areas, better compatibilities and
more numbers of receptor molecules, which are more beneficial
for the immobilization of antibody. In addition to the above advan-
tages, the biosensor based on Fe304/Ag/SiO, nanoparticles has
another advantage. Ag nanoparticles could be used to amplify the
signal of the SPR biosensor. The Fe30,4/Ag/SiO, magnetic nanopar-
ticles not only help in binding the biomolecules at the nanoparticle
surface but also offer high sensitivity.

3.4. Immobilization of goat anti-rabbit IgG

The SPR sensor chip surface is usually coated with sulfhydryl
compounds to form a sensing layer on the metal film substrate.
Then the antibody could be covalently immobilized on the acti-
vated surface. Here instead of functional with many different kinds
of reagents as the link, the antibody could be immobilized on the
Au film by magnetic nanoparticles. After the modified magnetic
nanoparticles were immobilized on the Au film, goat anti-rabbit
IgG at the concentration of 100 wg ml~! was injected into the flow
cell to perform its binding on the activated surface. Due to the
magnetic nanoparticles covered with aldehyde group, the antibody
was structured on the gold surface strongly. The terminal alde-
hyde group can be bound with the amine group of the antibody
to form Schiff bases easily. The activated biosensor surface effec-
tively connected with antibody through covalent attachment. The
kinetic adsorption curves of goat anti-rabbit IgG on the sensor sur-
face are shown in Fig. 6. After 12 h, PBS buffer was injected into
the flow cell. Then, 1 mol1-! ethanolamine hydrochloride (pH 8.0)
was used to block the non-specific binding sites on the biosensor
surface.

Fig. 6(a) shows the kinetic adsorption curves of goat anti-rabbit
IgG on the biosensor based on MPA-SAM layer. Fig. 6(b) and (c)
shows the kinetic adsorption curves of goat anti-rabbit IgG on
the sensor based on Fe304/SiO; and Fe304/Ag/SiO, nanoparticles,
respectively. It can be seen that the resonant wavelengths show
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Fig. 6. Kinetic adsorption curves of goat anti-rabbit IgG at the concentration of
100 pgml~'. (a) The sensor based on MPA-SAM layer, (b) the sensor based on
Fe;04/SiO;, nanoparticles, and (c) the sensor based on Fe304/Ag/SiO, nanoparticles.
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Fig. 7. The relationship between the concentration of rabbit IgG and the shifts in
the resonant wavelength. (a) The sensor based on MPA-SAM layer, (b) the sen-
sor based on Fe304/Si0O, nanoparticles, and (c) the sensor based on Fe;04/Ag/SiO;
nanoparticles.

evident shift at first and then change slowly with the time increas-
ing. The results indicated that the terminal aldehyde group of
gluteraldehyde has a strong response to antibody and the anti-
body could be immobilized steadily on the biosensor surface. The
covalent attachment between the amine group and the aldehyde
group is a good stratagem for the immobilization of antibody. It
can be seen from Fig. 6 that the maximum resonant wavelength
shift for immobilization of goat anti-rabbit IgG on the surface
of MPA, Fe304/SiO, and Fe304/Ag/SiO, nanoparticles are 13.22,
13.73 nm and 16.77 nm, respectively. After 12 h, the maximum res-
onant wavelength shift for immobilization of goat anti-rabbit IgG
on the surface of MPA, Fe304/SiO, and Fe30,4/Ag/SiO, nanoparticles
are 16.78 nm, 17.80 nm and 21.45 nm, respectively. After PBS buffer
was injected into the flow cell, the maximum resonant wavelength
shift for immobilization of goat anti-rabbit IgG on the surface of
MPA, Fe304/SiO, and Fe304/Ag/SiO, nanoparticles are 15.25nm,
16.78 nm and 20.43 nm, respectively. Due to a large amount of
ions in the PBS buffer, PBS buffer could be used to wash the non-
specific binding of antibodies on the sensor surface. When PBS was
continuously injected into the flow cell, for a certain time, the non-
specific binding of antibodies will be washed [35]. Compared with
the biosensors based on MPA-SAM layer and Fe304/SiO, nanopar-
ticles, when the biosensor based on Fe;04/Ag/SiO, nanoparticles
was used, the maximum resonant wavelength shift has a modest
increase.

3.5. Determination of rabbit IgG

At room temperature, after goat anti-rabbit IgG was immobi-
lized on the biosensor surface, rabbit IgG at different concentrations
was separately injected into the flow cell. The shifts of resonant
wavelength due to antibody-antigen immunoreaction were mea-
sured. The SPR response of rabbit IgG adsorption can be monitored
in real time. Fig. 7 shows the relationship between the shifts in
the resonant wavelength and the concentrations of rabbit IgG.
It can be seen that the SPR biosensor based on MPA-SAM layer
shows a response to rabbit IgG in the concentration range of
2.50-20.00 pg ml~'. The minimum shift of resonant wavelength is
0.51 nm at 2.50 pg ml~! and the maximum shift of resonant wave-
length is 2.54nm at 20.00 g ml~1. The SPR biosensor based on
Fe304/Si0O, nanoparticles shows a response to rabbit IgG in the
concentration range of 1.25-20.00 wg ml~!. The minimum shift of
resonant wavelength is 0.51 nm at 1.25 pg ml~! and the maximum
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shift of resonant wavelength is 4.06 nm at 20.00 wg ml~!. The SPR
biosensor based on Fe30,4/Ag/SiO, nanoparticles shows a response
to rabbit IgG in the concentration range of 0.30-20.00 g ml~1. The
minimum shift of resonant wavelength is 0.51 nm at 0.30 wgml-!
and the maximum shift of resonant wavelength is 5.60nm at
20.00 pgml-1,

The detection of molecular interactions on a functionalized
surface is achieved by monitoring the changes of the film thick-
ness and the refractive index due to biomolecular binding. When
Fe304/SiO; and Fe304/Ag/SiO, nanoparticles were applied in the
SPR biosensor, the thickness of the sensing membrane increased
and the resonant wavelength moved to longer wavelength. In
Fe304/Ag/SiO, nanoparticles, the interaction between the LSPR of
the Ag with the propagating plasmon in the Au film might lead
to large changes in SPR reflectivity through strong optical cou-
pling between the film and particle, which further enhanced the
shift of resonant wavelength. These two factors result in the sensi-
tivity enhancement of the wavelength-modulation SPR biosensor.
The proposed biosensors extended the application of magnetic
nanoparticles in immunoassay.

The evaluation of the non-specific binding interaction was per-
formed by detecting human IgM and BSA. After the goat anti-rabbit
IgG was immobilized on the surface of the biosensor, human
IgM and BSA at the concentration of 10 wgml~—! were separately
injected into the flow cell for 30 min. There were no observable
shifts of the resonant wavelength, which indicated the selective
binding of rabbit IgG.

4. Conclusion

The detection of rabbit IgG with the wavelength modulation SPR
biosensors based on aldehyde group functionalized Fe304/SiO, and
Fe30,4/Ag/SiO, magnetic nanoparticles were presented. The shapes
and the average sizes of the magnetic nanoparticles were measured
by SEM and TEM. The magnetic nanoparticles could be immobilized
on the surface of SPR biosensor chip by a magnetic pillar and then
offer the opportunities for effectively connect with antibody. The
biosensor based on Fe304/SiO, nanoparticles exhibits a response in
the concentration range of 1.25-20.00 wg ml~! and the biosensor
based on Fe304/Ag/SiO, nanoparticles exhibits a response in the
concentration range of 0.30-20.00 pg ml—1.
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