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Magnetic nanoparticles (MNPs) have been receiving increasing attention because of its great potentials
in bioseparation. However, the separation products are difficult to be detected by general method due
to their extremely small size. Here, we demonstrate that MNPs can greatly enhance the signal of surface
plasmon resonance spectroscopy (SPR). Features of MNPs–aptamer conjugates as a powerful amplifi-
cation reagent for ultrasensitive immunoassay are reported in this work for the first time. In order to
evaluate the sensing ability of MNPs–aptamer conjugates as an amplification reagent, a sandwich SPR
agnetic nanoparticles
urface plasmon resonance
andwich bio-assay

sensor is constructed by using thrombin as model analyte. Thrombin, captured by immobilized anti-
thrombin aptamer on SPR gold film, is sensitively detected by SPR spectroscopy with a lowest detection
limit of 0.017 nM after MNPs–aptamer conjugates is used as amplification reagent. At the same time,
the excellent selectivity of the present biosensor is also confirmed by using three kinds of proteins (BSA,
human IgM and human IgE) as controls. These results confirm that MNPs is a powerful sandwich ele-
ment and an excellent amplification reagent for SPR based sandwich immunoassay and SPR has a great

n of M
potential for the detectio

. Introduction

Biosensors based on surface plasmon resonance (SPR) spec-
roscopy have attracted tremendous interest in the past decade,
oth from a fundamental-physics perspective and as highly sen-
itive devices for biological studies [1,2], health science research
3–5], drug discovery [6,7], clinical diagnosis [8,9], and environ-

ental and agricultural monitoring [10]. SPR allows the qualitative
nd quantitative measurements of biomolecular interactions in
apid and real-time environment without requiring a labeling
rocedure [11]. Furthermore, the kinetic data including the equi-

ibrium constant, the association and dissociation parameters
etween biomolecules can also be obtained by simulating SPR
inetic curves [12]. Due to these advantages, the biosensor for
etecting different kinds of biomolecules including microorgan-

sms [13,14], toxins [15,16], proteins [17,18] and nucleotides
19] had been successfully constructed by SPR spectroscopy.
lthough these SPR biosensors are selective and can detect large
iomolecules, compared with the traditional means, there are still
ome shortcomings in testing costs, background interference and

ensitivity, particularly for the detection of target with very low
oncentration in real samples.

The emergence of nanotechnology provides an opportunity to
ncrease the sensitivity of SPR for the detection of trace target

∗ Corresponding author. Tel.: +1 508 831 5275; fax: +1 508 831 5936.
E-mail address: szhou@wpi.edu (H.S. Zhou).

039-9140/$ – see front matter. Published by Elsevier B.V.
oi:10.1016/j.talanta.2011.02.020
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Published by Elsevier B.V.

molecules, among which metal nanoparticle labels with unique
optical and electrical properties offer an excellent amplification
effect [20]. During the past few years, numerous ultrasensitive SPR
biosensors [21–23] had been constructed by combing the ampli-
fication effect of Au nanoparticles (Au NPs). Au NPs-conjugated
systems have been investigated as a remedy for the detection
limit of, or as a feasible enhancement method for SPR signals. Sig-
nal enhancements of biomolecule have been achieved successfully
by using Au NPs-biomolecules conjugates either as the amplifica-
tion reagent of sandwich immunoassay or the competitive reagent
of indirect competitive inhibition assay [24,25]. The reasons for
enhancement are attributed to the higher molecular weight of Au
NPs conjugates and the electronic coupling interaction between
the Au NPs and the surface plasmon wave associated with the SPR
gold film [26,27]. Besides Au NPs, the amplification effect of NPs
including SiO2 NPs [28], Pd NPs [29] and Pt NPs [30] had also been
demonstrated for SPR spectroscopy.

More recently, magnetic nanoparticles (MNPs) have been
receiving increased attention [31]. As one of the most impor-
tant nanomaterials in bioanalysis and bioseparation, MNPs have
been widely applied in the immobilization and purification of
biomolecules due to their larger surface areas which may provide a
high density of biomolecule immobilization, and their magnetism

which allow targets in clinical samples to be directly captured, eas-
ily separated and even concentrated by MNPs [32–37]. However,
most of these reports were focused on employing MNPs as spe-
cial biomolecule immobilizing carriers; the amplification effect of
MNPs or using MNPs as labels for enhancing biodetection is sel-
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om studied, especially in SPR based bioassay. Considering the high
efractive index and the high molecular weight of MNPs [38], it is
ossible to design excellent SPR biosensor by using MNPs as an
mplification reagent. Compared with Au NPs, MNPs with con-
rollable size could be easily prepared by the co-precipitation of
e2+/Fe3+ or the hydrothermal decomposition of Fe salts [39–42],
hich will be economical because of the low cost of Fe salts. Impor-

antly, MNPs can enrich and separate biomolecules from complex
ample, which could greatly reduce the background interference of
nknown compound in SPR bioassay. Therefore, once the ampli-
cation effect of MNPs for SPR spectroscopy is demonstrated, a
ost-effective, low-interference and sensitive SPR biosensor will be
xpected. Furthermore, the characters of MNPs both as the ampli-
cation reagent of SPR spectroscopy and the separation carrier
f biomolecules could also provide an opportunity to construct
he integrated device of MNPs-based-separation and SPR-based-
etection.

So far there has been little research reported on the SPR
esponse of MNPs and most of them focus on utilizing commer-
ial strepavidin-conjugated MNPs for signal amplification [43,44].
lthough a strong SPR response is observed, biotin is necessary to
e attached on SPR substrate surface for the further binding of
trepavidin-conjugated MNPs, which limits the extensive appli-
ation of MNPs in the SPR field. To further understand the SPR
esponse of MNPs and extend the application of SPR in detect-
ng MNPs labeled biomolecules and their separation product, here,

e strongly focus on studying the SPR response of the carboxyl
roup modified Fe3O4 MNPs because the carboxyl groups on Fe3O4
NPs allow the MNPs to be easily functionalized by all kinds of

iomolecules, which will provide a great potential for the extensive
pplications of Fe3O4 MNPs in SPR based biodetection.

. Materials and methods

.1. Materials

2-Mercaptoethyamine, ethanolamine, 6-mercaptohexan-1-ol
MCH), albumin from bovine serum (BSA), FeO(OH), oleic acid,
hrombin, N-hydroxysuccinimide (NHS), 1-octadecene, acetone,
hloroform, 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide
ydrochloride (EDC), poly(maleic anhydride-alt-1-octadecene)
molecular weight: 30,000–50,000) and 2-(2-aminoethoxy)-
thanol were purchased from Sigma and used as received. Sodium
ydrogen phosphate heptahydrate, potassium dihydrogen phos-
hate, sodium borate and sodium chloride were ordered from Alfa
esar. Human immunoglobulin M (IgM) and human immunoglob-
lin E (IgE) were ordered from Thermo Scientific (USA). The
′-thiol or amino-modified aptamers of thrombin were obtained
rom Integrated DNA Technologies (IDT). The sequences were
′-SH-C6-GGT TGG TGT GGT TGG-3′ and 5′-NH2-C6-GGT TGG TGT
GT TGG-3′. The aptamer solutions were prepared by dissolving
ptamer in 50 mM pH 8.0 Tris–HCl buffer including 138 mM NaCl
nd 5 mM MgCl2. Protein solutions were prepared by dissolving
ifferent proteins in pH 7.4 PBS (10 mM). All glassware used in
he experiment was cleaned in a bath of freshly prepared 3:1
Cl:HNO3 (aqua regia) and rinsed thoroughly in H2O prior to use

caution: aqua regia solution is dangerous and should be handled
ith care).

.2. The synthesis and label of monodispersed, soluble Fe3O4

NPs

Monodispersed Fe3O4 MNPs was synthesized by the pyrolysis
f iron carboxylate in organic phase [45]. In brief, a mixture of
eO(OH), oleic acid and 1-octadecene was refluxed at 320 ◦C for
4 (2011) 783–788

1 h under nitrogen atmosphere. The resulting MNPs were precip-
itated with acetone and collected by centrifugation at 4000 × g.
After that, Fe3O4 MNPs were further purified by repeated extrac-
tion of the precipitate with CHCl3/acetone (1:10) until a powder
of Fe3O4 MNPs was obtained. Fe3O4 MNPs was transferred to PBS
solution according to Yu’s work with minor modifications [46]. Car-
boxy group modified amphiphilic polymers was firstly prepared
by mixing poly(maleic anhydride-alt-1-octadecene) with 2-(2-
aminoethoxy)-ethanol (molar ratio 1:120) in chloroform overnight.
Then, the monodispersed Fe3O4 MNPs (purified and dispersed
in chloroform) was dispersed in the carboxy group modified
amphiphilic polymers solution and stirred overnight at room tem-
perature (molar ratio of Fe3O4/polymer was 1:10). After that, PBS
buffer (pH 8.0, 10 mM) was added to the chloroform solution of
the complexes with at least a 1/1 volume ratio; chloroform was
then gradually removed by rotary evaporation at 35 ◦C and water-
soluble carboxy group modified Fe3O4 MNPs was obtained in clear
and dark-purple solution. This transfer process had a 100% effi-
ciency, and no residue was observed. The original concentration of
soluble Fe3O4 MNPs analyzed by atomic absorption spectroscopy
was 301.4 nM, which will be used to prepare other concentration
Fe3O4 MNPs solution by dilution.

To prepare aptamer–Fe3O4 MNPs conjugates, the monodis-
persed, soluble Fe3O4 MNPs were diluted into pH 8.0 PBS buffer
with a final concentration of 3 nM, and then, 1 mg EDC and 1 mg
NHS dissolved in 5 ml sodium borate (10 mM, pH 5.5) were mixed
with 5 ml Fe3O4 MNPs solution (3 nM) under stirring for 0.5 h to
activate the carboxyl group on the surface of Fe3O4 MNPs. After that,
250 �l 35 �M amino-modified anti-thrombin aptamer was added
and they are allowed to react for 2 h to immobilize aptamer on the
surface of Fe3O4 MNPs. After that, 1 M ethanolamine was added
for 1 h to block the unreacted carboxyl groups. Then, this solution
was centrifuged at 14,000 × g at room temperature for 25 min twice
to remove the free amino-aptamer. At last, the Fe3O4 MNPs was
dispersed in 5 ml pH 8.0 PBS buffer and stored at 4 ◦C.

2.3. In situ SPR measurement

The SPR experiments were done using Eco Chemie Autolab SPR
systems [47,48]. It works with a laser diode fixed at a wave-length of
670 nm, using a vibrating mirror to modulate the angle of incidence
of the p-polarized light beam on the SPR substrate. The instru-
ment was equipped with a cuvette. Gold sensor disk (25 mm in
diameter) was mounted on the hemicylindrical lens (with index-
matching oil) to form the base of the cuvette. The cuvette could
contain sample with adjustable volume from 10 �l to 1000 �l. An
O-ring (3 mm inner diameter) between the cuvette and disk pre-
vents leakage. An auto-sampler (Eco Chemie) with controllable
aspirating–dispensing–mixing pipette was used to add samples
into the cuvette and provide constant mixture by aspiration and
dispensing during measurements. This experimental arrangement
maintains a homogenous solution and reproducible hydrodynamic
conditions. The inject rate and mixing rate for all samples were
10 �l/s and 40 �l/s, respectively, with the total volume for all sam-
ples dispensed in SPR cell equal to 40 �l. This setup allows us to
measure the SPR angle shift in millidegrees (m◦) as a response unit
to quantify the binding amount of macromolecules to the sensor
surface.

For detailed experiment, the SPR gold film was initially
immersed into the thiol-thrombin aptamer solution for 12 h in
order to assemble the monolayer of aptamer by the interaction

between Au and thiol group in aptamer. Then the aptamer modified
gold film was thoroughly rinsed with 10 mM PBS buffer and water
to remove the weakly adsorbed aptamer. Aptamer modified SPR
gold film was further immersed in 100 �M 6-mercapto-hexanol
for 1 h to block the uncovered gold surface. This gold film was
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mercaptoethyamine (MEA) modified SPR gold film. The thiol group
in MEA binds to the Au surface, leaving the amine group free to bind
with carboxyl group in soluble Fe3O4 MNPs by electrostatic inter-
action. Fig. 2 illustrates the changes that occur in the SPR angle
shift as a function of the concentration for 10.46 nm Fe3O4 MNPs. It
Fig. 1. (A) TEM images of the prepared Fe3O4 MNPs and (B) their size distribu

sed as a sensing surface to detect different concentrations of
hrombin by injecting 40 �l thrombin into cell for 10 min. Then the
ptamer–Fe3O4 MNPs conjugates was added to the SPR cell and
eact them for 10 min, the unbound aptamer–Fe3O4 MNPs conju-
ates was removed by flow of buffer solution. In order to reduce
he disturbance of protein denaturation resulted from the regener-
ting process for the detecting results, we change a new substrate
fter each detection. The modification of each of gold substrate is
arried out under the same experimental condition.

. Results and discussion

The essential prerequisite of this study is to synthesize sol-
ble, monodispersed and stable Fe3O4. Although soluble Fe3O4
NPs could be easily synthesized by co-precipitation of aqueous

e2+/Fe3+ salt solutions with the addition of a base under inert
tmosphere at room temperature or at elevated temperature, the
ize of the MNPs is not very uniform [39,40]. Furthermore, the pre-
ared Fe3O4 MNPs are also easy to aggregate. Fortunately, some
eferences had demonstrated that monodispersed Fe3O4 MNPs
ith controlled size could be synthesized through thermal decom-
osition of ion compounds in high-boiling organic solvents [41,42].
he prepared Fe3O4 MNPs shows a high stability in organic phase
ue to the protection of oleic acid bound on Fe3O4 MNPs surface.

nspired by this kind of synthesis method, here, we synthesize the
onodispersed Fe3O4 MNPs by the pyrolysis of iron carboxylate

n 1-octadecene with oleic acid as protection. Fig. 1A provides the
EM images of the prepared Fe3O4 MNPs. It clearly shows the
repared Fe3O4 MNPs are spherical. The average size of Fe3O4
NPs derived from their size distribution (shown in Fig. 1B) are
10.46 nm (n = 300 particles). Importantly, Fe3O4 MNPs’ size dis-

ributions are narrow, which indicates the prepared Fe3O4 MNPs
s monodispersed. To extend the application of these high-quality
e3O4 MNPs in bioanalysis, it is necessary to transfer these Fe3O4

NPs from organic phase to water phase. Numerous references had

emonstrated that amphiphilic polymer is one of the best phase
ransference reagents because the amphiphilic polymers not only
nables the phase transfer of the nanoparticles from organic sol-
ents to aqueous solution, but also serves as a versatile platform for
C) The optical picture of Fe3O4 MNPs before and after the phase transference.

chemical modification and bioconjugation of biomolecules [49,50].
Therefore, poly(maleic anhydride-alt-1-octadecene) after partial
acid hydrolysis of 2-(2-aminoethoxy)-ethanol is used as the phase
transference reagent to produce soluble carboxyl groups modified
Fe3O4 MNPs. Fig. 1C shows the optical picture of Fe3O4 MNPs before
and after the phase transference. The pictures clearly show Fe3O4
MNPs possess good stability both in chloroform and water solution.
The possible reason comes from the large hydrodynamic size of the
polymer coated on Fe3O4 MNPs, which inhibit the aggregation of
Fe3O4 MNPs. These results demonstrate the prepared Fe3O4 MNPs
possesses a narrow size distribution and a high stability both in
organic and water phase, which are all beneficial for the acquisition
of accurate and repeated SPR analytical results.

After the high quality Fe3O4 MNPs was obtained, the con-
centration dependent effect of Fe3O4 MNPs for SPR was first
observed by assembling different concentrations Fe3O4 MNPs on 2-
Fig. 2. Variation of SPR angle–time curves with the concentration of Fe3O4 MNPs.
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ig. 3. (A) SPR angle–time curves for in situ observing the adsorption of Au NPs (a)
are SPR Au film, Au NPs modified SPR Au film and Fe3O4 MNPs modified SPR Au fi

ould be easily observed that the SPR angle shifts gradually increase
ith the increase of Fe3O4 MNPs concentration. After analyzing

he change of SPR angle shift with the concentrations of Fe3O4
NPs (Shown in the insert in Fig. 2), a linear relation is derived

ver a range of 0.01–1.5 nM with a correlation factor of 0.9884. The
egression equation is M = 0.805 + 616.24 × N (here, N is the con-
entration of Fe3O4 MNPs and M is the SPR angle shift). Besides
hat, the saturation adsorption trend could also be observed from
he insert in Fig. 2. When the concentration of Fe3O4 MNPs is lower
han 1.5 nM, the SPR angle shift linearly increased with the increase
f Fe3O4 MNPs concentration. However, the increase trend of SPR
ngle shift becomes very small when the concentration of Fe3O4
NPs is increased from 1.5 nM to 3 nM. It indicates a saturation

dsorption of Fe3O4 MNPs will be approached when the concen-
ration of Fe3O4 MNPs is higher than 1.5 nM. Therefore, 3 nM Fe3O4

NPs solution is used in the following experiment to obtain a rapid
nd sensitive SPR response. It should be pointed out that the SPR
ngle shift resulted from the adsorption of Fe3O4 MNPs is much
igher than that of the value resulted from the adsorption of most
iomolecules under the same concentration [10,51]. The reason
ainly comes from the high refractive index of Fe3O4 MNPs [38].

t is well known that materials with higher refractive index could
esult in a bigger SPR angle shift. Another reason could be attributed
o the high molecular weight of Fe3O4 both from Fe3O4 self and the
olymer coated on its surface. Obviously, higher mass change will
lso result in a bigger SPR response. These results demonstrate the
dsorption of Fe3O4 MNPs on SPR gold film could result in a great
PR angle shift.

Because the Au NPs has been more accepted as the amplifica-
ion reagent of SPR spectroscopy, it is necessary to compare the SPR
esponse of Fe3O4 MNPs with Au NPs. For this purpose, 3 nM Au
Ps with ∼13.5 nm diameter and 3 nM Fe3O4 MNPs are adsorbed
nto MEA modified SPR gold film at the same experimental con-
ition, respectively. Two kinds of monitor modes, SPR angle–time
inetics curve and SPR angle–reflectivity curve, are used to observe
he binding of two kinds of NPs onto SPR gold film. The results are
hown in Fig. 3. Fig. 3A shows the SPR angle–time kinetics curves,
hich clearly indicates that the binding of Fe3O4 MNPs result in the

PR angle shift of ∼1040 m◦ (curve b in Fig. 3A). This angle shift is a

ittle lower than that of value (∼1199 m◦) resulted in the adsorption
f Au NPs (curve a in Fig. 3A). However, a very interesting phe-
omenon is found when the SPR angle–reflectivity curve is used to
ompare the SPR responses of Fe3O4 MNPs with Au NPs. As shown
e3O4 MNPs (b) on MEA modified SPR gold film. (B) SPR angle–reflectivity curves of

in Fig. 3B, the adsorption of Au NPs on SPR gold film results in a
big angle shift of SPR resonance angle and an obvious decrease of
the depth of the SPR spectrum. The big angle shift of SPR resonance
angle can be explained by the strong electronic coupling interac-
tion between the localized surface plasmon of the Au nanoparticles
and the surface plasmon wave associated with the SPR gold film.
The decrease of the depth of the SPR spectrum could be attributed
to the optical loss resulted in the scattering effect of dense Au NPs.
These results agree well with the previous report. Compared with
the adsorption of Au NPs, the SPR angle–reflectivity curve resulted
from the adsorption of Fe3O4 MNPs is clearly different. The simi-
lar SPR angle shift demonstrates the SPR response of Fe3O4 MNPs
could be comparable with the SPR response of Au NPs. Importantly,
the depth of the SPR spectrum is almost the same before and after
Fe3O4 MNPs is adsorbed, which indicates the optical loss resulted
in the adsorption of Fe3O4 MNPs is very small. The possible rea-
son is that the polymer coated on Fe3O4 MNPs greatly decrease
the conductivity of MNPs because the polymer is highly isolated.
Therefore, compared with bare metal NPs, the imaginary part of
polymer-coated-MNPs will be very small, which result in a low
optical loss. Obviously, the big SPR angle and low optical loss of
MNPs are beneficial to increase the high sensitivity of SPR-based
biosensor.

To further demonstrate the amplification effect of Fe3O4 MNPs
and their potential application in SPR sensing, a SPR based ultra-
sensitive sandwich assay is constructed by using thrombin as the
model analyte, which is one of the important component in blood.
The principle of SPR biosensor for the detection of thrombin is
shown in Fig. 4. Anti-thrombin aptamer is first immobilized on
SPR gold film as sensing surface, followed by injection of thrombin
into SPR cell for 10 min, and aptamer–Fe3O4 MNPs conjugates as
amplification reagent to enhance the SPR signal for the detection
of thrombin. Different from the general sandwich immunoassay
that requires secondary antibody labeled by enzyme or nanoparti-
cles for amplification and detection of protein, here, the application
of aptamer–Fe3O4 MNPs conjugates as amplification reagent will
show more advantages, such as long-term storage and reversible
thermodynamic denaturation because both aptamer and Fe3O4
MNPs possess high stability. Although the amplification effect

resulted by Au NPs–aptamer conjugates is also very good, one
inevitable disadvantages coming from Au self is that their testing
cost is very high. Compared with Au NPs, Fe3O4 MNPs is cost-
effective. Furthermore, considering the simplicity of the labeling
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ig. 4. A schematic representation of the SPR sandwich immunoassay for the detec

rocedure of Fe3O4 MNPs over radioisotopic [52], fluorescence
53] and enzyme [54] labels, it is promising that the application
f aptamer–Fe3O4 MNPs conjugates in SPR field will combine the
dvantages of immunoassay, aptamer technique, and nanomaterial
or increasing the sensitivity of detection, decreasing the testing

ost, and extending the type of sandwich immunoassay.

Fig. 5 shows the in situ SPR curves for the detection of throm-
in. It could be clearly seen from the phase a in Fig. 5 that the SPR
ngle shifts gradually increase with the concentration of throm-
in concentration increasing from 27 to 2700 nM. However, when

ig. 5. Representative overlaid sensorgrams illustrating the real-time immunoas-
ay of thrombin at different concentrations (0, 0.27, 2.7, 27, 270, 2700 nM, from
ottom to top). Arrows indicate phases of (a) the binding curves of different con-
entrations thrombin on aptamer modified SPR gold film, (b) after aptamer–Fe3O4

NPs conjugates enhancement. Insert: the relation of SPR angle shift with different
oncentrations thrombin. The error bars represent average standard errors for three
easurements.
f thrombin that utilizes aptamer–Fe3O4 MNPs conjugates as amplification reagent.

the concentration of thrombin concentration is lower than 27 nM,
it is very difficult to discriminate the concentration of throm-
bin concentration by SPR spectroscopy. Obviously, this detection
limit is not enough for the detection of thrombin due to the trace
amount of thrombin in serum. Thus, we try to amplify the detecting
signal of the aforesaid thrombin sensor by using aptamer–Fe3O4
MNPs conjugates as an amplification reagent. The availability of
this sandwich amplification is based on the fact that there are two
binding sites between thrombin and its aptamer. The amplifica-
tion results of aptamer–Fe3O4 MNPs conjugates for SPR signal are
shown in phase b in Fig. 5. The figure shows that SPR angle shifts
resulted in the binding of aptamer–Fe3O4 MNPs conjugates greatly
increase with the thrombin concentration, which enables us to
detect the trace thrombin. By analyzing the change of SPR angle
shift resulted by the adsorption of aptamer–Fe3O4 MNPs conjugates
with the concentrations of thrombin, a linear relationship between
the logarithms of thrombin concentrations and the SPR angle shift
over a range of 0.27–27 nM with a correlation factor of 0.998 is
deduced (shown in the insert in Fig. 5). The regression equation is
Y = 125.99 + 71.33 × X (here, X is the logarithmic concentration of
thrombin (nM) and Y is the SPR angle shift) and the lowest detec-
tion limit of this sensor system was 0.017 nM. This detection result
is comparable with most other aptasensors [55–58]. Besides sensi-
tivity, the specificity of aptamer promises the selectivity of present
SPR sensor for thrombin. Three kinds of proteins (BSA, human IgM
and human IgE) are chosen as controls to compare their SPR signal
change with that of thrombin. The results are shown in Fig. 6. The
red columns in Fig. 6 are the SPR angle shift resulted by the adsorp-
tion of different proteins on anti-thrombin aptamer-modified SPR
gold film. From these columns, we could easily see the adsorption of

BSA, human IgM and human IgE are all very small. By contrast, the
adsorption of 100 �g/ml thrombin results in a 118.6 m◦ of SPR angle
shift. The green columns in Fig. 6 are the SPR angle shift resulted
by the adsorption of aptamer–Fe3O4 MNPs conjugates at different
proteins modified SPR gold film. Clearly, the amplification effect of
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Fig. 6. Specificity analysis of the fabricated SPR biosensor. SPR angle shift resulted
by the adsorption of different proteins on anti-thrombin aptamer modified SPR gold
film (red columns); SPR angle shift resulted by the adsorption of different proteins
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nhancement (green columns). The error bars represent average standard errors for
hree measurements. (For interpretation of the references to color in this figure
egend, the reader is referred to the web version of the article.)

ptamer–Fe3O4 MNPs conjugates for thrombin is much stronger
han for the three control proteins. These results confirm that the
resent biosensor has a sufficient specificity and thrombin can be

dentified with high selectivity.

. Conclusions

In summary, the monodispersed, carboxyl group modified
e3O4 MNPs have been synthesized, and their SPR response onto
mino group modified SPR gold substrate has been studied. The
esults show the monolayer adsorption of Fe3O4 MNPs could result
n a big SPR signal change with a low optical loss, which provides

new direction to design ultrasensitive sandwich assay by using
e3O4 MNPs as the amplification reagent. To evaluate the practica-
ility of using Fe3O4 MNPs in enhancing SPR signal for biosensing,
hrombin is used as the model analyte to construct SPR-based sand-
ich biosensor. The experimental results demonstrate that the

ddition of anti-thrombin aptamer–Fe3O4 MNPs conjugates greatly
nhances the sensitivity of SPR sensor for the detection of throm-
in with a high selectivity. Importantly, by changing the kind of
iomolecules labeled by MNPs, the present detection method will
e easy to extend to detect other biomolecules. At the same time,
ue to the importance of MNPs in bioseparation, the application
f MNPs in SPR spectroscopy will provide linkage to fabricating
ntegrated device of rapid separation and in situ detection.
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