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a b s t r a c t

Rapid and sensitive methodologies for the detection of protein are in urgent requirement for clinic di-
agnostics. Localized surface plasmon resonance (LSPR) of metal nanostructures has the potential to
circumvent this problem due to its sensitive optical properties and strong electromagnetic near-field
enhancements. In this work, an enzyme mediated plasmonic biosensor on the basis of a dual-functional
nanohybrid was developed for the detection of thrombin. By utilizing LSPR-responsive nanohybrid and
anaptamer-enzyme conjugated reporting probe, the sensing platform brings enhanced signal, stability as
well as simplicity. Enzymatic reaction catalyzed the reduction of Au3þ to Au° in situ, further leading to
the rapid crystal growth of gold nanoparticles (AuNPs). The LSPR absorbance band and color changed
company with the nanoparticle generation, which can be real-time monitoring by UV–visible spectro-
photometer and naked eye. Nanohybrid constructed by gold and magnetic nanoparticles acts as a dual
functional plasmonic unit, which not only plays the role of signal production, but also endows the sensor
with the function of magnetic separation. Simultaneously, the introduction of enzyme effectively reg-
ulates the programming crystal growth of AuNPs. In addition, enzyme also serves as signal amplifier
owing to its high catalysis efficiency. The response of the plasmonic sensor varies linearly with the
logarithmic thrombin concentration up to 10 nM with a limit of detection of 200 pM. The as-proposed
strategy shows good analytical performance for thrombin determination. This simple, disposable method
is promising in developing universal platforms for protein monitoring, drug discovery and point-of-care
diagnostics.

& 2015 Elsevier B.V. All rights reserved.
1. Introduction

Development of sensitive and rapid methods for detection of
proteins is in urgent requirement for medical diagnostics and
therapeutics. (Jans and Huo, 2012; Song et al., 2010; Whitcombe
et al., 2011; Deng et al., 2014; Wang et al., 2014) Various strategies,
including electrochemical analyses, (Nie et al., 2009) enzyme-
linked immunosorbent assay (ELISA), (Fredriksson et al., 2002)
PAGE, (Vallejo‐Illarramendi et al., 2013) have been demonstrated
for detecting different kinds of proteins. Although these well es-
tablished methods have been broadly used, they are time-con-
suming, complex, and usually rely on expensive and sophisticated
instrument. Therefore, it is still of great challenge to develop
protein sensors for rapid and simple point-of-care (POC) diag-
nostics that can be used by untrained personnel. (Liu et al., 2013;
Luppa et al., 2011)

Localized surface plasmonresonance (LSPR) has emerged as an
increasingly popular tool for protein analysis with high sensitivity
due to its optical properties and strong electromagnetic near-field
enhancements.(Haes et al., 2004; McFarland and Van Duyne,
2003; Zhao et al., 2009) LSPR of gold nanoparticle comes from
light excited collective surface plasmon oscillations on the surface
of metallic nanoparticles. It demonstrates the characteristics of
sharp absorption peak in the visible wavelengths range at the
macro level. The LSPR properties greatly affect by size and inter-
particle distance of the metal nanoparticles, which is reflected in
color change and absorption peak shift. (Mayer and Hafner, 2011)
Pioneer works have shown its advantages in constructing diverse
biosensor for disease diagnostics. (Sepúlveda et al., 2009) How-
ever, these assays are usually lack of efficient separation method,
which is a big limitation for practical POC diagnostic in homo-
geneous solution. Fe3O4 magnetic nanoparticle has been widely
applied in isolation area owing to its excellent superaramagnatic
ability. Additionally, high surface area and good biocompability
make it feasible to hybrid with other nanomaterials and biomo-
lecules. (Boterashvili et al., 2012; Chemla et al., 2000; Goon et al.,
2009; Jiang et al., 2008; Perez et al., 2003; Rogstad et al., 2013;
Tong et al., 2012) Nanocomposites made of gold and Fe3O4
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Scheme 1.
Schematic Illustration of AuNPs/Fe3O4 Nanohybrid Based Plasmonic Sensor and the
Mechanism of Thrombin Detection. (1) AuNPs are loaded onto Fe3O4 magnetic
nanoparticles surface to obtain the dual functional composite nanomaterial;
(2) Capture probe (thrombin aptamer I) is bounded to the nanohybrid via covalent
bond; Owing to the double aptamer recognition mechanism, in the presence of
thrombin (3) and aptamer II/glucose oxidase(4), a sandwiched structure was
formed and (5) with the addition of “gold nanoparticle growth solution” (HAuCl4
and glucose), crystal growth is initiated, resulting in size enlargement, absorption
peak shift and color change.
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nanoparticlenot only provide aneffective solution to the sophisti-
cated operation of traditional plasmonic biosensors, but also ex-
tend its application in point-of-care diagnostics.

As we all know, enzyme acts as an efficient catalyst to tailor the
shape and size of nanostructure. It guides programming crystal
growth of AuNPs and tunes its chemicophysieal property conse-
quently. (de La Rica and Stevens, 2012; Liz-Marzan, 2006; Ro-
dríguez-Lorenzo et al., 2012; Willner et al., 2006) Thus, enzyme-
AuNPs conjugates can provide biocatalytic systems that serve as
amplifying units in practical applications. Pioneer works which
take advantage of these properties for biosynthsis have been well
established. (Ahmad et al., 2002; Rangnekar et al., 2007) Com-
bining the high efficient catalysis property of enzyme with the
sensitive LSPR-response character of AuNPs will offer a sensitive
sensing strategy. However, the development of biodetection de-
rived from this concept is still on the early stage.

Here we constructed a dual functional AuNPs/Fe3O4 nanohy-
brid, upon which a novelplasmonic sensor for protein detection
was built for the first time. On this platform, the signal probe
modified with glucose oxidase can in situ generate H2O2 to initiate
the crystal growth and produce a colorimetric readout signal.
Aptameris chosen as the recognition element owing to its high
binding affinity and chemical stability compared with its antibody
counterparts. (Farokhzad et al., 2006; Huizenga and Szostak, 1995;
Macaya et al., 1993; Pavlov et al., 2004) Aptamer I was used to
capture target analyte specifically, which also allows easy removal
of excess protein and other unbound objects with magnetic se-
paration. Aptamer II, which is connected to glucose oxidase (Ap-
tamer II/GOx), binds to the captured protein. Subsequently, na-
noparticle growth reaction is performed where the product of
H2O2 can reduce the Au3þ ions in the solution to Au°. The de-
positon of Au° on the AuNPs surface can enlarge the size of the
nanoparticle, which significantly alters the LSPR property. As a
result, a significant plasmonic absorption peak variation emerged,
along with the color change of the mixture, which can be re-
cognized by naked eye and measured through spectrophotometer.
Here, we used thrombin as a model target, as it is essential in
regulation of tumor growth, angiogenesis and metastasis. (Chang
et al., 2010; Cho et al., 2008; He et al., 2007; Pavlov et al., 2004)
Taking advantage of enzyme assisted AuNPs crystal growth and
magnetic separation, simple, sensitive and selective sensing plat-
form can be successfully realized in homogeneous solution.
2. Experimental section

2.1. Reagents

Thrombin (from human plasma) was purchased from Sigma. The
DNA sequences were obtained from Shanghai Sangon Biological
Engineering Technology & Services Co., Ltd. DNA sequence of
thrombin aptamer was listed as follows: Aptamer I (P1): 5′-SH-(CH2)
-TTT AGT CCG TGG TAG GGC AGG TTG GGG TGA CT-3′; Aptamer II
(P2), 5′-NH2-(CH2)-GGT TGG TGT GGT TGG-3′. Glucose oxidase, bo-
vine serum albumin (BSA), immunoglobulin G (IgG) and hemoglobin
were bought from Beijing DingGuo Biotech. Co., Ltd. HAuCl4 was
bought from Alfa Aesar (Tianjing, China). Other regents of analytical
grade were purchased from Beijing Chemical Co. (Beijing, China).
Deionized water was used for all solutions preparation.

2.2. Synthesis of AuNPs/Fe3O4 nanohybrid

The gold colloid and the Fe3O4 nanoparticles were synthesized
according to previous reports. (Brown et al., 2000; Hui et al., 2008;
Jana et al., 2001) As for the preparation of the nanohybrid, 100 mL
of 0.6 mg/mL Fe3O4 nanoparticle solution was first sonicated for
15 min, following by slow addition of 2.5 mL of 2.5 mg/mL (poly-
ethylenimine) PEI solution (pH 10.0). Magnetic separation method
was used to remove redundant PEI for three times. Afterwards,
45 mL gold colloid solution was added to the PEI coated Fe3O4

solution. The resulting solution was washed with deionized water
for three times to remove the redundant gold colloids and stored
in 10 mg/mL BSA at room temperature for future use.

2.3. DNA functionalization of AuNPs/Fe3O4 nanohybrid

Thiol-modified thrombin aptamer was attached onto
AuNPs/Fe3O4 nanohybridin accordance with previous reported
protocols. (Zhang et al., 2012) Briefly, 10 uL of 100 uM thiol-mod-
ified thrombin aptamerI stock solution was mixed with 1 mL
above prepared AuNPs/Fe3O4 nanohybrid solution and incubated
for 2 min. Afterwards, the sample was adjusted to acidity with
300 mM citrate �HCl buffer (pH 3.0). Concentrated NaCl was gra-
dually added into the solution to increase the NaCl concentration
to 300 mM with gentle shake. Extra AuNPs were removed through
PBS washing and magnetic separation. The obtained DNA-func-
tioned AuNPs/Fe3O4 nanohybrid was redispersed in 10 mg/mL
(PBS) solution for future use.

2.4. Preparation of glucose oxidase modified thrombin aptamerII.

The glucose oxidase modified signal probe was prepared with
the aid of glutaraldehyde, which isfrequently used as an amine-
reactive cross linking reagent. (Hao et al., 1998; Thompson et al.,
1991; Williams and Tjian, 1991) In general, 35 uL of 200 uM amine
group-modified thrombin aptamer II stock solution was mixed
with 35 uL of 400 uM glucose oxidase solution and stirred for
10 min. Freshly prepared glutaraldehyde solution (70 uL, 2 wt%)
was put into the mixture and shaked on an oribital shaker for
1 min, followed by 30 min incubation at room temperature. After
that, Tris–HCl buffer (10 uL, 50 mM, pH 7.0) was used to terminate
the reaction. Unreacted glucose oxidase was removed by cen-
trifugal ultrafiltration (Millipore, Amicon Ultra-2, molecular
weight cutoff: 30 kDa) and redissolved in PBS solution.

2.5. Assembly of the plasmonic sensor

For the detection of the target, 100 uL thrombin aptamerI
modified AuNPs/Fe3O4 nanohybrid prepared above was mixed
with 100 uL PBS solution (10 mM PBS, 100 mM NaCl, pH 7.40)
containing a certain amount of thrombin and incubated for
30 min. After careful wash and separation, the nanohybrid was



Fig. 1. Photographs of Fe3O4/AuNPs nanohybrid (A) and its behavior under the influence of a magnetic field (B). Highresolution TEM image (C) and UV-visible absorption
spectra (D) of Fe3O4/AuNPs nanohybrid.
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mixed with 2 uL GOx modified thrombin aptamerII at 37 °C for
20 min. Finally, the nanohybrid were separated with magnet and
stored in PBS buffer for further usage.

2.6. The growth of the gold nanoparticle and the UV-visibleDetection

The crystal growth of gold nanoparticle was carried out in PBS
buffer for 20 min (37 °C). To evaluate the crystal growth, “gold na-
noparticles growth solution” (6 uL of 5 mM HAuCl4 and 40 uL of 2 M
glucose) and 100 uL AuNPs/ Fe3O4 nanohybrid solution obtained last
step were put into 200 uL reaction buffer. The mixture was the in-
cubated at 37 °C for 20 min in dark, followed by magnetic separation
and washing with PBS buffer. UV-visible spectra detection was car-
ried out on a UV-visible spectrophotometer at room temperture.
3. Results and discussion

3.1. Strategy for thrombin detection

The plasmonic strategy developed for the detection of
thrombin is illustrated in Scheme 1. The formation of dual func-
tional AuNPs/Fe3O4 nanohybrid was accomplished with a poly-
cationic polymer (PEI). A thiol-modified thrombin specific aptamer
which acts as a capture probe was attached on the surface of
AuNPs/Fe3O4 nanohybrid by forming gold�sulfur bond covalently.
Adequate aptamerI on the surface of the nanohybrid can further
gurantee the following effective capture of the target thrombin
owing to the high binding affinity between aptamerI and heparin-
binding site of thrombin (KdE0.5 nM). A secondary thrombin
aptamerIIbinding to the fibrinogen-binding site of thrombin (Kd

E100 nM), was conjugated with glucose oxidase, which played
the role of binding and signal reporting probe. A sandwich type
system was then obtained through the two aptamers target at
different epitopes of one thrombin. With the presence of “gold
nanoparticle growth solution”, enzyme catalyzed the transforma-
tion of gold ions around the AuNPs into Au°, which subsequently
changes the LSPR property of the nanohybrid. While, in the ab-
sence of thrombin, glucose oxidase on the signal probe failed to
attach onto the nanohybrid surface and was quickly wiped away
by efficient magnetic separation. Thus no obvious LSPR band shift
was observed after the addition of thrombin. Therefore, the



Fig. 2. (A) Photographs of the AuNPs/ Fe3O4 nanohybrid without (left) and with (right) thrombin addition; corresponding UV-visible absorption spectra is shown in (B): with
(a) and without (b) thrombin. TEM images of the nanohybrid without (C) and with (D) thrombin. The concentrations of HAuCl4, glucose and thrombin were 150 uM, 400 mM
and 10 nM, respectively.
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concentration of thrombin can be easily reflected by the UV-visible
spectra alteration and color change.

3.2. Characterization of the AuNPs/ Fe3O4 nanohybrid

As shown in Fig. 1A, the color of the AuNPs/Fe3O4 nanohybrid
was dark red. Meanwhile, the composite nanomaterials can be
easily attracted by an external magnetic field (Fig. 1B), which
shows its significant magnetic separation capacity in the plas-
monic biosensor.The high resolution TEM image of the as prepared
AuNPs/ Fe3O4 nanohybridis displayed in Fig. 1C. The diameter of
the Fe3O4 nanoparticle was about 30 nm, which is much larger
than the size of AuNPs. It is also the reason why one Fe3O4 particle
could load several AuNPs to form the nanohybrid. The relatively
large amount of AuNPs on the nanohybrid surface provides ade-
quate active sites for the immobilization of capture probe. Fig. 1D
shows the UV-visible absorption spectra of AuNPs/Fe3O4 nanohy-
brid. Before crystal growth, the LSPR band of the AuNPs/Fe3O4

composite nanomaterial appears at �540 nm. A thiolated throm-
bin aptamer I was attached on the AuNPs via covalent reaction.
The quantity of capture probe attached on the AuNPs/Fe3O4

composite nanomaterial was estimated to be 200-300 nM.

3.3. Detection capability of the plasmonic biosensor

Fig. 2 manifests the photograph, UV-visible absorption spectra
and TEM characteration of the AuNPs/Fe3O4 nanohybrid after the
coupled enzyme reaction with and without the addition of
thrombin. Compared with none thrombin assay, the color of the
AuNPs/Fe3O4 nanohybrid solution changed in the presence of
thrombin, which can be obviously seen in Fig. 2A. Along with that,
a LSPR band red-shift and absorbance increase can be detected by
spectrophotometer (Fig. 2B). The fact is attributed to strong
binding affinity between thrombin and the double aptamers and
the high catalysis capacity of the enzyme. The phenomenon was
further confirmed with transmission electron microscopy (TEM).
As shown in Fig. 2C, without the existence of thrombin, the tiny
gold nanoparticles on the edge of the Fe3O4 nanoparticle was es-
timated to be about 5–10 nm. When thrombin initiated the en-
zymatic reactions, a size enlargement of the gold nanoparticles can
be clearly seen, as demonstrated in Fig. 2D, which is in consistent
with the LSPR state. These results indicate that the as proposed
strategy can ensure the thrombin detection in the future.

3.4. Optimization of the experimental Conditions

The concentration of HAuCl4 affects the performance of the
plasmonic biosensor in a close way. As can be seen in Fig. 3C, the
UV-visible absorbance intensity increased with the concentration
of HAuCl4 and then reached its maximum at the HAuCl4 con-
centration of 150 uM. Additional HAuCl4 will not benefit the signal
enlargement. On the other contrary, when the concentration of
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Fig. 3. (A) Optimization of HAuCl4 concentration. The concentration glucose was
400 mM. (B) Optimization of glucose concentration. The concentration of HAuCl4
was 150 μM. (C) Optimization of the reaction time. The concentrations of HAuCl4
and glucose were 150 μM and 400 mM. For all the assays, the concentration of
thrombin was 10 nM. The UV-visible absorption spectra peak intensity for analysis
was obtained at 560 nm.
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Fig. 4. (A) Photograph of AuNPs/ Fe3O4 nanohybrid after crystal growth with dif-
ferent concentrations of thrombin (from left to right: 0, 0.5, 1, 2, 5, 8 and 10 nM) in
PBS buffer (pH 7.40). (B) Relative UV-visible absorption spectra changes of AuNPs/
Fe3O4 nanohybrid via thrombin concentrations (from bottom to up: 0, 0.5, 1, 2, 5,
8 and 10 nM). Relative absorption spectra changes are defined as (A-A0)/A0, where
A0 and A are absorption intensities without and with thrombin, respectively. The
concentrations of HAuCl4 and glucose were 150 uM and 400 mM respectively.
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HAuCl4 was higher than 150 uM, the absorbance in the region
decreased again due to the strong acid property and the bright
yellow color of HAuCl4. Hence, the optimal concentration of
HAuCl4 was selected to be 150 uM.

As the growth of the AuNP shighly relies on the enzymatic
reaction of glucose oxidase and its substrate, the concentration of
glucose is also animportant parameter for the plasmonic bio-
sensor. As indicated in Fig. 3A, a significant increase of the UV-
visible absorbance intensity of the nanohybrid is observed with
increasing the concentration of glucose in the “growth solution”. It
tended to reach a steady value after 400 mg/mL, indicating a
tendency of saturated concentration for the enzymatic reaction.
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Future more, the incubation time of the AuNPs/ Fe3O4 nanohybrid
in the “growth solution” is another important factor for the sen-
sitivity of the plasmonic biosensor. With increasing the incubation
period up to 25 min, the UV-visible absorbance intensity of the
AuNPs/ Fe3O4 hybrid gradually raised and finally arriveda plateau
at 20 min (Fig. 3B). Thus, the optimized incubation time was
20 min.

3.5. Thrombin detection with plasmonic biosensor

According to the optimized reaction condition, the plasmonic
biosensor was used for thrombin detection. Fig. 4 demonstrates
the UV-visible absorbance signal variation of the biosensor in re-
sponse of thrombin of different concentrations. The UV-visible
absorbance peak (at 560 nm) intensities are proportional to the
logarithmic value of the thrombin concentration from 500 pM to
10 nM. The linear regression equation is Ruv¼0.377þ0.336� log
Cthrombin (nM) with the correlation coffecient of R2¼0.990, where
Ruv is the relative UV-visible absorbance intensity at 560 nm and
Cthrombin is the concentration of thrombin. The detection limit for
thrombin was 200 pM in a total 100 uL volume. The results in-
dicate that sensitive and accurate detection of thrombin can be
achieved through dual functional nanohybrid based plasmonic
biosensor.

3.6. Selectivity of the plasmonic biosensor

In our experiments, bovine serum albumin (BSA), im-
munoglobulin G (IgG) and hemoglobin were chosen to in-
vestigatethe specificity of the plasmonic biosensor. In a typical
experiment, 1 uM BSA, human IgG and hemoglobin were in-
cubated with capture probe modified AuNPs/Fe3O4 nanohybrid
instead of thrombin, respectively. It is observed from Fig. 5 that
UV-visible absorbance intensity of the AuNPs/Fe3O4 nanohybrid
was relatively low for BSA, human IgG and hemoglobin. However,
the UV-visible absorbance peak made a significant red-shift and
the intensity increased greatly in the case of thrombin. The relative
UV-visible absorbance intensity (A-A0)/A0 of the plasmonic bio-
sensor in the presence of thrombin is 0.851, which is much higher
than that of 0.033 for BSA, 0.090 for IgG and 0.107 for hemoglobin.
The good selectivity of the plasmonic biosensor is mainly due to
the high specificity of thrombin aptamer. These results manifest
that thrombin can be detected with high selectivity.
4. Conclusion

In summary, a plasmonic biosensor for thrombin detection has
been constructed using glucose oxidase guided crystal growth and
the dual functional AuNPs/Fe3O4 nanohybrid platform. The effi-
cient catalysis capacity of glucose oxidase and the sensitive LSPR
property of AuNPs both contribute to the good analytical perfor-
mance of the biosensor. In addition, the utilization of dual func-
tional nanohybrid makes the detection procedure easy to perform,
and avoids the complicated operation in target isolation and signal
process. Simultaneously, the introduction of enzyme guides the
programming crystal growth of AuNPs effectively. Furthermore, it
also acts as signal amplifier due to its high catalysis efficiency. The
colorimetric nature and its chemical stability benefit our sensor
with low cost and simplicity, which makes it possible in point-of-
care applications. The as-proposed strategy provides a linear range
from 0.5 nM to 10 nM and a low detection limit of 0.5 nM for
thrombin analysis with high selectivity. Given the fine perfor-
mances, the plasmonic biosensor is promising to be developed as a
universal method for protein detection by choosing suita-
bleaptamers, which may provide a platform for clinical diagnostics
and pathogen detection for untrained personnel.
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