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Gold nanoparticles (Au-NPs) are usually used to amplify surface plasmon resonance (SPR) signals,
however, the serious nonspecific adsorption has largely limited their practical applications. Here, we
developed a novel Au-NPs enhanced biosensor without the effect of nonspecific adsorption: cutting Au-
NPs off from the biosensor surface by Rsal endonuclease. In order to further improve the sensitivity, the

probe DNA was designed specially. After the cleavage reaction, the residual probe DNA formed hairpin
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structure, which also resulted in a great change in SPR dip shift. Then, with the coaction of Au-NPs and
conformation change of probe DNA, the SPR signal was amplified greatly. Using this method, we moni-
tored the process of DNA cleavage in real-time and achieved a detection level of 5 x 10-3 M. Moreover,
the result of X-ray photoelectron spectroscopy (XPS) experiment further confirmed that large nonspe-
cific adsorption existed. However, because SPR recorded a process in which the Au-NPs were cut off, the
serious nonspecific adsorption did not affect the experimental result.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Recently, surface plasmon resonance (SPR) as a viable analyti-
cal method for the rapid, sensitive and label-free bioanalysis has
received extensive attentions (Baird et al., 2002; Kindermann et al.,
2003; Shumaker-Parry et al., 2004; Su et al., 2008; Vutukuru et al.,
2006; Wink et al., 1998). For all that, most of the conventional SPR
instruments are not able to measure extremely small changes in
refractive index which hinders their practical applications in ultra-
sensitive detection (He et al., 2000). To overcome this disadvantage,
various amplification strategies such as polymerase chain reaction
(PCR)-amplified, enzymatically amplified and gold nanoparticles
(Au-NPs) enhanced methods have been utilized in conjunction with
SPR (Carrascosa et al., 2009; Goodrich et al., 2004; Wang et al.,
2009; Yao et al., 2006). Among them, Au-NPs as popular and use-
ful labels for amplifying weak signals have been widely adopted
(Matsui et al., 2005; Riskin et al., 2009; Wang et al., 2009; Yao et al.,
2006). For instance, Lyon et al. (1998) have developed a type of
Au-amplified SPR sandwich immunoassay achieving a picomolar
detection of human immunoglobulin G, and they also conducted
systematic studies of the effect of gold particle size and surface
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coverage on SPRresponse (Lyon et al., 1999a,b). He et al. (2000) fur-
ther extended the scope of Au-amplified SPR to the analysis of DNA
hybridization, however, according to the reference, there was about
40% of the nonspecific adsorption without blocker, and the SPR sig-
nal enhancement was largely limited by nonspecific adsorption of
Au-NPs onto the sensor surfaces (He et al., 2000). To circumvent this
problem, He et al. (2000) further used polyethylene glycol (PEG) to
reduce the nonspecific adsorption of Au-NPs while there was still
approximately 10% of the unwanted interference. Wang and co-
workers used SiO, layer and layer-by-layer (LBL) assembly films
of (PAH/PSS) as the shield to prevent the metal deposition in the
process of catalytic growth of Au-NPs successively. Nevertheless,
nanometer thickness of SiO, layer was easy to crack, and the prepa-
rations of SiO, layer or LBL-coated Au film were time-consuming,
high-cost and could not decrease nonspecific adsorption effectively
(Wang et al., 2007; Yang et al., 2007). In our previous study, car-
boxylated dextran had been attempted to decrease nonspecific
adsorption, in which though the nonspecific adsorption has been
effectively avoided, the experimental process was complicated and
the reproducibility was not very good (Yao et al., 2006). Therefore,
developing methods which cannot only make the best of Au-NPs
to amplify the SPR signal but also avoid the effect of nonspecific
adsorption is necessary.

In this paper, we developed a novel type of Au-NPs enhanced
SPR biosensor without the effect of nonspecific adsorption by cut-
ting Au-NPs off from the biosensor surface. In order to further
improve the sensitivity, a hairpin DNA was also introduced into the
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system. Hairpin DNAs are single-stranded DNAs with a stem-loop
structure, and have been found to exhibit good stability, high sen-
sitivity and excellent specificity. Due to these advantages, hairpin
DNAs have been used for many applications including DNA/DNA,
DNA/RNA studies and DNA-protein interaction assays (Fan et al.,
2003; Li et al., 2008b; Liu et al., 2008; Tan et al., 2004). The tradi-
tional methods for studying hairpin DNAs are based on fluorescent
and electrochemical measurements. In these studies, it was found
that there is a conformation change of hairpin DNA during the
detection process (Benson et al., 2004; Chen et al., 2002; Liu et al.,
2005; Vacek et al., 2008; Zauner et al., 2005). By taking advan-
tage of this conformation change, we firstly realized the hairpin
DNAs study using SPR and found that the conformation change of
hairpin DNAs can result in a large change in SPR dip shift (Luan
et al,, 2010a,b). Here, we further extended this strategy for real-
time monitoring of double-stranded DNA cleavage by using Rsal
endonuclease, a restriction endonuclease, which recognizes the
GTAC sequence as a model target. Restriction endonucleases are
one of the most important enzymes in molecular biology. They
are essential in recombinant technology, genotyping, mapping, and
sequencing of large strands of DNA (Bhagwat, 1992; Pingoud, 2001).
Because of the biological importance of restriction endonucleases
and their wide use, restriction endonuclease activity assays are
essential. Rsal endonuclease as an important restriction endonucle-
ase has caught more and more attentions recently (Ma et al., 2007,
2008). The experimental results demonstrated that the SPR signal
was amplified greatly with the coaction of Au-NPs and the con-
formation of hairpin DNAs. Using this method, the process of DNA
cleavage in real-time was monitored and a very low detection level
of 5 x 10~8 M was obtained. Additionally, though the result of X-ray
photoelectron spectroscopy (XPS) experiment further confirmed
that large nonspecific adsorption existed, such nonspecific adsorp-
tion did not affect the experimental result because SPR recorded a
process in which the Au-NPs were cut off.

2. Experimental
2.1. Materials and reagents

Rsal endonuclease and EcoRlI endonuclease were pur-
chased from New England Biolabs, Inc. (NEB). The DNA
sequences for probes and target were: Probe DNA1 (5'-
SH-(CHy )g-TTTTTT-ACCGTG-TTTT-CACGGT-ACGGATACTA-3'),
Probe  DNA2  (5'-SH-(CH;)s-TTTTTT-CTGAGC-TTTT-CACGGT-
ACGGATACTA-3’); complementary target DNA (cDNA)
(5’-SH-(CH;)s-TAGTATCCGTAC-3’). The sequences in italics in
probe DNAT1 represented the stem of hairpin DNA; cDNA was
complementary with 12 bases from 3’ end of probe DNAs. All
of the sequences were purchased from Shanghai Shenggong
Biotechnology Co. (Shanghai, China), and used without further
purification. Rsal endonuclease and EcoRI endonuclease stock
solutions were prepared with 50mM Tris-HCl buffer solution
containing 5 mM MgCl, (pH 8.0); the probe DNAs and cDNA stock
solutions were prepared with 10 mM phosphate buffer solution
(PBS, pH 7.0) containing 0.3 M NaCl. 6-mercapto-1-hexanol (MCH)
was acquired from Sigma (USA), AuCl3-HCI-4H,0 was purchased
from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China).
Trisodium citrate and other reagents used were all obtained from
Beijing Chemical Reagents Co. (Beijing, China). Millipore Milli Q
(18 M2 cm) water was used in all experiments.

2.2. Preparation of SPR sensor surface

Au-NPs (13-nm diameter) were synthesized and modified
according to the procedures described by Storhoff et al. (1998).

The fabrication and modification of SPR sensor were carried out as
follows. The BK7 glass slides (Fisher) were heated in a piranha solu-
tion (30% H,0, and 70% concentrated H,SO4) at 80°C for 30 min
(Caution: piranha solution is strongly oxidizing and should be
handed carefully!). Upon cooling to room temperature, the glass
slides were rinsed thoroughly with deionized water. Before the
preparation of gold substrate, the slides were dried by N, steam.
The gold substrate was obtained by evaporating 50-nm thick gold
on glass slides which had been previously coated with a 2nm
Cr layer by a sputtering coater (Model 108, Kert J. Lester Inc.,
Clairton, PA).

For each concentration experiment of endonuclease, 20 ul
of 1 wM probe DNA solution was dropped onto the pretreated
film and incubated overnight at 4°C. After rinsed with PBS and
dried with N,, the modified film was blocked by 1.45 x 10~ M
MCH for 3min. Then 20wl of 200nM Au-NPs labeled cDNA
solution was dropped onto the modified film and allowed to
react for 3h. Finally, the modified films were rinsed with
water thoroughly, dried with N, and prepared for the SPR
measurement.

2.3. Apparatus and measurements

The home-built FI-SPR instrument, equipped with a bi-cell
detector for high-resolution measurements, has been described
elsewhere (Luan et al., 2010a,b; Song et al., 2002; Yao et al., 2006,
2004, 2007). Briefly, the SPR instrument recorded reflected light
falling onto the two cells at two (A and B) of photodetectors,
then both the differential (A —B) and the sum (A +B) signals were
recorded by a PCI-1731 interface card (Advantech, Taiwan) con-
trolled by a Labview program. The ratio of the differential to sum
signals, which is linearly proportional to the SPR angular shift, was
obtained numerically by dividing (A —B) with (A+B) (Song et al.,
2002; Yao et al., 2004, 2007). To convert the ratio of (A—B)/(A+B)
to the SPR dip shift, an instrumental calibration experiment was
carried out using a method similar to that reported by Kolomenskii
et al. (1997). The incorporation of a bi-cell photodiode detector to
measure the differential signal resulted in a much-improved angu-
lar resolution (10~ to 10> degrees) (Song et al., 2002; Tao et al.,
1999). All of the endonuclease solutions were introduced into the
Tris—HCl carrier solution by a 50-l sample loop on a six-port valve
and subsequently were delivered to the flow cell at a constant speed
of 1.0 mL/h by a syringe pump (KDS100, KD Scientific Inc., Hollis-
ton, MA, USA). After the cleavage reaction, the SPR sensor surface
was washed by Tris-HCI carrier solution and the SPR spectra was
recorded during the whole process.

High-resolution transmission electron microscope (HRTEM)
JEM-2010 was used to reveal the size and monodispersity of Au-
NPs.

X-ray photoelectron spectroscopy (XPS) data were obtained
with an ESCALab220i-XL electron spectrometer (VG Scientific)
using 300W Al Ko radiation. The base pressure was about
3 x 10~2 mbar. The binding energies were referenced to the C 1s
line at 284.8 eV from adventitious carbon.

3. Results and discussion
3.1. The experimental principle

Fig. 1 illustrates the principle of the present method. After being
immobilized on Au film, probe DNA1 was hybridized with 13 nm
Au-NPs labeled cDNA. When encountered with Rsal endonuclease,
the hybridized double-strand DNAs were cleaved, Au-NPs were cut
off and the residual probe formed hairpin structure. As a result,
the coaction of Au-NPs and conformation change of hairpin DNA
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Fig. 1. Principle scheme of monitoring activity of Rsal endonuclease with the coaction of Au-NPs and hairpin DNA. For clarity, all of the molecules were not drawn to scale.

resulted in a great change in SPR dip shift that could be recorded in
situ.

Fig. 2 shows the SPR response on injection of 200nM Au-
NPs labeled cDNA onto the Au film which has been modified by
1.45 x 10~> M MCH for 12 h previously. As soon as the Au-NPs were
in contact with the modified film (~150s), an increase of the SPR
signal can be observed, which can be attributed to the Au-NPs
labeled cDNA adsorbed onto the Au film. Moreover, when Au-NPs
achieved the surface of the Au film, some of them were unstable
and can be eluted by the buffer. This repeated elution and adsorp-
tion process resulted in the bumps in the signal curve. Once the
injected Au-NPs completely eluted out of the cell (~330s), the
signal decreases, which may result from the desorption of some
unstable nonspecific Au-NPs from Au film (Carrascosa et al., 2009;
Song et al., 2002). The net SPR signal changes greatly (0.0096°) indi-
cating that the nonspecific adsorption is very serious with the use
of MCH as a blocker.
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Fig. 2. SPRresponse on injecting 200 nM Au-NPs labeled cDNA to the Au film modi-

fied by 1.45 x 10> M MCH for 12 h previously. PBS was used as the carrier solution.
The arrow indicated the time when the samples were injected to the flow cell and

the time when washing was done.

The large nonspecific adsorption also can be found from the XPS
data (Fig. 3). Considering that characterizing Au-NPs on Au film
is difficult, Ag film was used as the substrate in the experiment.
From curve a, it can be seen that there is no Au-NPs on bare Ag film.
After the Au-NPs labeled cDNA was dropped onto the MCH modified
(12 h) Ag film and kept still for 3 h, there is a serious nonspecific
adsorption (curve b) and the relative atomic percentage (At) of Au-
NPs is about 0.11%. At can be obtained from the following formula:

Ar— i/Si
DL/
where [; is the peak intensity of i element; S; is the relative ele-
ment sensitivity factor of i element. After hybridized with the
labeled cDNA, about 0.16% Au-NPs are immobilized onto the film
(curve c). Some of the whole immobilized Au-NPs are confined
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Fig. 3. Au 4f XPS spectra for (a) bare Ag film, (b) MCH and Au-NPs labeled cDNA
modified Ag film, (c) probe DNA1, MCH and Au-NPs labeled cDNA modified Ag film,
(d) after c film exposure to the Rsal endonuclease.



2476 Q. Luan et al. / Biosensors and Bioelectronics 26 (2011) 2473-2477

0.000 l e ! d
%
g b
g0 _0,002-
)
D
< a

-0.0044

T T T T T T
0 100 200 300
t(s)

Fig. 4. SPR responses on injecting 1 wM Rsal endonuclease for: probe DNA1 mod-
ified Au surface hybridized to with (a) or without (c) Au-NPs labeled cDNA, probe
DNA2 modified Au surface hybridized to Au-NPs labeled cDNA (b); Curve d was SPR
responses on injecting 1 wM EcoRI endonuclease for probe DNA1 modified Au sur-
face hybridized to Au-NPs labeled cDNA. Tris—-HCl was used as the carrier solution.
The arrow indicated the time when the samples were injected to the flow cell and
the time when washing was done.

by hybridization, while the others are introduced by nonspecific
adsorption. After the cleavage reaction, because the concentra-
tion of Rsal endonuclease is quite high (1.0 x 10~>M) and the
action time is long (0.5h), Au-NPs immobilized by hybridiza-
tion have been almost cut off (from curve c to curve d). In
addition, from curve d it also can be seen that about 0.11% Au-
NPs are still on the film, which is consistent with the quantity
of the Au-NPs introduced by nonspecific adsorption (curve b).
This result further confirms that there is a serious nonspecific
adsorption in the experimental process (~68%). However, SPR
recorded the process in which the Au-NPs were cut off (from
curve c to curve d). Therefore, the effect of nonspecific adsorption
was avoided efficiently and a novel enhanced SPR biosensor was
developed.

3.2. SPR signal amplification

In order to further clarify the advantages of Au-NPs amplifi-
cation on Rsal endonuclease assay, a comparing experiment was
carried out and the result is shown in Fig. 4. It can be seen that the
SPR signal change with Au-NPs amplification (curve a) is approxi-
mately twice as much as that without Au-NPs enhancement (curve
c), demonstrating that Au-NPs greatly amplified SPR signal. This
result can be attributed to the combined effect of great decreases
of the surface mass, refractive index and electromagnetic coupling
between Au-NPs and Au film (He et al., 2000) when Au-NPs are cut
off by Rsal endonuclease. Specifically, due to the higher mass and
larger dielectric constant than that of the biomolecules, Au-NPs can
result in a higher index change and then caused a larger SPR signal
change. Moreover, binding of Au-NPs to Au film can lead to large
changes in SPR reflectivity through strong electromagnetic cou-
pling between Au film and Au-NPs due to the interactions between
the surface plasmons of the Au film and the localized surface plas-
mons (LSP) of Au-NPs (He et al., 2000; Lyon et al., 1999a,b; Manera
etal.,, 2010).

According to our previous study, the conformation change of
hairpin DNA can also result in a large SPR signal change (Luan et al.,
2010a,b). To confirm the advantage of hairpin DNA in the present
system, another experiment was conducted. Au-NPs labeled cDNA
was used as the target DNA, and the probe DNAs were different:
after reacted with Rsal endonuclease, probe DNA1 could be con-
verted to hairpin structure, but probe DNA2 would be still linear
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Fig. 5. SPR responses of the probe DNA1 Au surface after hybridized to Au-NPs
labeled cDNA on injecting different Rsal endonuclease concentration: (a) 1 wM, (b)
0.1 wM, (c) 0.05 wM and (d) 0 M. The inset showed SPR responses plotted as a func-
tion of Rsal endonuclease concentration from 0.05 to 10 wM. The standard deviations
were computed from at least three replicate measurements and shown as the error
bars. The arrow indicated the time when the samples were injected to the flow cell
and the time when washing was done.

structure because its base sequence of 5 was adjusted to avoid
forming hairpin DNA. From Fig. 4, it can be seen that the sensitivity
of probe DNAT1 (curve a) is greater than that of probe DNA2 (curve
b). This result can be explained that after reacted with Rsal endonu-
clease, the rest part of probe DNA1 can change from linear helix to
loop-stem structure, which induces a larger conformation change
and results in a larger SPR dip shift change than that caused by
probe DNAZ2. The result is also consistent with our previous study
which has found that because of the larger conformation change,
hairpin DNA resulted in a greater SPR signal change than linear DNA
(Luan et al., 2010Db).

To further demonstrate that SPR signal change was caused by
the specific cleavage reaction, another control experiment has also
been carried out. EcoRI endonuclease which recognizes the GAATTC
sequence was chosen as the negative restriction endonuclease.
Because there is no sequence recognized by EcoRI endonuclease in
the present system, no SPR signal change occurs during the injec-
tion of EcoRI endonuclease to the probe DNA1 modified Au surface
after probe DNAT1 hybridizing to the AuNPs labeled cDNA (curve d,
in Fig. 4).

Then, combining Au-NPs with hairpin DNA, the SPR signal was
greatly improved. So we used this signal amplified system to com-
plete the Rsal endonuclease assay.

3.3. The assay of Rsal endonuclease

Fig. 5 depicts time-resolved SPR dip shift curves acquired by
injecting Rsal endonuclease at OM (curve d), 5x 108 M (curve
c), 1x10=7M (curve b) and 1x 10-5M (curve a) to the modi-
fied films. The net dip shift in curve c is approximately 0.001°
greater than that shown in curve d which indicates that 5 x 10~ M
Rsal endonuclease could be measured by our high-resolution SPR
instrument. SPR signals increase with the increasing concentra-
tions of Rsal endonuclease, which suggests that the method could
be used for quantitative measurements of Rsal endonuclease. To
display this trend more clearly, the dose-dependent curve plotted
from 5x 1078 M to 1 x 10=> M is also given (inset in Fig. 5). The
relative standard deviations (RSD), shown as the error bars in the
figure, are all <10% which could be acceptable among the typical
analytical techniques (Skong et al., 1998). Notice, the slope of the
inset in Fig. 5 is steeper between 5 x 108 and 1 x 10~ M, however,
around 1 x 10~ M the curve begins to level off which probably
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aroused from the fact that most of the double-strand DNAs have
been reacted with Rsal endonuclease. Even if the Rsal endonucle-
ase concentration continues to increase, the change of SPR signal
becomes very small. Moreover, because more double strand DNA
were immobilized on the Au film and the sensitivity of this method
is very high, the Rsal endonuclease concentration which can be
detected is very low. The maximum concentration in Fig. 5 is still
not enough to react with all double strand DNAs, so the curve does
not lead to a constant plateau.

In addition, the high sensitivity is one of the advantages of our
method, as mentioned above. From Fig. 5, we found the detection
level for Rsal endonuclease was quite low (5 x 10~8 M). The amount
of sample needed per analysis was only 50 wl. The Rsal endonucle-
ase in such a small sample volume corresponds to 2.5 x 10~12 mol.
Moreover, the limit of detection (LOD) was 5 x 10~19 M, which was
the concentration when the SPR signal was 3 x SNR (signal to noise
ratio). Such a detection value is far lower than those of measure-
ments based on electrochemistry and fluorescence (Jin, 2009; Li
et al,, 2008a; Ma et al., 2007, 2008; Huang and Quifiones, 2008).
Such a decrease is attributable to the signal amplified effect caused
by the coaction of Au-NPs and conformation change of hairpin
DNA. To be specific, during the double-strand DNA cleavage pro-
cess, Au-NPs are cut off and probe DNA1 converts from a linear
helix to a loop-stem structure, both of which can also lead to a
greater change in SPR dip shift. Besides that, such a low detection
level may be partly due to the high sensitivity of our home-built
SPR instrument which takes a bi-cell photodiode detector to mea-
sure the differential signal and owns a much-improved angular
resolution.

4. Conclusion

In summary, combining Au-NPs with hairpin DNA, a sensitive
and simple method for the activity assay of Rsal endonuclease was
developed. In the present system, the SPR signals can be amplified
by both Au-NPs and the conformation change of hairpin DNA. Using
this method, the process of DNA cleavage in real-time was moni-
tored and a detection level of 5 x 10-8 M was obtained, which was
far lower than those obtained by electrochemical and fluorescent
measurements. Moreover, though the result of XPS experiment
demonstrated that large nonspecific adsorption existed, the seri-
ous nonspecific adsorption did not affect the experimental result,
because SPR recorded a process in which the Au-NPs were
cut off.
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