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Abstract In this paper, a novel metal plasmon coupled with
an aptamer–nucleotide hybridized probe was fabricated and
applied for protein detection. The specific aptamer and single-
strand oligonucleotide were chemically bound to silver nano-
particles (AgNPs), and Cy5-labeled, complementary single-
strand oligonucleotides were hybridized with the particle-
bound oligonucleotides. The hybridized DNA duplexes were
regarded as rigid rods that separated the fluorophore Cy5 and
the surface of AgNPs to reduce the competitive quenching.
Using a model system comprising human immunoglobulin E
(IgE) as the analyte and goat antihuman IgE as immobilized
capture antibody on glass slides, we demonstrate that the
detection performance of the synthetic probe was superior to
the aptamer-based fluorescent probes. The results showed a
good linear correlation for human IgE in the range from
10 ng/ml to 6.25 μg/ml. The detection limit obtained was
1 ng/ml, which was 50 times lower than that using Cy5
oligonucleotide/aptamer hybrid duplex (Probe2) due to the
metal-enhanced fluorescence effect. This new strategy opens
the possibility for the preparation of high-sensitivity detection
probes based on metal nanoparticles.

Keywords Metal-enhanced fluorescence . Silver
nanoparticles . Aptamer . IgE

Introduction

Metal-enhanced fluorescence (MEF) [1–3] is a phenomenon
that occurs due to the interaction of fluorophores with the
plasmon resonance from metal particles, resulting in an
increase in the radiative decay rate and stronger fluores-
cence emission. MEF is known to increase the fluorescence
quantum yield while decreasing the lifetime [4]. These
characteristics of the MEF effect have been exploited to
increase the sensitivity of fluorescence-based sensors [5]
and microarrays [6]. The MEF effect was used to develop
novel metal plasmon-coupled probes which displayed in-
creasing brightness and photostability [4]. Zhang et al. [7, 8]
studied the effect of particle size, fluorophore-to-metal spac-
ing distance, and wavelength on fluorescence behavior of
the complex. On the other hand, fluorescence can also be
quenched competitively by the metal if the fluorophore-to-
metal spacing distance is too close. Lakowicz [4] and
Gryczynski et al. [9] reported that the maximum enhance-
ment for the fluorophore occurs at about 8 nm from the
metal surface. Though numerous publications have reported
on the use of silver island films for MEF, only very few used
silver colloids [7, 10–12] in their studies. In fact, it is
essential for the successful preparation of fluorescent
molecule-modified metal nanopatricles to exactly control
and keep the distance between fluorescent molecules and
metallic nanoparticles [13].

Aptamers are synthetic DNA/RNA oligonucleotides
obtained from random sequence nucleic acid libraries by
an in vitro evolution process named systematic evolution of
ligands by exponential enrichment [14, 15]. Compared with
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antibodies, aptamers are easily synthesized and have several
advantages such as high affinity, chemical stability, simple
modifiability, and high flexibility. Aptamers have been
employed in the design of novel probes for detecting differ-
ent types of analytes including small molecules [16, 17],
proteins [18, 19], and cells [20, 21]. Most aptamer bioassays
developed have been coupled with techniques such as
electrochemistry [22], colorimetric [23], quartz crystal
microbalance [24], or fluorescence [25].

In the present work, we first bind the immunoglobulin E
(IgE) aptamer and a single strand of oligonucleotide to the
AgNPs. Then, Cy5-labeled complementary strand oligonu-
cleotides were hybridized onto the AgNPs. In this case, the
space between the fluorophore Cy5 and the AgNPs surface
was not only set at an exact distance [26] but also can
provide a rigid separation distance or “rigid rod” [27]. This
hybridization design was expected to overcome oligonu-
cleotides’ bending or twisting on the surface of silver nano-
particles. IgE, the least abundant immunoglobulins in
human serum, was selected as the model molecule because
it plays a key role in establishing allergic reactions and other
related diseases in the body [28]. Therefore, there is a need
for the development of a rapid, selective, and sensitive
technique to detect these low levels. Herein, a detection
limit of 1 ng/ml was achieved, which was 50 times lower
than Probe2 (the construction was described in “Preparation
of detection probes”). This initial strategy also showed
promise in the amplification of fluorescence signal on
metal-enhanced effect.

Experimental

Materials and apparatus

Human IgE was purchased from US Biological (Swamp-
scott, MA, USA). Silver nitrate and goat antihuman immu-
noglobulin E were bought from Sigma-Aldrich (St. Louis,
MO, USA), streptavidin (SA) and human serum albumin
(HSA) were obtained from Beijing Bios. Co. (Beijing, Chi-
na), bovine serum albumin (BSA) was purchased from
Nanjing Bookman Biotechnology Co. (Nanjing, China),
sodium borohydride (NaBH4) was purchased from Tianjin
Institute of Chemical Reagents (Tianjin, China), sodium
chloride (NaCl) was obtained from Nanjing Chemical
Reagent Co. Ltd. (Nanjing, China), magnesium chloride
hexahydrate (MgCl2⋅6H2O) was purchased from Xilong
Chemical Engineering Co. Ltd. (Shantou, China), Tween-
20 was purchased from Tianjin Kermel Co. (Tianjin, China),
and aldehyde slides were obtained from Shanghai Baio Co.
(Shanghai, China). All chemicals used were of analytical
reagent grade, unless otherwise stated. All samples and
buffer solutions were prepared using deionized water from

a Millipore system. Some 0.1 M PBS and 0.1, 0.2, and
0.3 M PBSM (0.1× PBS+0.1, 0.2, and 0.3 M NaCl+
1 mM MgCl2⋅6H2O, respectively) were used as incubating
buffer, and 0.1 M PBST (0.1× PBS+0.1 M NaCl+0.05%
Tween-20) was used as a wash buffer.

All oligonucleotides, aptamers, and PBS were purchased
from Shanghai Sangon Biotechnology Co. (Shanghai, China).
Their sequences used are listed as follows:

Oligo-A (5′SH-AACCCCGGCCCC-3′)
Oligo-B (5′SH-AAAAAAAAAAAAAACCCCGGCCC

C-3′)
Oligo-C (5′SH-AAAAAAAAAAAAAAAAAAAAAAA

AAAAAACCCCGGCCCC-3′)
Oligo-D (5′SH-AAAAAAAAAAAAAAA-biotin-3′)
Oligo-E (5′SH-AAAAAAAAAAAAAAAAAAAAAAA

A-biotin-3′)
Oligo1-Cy5 (5′Cy5-GGGGCCGGGGTT-3′)
Oligo2-Cy5 (5′Cy5-CTGAGCTCGGTA-3′)
A15-Aptamer1 (5′SH-AAAAAAAAAAAAAAAGGGG

CACGTTTATCCGTCCCTCCTAGTGGCGTGCCC-3′)
Oligo-Aptamer2 (5′-GGGGCACGTTTATCCGTCCCTC

CTAGTGGCGTGCCCCTACCGAGCTCAG-3′)
A Smart Array 48 arrayer and a LuxScan-10k/A scanner

(CapitalBio Corporation, Beijing, China) were used to prepare
microarrays and scan fluorescence images, respectively. The
images were analyzed through a LuxScan3.0 software (Cap-
italBio Corporation). UV–vis spectra were performed on a
UV-3600 spectrophotometer (Shimadzu, Japan). A transmis-
sion electron microscope (JEM-2100, Japan) was used to
collect TEM images. A CT15RT desktop versatile refrigerated
centrifuge (Shanghai Tianmei Scientific Instrument Co.,
Shanghai, China) was used for the centrifugation. A ZD-85
constant temperature shaker (Changzhou Guohua Electric
Apparatus Co. Ltd., Changzhou, China) was used for the
hybridization. A TS-2 orbital shaker (Haimen Kylin-Bell
Lab Instruments Co. Ltd., Haimen, China) was used as the
washing platform.

Preparation of silver nanoparticles

All the glass vessels were soaked in the dichromic acid
solution, followed by gentle scrubbing in a soap solution,
and then rinsed thoroughly with deionized water. Silver
nanoparticles were prepared according to previously
reported methods [29, 30]. Briefly, an aliquot of an aqueous
silver nitrate solution (2 mM, 40 ml) was added dropwise
into a sodium borohydride solution (3 mM, 80 ml) in an ice
bath, and the mixture was continuously stirred until all the
silver nitrate solution was added. Finally, an appropriate
amount of sodium borohydride solution was added to make
the solution become bright yellow in a hot water bath.
AgNPs colloidal solution was obtained and stored at room
temperature before use.
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Scheme 2 Illustration of the
fabricated detection probes and
control probes

Scheme 1 Schematic illustration
of the preparation of Probe1 and
the fluorescence immunoassay
procedure for the detection
of IgE
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Preparation of detection probes

Functionalized silver nanoparticles were prepared using the
method of Sun et al. [31], with some modification; the
procedure is illustrated as Scheme 1. Briefly, 1,330 μl
AgNPs, 100 μl of 10 μM Oligo-B, and 33 μl of 10 μM
A15–Aptamer 1 (Conjugate1) were mixed and incubated for
at least 18 h. To adjust the pH value and increase the ionic
strength of the resulting solution, 163 μl of 1× PBS was
added to the solution and reacted for 6 h. Then, 28 μl of 2 M
NaCl was added to the solution; this procedure was repeated
twice at 3-h intervals so that the total NaCl concentration
could be increased gradually. After 12 h, 32 μl of 2 M NaCl
was added at 3-h intervals; this procedure was repeated three
times to bring the final concentration of NaCl to 0.2 M.
After an additional standing for at least 48 h, the resulting
solution of 900 μl was isolated by centrifugation for 15 min
(14 °C, three times at 15,000 rpm). The precipitate was
recentrifuged in 900 μl of 0.1 M PBS and finally redispersed
in 450 μl of 0.2 M PBSM. Then, 450 μl of 2.2 μM Oligo1-
Cy5 was hybridized with the modified AgNPs and reacted
for 2 h at 37 °C with gentle shaking. The final product is the
hybridized conjugate complex and is referred to as Probe1.
Probe2 was prepared by adding 225 μl Oligo-Aptamer 2
into 675 μl of 1.48 μM Oligo2-Cy5 and then hybridized for
2 h with gentle shaking at 37 °C. The process was carried
out in the dark to avoid any fluorescence quenching. The
constitution of all probes is illustrated as Scheme 2.

Preparation of other fluorescent probes

To prepare probe A (Tag-A), 1,000 μl AgNPs, 75 μl of
10 μMOligo-A, and 25 μl of 10 μMOligo-D was incubated
for at least 18 h. To adjust the pH value and increase the
ionic strength of the resulting solution, 122 μl of 1× PBS
was added to the solution and reacted for 6 h. Then, 21 μl of
2 M NaCl was added to the solution; this procedure was
repeated twice at 3-h intervals so that the total NaCl con-
centration could be increased gradually to 0.1 M. After an
additional standing for at least 24 h, 1,200 μl of this solution
was isolated by centrifugation for 15 min, 14 °C, three times
at 15,000 rpm. The precipitate was recentrifuged in 900 μl
of 0.1 M PBS and finally redispersed in 300 μl of 0.1 M
PBS. Then, 300 μl of 3.3 μMOligo1-Cy5 was added for 2 h
of hybridization with gentle shaking at 37 °C. The resulting
complex is referred to as Tag-A. The preparation procedure
of Tag-B or Tag-C was the same as above, in which Oligo-A
was replaced by using Oligo-B or Oligo-C, respectively.
Tag-D was prepared by using 1,000 μl AgNPs, 25 μl of
10 μM Oligo-D, and 75 μl of 10 μM Oligo-E; the operating
procedure was the same as described above. The fabricated
probes are illustrated as Scheme 2.

Detection of human IgE

Goat antihuman IgE (0.125 mg/ml) and BSA (1 mg/ml, used
as negative controls) were spotted onto aldehyde-coated
glass slides in a 4×4 array. The slide was incubated at
37 °C for 2 h in a humidified chamber and stored at 4 °C
overnight. Before use, the slide was blocked with 25 μl of
10 mg/ml BSA for 1 h at 37 °C, washed with 0.1 M PBST
three times (5 min per washing) at 100 rpm, then air-dried.
Each array was covered with 25 μl of different concentra-
tions of human IgE, incubated for 1 h at 37 °C, and washed
with 0.1 M PBST three times (5 min per washing) at
100 rpm. Then, 25 μl Probe1 or Probe2 was applied onto
the array and left for 2 h at 37 °C (Scheme 1). The micro-
array slide was washed with 0.1 M PBST three times (5 min
per washing) at 100 rpm and then air-dried. The prepared
microarray slide was then scanned with a LuxScan-10k/A
scanner at 635-nm laser.

Fig. 2 Fluorescence intensity of Tag-B (bar a) and Tag-D (bar b).
Insert shows the fluorescence scanning image of Tag-B and Tag-D.
Each array contains four spots of 1 mg/ml BSA (used as the negative
control) and 12 spots of SA. The standard error bars were calculated
from 24 spots

Fig. 1 Relationship between the fluorescence intensity and the spacing
distance between AgNPs and Cy5 (bars A–C represent Tag-A, Tag-B,
and Tag-C, respectively). The standard error bars were calculated
from 24 spots
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Results and discussion

Optimization of modified conditions

The spacing distance between the silver nanoparticles and
Cy5 plays an important role in fluorescence performance for
the immunoassay [4, 7]. To further identify the influence of
the distance on fluorescent probe performance, three kinds
of tags (Tag-A, Tag-B, and Tag-C) were prepared; their
spacing distances between Cy5 and AgNPs were 4, 8, and
13 nm, respectively (the length of three bases equals to
1 nm) [11]. In our experiment, their fluorescence intensities
were observed using a fluorescent scanner. To assemble
these control probes on the slides, 1 mg/ml streptavidin
was first printed on the aldehyde-coated glass slides. The

slides were incubated at 37 °C for 2 h in a humidified
chamber and stored at 4 °C overnight. Before use, the slide
was blocked with 25 μl 10 mg/ml BSA for 1 h at 37 °C,
washed with 0.1 M PBST three times (5 min per washing) at
100 rpm, then air-dried. Of the Tag solution, 25 μl was
transferred onto the well of the slides and then incubated
for 1 h at 37 °C, washed with 0.1 M PBST three times
(5 min per washing) at 100 rpm, then air-dried. The Cy5-
coupled AgNPs could be bound on the slides since there are
biotin groups on the surface of AgNPs. The tag-fabricated
slides were then scanned with a fluorescent scanner at 635-

Fig. 3 a TEM image of Probe1 performed by adding the condensed
solution of Probe1 on the carbon film. b UV–visible spectrum of the
AgNPs (curve a) and Probe1 after centrifugation (curve b). c

Fluorescence emission spectrum of Probe1 before (curve c) and after
(curve d) centrifugation. Each curve of UV and fluorescent represents
the average of two independent experiments

Fig. 4 Linear relationship between the concentration of human IgE in
log scale and the relative fluorescence intensity using Probe1 in the
range from 10 ng/ml to 6.25 μg/ml. The standard error bars were
calculated from 24 spots. Insert shows the fluorescence scanning
image of Probe1 in the presence of IgE at different concentrations.
These are 1 mg/ml BSA and 10 ng/ml, 50 ng/ml, 250 ng/ml, 1.25 μg/
ml, and 6.25 μg/ml IgE, respectively (from left to right). Each array
contains 12 spots of goat antihuman IgE and four spots of 1 mg/ml
BSA (used as a negative control)

Fig. 5 Fluorescence intensity of Probe1 (top) and Probe2 (bottom) in
different concentrations of IgE and 10 μg/ml HSA. The detection limit
of Probe1 and Probe2 were 1 and 50 ng/ml, respectively. The standard
error bars were calculated from 24 spots

AgNPs-based fluorescent probes and application in IgE detection



nm laser. It can be seen from Fig. 1 that the maximum
fluorescence intensity belongs to Tag-B, and the result
showed that the optimal distance between the AgNPs and
Cy5 appears to be 8 nm. Thus, the corresponding oligonu-
cleotide (Oligo-B) was selected to prepare the detection
probes in our following experiments.

To determine the advantage of the hybrid probe design,
Tag-B and Tag-D were selected for a comparison of fluo-
rescent intensities. Figure 2 shows that the fluorescent in-
tensity of Tag-B was about 2.5-fold higher than that of Tag-
D. This suggested that the hybrid design could benefit to the
metal-enhanced fluorescence effect [7, 11] as the rigid hy-
brid probe, Tag–B, could reduce the quenching resulting
from the oligonucleotides’ bending or twisting on the sur-
face of AgNPs.

Characterization of the functionalized probes

The TEM image (Fig. 3a) showed that the mean diameter of
the modified AgNPs was 20.3±4.6 nm. According to the
method reported by Ward Jones et al. [32], the concentration
of AgNPs was calculated to be 2.5 nM.

The UV–visible absorption spectra of AgNPs (Fig. 3b,
curve a) and the redispersed solution of Probe1 (Fig. 3b,
curve b) showed that the yield was around 36%, so the
concentration of AgNPs containing Probe1 was 0.9 nM
(approximately 1.2 pmol). Furthermore, a slight red shift
was observed on the maximum absorbance wavelength from
AgNPs to Probe1 (from 401 to 406 nm), suggesting a small
change in the size of the nanoparticles after functionaliza-
tion. The fluorescence emission spectra of Probe1 before
(Fig. 3c, curve c) and after centrifugation (Fig. 3c, curve d)
were measured to obtain the concentration of Oligo1-Cy5
which hybridized with Conjugate1; the obtained concentra-
tion is 142 pmol (due to the concentration of Oligo1-Cy5
being more than that of Oligo-B, the concentration of Oligo-
B was used to calculate the coverage of oligonucleotide
assuming hybridization uniformity of Oligo1-Cy5 and
Oligo-B).

The amount of Oligo1-Cy5 per silver nanoparticle was
calculated theoretically. Supposing that the probability of
binding on the surface of AgNPs for oligonucleotides was
the same, the average coverage was calculated to be 158
oligonucleotide units per nanoparticle [33]. The calculated
coverage which was higher than that in our previous paper
may be attributed to the different fluorescence measurement.
Moreover, the result was confirmed by the advancement of a
hybrid design in Fig. 2.

Analytical performance of Probe1 and Probe2

This assay was challenged with a series of target IgE con-
centrations. As shown in Fig. 4, the fluorescence intensity

increased with increasing concentrations of IgE (0.01, 0.05,
0.25, 1.25, and 6.25 μg/ml). The relative fluorescence in-
tensity (ΔF) was defined as the difference between the
fluorescence intensity in the presence and absence of IgE.
Figure 4 also showed a linear correlation between the rela-
tive fluorescence intensity and the concentration of human
IgE in log scale. The linear curve fitted a regression equation
of ΔF0531.6LogC−20.937. Figure 5 indicated that the
limit of detection using Probe1 was 1 ng/ml (the limit of
detection≈fluorescence intensity[HSA]+3SD[HSA]).

To compare with ordinary fluorescent probes, Probe2
was also used to assay IgE protein samples. The detection
limit of Probe2 was found to be 50 ng/ml. It showed clearly
that the fluorescence intensity of Probe1 reached 180-fold
relative to Probe2 due to the MEF effect. The sensitivity of
our assay compares favorably with other fluorescence apta-
meric assays for IgE [34–36].

Conclusion

The hybridization design with Conjugate1 and Oligo1-Cy5
as metal-enhanced fluorescent tags was firstly applied for
the detection of IgE. A detection limit of 1 ng/ml, which was
50 times lower than Probe2, was obtained. This aptameric
assay system achieved a low detection limit, high specific-
ity, and good reproducibility. It also demonstrated the po-
tential applicability of this method for allergy diagnosis in
the clinic. This microarray aptameric assay based on the
MEF effect provided a promising approach in the study of
ultralow-level protein detection.
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