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a b s t r a c t

A plasmonic colorimetric strategy was designed for sensitive detection of biomolecules through enzyme
guided silver nanoparticles (AgNPs) growth on gold nanostars (AuNS). The growth of AgNPs on AuNS led
to a substantial blue shift of the localized surface plasmon resonance (LSPR) peak and the color change of
AuNS from blue to dark blue, purple and ultimately orange. Both the LSPR blueshift wavelength and the
color of detection solution containing AuNS, Agþ and ascorbic acid 2-phosphate (AAP) depend on the
amount of enzyme that catalyzed the dephosphorylation of AAP to reduce Agþ on AuNS surface. Thus
this strategy could be used for LSPR and naked-eye detections of both the enzyme such as alkaline
phosphatase (ALP) and other biomolecules involved in biorecognition events using ALP as a tag. The LSPR
detection method for ALP showed a linear range from 1.0 pM to 25 nM with a detection limit of 0.5 pM.
Using DNA as a mode target molecule, this technique showed a detection range from 10 fM to 50 pM
DNA with a detection limit of 2.6 fM through the convenient combination with hybridization chain re-
action amplification. The proposed plasmonic colorimetric strategy could be extended as a general
analytical platform for design of immunosensors and aptasensors with ALP as a label.

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

Colorimetric detection has received considerable attention due
to the low cost, simplicity and practicality (Guo et al., 2013; Zhou
et al., 2014). By taking the advantages of a large number of novel
nanomaterials, plenty of colorimetric biosensors based on differ-
ent principles have been developed (Liu et al., 2013a; Saha et al.,
2012; Song et al., 2011; Tram et al., 2014; Wang et al., 2014; Zhang
et al., 2013a). For example, a series of colorimetric methods based
on the aggregation of metal nanoparticles have been proposed for
sensitive and convenient detection of glucose (Li et al., 2012), DNA
(Ji et al., 2011; Liu et al., 2013b), metal ions (Lee et al., 2007a),
cancer cells (Lu et al., 2010), and enzymes (Wang et al., 2013).
However, the practical application of these strategies is limited,
since the aggregation of metal nanoparticles is susceptible to some
external factors, such as high ionic strength or other impurities,
which influences the reproducibility and precision of these de-
tection methods. Although some mimic enzymes such as nano-
materials and DNAzyme have also been used for colorimetric de-
tection of DNA (Park et al., 2011; Shimron et al., 2011), protein (Gao
et al., 2007; Gao et al., 2008), bacteria (Wan et al., 2012), cancer
cell (Tao et al., 2013) and metal ions (Li et al., 2008), the design of
novel colorimetric assay strategy to circumvent the drawbacks
existing in the developed methods for their practical application
still remains a significant challenge.

Recently, due to the unique tunable size, shape, composition,
and plasmonic optical properties, noble metal nanoparticles have
drawn particular interest in plasmonic sensing (De la Rica and
Stevens, 2012; He et al., 2012; Liu et al., 2014; Xia et al., 2013;
Xianyu et al., 2014; Yang et al., 2014). Enzymatic synthesis of na-
noparticles in situ, which can improve significantly the signal to
noise ratio, is the main way to regulate the size, shape, composi-
tion of nanoparticles (Pavlov, 2014). For example, the etching of
gold nanorods has been employed for colorimetric glucose de-
tection based on the cascade reaction of horseradish peroxidase
and glucose oxidase (Saa et al., 2014), and the etching of triangular
silver nanoprism can induce a substantial surface plasmon re-
sonance shift, which leads to a method for DNA detection, though
the peak shift is only about 40 nm in whole calibration range (He
et al., 2012). The protruding tips of gold nanostars (AuNS), one of
the anisotropic plasmonic gold nanostructures, have high elec-
tromagnetic field enhancements (Jana et al., 2015). Thus this na-
nostructure is attractive for localized surface plasmon resonance
(LSPR) biosensing application. In a sandwich immunoassay format,
the use of AuNS achieves a LSPR detection of attomole prostate-
specific antigen (Lorenzo et al., 2012). This method uses glucose
oxidase labeled to antibody to generate hydrogen peroxide for
reduction of silver ions around AuNS, which yields a blueshift in
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Scheme 1. Schematic representation of plasmonic colorimetric strategy for ALP detection via enzyme guided growth of AgNPs on AuNS and LSPR blueshift.
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LSPR of AuNS. However, the formation of free-standing silver na-
nocrystals leads to inverse response and thus limits the detectable
concentration range of analyte. Moreover, the alteration of solu-
tion parameters such as pH and precursor concentration can exert
a huge impact on the response (Lorenzo et al., 2012), which also
limits its practical application.

Inspired by the LSPR blueshift of AuNS due to the enzyme-
guided growth of silver nanoparticles (AgNPs) (Lorenzo et al.,
2012), this work designs a novel system for excluding the draw-
backs mentioned above and performing the plasmonic colori-
metric detection of both alkaline phosphatase (ALP) and DNA as a
model analyte involved in biorecognition events. ALP is an im-
portant biomarker in clinical diagnosis such as adynamic bone
disease, hepatitis and prostatic cancer (Zhou et al., 2014), mean-
while, its activity has a profound influence on the depho-
sphorylation process (Choi et al., 2007; Li et al., 2013). By means of
the ALP-catalyzed dephosphorylation and the controllable reduc-
tion of silver ions by ascorbic acid (AA), the plasmonic colorimetric
detection of ALP can be achieved in the presence of ascorbic acid
2-phosphate (AAP) and AuNS (Scheme 1).

The enzyme-guided growth of AgNPs on AuNS can induce the
color change of AuNS from blue to dark blue, purple and ultimately
orange, which leads to a method for detection of ALP by naked eye.
Due to the multi-catalysis of ALP to produce the reductant AA and
the high molar extinction coefficient of AgNPs on AuNS surface,
the naked-eye detection shows wide and continuous color change
and thus wide detectable concentration range. Furthermore, this
system can be conveniently combined with both the developed
Scheme 2. HCR-based DNA detection w
signal amplification strategies and the biorecognition events by
using ALP as a tag. Here, as a concept proof, DNA hybridization is
selected as a biorecognition event, and hybridization chain reac-
tion (HCR), which can carry out the polymerization of oligonu-
cleotides into a long double-strand DNA (dsDNA) spontaneously in
the presence of an initiator DNA (Dirks and Pierce, 2004; Xu et al.,
2013), is used for signal amplification by using two hairpin DNA—
biotinylated H1 and H2 and avidin-tagged ALP to achieve both
LSPR and naked-eye detection of the target DNA (Scheme 2). These
methods show high sensitivity and wide concentration. The plas-
monic colorimetric assay strategy can also be extended for the
design of immunosensors and aptasensors with ALP as a label,
thus it provides a general analytical platform for simple detection
of enzyme and other biomolecules involved in biorecognition
events.
2. Materials and methods

2.1. Materials and reagents

Calf intestine ALP, poly(vinylpyrrolidone) (PVP, MW¼ 10,000),
AAP, N-(3-dimethylamino-propyl)-N′-ethylcarbodiimide hydro-
chloride (EDC), silver nitrate (AgNO3), monoethanolamine (MEA)
and N-hydroxysuccinimide (NHS) were purchased from Sigma-
Aldrich. Chloroauric acid (HAuCl4 �4H2O) was obtained from
Shanghai Chemical Reagent Company (Shanghai, China). Triso-
dium citrate and N,N-dimethylformamide (DMF) were obtained
ith plasmonic colorimetric strategy.
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from Sinopharm Chemical Reagent Co., Ltd. (China). Avidin-ALP
and carboxyl-modified 96-well plate were purchased from Nanj-
ing Olive Twigs Biotech. Co., LTd (Nanjing, China). Other chemicals
were of analytical reagent grade and used as received. Ultrapure
water obtained from a Millipore water purification system
(Z18 MΩ, Milli-Q, Millipore) was used in all assays. The oligonu-
cleotides with the following sequences were purchased from
Shanghai Sangon Biotechnology Co. Ltd. (China) and purified using
high-performance liquid chromatography. Their sequences were
as follows:

Capture probe: 5′-NH2-TATTAACTTTACTCC-3′
Hairpin probe H1: 5′-CTTCCTCCCCGCTGACAAAGTTCAGCGGGG-

biotin-3′
Hairpin probe H2: 5′-TCAGCGGGGAGGAAGCCCCGCT-

GAACTTTG-3′
Target DNA: 5′-TCAGCGGGGAGGAAGGGAGTAAAGTTAATA-3′
Single-base mismatch DNA: 5′-TCAGCGGGGAGGAAGGGAG-

TAAAATTAATA-3′
Non-complementary sequences: 5′-GTGATCATACTTGGCAACT-

CGGTACCGCGC-3′

2.2. Apparatus

Polyacrylamide gel electrophoresis (PAGE) analysis was per-
formed on an electrophoresis analyzer (Liuyi Instrument Company,
China) and imaged on Bio-rad ChemDoc XRS (Bio-Rad, USA).
Transmission electronmicroscopic (TEM) images and energy dis-
persive x-ray analysis (EDAX) were recorded on a Model JEM 2100
highresolution TEM microscope (JEOL, Japan). Zeta potential ana-
lysis was performed on Zetasizer (Nano-Z, Malvern, UK). The ul-
traviolet–visible (UV–vis) absorption spectra were recorded with a
Nanodrop-2000C UV–vis spectrophotometer (Nanodrop, USA). For
DNA detection, the UV–vis absorption spectra were carried out on
a Synergy hybrid 1 multimode microplate reader (BioTek).

2.3. PAGE analysis

A 5% native polyacrylamide gel was prepared using 5� TBE
buffer. The loading sample was the mixture of 7 μL DNA sample,
1.5 μL 6� loading buffer, and 1.5 μL of UltraPowerTM dye. Before
injection into the polyacrylamide hydrogel, the loading sample
was placed for 3 min. The gel electrophoresis was run at 90 V for
1 h. The resulting board was illuminated with UV light and pho-
tographed with a Molecular Imager Gel Doc XR.

2.4. Synthesis of AuNS

Gold nanoparticles were firstly synthesized by adding 2.5 mL of
1 wt% trisodium citrate solution to 50 mL boiling solution of
0.5 mM HAuCl4 according to previous report (Wheeler et al., 2012).
The as-formed nanoparticles were then coated with PVP to obtain
the seeds by adding 3.5 mL of 2.5 mM PVP and stirred overnight at
room temperature. The solution was centrifuged and then dis-
persed in 5 mL ethanol.

82 μl of 50 mM HAuCl4 was mixed with 15 mL DMF solution of
10 mM PVP, followed by rapid addition of 43 μL PVP-coated Au
seeds in ethanol under stirring. Within 15 min, the color of the
mixture changed from pink to colorless, and finally turned blue,
indicating the formation of AuNS in solution (Kumar et al., 2008).
The mixture was centrifuged (6000 rpm) and washed to remove
excess PVP with ethanol at least five times. The obtained AuNS was
finally dispersed in 2 mL ultrapure water with 0.05% Tween.

2.5. Detection of ALP and target DNA

The analysis of ALP was performed by simply adding ALP
solution or sample in 80 μL Tris–HCl (pH 9.5) buffer containing
16 μL AuNS, 0.7 mM Agþ , 4 mM AAP to incubate at 37 °C for
15 min, which was subjected to UV–vis measurement by scanning
from 400 to 850 nm. The detection of DNA was performed in
capture DNA modified 96-well plate, which was prepared by in-
cubating NH2-modified capture DNA (1 nM) in a carboxyl-mod-
ified 96-well plate that was firstly activated using 10 mM PBS (pH
5.5, 100 mL) containing 10 mM EDC and 20 mM NHS for 60 min at
room temperature, and then blocking the active sites with 100 μL
of 1 mM MEA for 2 h at 4 °C. After 50 μL target DNA or DNA
sample was annealed by heating at 95 °C for 5 min and then
slowly cooled down to room temperature, it was mixed with 50 μL
H1 (500 nM) and 50 μL H2 (500 nM) in the capture DNA modified
well to incubate for 1 h at room temperature, which formed
dsDNA sequence through in situ HCR. After the well was washed,
10 μL avidin-ALP (2 μg/ml) was added and incubated for 1 h at
room temperature. Lastly, the well was washed, and 100 μL Tris–
HCl (pH 9.5) containing 24 μL AuNS, 0.7 mM Agþ and 10 mM AAP
was added and incubated for 30 min at 37 °C to perform the UV–
vis measurement by scanning from 400 to 900 nm.
3. Results and discussion

3.1. Feasibility of plasmonic colorimetric assay

The feasibility of the plasmonic colorimetric assay through ALP
guided AgNPs growth on the surface of AuNS was investigated by
several control experiments. As shown in Fig. 1, no appreciable
color change was observed in the absence of AuNS, ALP, AAP or
Agþ . After incubation at 37 °C for 15 min, these solutions did not
show any shift of LSPR peak. However, the solution containing all
these components showed the significant color change of AuNS
from blue to orange, which accompanied a large shift of LSPR peak
(about 200 nm). This phenomenon could be attributed to the
growth of AgNPs on the surface of AuNS (Scheme 1) and much
higher extinction coefficient of AgNPs than AuNS (Lee et al.,
2007b). In addition, the presence of AuNS could greatly enhance
the ALP induced silver deposition reaction, which acted as seeds
for silver growth. This indicated that silver growth was attributed
to the enzyme mediated generation of AA. The whole reaction
could be described by the following equations (Jang et al., 2015;
Zhou et al., 2014).

⟹ +

+ ⟹ + +

−

+ +

AAP AA PO

AA Ag DHA 2Ag 2H

ALP
4
3

AuNS 0

3.2. Characterization of growth of AgNPs on AuNS

The TEM image of the prepared PVP-capped AuNPs showed
good distribution with an average diameter around 15 nm (Fig.
S1A), which was further confirmed by DLS experiment showing an
average hydration diameter of 16.2 nm (Fig. S1B). This result could
be verified by UV–vis spectrum in which an absorption peak was
observed at 520 nm (Fig. S1C). After reduced Au was deposited on
the AuNPs as the seeds, the obtained AuNS showed a star-shaped
morphology with a greater size and protruding tips (Fig. 2A). The
yield of AuNS nanostructures was extremely high (practically
100%). Each nanostar showed a roughly spherical core and several
pointed protrusions. The average particle radius was measured to
be 5575 nm. The corresponding EDAX spectrum showed only the
signals of Au at 2.11, 9.72 and 11.50 KeV, and no signal for Ag was
observed (Fig. 2C). Upon the addition of 8 μL of 7 mM Agþ in 16 μL
AuNS solution, the Zeta potential become more positive, indicating



Fig. 1. Feasibility of the enzyme-guided growth of AgNPs on AuNS. AAP: 4 mM, Agþ: 7.0 mM, ALP: 25 nM, and pH: 9.5. (For interpretation of the references to color in this
figure, the reader is referred to the web version of this article.)

Fig. 2. TEM images of (A) AuNS and (B) AuNS coated with AgNPs, and corresponding EDAX spectra (C and D) detected with carbon-coated copper grids.
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the adsorption of Agþ on AuNS due to its negatively charged
surface (Fig. S2A), which led to strong electrostatic interaction
between Agþ and AuNS surface. The addition of 8 μL 40 mM AAP
did not change the morphology of AuNS (Fig. S2B). After 48 μL
Tris–HCl (pH 9.5) buffer containing 25 nM ALP were added in this
solution and incubated at 37 °C for 15 min, the pointed protrusions
of AuNS disappeared and the morphology obviously changed into
petal similar shape (Fig. 2B), indicating the growth of AgNPs on
AuNS, which led to two strong EDAX peaks at 2.99 and 22.11 KeV
(Fig. 2D). Thus the presence of the enzyme was crucial for the
growth of AgNPs.

3.3. Optimization of detection conditions

It was clear that the LSPR peak shift originated from the growth
of AgNPs. To achieve the excellent performance of plasmonic
colorimetric assay for ALP analysis, several experiment parameters
such as the concentrations of Agþ and AAP, and the incubation
time for growth of AgNPs were optimized. The LSPR peak shift
increased with the increasing Agþ concentration, which led to
faster reduction reaction and more deposited AgNPs (Fig. S3A). At
the Agþ concentration of 0.7 mM, the LSPR peak shift reached a
maximum value, indicating that the further growth of AgNPs did
not change the position of LSPR peak, which warranted the sta-
bility of the proposed analytical method and avoided the problem
of inverse response reported previously (Lorenzo et al., 2012). Of
course, the LSPR peak shift depended on the formation of AA in-
termediate generated by enzymatic hydrolysis of AAP substrate.
With the increasing concentration of AAP, the LSPR peak shift in-
creased and reached the maximum shift at 4 mM AAP (Fig. S3B). At
the optimal Agþ and AAP concentrations, the LSPR peak shift in-
creased with the increasing incubation time (Fig. S3C). The largest
LSPR peak shift was obtained after 15 min, which was selected as
the optimal reaction time.
Fig. 3. (A) UV–vis spectra of the mixture of AuNS and AAP in presence of different co
(C) photograph for color change of detection solution upon incubation with ALP at mar
figure, the reader is referred to the web version of this article.)
3.4. ALP detection

Under optimal conditions, this system was applicable for ALP
detection. As shown in Fig. 3A, the LSPR peak shifted when the
concentration of ALP increased from 1 pM to 25 nM, demonstrat-
ing that the growth of AgNPs on the surface of AuNS was strongly
dependent on the concentration of ALP, which decided the for-
mation rate of AA intermediate. A semilogarithmic dependence of
the blueshift of the LSPR peak on the concentration of ALP was
shown in Fig. 3B, which represented the detectable range for ALP
analysis. From the plot of peak shift vs the logarithmic value of ALP
concentration, a detection limit of 0.5 pM was obtained at 3δ for
LSPR peak measurement of blank solution. The detection limit was
comparable to the assay based on ALP-catalyzed depho-
sphorylation (Xianyu et al., 2014), five times lower than traditional
ELISA method (Gomez et al., 1995), and also 3–5 orders of mag-
nitude lower than other metal nanoparticle based colorimetric
methods (Choi et al., 2007; Wei et al., 2008; Zhao et al., 2007) and
some fluorescent detection methods (Liu and Schanze, 2008;
Zhang et al., 2013b).

It was noted that the color of the detection solution remained
blue, the color of AuNS, in the absence of ALP, while the color
changed from blue to dark blue, purple and ultimately orange as
ALP concentration increased (Fig. 3C), which was contributed to
the growth of AgNPs and the fact that more AgNPs were deposited
on the surface of AuNS. As a consequence, the presence of ALP
could be directly observed with the naked eye through the color
change. The wide and continuous color change led to a wide dis-
tinguishable concentration range in the naked-eye detection.

3.5. DNA detection via biorecognition

Now that the LSPR peak shift depends on the amount of ALP,
this strategy can be conveniently used for detection of other bio-
molecules by using ALP as a signal tag. Scheme 2 schematically
ncentrations of ALP, (B) plot of peak shift vs logarithm of ALP concentration, and
ked concentration for 15 min. (For interpretation of the references to color in this
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depicts a principle of plasmonic colorimetric assay for DNA ana-
lysis, which combines with a HCR for signal amplification. The HCR
for DNA detection involves the self-assembly of target DNA and
two hairpin DNA probes on capture DNA modified surface. Thus a
carboxyl-modified 96-well plate was firstly activated via EDC/NHS
method and modified with capture DNA. In the presence of target
DNA, biotinylated H1 and H2, which are stable and do not hy-
bridize each other, were added in the wells. The HCR self-assembly
formed a dsDNA sequence with multi-sites of biotin. Thus avidin-
tagged ALP could interact with the biotin sites in the linear
structure. Upon addition of the detection solution and following
incubation, Agþ was coated on the surface of AuNS, and ALP-
catalyzed dephosphorylation produced AA intermediate to reduce
the Agþ , which led to the color change of AuNS and a substantial
blueshift of LSPR.

To demonstrate the formation of the dsDNA sequence, gel
electrophoresis was performed to reveal the relationship between
the amount of formed long dsDNA and the concentration of target
DNA. In the absence of target DNA, a well-defined band (lane 1)
was observed (Fig. S4), which indicated that two hairpin DNA
probes were stable. In the presence of target DNA, a long dispersed
band was observed (lanes 2–8). Consistent with previous study
(Chen et al., 2012; Yang et al., 2014), less amount of target DNA
could form a longer DNA sequence with high molecular weight, a
high concentration of the target DNA resulted in the assembly of a
broad range of ds-DNA structures of different lengths, which might
be due to the fact that the growth of the dsDNA triggered by the
target DNA did not stop until the monomers were depleted.

The amounts of capture DNA for preparation of the 96-well
plate and hairpin DNA probes for HCR greatly affected the LSPR
peak shift. The optimal concentrations of capture DNA and hairpin
DNA probes were 1 nM and 0.5 μM, respectively (Fig. S5). Under
optimal conditions, the LSPR peak shifted with the increasing
concentration of target DNA from 10 fM to 50 pM (Fig. 4A). The
plot of the LSPR blueshift vs the logarithm of target DNA con-
centration showed a linearity (Fig. 4B), which led to a detection
Fig. 4. (A) UV–vis spectra of the mixture of AuNS and AAP in capture DNA modified well
and then avidin-ALP for 1 h, respectively. (B) Plot of peak shift vs logarithm of target DNA
of DNA. (For interpretation of the references to color in this figure, the reader is referre
limit of 2.6 fM at 3δ for LSPR peak measurement in the absence of
target DNA. As expected, the color of the detection solution
changed from blue to orange with the increasing concentration of
target DNA (Fig. 4C), demonstrating the feasibility of plasmonic
colorimetric assay by the naked eye.

The specificity of plasmonic colorimetric assay for DNA analysis
was verified with three different DNA sequences (Fig. S6A). The
target DNA that perfectly matched capture DNA and half of H1
showed the largest LSPR peak shift. The sequence with single base
mismatched capture DNA led to a 67% decrease of LSPR peak shift.
The response of Random DNA was close to that obtained from
blank solution. These results indicated that this plasmonic colori-
metric assay possessed excellent capability to differentiate per-
fectly matched and mismatched DNA, demonstrating the excellent
selectivity of this method.
4. Conclusions

This work proposes a plasmonic colorimetric assay method
based on enzyme guided growth of AgNPs on the surface of AuNS.
This strategy shows a proportional response of LSPR blueshift to
ALP in a wide concentration range. The response is stable and can
avoid the problem of previous inverse response. This method
shows highly sensitivity for ALP detection, and can conveniently
combine with biorecognition events to detect other biomolecules
by using ALP as a signal tag. As a model analyte involved in bior-
ecognition events, this technique has successfully been employed
for DNA analysis by introduction of a HCR for signal amplification.
Moreover, the color of AuNS in detection solution shows a wide
and continuous change from blue to dark blue, purple and ulti-
mately orange, and can be easily distinguished at a glance.
Therefore the detection of analytes in a wide concentration range
can be achieved by naked eye. The proposed plasmonic colori-
metric strategy could also be extended as a general analytical
platform for design of other biosensors with ALP as a label,
s incubated with the mixtures of H1, H2 and different concentrations of DNA for 1 h
concentration, and (C) photograph of detection solutions at marked concentrations
d to the web version of this article.)
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showing a broad prospect in practical application.
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