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a b s t r a c t

Herein, a one-tube colorimetric platform has been developed for the simultaneous determination of two
analytes (DNA as model object) in one tube with picomolar sensitivity. SPR-active nanoparticles are used
to encode reporter probes sensitive to oligonucleotides associated with hepatitis A virus Vall7
polyprotein gene (HVA) and hepatitis B virus surface-antigen gene (HVB) respectively and magnetic
beads (MBs) serve as the removal tool. In this mixed nanoparticles based biosensor, the addition of target
analytes could change the concentration of each nanoparticle, leading to different colors of the
supernatant. The influence of spectral overlap has been eliminated by a non-negative matrix factoriza-
tion (NMF). With the assistance of NMF, the limit of detection (LOD) can be determinated as pM level
without amplification. On the whole, this nanosensor boasts the advantages of high sensitivity and low
sample consumption. Simultaneous colorimetric detection and quantification of two molecules in one
tube are demonstrated.

& 2014 Elsevier B.V. All rights reserved.

1. Introduction

There has been an ever-increasing need to develop highly
sensitive and selective methods in various fields including mole-
cular diagnostics and bioterrorism [1–3]. A particularly attractive
material toward this aim is plasmonic noble metal nanoparticle.
Gold nanoparticles (GNPs) is one of the typical choices that
features high extinction coefficient, unique optical property
and mature surface functionalization methods [4–6]. By adding
the target molecules simultaneously bound to the two sets of
oligonucleotide-modified GNPs, particle aggregation can be
achieved by the formation of the sandwich hybridization structure
of GNPs-target-GNPs [4]. With naked-eye observation, the color of
the colloid takes an obvious change from red to purple just like the
litmus which is caused by the red shift of the surface plasmon
peak. Numerous colorimetric methods based on the color change
in the aggregation of metal nanoparticles have been developed
and applied to the detection of DNA [4,7], protein [8], ions [9] and
small molecules [10,11].

Since their original design, GNPs have been refined in various
aspects. The choice of probes is of particular interest as it may lead
to simpler spectra readout and further fit to multiplex detection.
Multiplexed analysis which is reasonable and high-throughput,
has been identified as an important detection method since it is
able to screen multiple analytes in a single assay, being rapid,
simple and consumes fewer samples and reagents [9,12–14]. One
of the fundamental ways is using more probes such as silver
nanostructures [15,16]. However, the ability to quantify targets is
largely determined by the overlap of the spectra [17]. Furthermore,
while quantitative colorimetric detection has been developed for
several years, most of the previous works only use the peak
intensity or relative intensity between dispersed/aggregated GNPs
[18,19]. Therefore, the real challenge in the multiplexed method is
the development of a proper quantification indicator. Notably,
although traditional GNPs have proven effective to response the
existence of target molecules, methods using magnetic beads
(MBs) combined with GNPs can reduce the particle sedimentation
and the complexity of spectra [20].

Herein, we design a strategy that can give a fast signal response
of targets by a simple mixing of sensors for simultaneous multi-
plex analytes detection in one tube. The colorimetry using non-
aggregated GNPs combined with MBs shows high sensitivity and
selectivity [20], which features unique advantages over traditional
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colorimetric assays and could be improved for further application
by using other noble metal nanoparticles. As silver core–shell
nanoparticles (SNPs) show similar detection capability with GNPs
[17], yet rather different optical signals, we employ SNPs together
with GNPs in the non-aggregation based colorimetric system for
multiplex detection of analytes. To prevent ambiguities related to
color determination by naked-eye analysis of the assay, a fully
functional NMF-based data analysis was developed for quantita-
tive determination of a DNA mixture. We believe that the combi-
nation of non-aggregated nanoparticle-based colorimetric methods
and NMF analysis can be potentially used in the multiplexed
determination of biomolecules. Based on this finding, for the first
time we demonstrate the feasibility of using non-aggregated metal
nanoparticles colorimetry in the simultaneous detection of multiple
targets.

2. Experimental

2.1. Materials

All reagents were purchased from Sinopharm Chemical Reagent
Co. Ltd. with analytical reagent grade and used without further
purification. Ultrapure water was used throughout the experiments.
Carboxyl-coated magnetic beads (1.05 μm Dynabeadss MyOne™,
10 mg mL�1) were purchased from Invitrogen Dynals AS. PB
solution (10 mM phosphate sodium buffer solution, pH 7.4), PBS-T
buffer (10 mM phosphate sodium buffer solution, pH 7.4, 100 mM
NaCl, 0.05% tween-20), MES buffer (2-[N-morpholino]ethane sulfo-
nic acid, 100 mM, pH 4.8), and Tris buffer (2-amino-2-hydroxy-
methyl-1,3-propanediol, 50 mM, pH 8).

The sequences of two capture probes were as follows:

� Capture probe HVA (CHVA), 50 NH2-AAAAAAAAAAAGAAAGAG-
GAGTTAA-30,

� Capture probe HVB (CHVB), 50 NH2-AAAAAAAAAATACCACAT-
CATCCAT-30.

The sequences of reporter probes were as follows:

� Reporter probe HVA (RHVA), 50-TCCATGCAACTC-
TAAAAAAAAAAAA-SH 30,

� Reporter probe HVB (RHVB), 50-ATAACTGAAAGC-
CAAAAAAAAAAAA-SH 30

The two target oligonucleotides were as follows:

� target HVA, 50-TTAGAGTTGCATGGATTAACTCCTCTTTCT-30,
� target HVB, 50-TTGGCTTTCAGTTATATGGATGATGTGGTA-30.

Each reporter and capture sequence had a A10 as the linker for
better hybridization. All above oligonucleotides were purified by
HPLC and synthesized by Shanghai Sangon Biological Engineering
Technology & Services Co.

2.2. Equipment

UV–vis absorption spectrometer: UV-2550 (Shimadzu). Centri-
fuge: TG16W (Changsha Pingfan Instruments & Meters Co. Ltd.).
Shaker vortex: Genius 3 (IKA Works, Inc.).

2.3. Preparation of probes

Citrate-stabilized GNPs were prepared by thermal reduction of
HAuCl4 with sodium citrate. SNPs were prepared by a seed-
mediated method similar with the previous report [21]. 1.05 μm

Dynabeadss MyOne™ carboxyl-coated magnetic beads were pur-
chased from Invitrogen Dynals AS.

We designed two MBs modified capture probes, one GNPs and
one SNPs labeled reporter probe, and two target oligonucleotides
which were associated with hepatitis A virus Vall7 polyprotein
gene (HVA) and hepatitis B virus surface-antigen gene (HVB), as
models to demonstrate the multi-color nanosensor for multiple
DNA detection. Each target oligonucleotide was complementary to
one capture probe and one GNPs or SNPs labeled reporter probe in
a sandwich structure.

The optical nanoprobes we prepared were with sulphydryl
oligonucleotides (reporter probe) on the surface of GNPs and SNPs,
and with amino oligonucleotides (capture probe) modified on the
surface of MBs. The reporter probes were covalently linked to
metal nanoparticles for use as the signal source using the method
similar to those previously described [22]. Amino capture probe
was covalently linked to carboxylated MBs for use as the capture
tool by the (N-Ethyl-N0-(3-dimethylaminopropyl) carbodiimide
hydrochloride (EDC) crosslink reaction, following the protocol
suggested by the manufacturer. The hybridization was performed
in a buffer solution containing 10 mM phosphate sodium, 100 mM
NaCl, 0.05% tween-20, pH 7.4.

2.4. Protocol of the two-color colorimetry

In a typical non-aggregated nanoprobes-based DNA detection
experiment, 1 μL sample solution containing target DNA in the
single-stranded form was added to an appropriate amount of MBs
probes (10 mg mL�1, PBS-T buffer) solution to initiate the assay.
The GNPs probes (35 μL, PBS-T buffer) and the SNPs probes (35 μL,
PBS-T buffer) were then added to the solution and allowed to
hybridize with a gentle vortex for 90 min. The total volume was
increased to 80 μL with PBS-T. After hybridization, the MBs with
target-linked SNPs/GNPs together with unreacted MBs were easily
pulled to the wall of the tube in about one minute by applying an
external magnetic field. After the separation, the supernatant was
tested by a Shimadzu UV-2550 with a 50 μL quartz micro-cuvette.
The whole process was carried out at room temperature 25 1C.

2.5. Non-negative matrix factorization analysis

NMF based on “multiplicative” iteration rules is a multi-variant
analyzing method using non-negative constrains to generate the
approximate data which can be applied in an analytical field
[23,24]. Given an initial non-negative matrix (V), it is possible to
find two non-negative matrices, the basis matrix (W) and coeffi-
cient matrix (H) to approximate the original matrix. In the
processing of the data for this experiment, all UV–vis spectra were
combined to form matrix V (Fig. 1). The number of factors was set
as 2 for there are two kinds of nanoparticles in the supernatant.
Low-rank matrices W and H were automatically started from
random matrices and stopped when matrix has not changed for
10,000 iterations. Matrix W corresponds with the basic spectra for
pure SNPs and GNPs and H corresponds to the intensity coefficient.

UV–vis spectroscopic data were exported from the instrument
software into MATLAB (The Math-Works, Inc., Natick, MA) where
NMF data processing was performed in order to allow direct
quantification of the targets.

3. Results and discussion

3.1. Principle of two-color colorimetry for two analytes detection

The basic design of this two-color colorimetric nanosensor is
shown in Fig. 2. Two metal nanoparticles labeled reporter probes,
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and two MBs modified capture probes were employed. Firstly, two
kinds of oligonucleotide probes, RHVA and CHVA, were used to
recognize the oligonucleotide related to hepatitis A virus (HVA).
Similarly, RHVB and CHVB were designed to detect the target
oligonucleotide hepatitis B virus (HVB). To establish the multi-
plexed detection system for DNA, the original mixtures containing
RHVA, CHVA, RHVB, and CHVB were prepared, and then samples
containing the target DNA were added in to form the sandwich
structure. After the hybridization, a magnet was used during the
removal process, and the unbound metal nanoparticle remain
dispersed in the supernatant. Further, the information of color
varied according to the ratio of two target DNAs introduced to the
sensor. This interesting color effect is useful in the simultaneous
detection of two target DNAs in one tube. One obvious advantage
of this strategy was that it avoided the aggregation between
optical nanoparticles, which further avoided the sedimentation.
As this strategy only affected the intensity of the extinction peak
instead of the peak position, the information of spectra featured an
inherent simplicity for quantification.

3.2. Optimization of variables

The reaction time of nanosensors is a significant parameter for
the evaluation of colorimetric approach. Analytes were added at
the time point of 0 s, and spectra changes were observed. The
maximum absorption value change of HVA or HVB (Fig. S1) were
recorded after addition of HVA or HVB and the incubation were
maintained at 25 1C for 90 min. It should be noted that the
optimization of this aspect was not carefully investigated. How-
ever, a variety of factors can affect the hybridization of GNPs and
MBs which include the size of the nanoparticles, salt concentration
and the surface density of the oligonucleotides on the nanoparti-
cles [25]. Therefore, it is possible to shorten the reaction time by
increasing the salinity which is consistent with the electrostatic
interactions (repulsion between GNPs and MBs), or lowering the
surface coverage of oligonucleotides, as reported by literatures
[26,27].

Sensitivity of colorimetric approach in the presence of varying
amounts of MBs was also monitored. The best working concentra-
tion of the MBs were determined with unchanged concentration of
optical probes and target DNA. The results in Fig. S2 have shown
that the parameters for SNPs and GNPs to achieve its highest
sensitivity are different. This difference is largely due to the
difference in the amount of DNA modified on the surface of each
particle and the distinct extinction coefficient of the particles. The
amount of modified DNA on the surface of nanoparticle has an
inverse relationship with its sensitivity [20]. In addition, even with
the same modifying and maturing method, the density of DNA on
the surface of SNPs and GNPs are different. These differences have
led to different optimal amounts of MBs needed for different
particles to be combined with MBs in the colorimetry based on
non-aggregated particles.

3.3. Detection of sequences at single-target model

To investigate the feasibility of the strategy, we firstly tested
the single-target model. With an external magnetic field, SNPs that
were bound to magnetic beads through target-induced hybridiza-
tion were removed from the mixed solution. As a result, the
absorption intensity of SNPs reduced and the GNPs signal was
denoted as a background signal, and visually the color of super-
natant changed from orange to red. The appearance of such signals
indicated the presence of target DNA HVA in the sample (Fig. 3).
No signal change could be observed in the absence of target DNA
HVA, due to that SNPs could not be cross-linked to the MBs.
Similarly, in the presence of target DNA HVB, only GNPs were able
to hybrid with CHVB to form a sandwich complex through DNA
assembly. After the removal operation, the color of supernatant
appeared closer to yellow compared with the original color, which
indicated the existence of target HVB. Hence, the change of
supernatant in color by DNA targets proved the selectivity of the
design and feasibility of the principle as a two-color biosensor. The
intensity of 430 nm peaks assigned to SPR extinction of SNPs
decreased obviously with addition of the HVA target. Fig. 3 has
shown the linear fit data of signal changes of supernatant as a
function of the concentrations of target HVA. The linear range of
HVA was from 10 to 125 pM under a simple optimal conditions of
the amount of MBs. In a similar way, as the HVB DNA concentra-
tion increased, the intensity of 530 nm peak from GNPs decreased
noticeably, which resulted in the color change of the supernatant
from orange to yellow. The UV–vis spectra information showed a
linear change over the range of 25–175 pM. Therefore, the signal of
supernatant changed linearly with the addition of targets. The
results confirmed the applicability of the single-target biosensor
and the feasibility of the principle that the target DNA can be

Fig. 1. The principle of NMF analysis that processes the UV–vis spectra.

Fig. 2. Schematic illustration of non-aggregated nanoparticles based two-color
colorimetric biosensor for DNA detection. The RHVA and RHVB are originally mixed
and show a color of orange, but the color will change after incubation with the
target DNA due to the reduction of reporter probes. As the increase of target DNA,
the color of solution change significantly from orange to red or yellow. (For
interpretation of the references to color in this figure, the reader is referred to
the web version of this article.)
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respectively hybridized with the probes so that the relative metal
nanoparticle would be magnetically eliminated.

3.4. Simultaneous determination of two DNA in one tube

Simultaneous determination of different DNAs in one tube was
then investigated and performed through the non-aggregated
based two-color strategy. As there exists two directions of color
conversion (orange to red or yellow) in our methods, it is attractive
to run only one test for one-tube recognition of two targets which
features less sample and time consuming. We evaluated the
performance of a two-color nanosensor to investigate the practical
applicability of our strategy for one-tube determination of multiple
DNA. A 6�6 matrix was built in a microplate, in which each
element was a sample containing different concentrations of HVA
and HVB. Interestingly, the color change was significantly different,
and varied from 10 to 125 pM for HVA and 25 to 150 pM for HVB.
Fig. 4 shows a photograph displaying the color change of these
DNAs using one 96-well microplate. The performance of the two-
color mode was evaluated by UV–vis measurements in the same
way. As shown in Fig. 4, both the SPR absorption peaks decreased

simultaneously when a sample solution containing both HVA and
HVB was added. However, the spectra cannot be analyzed as easily
as the visual signals due to the overlap and interference between
UV–vis spectra of SNPs and GNPs. One important aspect that leads
to such interference was that the spectra of SPR-active nanoparti-
cles were not narrow enough to eliminate the overlap, which
successively disturbed the quantification. In order to clearly ana-
lyzed the spectra and quantify the two DNA targets, we firstly
introduce NMF to factorize the series of experimental data into two
basic data groups in need.

3.5. Non-negative matrix factorization and quantitative analysis.

It indicated that the concentrations of the respective nanopar-
ticles were determined by the concentrations of the two kinds of
DNA. Therefore, the simultaneous quantitative analysis of DNA
would be possible by measuring the absorbance of these two kinds
of metal nanoparticles relating to the DNA targets. By conduction
of NMF analysis, we established a one-tube quantitative determi-
nation for two analytes that works even when it is difficult to
quantify the targets in a complex sample due to the overlap of the

Fig. 3. UV–vis spectra, digital images and fit linear data of the HVA sensor and the HVB sensor.
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two spectra. The target concentrations were quantified by analyz-
ing the changes in the absorption intensity acquired through NMF,
and the interference of the overlap between different SPR-active
nanoparticles can be solved automatically with this method. The
multivariate evaluation schemes introduced in this essay can
reduce the interference of spectral overlap on the scale of the
entire UV–vis spectrum rather than just a single peak as in their
univariate counterparts [24]. Using the relative intensities of
maximum absorbance peak of SNPs and GNPs acquired from
NMF, the results clearly show the real intensities of optical probes
instead of the overlapping spectra. Fig. 5 shows the quantitative
result of the multiple target DNA detection with two-color
colorimetry, which is almost identical with Fig. 3. The result
verified the validity of the NMF method. The data before and after
the NMF process echoed with each other and confirmed that the
linear analysis remains undisturbed. According to the data in
Fig. 5, the LOD of HVA was 9 pM as calculated, whereas the LOD
of HVB was 15 pM, which proved the high sensitivity of the
method.

4. Conclusions

In conclusion, we have demonstrated a two-kind non-aggregated
metal nanoparticles based two-color colorimetric method for two
analytes detection. In this two-color nanosensor, the information of
supernatant were used as signals. Our approach has significant
advantages of low cost, high sensitivity and high selectivity. Com-
bined with an automatic NMF chemometrics analysis, this colori-
metry offers a simple and quantifiable route for multiple analytes
detection in one tube with detection limits of 9 pM for HVA and
15 pM for HVB. Using noble metal nanoparticles with unique SPR
properties such as Ag and Pt as signal sources, this novel platform
has great potential to be used for the simultaneous multiplexed
detection of proteins, ions and small molecules. Furthermore,
because this two-color colorimetric method takes advantage of a
simple “seeing is believing” assay, it might have potential to be an
android-based color analysis system [28], and have practical appli-
cations in clinical diagnostics.
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