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In this work, we developed a novel fluorescence polarization (FP) method for the sensitive detection of Cu?*
based on the chemical ligation of DNA by click chemistry and silica nanoparticles-assisted FP enhancement.
A double-stranded DNA hybrid (P1P2) is used as an “end-of-helix” template with an alkyne group and an
azide group at the end of two DNA strands, respectively. Cu?* can be reduced to Cu* by sodium
ascorbate, and trigger the chemical ligation P1P2 through the Cu*-catalyzed azide—alkyne cycloaddition.
A biotin-labeled P3 which can hybridize with P1 is introduced to displace the FAM-contained P2 from
P1P2 duplex. Since P1 and P2 are linked after the Cu®*-triggered click chemistry, a PLP2P3 complex is
formed which can be captured on the silica nanoparticle surface through the biotin-streptavidin

R 4 10th October 2017 interaction, thus achieving a high FP signal. In the absence of Cu?*, there is no ligation between P1 and
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Accepted 4th December 2017 P2. The released P2 is free and cannot be immobilized on the nanoparticle surface, resulting in a low FP.
The specificity of click chemistry provides a high selectivity, and the nanoparticle-assisted FP

DOI: 10.1039/c7ral1159b enhancement provides a high sensitivity with a detection limit of 0.0178 uM. This method also displays

rsc.li/rsc-advances good assay performance in real water samples, which may be further used for environmental monitoring.

1. Introduction

Copper is an essential biological trace element, and one of the
most familiar metals in daily life as it is a vital component of
proteins and enzymes in the body.' The lack of copper in the
human body may cause copper deficiency diseases, including
anaemia, and certain heart, circulatory and intestinal prob-
lems.” However, copper is also harmful to the human body at
elevated concentrations, leading to cirrhosis of the liver, diar-
rhea, vomiting, movement disorders, and perception of neuro-
logical disorders.* Several methods have been developed to
detect copper ions, including atomic absorption spectrometry,*
coupled plasma mass spectrometry,® electrochemical,® colori-
metric,” fluorescent methods.® Although these methods are very
sensitive, they require expensive equipment, or need relatively
complicated test process, or are interference by other metal ions
easily. In this regard, the establishment of convenient methods
to detect trace copper with high sensitivity and selectivity has
become more and more significant in biological and environ-
mental analysis.
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Cu'-catalyzed azide-alkyne cycloaddition (CuAAC) reaction
is a typical example of “Click Chemistry”. It has the advantages
of mild reaction conditions, high reaction rate, high yield, and
facile purification with almost no byproducts. The reaction
proceeds by the Cu'-catalyzed cycloaddition of a terminal
alkyne and azide, forming a stable triazole compound. It is
highly specific, as Cu’ only catalyzes the reaction at terminal
alkynes.” As these unique characteristics, CuAAC reaction is
commonly applied in many fields, including drug research and
development,” polymer synthesis," and functionalization of
biological macromolecules.> Recently, CuUAAC has also been
used as a linking tool for DNA chemical ligation and introduced
for the detection of copper ions. For example, Mirkin's group
reported a colorimetric Cu®" sensor based on click chemistry-
triggered ligation of DNA-modified gold nanoparticles.” Nie's
group used DNA-templated click reaction to mediate intra-
molecular G-quadruplex structure formation for developing
a fluorescence Cu** detection method.™

Here, we presented the first example of using fluorescence
polarization (FP) technique to detect Cu®" through CuAAC
strategy. FP is a simple quantitative method related to the
molecular mass and volume of fluorescent molecules."”” The
degree of FP exhibited by a molecule is inversely proportional to
its rotational speed. Thus, larger molecules with slower rotation
present stronger FP, whereas smaller molecules with faster
rotation present weaker FP. When performed in homogeneous
solution, the FP technique has the advantages of simple oper-
ation, high sensitivity, and good reproducibility, and has thus
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received much attention in life science.'® In recent years, to
further improve the sensitivity of FP, researchers have devel-
oped signal amplification methods, such as the use of silica
nanoparticles,"” carbon nanotubes,'® proteins,” and gold
nanoparticles® to enhance the FP signal. In this work, we used
CuAAC reaction to chemically ligase DNA chains and intro-
duced streptavidin-modified silica nanoparticles (SA-SiO,) to
enhance FP, thus developing a novel signal-amplification
method for the detection of Cu**. The specific CUAAC reaction
provides a good selectivity, and the FP amplification by silica
nanoparticles gives a high sensitivity. This method also exhibits
an acceptable assay performance in river water samples, which
may be further used for environmental monitoring.

2. Experimental
2.1 Reagents and instruments

Streptavidin-modified silica nanoparticles (SA-SiO,) were
purchased from Bangs Laboratories Inc., USA. Tris-(hydrox-
ypropyltriazolylmethyl) amine (THPTA) was obtained from
Sigma, USA. Sodium ascorbate (NaVC) was bought from
Shanghai Sangon Biotech. All other reagents used in the
experiments were made in China and of analytical grade.
Ultrapure water with an electrical resistance of 18.2 MQ cm was
used throughout this study. The DNA fragments used in this
study were synthesized by Shanghai Sangon Biotech Co. Ltd.
The sequences are shown below:

P1: CH=CH-GCGTCGCCAGGTCC

P2: FAM-GGCGACGC-N3;

P3: GGACCTGGCGACGCAGCGTCG-Biotin

A DNA stock solution was made by centrifuging DNA at
12 000 rpm for 1 min and dissolving in ultrapure water to
a concentration of 20 uM. The solution was then allowed to
stand at 4 °C for 24 h and stored at —20 °C prior to use. 10X
Tris-HCl buffer (pH 7.0) contained 0.2 M Tris-HCl and 1 M
NaCl was used in this work.

2.2 Fluorescence polarization detection of Cu®*

P1 and P2 with equal concentration were mixed in 1x Tris—-HCI
buffer (0.02 M Tris-HCI and 0.1 M NaCl, pH 7.0). The mixture
was then heated at 95 °C for 5 min, followed by cooling to room
temperature to obtain the duplex P1P2 probe. After that, 11.1 uL
of H,0, 1.9 pL of 10x Tris-HCI buffer, 1.0 pL of 1.0 uM P1P2, 2.0
uL of 10 mM THPTA, 2.0 pL of 5.0 mM NaVC, and 2.0 pL of
a CuSO, solution with different concentration were mixed well.
After reacting at room temperature for 120 min, 16 pL of H,O,
2.0 puL of 10x Tris-HCI buffer, and 2.0 pL of 2.0 uM P3 were
added and reacted for 60 min at 37 °C. Then, 8.0 uL of H,O, 1.0
uL of 10x Tris-HCI buffer, and 1.0 uL of 0.50 ug uL ™" SA-SiO,
were added to the reaction mixture, which was mixed well and
allowed to react at 37 °C for 30 min. After that, 25 pL obtained
solution was added into 75 pL of 1x Tris-HCI buffer to give
a 100 pL of final solution for FP analysis. All FP measurements
were performed using a Cary Eclipse fluorescence spectropho-
tometer (Agilent Technologies, USA) at an excitation wavelength
of 485 nm with a slit-with of 10 nm for excitation and emission.
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The FP signal was recorded at an emission wavelength of
520 nm. Each sample was measured three times independently.
The change of FP signals between the presence and absence of
Cu** was used to evaluate the assay performance.

2.3 Gel electrophoresis

Agarose gel electrophoresis was used to confirm the chemical
linkage of the P1 and P2 and its hybridization with P3. The
samples were prepared as follows: 6.6 pL of H,O, 1.4 puL of 10x
Tris-HCl buffer, 6.0 pL of 10 uM P1P2, 2.0 pL of 10 mM THPTA,
2.0 puL of 5.0 mM NaVC, and 2.0 uL of 0.20 mM CuSO, were
thoroughly mixed at room temperature and allowed react for
120 min. Then, 13.0 pL of H,O, 2.0 uL of 10x Tris—HCI buffer,
and 3.0 pL of 20 uM P3 were added and allowed to react for
60 min at 37 °C. Agarose gel electrophoresis was performed
using a 4% agarose gel in 1x TBE buffer 9.0 mM Tris, 9.0 mM
boric acid, and 0.2 mM EDTA, pH 7.9. 20 uL of sample solution
was added to each well, and the experiment was run under
a constant voltage of 90 V for 90 min. The results were imaged
with an Omega 16ic gel imaging system and analyzed.

3. Results and discussion
3.1 Design principle

The principle of the proposed FP signal amplification strategy is
outlined in Scheme 1. The 5’ end of P1 was modified with an
alkyne group, while the P2 was labelled with a fluorophore
(FAM) at the 5’ end and an azide group at its 3’ end. P3 was
modified with a biotin on the 3’ end, which is entirely
complementary to P1 and also has 6 complementary base pairs
to P2. A double-stranded DNA (dsDNA) hybrid (P1P2) is used as
“end-of-helix” template bearing an alkyne group and an azide
group at the end of two DNA strands, respectively. In the pres-
ence of Cu®*", Cu®" is reduced to Cu" by sodium ascorbate
(NavC), and triggers the chemical ligation of P1 and P2 through
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Scheme 1 Schematic illustration of the amplified FP assay for Cu®*
based on DNA-templated click chemistry and SA-SiO..
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the Cu'-catalyzed azide-alkyne cycloaddition under the assis-
tance of ligand Tris (hydroxy-propyltriazolyl methyl) amine
(THPTA). The biotin-labelled P3 then hybridizes with P1 and
displaces the P2. As P1 and P2 are linked, P2 is drawn closer to
P3 and hybridizes with it to form a P1P2P3 complex. After the
addition of SA-SiO,, the FAM-contained P1P2P3 complex binds
to the surface of the nanoparticles through the specific bonding
between biotin and streptavidin, forming P1P2P3/SA-SiO,
nanocomplex. Due to the larger molecular volume and mass of
the formed nanocomplex, a stronger FP signal was therefore
obtained. In the absence of Cu*’, the azide-alkyne cycloaddi-
tion does not proceed and no linking will occur between the
ends of P1 and P2. When P3 and P1 hybridized, P2 is displaced.
Because P2 and P3 are less complementary which brings a lower
DNA melting temperature, P2 cannot hybridize with P3.
Consequently, the addition of SA-SiO, only leads to the forma-
tion of a P1P3/SA-SiO, nanocomplex. The FAM-labelled free P2
will give a weaker FP signal. Therefore, quantitative analysis of
Cu”* can be performed according to the change in FP signal.

3.2 Feasibility study

To verify the feasibility of the method concept, we first investi-
gated the FP signal under different conditions. The change of
FP signals (AFP) between the presence and absence of Cu** was
used to evaluate the assay performance. As shown in Fig. 1, in
the absence of P3, AFP value is negligible. This is because that
the FAM-labelled P2 can't combine to SA-SiO, without the help
of P3 even though the chemical ligation has taken place. At the
same time, if the system contains no SA-SiO, but with P3, only
a small AFP is observed. This is because the formed P1P2P3
complex has insufficient molecular volume/mass to signifi-
cantly enhance FP signal. As expected, AFP value is increased
remarkably in the presence of both P3 and SA-SiO,. This is
because the formation of P1P2P3 after Cu®*-triggered cycload-
dition, which can be captured by SA-SiO, to give a larger
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Fig. 1 The AFP value at different conditions. Inset is the agarose gel

electrophoresis images under the different conditions. Lane 1: P2; lane

2: P1P2; lane 3: P1P2 + P3; lane 4: P1P2 + P3 + NaVC + THPTA; lane 5:

P1P2 + P3 + NaVC + THPTA + Cu®*.
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P1P2P3/SA-SiO, nanocomplex, greatly enhancing the FP signal.
The above results show that this design principle is feasible and
can be used for the quantitative detection of Cu>".

The viability of proposed strategy was further investigated by
gel electrophoresis. The results are shown in the inset of Fig. 1. P2
was labelled with a FAM fluorophore, which was used as an
indicator here to show the position of P2-contanined DNA in the
gel, thus providing the hybridization state information indirectly.
Lane 1 and lane 2 are P2 and P1P2, respectively. When P3 is mixed
with P1P2, only a band (lane 3) at the same position as that of P2
but not of P1P2 is observed. This indicates that the strand
displacement took place through the hybridization of P3 and P1,
and P2 was released from P1P2. Lane 4 is the mixture of P1P2, P3,
NaVC and THPTA but without Cu>". In this condition, no ligation
was occurred and P2 could also be displaced by P3. Thus, in lane 4,
it only exhibits a band at the similar position to P2 and the band of
P1P2 disappeared. With the introduction of Cu**, a new band with
more slower mobility is obtained (lane 5). This result imply that
the P2 was linked to the P1 through Cu'-catalyzed azide-alkyne
cycloaddition, and then formed P1P2P3 complex. So, a band that
moves slowly can be observed. The above gel electrophoresis
results indicate that the formation of P1P2P3 relied on the pres-
ence of Cu*", further verifying the present design principle.

3.3 Assay performance

To achieve a good assay performance, we optimized the condi-
tions including the temperature, incubation time, and the
solution pH of the click chemistry reaction, and the concen-
trations of used NavC and SA-SiO,. The experimental results
show a largest AFP value when the click chemistry was per-
formed using 5 mM NaVC to reduce Cu®" at 25 °C for 120 min
under a solution pH of 7.0 (Fig. S1, ESIf). In addition, AFP
increased with increasing SA-SiO, concentration and then
decreased when the concentration was larger than 0.5 pg pL™*
(Fig. S2, ESIT). Thus, this value was selected as the optimal SA-
SiO, concentration for the following experiments.
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Fig. 2 Relationship between Cu?* concentration and AFP. Inset
shows the linear region of the curve.
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Fig. 3 Specificity of the proposed FP assay for Cu?* detection. The
concentration of Cu?* is 5 uM, and all other metal ions are 20 puM.

Under the optimized experimental conditions, a series of
Cu*" solutions with different concentrations was analyzed, and
the results are shown in Fig. 2. AFP increases with increasing
Cu”* concentration from 0.050 to 20 pM, and reaches a plateau
when the Cu”" concentration is larger than 20 uM. AFP shows
a good linear relationship in the Cu®** concentration rang of
0.050-2.0 uM (inset of Fig. 2). The linear equation is AFP =
16.81C + 2.25 (C is Cu®' concentration) with a correlation
coefficient of 0.9960. The detection limit (DL) is about 0.0178
UM (S/N = 3). The assay performance of this method was also
compared with other CuAAC-based Cu®" determination
methods (Table S1, ESIt). Comparison results indicate that the
proposed FP assay here can be used for sensitive detection of
Cu*" except a slightly longer assay time. The DL here is much
lower than that of previously reported colorimetric method
based on CuAAC-triggered aggregation of DNA-modified gold
nanoparticles (20 puM)"™ and colorimetric method coupled
CuAAC-ligated DNA with unmodified gold nanoparticle (250
nM),** and is comparable to that of methods using DNA-
templated CuAAC to mediate G-quadruplex structure forma-
tion (65 nM for fluorescence detection, and 5.9 nM for colori-
metric method).****> Though the assay time of our method is
slightly longer than that of G-quadruplex'*** and unmodified
gold nanoparticle** based assays, it is much shorter than other
methods, like fluorescence assay using CuAAC-triggered
aggregation-induced emission of tetraphenylethene deriva-
tive** and commercial glucometer-based assay.**

To investigate the selectivity of the method, we utilized other
environmentally related heavy metal ions, such as Ag”, Ca*",
Fe**, Hg®", Mn**, Zn**, Pb**, K*, and Cr*". As can be seen from
the results in Fig. 3, only Cu** induce a significant change of FP
signal, while the other metal ions have lesser effects even the
concentration of interference metal ion (20 pM) was larger than
that of Cu®" (5 uM). The results show that our method has high
selectivity for the detection of Cu>".

To study the applicability of this method, river water samples
(Taohuajiang River, Guilin) spiked with different concentra-
tions of Cu”>* were tested. The water samples were collected and
pre-treated by centrifugation and filtration.®” Cu®" with different
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Table 1 Recovery test for Cu?" in river water samples

Added Found Recovery RSD
Samples (uM) (M) (%) (%, n = 3)
1 0.10 0.12 107.2 2.5
2 0.40 0.39 94.0 3.6
3 1.00 0.98 96.6 2.1
4 1.50 1.60 103.3 3.3

concentrations was added into the obtained water samples and
then analyzed. The recovery results were listed in Table 1. The
recoveries of Cu”" detection in real water samples are between
94.0 and 107.2%, with a relative standard deviation (RSD) lower
than 5%. In addition, Cu®*"-spiked river water samples 1 and 3
were also tested using ICP-MS. The concentrations of Cu** in
these two samples were 0.114 and 1.01 uM, which is close to the
results obtained by the proposed methods. The above results
demonstrate that our method has potential for application to
monitor Cu®>" in environment-related field.

4. Conclusions

In summary, a novel FP method for sensitive detection of Cu**
was established based on the chemical ligation of DNA by click
chemistry and signal amplification by silica nanoparticles. This
method has several important features. First, the combination
of FP and signal amplification by silica nanoparticles greatly
improves the sensitivity of the method, achieving a detection
limit of 0.0178 uM for Cu>*. Secondly, the high specificity of the
CuAAC reaction improves the reliability. In addition, the
homogeneous FP assay does not need separation, washing, and
other complex processes. Moreover, the proposed method also
has a good analysis performance in river water samples.
Consequently, the proposed FP-based Cu”* detection method
may hold the potential applications in environmental fields.
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