Microchimica Acta (2018) 185: 267
https://doi.org/10.1007/s00604-018-2794-6

ORIGINAL PAPER

@ CrossMark

An aptamer-based colorimetric Pt(ll) assay based on the use of gold

nanoparticles and a cationic polymer

Fuming Sang’ - Jia Liu" - Xue Zhang' - Jianxin Pan’

Received: 1 January 2018 / Accepted: 11 April 2018 /Published online: 25 April 2018

© Springer-Verlag GmbH Austria, part of Springer Nature 2018

Abstract

A colorimetric method is described for the determination of Pt(Il). It is based on the use of gold nanoparticles (AuNPs) which are
known to aggregate in the presence of a cationic polymer such as poly(diallyldimethylammonium chloride) (PDDA). If, how-
ever, a mismatched aptamer (AA) electrostatically binds to PDDA, aggregation is prevented. Upon the addition of Pt(II), it will
bind to the aptamer and induce the formation of a hairpin structure. Hence, interaction between aptamer and PDDA is suppressed
and PDDA will induce the aggregation of the AuNPs. This is accompanied by a color change from red to blue. The effect can be
observed with bare eyes and quantified by colorimetry via measurement of the ratio of absorbances at 610 nm and 520 nm.
Response is linear in the 0.24-2 uM Pt(II) concentration range, and the detection limit is 58 nM. The assay is completed within
15 min and selective for Pt(Il) even in the presence of other metal ions. It was successfully applied to the rapid determination of

Pt(I) in spiked soil samples.

Keywords Colorimetric - Aptasensor - Platinum ions - Cationic polymer - AuNPs aggregation

Introduction

Platinum group as noble metals have been honored as “modern
industrial vitamins” and are widely used in automotive cata-
lysts, jewelry, chemical industry, petroleum industry catalyst
and aerospace industry. In the field of medicine, platinum
drugs, such as cisplatin, oxaliplatin and carboplatin are also
widely used for the treatment of tumors based on their interac-
tion with cellular DNA, resulting in the formation of different
types of adducts, which is the basis of platinum antitumor ac-
tivity [1-3]. With the wide use of Pt(II) in chemical, biochem-
ical and pharmaceutical fields, more and more platinum metals
come into the environment, which have some potential impacts
and do harm to human health [4]. Hence, the detection of Pt(Il)
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is urgently needed for environmental monitoring and human
health.

At present, many methods have been used to detect Pt(II)
including atomic absorption spectrometry (AAS) [5], capillary
electrophoresis (CE) [6, 7], spectrophotometry [8, 9], induc-
tively coupled plasma mass spectrometry (ICP-MS) [10, 11],
etc. Although these methods are accurate and sensitive, they
usually require large testing instruments, complicated steps
and time-consuming analysis, which limit them from being
used in the simple, fast and high-throughput detection.
Aptamer based Pt(II) assays have been developed due to their
low cost, high specificity and considerable binding constant.
For instance, Cai et al. developed a chemiluminescent
sensening assay based on the coordination between mis-
matched streptavidin aptamer (MSAA) and Pt(II) [12].
However, FITC-labelled DNA strand was used in this assay
to obtain the fluorescence detection signal. Accordingly, de-
veloping a rapid, sensitive and highly selective method for the
detection of Pt(1l) is of great importance.

Colorimetric assays have attracted increasing attention for
their simplicity, low cost and no requirement for sophisticated
instruments [13—17]. Especially, Gold nanoparticles (AuNPs)
are the most commonly used optical sensing nanomaterials,
due to their strong surface plasmon resonance (SPR) absorp-
tions in the visible region [18, 19], simple preparation, high
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stability and biocompatibility. The assays based on salt-
induced AuNPs aggregation was still frequently impaired by
its low sensitivity [20, 21]. Otherwise, PDDA can not only be
highly efficiently in causing the aggregation of AuNPs, but
also interact with ssDNA via electrostatic attractions [22-25].
Using these properties, we constructed a colorimetric aptamer
assay for Pt(Il) detection based on PDDA and aptamer-
mediated aggregation of AuNPs in this paper. The results il-
lustrated that the assay was rapid, cheap, highly sensitive and
selective for Pt(II) detection. Moreover, it was successfully
used in the quantitative detection of Pt(II) in soil samples.

Materials and methods
Reagents and materials

Tetrachloroauric acid (HAuCl,), potassium
tetrachloroplatinate(Il) (K,PtCl;) and trisodiumcitrate
dihydrate (Na3;C4H507-2H,0) were purchased from
Sinopharm Chemical Reagent Co, Ltd. (China, www.
sangon.com/). Poly dimethyl diallyl ammonium chloride
(PDDA) was bought from Aladdin Ltd. (Shanghai, China).
MgSO4‘7H20, Pb(CH3COO)2'3H20, CaClz'szo, Ml’lclz
'7H20, ZHSO4'7H20, KCl, COC12'6H20, NISO46H20,
CdCl,-2.5H,0 were purchased from Laiyang Fine Chemical
Plant (China, www.lyjxhg09.com.pel68.com/). All
oligonucleotides were synthesized and purified with HPLC
by Sangon Biotechnology Company, Ltd. (China, www.
sangon.com/), and the sequences were listed in Table 1.
They were dissolved in distilled water and stored at —20 °C.
All the solutions were prepared using distilled water (18
MQ-cm).

Instrumentation

UV-vis absorption spectra were measured on a TU1810 UV-
vis spectrophotometer (Beijing Purkinje General Instrument,
Beijing, China). Transmission Electron Microscope (TEM)
images were carried out using a JEOL JEM2010 microscope
at 200 kV. Dynamic light scattering (DLS) data were collected
on a Zetasizer Nano ZS90 instrumentation (Malvern
Instruments Ltd., UK).

Table 1 DNA Sequences used in this study

Name Sequence (5’ to 3')

AA ATAGACCGCTGTGTGACGCAAGACTGTAT

H1 CGCGCTGCGAATTCAGTCTAGGATTCGGC
GTGGGTTAAGAATTCGCAGCGCG

ABA ACCTGGGGGAGTATTGCGGAGGAAGGT

@ Springer

Synthesis and characterization of AuNPs

The AuNPs were synthesized by reducing HAuCly, with sodi-
um citrate according to the approach described in the refer-
ences [26-28]. All glasswares employed in these preparations
were cleaned by being soaked in aqua regia (HCI/HNO;
3:1 vA), rinsed thoroughly in water, and oven dried prior to
use. A 95 mL aqueous solution of HAuCl, (0.01 wt%) was
added into a conical flask and heated to 120 °C under stirring.
And then, freshly prepared trisodium citrate solution
(1.2 wt%, 5 mL) was added quickly and consistently stirred
and heated until the color of the mixture solution changed
from light yellow to dark red. After that, the heater was turned
off and stirred for another 10 min. Finally, the solution was
cooled to room temperature and stored at 4 °C for further use.
The AuNPs were characterized by UV-vis spectroscopy, DLS
and TEM, respectively. The size of AuNPs was about 13 nm.

Analytical procedure for Pt(ll)

10 puL of K,PtCl, with varying concentration, AA (10 uM,
0.5 uL) and Mg2+ (1 mM, 0.2 uL) were mixed thoroughly and
heated at 88 °C for 10 min, and slowly cooled down to room
temperature for 1 h, then incubated at 37 °C for 30 min to form
a hairpin structure. After that, 800 nM PDDA was added into
the reaction, thoroughly mixed, and incubated for 10 min.
Finally, 200 uL. AuNPs (4.9 nM) solution were added and
followed by ultrapure water to reach a total volume of
500 pL. After incubation for 5 min, the UV-vis absorption
spectra of the sample were measured from 400 to 800 nm
using a TU1810 UV-vis spectrophotometer. The ratio value
(Ag10/Asnp) Was used to evaluate the aggregation level of
AuNPs [29, 30].

Analysis of real samples

To investigate the practical applicability of the colorimetric
assay, we applied it to detect Pt(Il) in soil samples. The actual
sample used was from the Pt(I) polluted soil in wenhua road
(Weihai, Shandong, China). For the analysis of the sample, the
sample was pretreated to remove the impurities by aqua regia
digestion method. Firstly, the collected dust samples were
dried at 100 °C in the oven for 12 h, which partilce size should
be less than 60 mesh. 10 g samples were wetted with water,
and 40 mL aqua regia were added to digest the samples at
100 °C. We transferred the solution into a 150 mL volumetric
flask, and then added ultrapure water to the standard mark of
volumetric flask. After that, the solutionwere filtered to re-
move insoluble residue. To avoid interference from other met-
al ions, the filtrate was diluted 1000 times (1000x) with dis-
tilled water and aqueous ammonia was added to adjust pH to
7. Finally, the samples were spiked with different concentra-
tions of Pt(IT) for the colorimetric detection.
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Results and discussion
Strategy of the colorimetric assay system for Pt(ll)

Scheme 1 illustrates the colorimetric assay mechanism for
Pt(Il) based on the specific reaction among PDDA, AuNPs,
Pt(Il) and aptamer (AA) with four mismatched guanine bases
(Table 1). In the absence of Pt(II), AA hybridize to form a
duplex with cationic polymer (PDDA) via electrostatic
attration. Hence, the aggregation of AuNPs is restrained, and
AuNPs can retain their red color due to the insufficient PDDA.
In the presence of Pt(I), AA can bind with Pt(Il) through the
two adjacent guanine (G) and its random coil structure is
changed to a hairpin structure, which prevents its interaction
with PDDA. Accordingly, the obvious change in the color of
the AuNPs from red to blue is observed by the bare eyes,
accompanied by SPR absorption peaks change in intensity
and wavelength (520 nm to 610 nm). Moreover, the color
change extent and SPR intensity change of AuNPs correlate
with the concentration of Pt(I), which provides a bare eye and
spectroscopic assay for the detection of Pt(1I).

In order to intuitively explore the feasibility of the colori-
metric method strategy, the validated experiments were con-
ducted by TEM, DLS and CD. All the results are shown in
Fig. 1 and S1. AuNPs became aggregated due to PDDA-
induced aggregation of AuNPs (a blue color, 500 nm, Fig.
Sla). However, in the presence of aptamer, AuNPs were well
dispersed in solution (a red color, 13 nm, Fig. 1a) due to the
interaction between ssDNA and PDDA, resulting the lack of
sufficient PDDA to aggregate the AuNPs. On the contrary, it
was obviously observed that there was a great increase in the
amount of the aggregated AuNPs with the increase of the

Scheme 1 A scheme depicts the
proposed colorimetric aptasensor
for the detection of Pt(Il). AA:
aptamer; PDDA:
poly(diallyldimethylammonium
chloride); AuNPs: gold
nanoparticles

Pt(IT) concentration, as shown in Fig. 1¢ and Slc. The
aggregation-dominated processes are further authenticated
by the DLS data, which are presented in Fig. 1b, d, S1b and
d. The average sizes of the AuNPs changed gradually as the
increase of the Pt(Il) concentration (13, 72 and 116 nm, re-
spectively). DLS Data further authenticate the above process-
es, which are well consistent with the TEM images.

In order to further confirm the affinity of AA aptamer to
Pt(II) and PDDA, circular dichroism (CD) measurement was
use to monitor the confirmation change of AA aptamer. As
shown in Fig. 2, addition of PDDA caused almost no change
ofthe CD spectra of the AA aptamer, which demonstrated that
DNA still retained its original conformation [31]. In the pres-
ence of Pt(Il), the value of the negative and positive peaks
(240-250 nm, 270-280 nm) were decreased with the increase
of Pt(II) concentration, but the peaks position almost remained
unchanged. The results indicated that Pt(Il) can bind to AA
aptamer and cause its conformation change, which inhibited
strong 71— 7t* transition of bases with ribodesose, thus
resulting in the decrease of CD peak [32]. Accordingly, all
the aforementioned results further validated the feasibility of
the colorimetric assay strategy (as shown in Scheme 1).

Optimization of detection conditions

In order to obtain a highly sensitive colorimetric assay for
Pt(IT), all the reaction condition including PDDA, aptamer,
Mg>* concentration, pH and the incubation time were opti-
mized. Firstly, 40 pL of PDDA with various concentrations
were incubated with 200 uL. AuNPs solution for 15 min. As
seen in Fig. S2, as the amount of PDDA rised, the degree of
AuNPs aggregation increased. 800 nM PDDA was suitable to
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Fig. 1 TEM images of AuNPs
treated with different conditions:
a AuNPs after the treatment with ¢
800 nM PDDA and 8 nM AA; ¢ \
AuNPs after the treatment with

8 nM AA, 2 uM Pt(Il) and

800 nM PDDA; DLS of AuNPs
treated with different conditions:
b AuNPs after the treatment with
800 nM PDDA and 8 nM AA; d
AuNPs after the treatment with

8 nM AA, 2 uM Pt(Il) and

800 nM PDDA

100 0m

100nm

aggregate all the AuNPs and change the color of AuNPs from
red to blue. Moreover, the ratio value of Ag10/Asy attained the
maximum and remained almostly unchanged as the concen-
tration reached 800 nM. Hence, 800 nM PDDA was chosen as
the optimal concentration in subsequent experiments. Then,
the concentration of the aptamer (AA) was optimized at a
fixed concentration of 800 nM PDDA, which hybridized with
PDDA and keep the red color of AuNPs. Hence, different
concentrations of AA (0—14 nM) were firstly incubated with
800 nM PDDA for 10 min, then followed by the addition of

e AA aptamer
= A A aptamer + PDDA

2p e A A aptamer + 1 uM Pt(II)
=== AA aptamer + 5 pM Pt(II)
_4 2 2 2 2 2 2 2 2
225 250 275 300

Fig. 2 CD spectra of AA aptamer solution treated with PDDA and Pt(II).
Experimental conditions: 700 nM AA aptamer and 800 nM PDDA
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AuNPs solution (200 pL). Figure S3 shows that 8 nM AA can
completely prevent the aggregation of AuNPs thereby main-
taining the red color of AuNPs, and the minimum Ag;0/Assg
value is attained. Therefore, 8 nM AA was the optimal con-
centration and used in the following experiments. The optimal
concentration of Mg?* can mediate the binding of aptamer-
target [12, 33, 34]. Mg”* promoted the formation of the probe
hairpin-like structure. Therefore, varying concentrations of
MgCl, (0, 0.5, 1, 2, 4, 6 mM) were added into the assay
system in the absence and presence of Pt(Il), respectively.
The photographs of AuNPs with different concentrations of
MgCl, are demonstrated in Fig. S4a and b. The great differ-
ence in color was observed at I mM MgCl,. In addition, the
Ag10/A sy value differences between the absence and presence
of Pt(Il) are shown in Fig. 3. The maximum difference value
(0.72) was found when 1 mM MgCl, was added, which was
according to the photographs images. Consequently, 1 mM
MgCl, was applied as the optimal concentration in subsequent
experiments. The pH is very important because it affects not
only the aggragation of AuNPs but also the color development
progress. We firstly investigated the pH effect on AuNPs from
4 to 13, and the results are shown in Fig. S5a. When pH is
lower than 4, the dispersed AuNPs aggregated easily them-
selves. In the range of pH 5-13, the absorption spectra and
color of AuNPs solution were almostly unchanged, which
illustrated that AuNPs can retain stable over a wide range of
pH. Then, we investigated the pH influence on the color de-
velopment progress in the pH range from 5 to 13. Between
pH 5 to 13, the Ag10/Assg value remained unchanged almostly
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Fig.3 The effects of Mg** concentration on the hairpin formation and the
ratio values of Ag¢/As9 of AuNPs in the different concentration of Mg2+
(0 to 6 mM). Experimental conditions: 8 nM AA + different concentration
of Mg2+ + 4 puM Pt(II) + 800 nM PDDA +200 pL AuNPs

(Fig. S5b). Concequently, pH 7 was used in the all experi-
ments. The incubation time of the Pt(Il) with the AA was also
investigated and optimized at 37 °C. As shown in Fig. S6, the
ratio of Agyo / Asyg increased with the increasing of hybridi-
zation time, and then remained almost constant after 30 min.
Accordingly, 30 min was adopted as the optimal hybridization
reaction time.

Colorimetric detection of Pt(ll)

Under the optimum reaction conditions, the assay was
used to the detection of Pt(II). Different concentrations
of Pt(Il) solution from 0 to 8 uM were added, and the
absorption spectra and the values at 520 and 610 nm were
recorded respectively. As shown in Fig. S7, the color of
the solution changed gradually from wine red to blue-
purple with the increase of Pt(II) concentration, indicating
the gradual aggregation of AuNPs. Moreover, the absor-
bance of AuNPs at 520 nm gradually decreased, and the
absorbances of new peak at 610 nm were progressively
increased, which were concomitant with the color changes
from red to blue-purple. According, the absorption ratio
(Ag10/Asz0) Was plotted and good linear relationship was
attained between the ratio of Ag;¢/As>o and concentrations
of Pt(II) with a correlation coefficient of R?=0.996
(Fig. 4). In order to further evaluate the sensitivity of
the system, 3o/slope was used to calculate the detection
limit of the biosensor [20, 25, 32]. The detection limit was
58 nM, which compared favorably with the majority of
previous analytical methods, as shown in Table S1.
Furthermore, compared with the previously reported de-
tection methods, the method had several advantages. First,

1.1p
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3 . .
- 08p T 0.8 i
o . _
sg 0.7F . <06 o
< 06} - é <y=0.20074x+0.42925
i 04} R’=0.997
0.5p F ) ) _ _ _
! 00 05 1.0 L5 20
04 [ " PE /UM
0.3 L s A " i N 5 . R
0 2 4 6 8
Pt /uM

Fig. 4 Sensitivity of the assay for the detection of Pt (II). Plot of Agjo
/As,0 values versus the concentration of Pt(Il) in the range of 0 to 8 uM.
The inset shows the linear calibration plot for Pt(Il) detection. Error bars
were obtained from three experiments. Experimental conditions: 8 nM
AA +1 mM Mg2+ + different concentration of Pt(II) + 800 nM PDDA
+200 pL AuNPs

this method did not need expensive apparatus and com-
plicated preparation process and was a simple and cost-
effective colorimetric assay. Second, The detection pro-
cess of Pt(Il) can be visualized by the bare eye, and the
total detection procedure can be accomplished within just
15 min, which thus give a rapid and sensitive detection of
Pt(1D).

Selectivity

The selectivity of the biosensor depends on the specific
coordination of AA and Pt(IT). Therefore, we researched
the selectivity of the colorimetric method through two
aspects: different DNA sequences and other metal ions.
As for the specificity of AA, two random sequences in-
cluding ABA and H1 (as shown in Table 1) were used. As
shown in Fig. 5a, the specific strand visibly rendered
AuNPs in the aggregated state with a blue color, which
distinctly discriminated from the other two random ones.
The UV-vis spectra of the specific strand showed a re-
markable red shift compared with the other two random
ones. As demonstrated in Fig. S8a, UV-vis spectra of
Pt(Il) show a striking red shift compared with the other
metal ions except for Cu”*, Hg** and Pd**. The results
demonstrated that Cu®*, Hg?* and Pd** displayed some
influence for Pt(II) detection, due to their interaction with
the AA aptamer. To improve the selectivity of the assay,
EDTA were chosen for masking the above ions [35],

@ Springer
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Fig.5 Selectivity of the biosensor a b
for the detection of Pt(I). a 035F 12p Il =0TA
Absorbance spectra of AuNPs in 030} 1.0 I Unireated
the presence of same
concentrations of AA and the 025p 08
other two random sequences 020 3
(8 nM), 4 pM Pt(Il) was used; b 5 oish sﬁ 0.6
The ratio values of Ag¢/Aso In <
the presence of Pt(Il) (4 uM) and 0.10 04
other ions (8 uM), 5 uM EDTA 005k ‘1 ¥ 02
was used; ¢ The ratio values of
Ag10/Aso in the presence of Pt(Il) 000 . . . . 0.0 - L L
(4 uM) or the mixtures of Pt(Il) 400 500 600 700 800 & @3: S & @34} ¢ &R é:, Q%X 03
(4 uM) and other ions (8 uM). ?/nm
Experimental conditions: 8 nM C 12
AA +1 mM Mg** + 4 uM Pt(II)/ i
other ions (8 uM) + 800 nM LOpF
PDDA +200 pL AuNPs. Inset 08 _
showed the corresponding photos |
of the solutions j 0.6k

< 0.4

0.2
0.0

because it had the stability constant (log K) of 18.7 for
Cu?*, 18.5 for Pd**, 21.8 for Hg** and 16.31 for Pt(II). As
shown in Fig. 5b and S8b, the interference from Cu2+,
Hg?* and Pd** has been reduced, whereas the analysis
of Pt(Il) is almost unaffected in the presence of EDTA
ligand. All of the above results illustrated the excellent
selectivity for Pt(Il) of the colorimetric assay. To further
evaluate the selectivity of the biosensor, different interfer-
ing ions (8 uM) were incubated with Pt(I[) (4 uM), re-
spectively. Figure Sc shows the Agio/Asz value of AuNPs
response of the mixture of Pt(Il) and other types of ions
added as the above, which authenticated that different
interfering ions did not affect the assay of Pt(Il).

Real sample analysis
In order to explore the practical feasibility of the color-

imetric assay, we applied it to detect Pt(II) in real soil
samples. The soil samples were spiked with different

Table 2 Determination of spiked Pt (II) in soil sample (n=5)

Sample ICP-MS (uM)  This method+SD  Recovery ~ RSD
09uM 095 0.95 +0.043 105.55 4.46
1.5 uM 1.59 1.54 £0.074 102.67 4.80
20uM 212 2.06 £0.070 103.0 342
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concentrations of Pt(II) detected by the colorimetric as-
say. As shown in Table 2, the recoveries of the spiked
Pt(I) samples were in the range of 102.67-105.55% with
the RSD less than 3.42-4.80% (n=15). In order to vali-
date the accuracy of our method, these samples were also
analysed using the standard ICP-MS method. The data in
Table 2 illustrated that our method were in aggreement
with those of the ICP-MS methods. Therefore, this col-
orimetric assay had the potential applicability for on-site,
rapid and reliable detection of Pt(Il) in environment and
urine samples without time-consuming and expensive in-
strumentation analysis. Moreover, the mothod can hold
promising potential for other kinds of Pt(II) drugs
detection.

Conclusions

A colorimetric assay is described for simple and rapid
detection of Pt(II) based on PDDA and DNA-mediated
aggregation of AuNPs. In the optimum condition, the
assay demonstrated a low detection limit of low as
58 nM and high selectivity for Pt(II). More importantly,
the method has been successfully used in detection of
Pt(Il) in soil samples. All of the above results illustrated
that the method had the great potential for the rapid,
sensitive and on-site detection of Pt(II) in the aqueous
biological and environmental samples.
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