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ABSTRACT

A newly designed functionalization type for gold nanoparticles (AuNP) with split aptamer has been
developed for the detection of adenosine triphosphate (ATP). The ATP aptamer was split into two parts
with their 5’ prime or 3’ prime modified with thiol. Both the 5’ SH and 3’ SH modified strands for each
split aptamer fragment were functionalized onto the same AuNP to construct double-functionalized
AuNP-DNA conjugates. Thus, the split aptamer can be reassembled into intact folded structure in the
presence of ATP molecule with two potential assembly types, which induces the assembly of AuUNP-DNA
conjugates. In this double-functionalized system, the traditional assembly type might facilitate another
assembly type, which was found to give much higher LSPR change in the presence of ATP than the
traditional assembly type, and improve the sensitivity for ATP detection. Time courses of the assemble
processes with different assembly types, Mg?* concentrations, and aptamer fragments densities on AuNP
were followed using the absorption ratio at 650 nm and 520 nm. ATP response with this newly designed

system was investigated using absorption spectra and dynamic light scattering method.

Crown Copyright © 2013 Published by Elsevier B.V. All rights reserved.

1. Introduction

Gold nanoparticles (AuNPs) are excellent colorimetric probes
because of their unique localized surface plasmon resonance (LSPR)
optical properties [1-3] and high extinction coefficient (3-5 orders of
magnitude higher than that of organic chromophores) [4]. Since the
development of attaching thiolated DNA to AuNPs in the year 1996
|5,6], the DNA-directed assembly of nanoparticles has become a hot
method and expanded its applications in various fields, including
nanoparticles preparation and sorting, biosensing and biomedicine
[7-10]. One of the emerging fields is aptamer-based biosensing.
Aptamers are single-stranded oligonucleotides with tailor-made
sequences—as versatile receptors for high-affinity analyte binding
[11]. Their sequence of nucleotides that enable them to specifically
bind to their targeted analytes, with dissociation constants in the range
of micromolar to picomolar, are generally determined through the
SELEX (systematic evolution of ligands by exponential enrichment)

* Correspondence to: Department of Biology & Chemistry, City University of
Hong Kong, Tat Chee Ave., Kowloon, Hong Kong SAR, PR China.
Tel.: +852 3442 7329.

** Correspondence to: CAS Key Laboratory of Soft Matter Chemistry, Department
of Polymer Science and Engineering, University of Science and Technology of China,
PR China. Tel.: +86 551 6360 7410.

E-mail addresses: bhmhwlam@cityu.edu.hk (M.-W. Lam),
xwge@ustc.edu.cn (X. Ge).

process [12,13]. The high affinity, chemical stability, small size and
convenience in synthesis, storage and modification make aptamer an
excellent receptor to design biosensors [14].

Up to now, many elegant ways have been proposed to transduce
aptamer-target binding event to visible signals of AuNPs [15,16].
One effective way is to covalently conjugate AuNP with DNA to
achieve the purpose of target directed assembly or disassembly of
AuNPs, which leads to red-purple color switch of AuNP solution.
Lu's group reported a fast colorimetric sensing method for small
molecules [17,18]. In their system, DNA-AuNP conjugates were
assembled by a linker strand which contains aptamer sequence.
The linker strand folded up in the presence of target molecules and
disassembled the aggregates. Fan's group improved this approach
by attaching split aptamer strands onto different AuNPs [19]. In this
system, the presence of target molecules combined with split
aptamers and formed intact folded structures. Thus, the target
molecules acted as a molecular linker which directly assembled
AuNPs and induced color change. The aptamer split is an important
technique in novel biosening design, such as sandwich-format
biosensor [20]. The specific binding affinity between aptamer and
target makes it possible to reassemble into intact aptamer structure
when the split aptamers fragments encounter their targets. This
technique facilitates the strategy design toward biosensing systems
based on colorimetry [19,21-24], fluorescence [25,26], electrochemical
technology [20,27-30], surface plasmon resonance [31], and dynamic
light scattering [32].
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Fig. 1. (A) Two assembly types of AuNPs functionalized with different split ATP
aptamer. (B) Sensing scheme of the double-functionalized AuNP-split aptamer
system for ATP.

In the strategies of target directed assembly or disassembly of
AuNPs, the traditional design of DNA-AuNP conjugates is to locate
AuNPs at the two ends of the folded structures [17,19,32,33],
which is similar to Assembly Type 1 in Fig. 1A. Obviously, the
strategy of Assembly Type 2 (Fig. 1A) may produce higher LSPR
change because the distance between AuNPs is much closer after
binding with target. However, in this work, it was found out that
the assembly rate of Type 2 was too slow which was not
appropriate for sensing. Here, we proposed a new functionaliza-
tion strategy by combining Assembly Type 1 and Type 2. In this
work, we designed a double-functionalized AuNP-DNA system for
the detection of adenosine triphosphate (ATP). ATP plays crucial
roles in the regulation of cellular metabolism and has been widely
used as an index in biomass determinations in clinical microbio-
logical assays, food quality control and environmental analyses
[34,35]. Thus, the detection of ATP is of great importance.
As shown in Fig. 1B, each split aptamer fragment is modified onto
the same AuNPs at its 5’ prime or 3’ prime. The results show that
this double-functionalized AuNP-DNA system can produce higher
LSPR change than the traditional one and high response rate
simultaneously.

2. Experimental
2.1. Materials and apparatus

All oligonucleotides (HPLC grade) and fetal calf serum were
purchased from Sangon Biotechnology Inc. (Shanghai, China). The

base sequences are listed in Table 1. DNA stock solutions were
prepared by dissolving oligonucleotides in water. Their concentrations

Table 1
List of sequences.

Designation of strand Sequence

Part-1 5'-HS-TTTTTACCTGGGGGAGTAT-3'
Part-2 5'-ACCTGGGGGAGTATTTTTT-SH-3’
Part-3 5'-HS-TTTTTTGCGGAGGAAGGT-3’
Part-4 5'-TGCGGAGGAAGGTTTTTT-SH-3’
Poly-T5 5'-SH-TTTTT-3'

Control sequence 5'-SH-TT CATTTCCCCCCATC

were determined by measuring their UV absorbance at 260 nm.
The extinction coefficient (&) for each nucleotide was: dA)=
15400 M " cm™!, £(dG)=11500 M ' cm™, £(dC)=7400 M cm™’,
and £(dT)=8700 M~! cm™!. Adenosine 5'-triphosphate disodium
salt (ATP), uridine 5'-triphosphate trisodium salt (UTP), cytidine
5'-triphosphate disodium salt (CTP) and guanosine 5'-triphosphate
sodium salt (GTP) were purchased from Sigma. All the other
reagents (analytical reagent) were purchased from Sinopharm
Chemical Reagent Co., Ltd. (Shanghai, China), and were used as
received. Milli-Q water (18.2 MQ cm) (Millpore Co., USA) was used
throughout the study.

Time course files of assembly processes and UV-vis absorption
spectra were recorded using a Shimadzu UV-1800 UV-vis spectro-
photometer equipped with a circular water bath to keep tempera-
ture constant. Quick measurements of DNA concentration were
conducted with a Thermo Scientific NanoDrop 1000 Spectro-
photometer. The hydrodynamic diameters of AuNPs were measured
using a dynamic light scattering particle size analyzer (Malvern
Zetasizer Nano ZS).

2.2. Synthesis of gold nanoparticles (AuNPs)

Gold nanoparticles of ca. 13 nm in diameter were synthesized
using the citrate reduction method [36,37]. Briefly, trisodium citrate
solution (10 mL, 38 mM) was added to a boiling chloroauric acid
solution (100 mL, 1 mM) with vigorous stirring. The color of the mixed
solution changed from pale yellow to gray, black, blue, purple, and
finally to red within two minutes. The solution was stirred for an
additional 15 min and gradually cooled to room temperature. The
AuNP solution was stored at 4 °C before use after being filtered
through a 0.22 pm membrane. To measure the concentration of
AuNPs, an appropriate volume of the AuNPs stock solution was diluted
for 5 times with ultra-pure water and the absorbance at 520 nm was
measured by UV-vis spectrophotometer. The nanoparticle concentra-
tion was estimated with the reported molar extinction coefficients at
520 nm (e=2.7 x 108 M~' ecm™) [38].

2.3. Preparation of AuNPs-DNA conjugates

AuNPs were double-functionalized with split aptamer fragments
via the gold-sulfur chemical bonds. AuNP-1 was prepared through
conjugating AuNPs with Part-1, Part-2 and Poly-T5 according to
literature with minor modifications [37]. Briefly, 20 L of DNA solution
containing Part-1, Part-2 and Poly-T5 (total concentration was 100 uM)
were mixed with 0.6 pL of Tris-(2-carboxyethyl) phosphine hydro-
chloride (TCEP) (30 mM) and 2 pL of Acetate buffer (sodium acetate
and acetic acid) (500 mM, pH 5.2). The above mixture was incubated
at room temperature for 1h, and then 400 pL of AuNPs solution
(11 nM) was added. After 16 h incubation, 5 uL of Tris-acetate buffer
(500 mM, pH 8.2) and 48 pL of NaCl solution (1 M) were introduced,
and another 24 h incubation procedure was needed to complete the
functionalization. The mixture was centrifuged at 15,000 rpm for
15 min, and the supernatant was removed. The deposition was rinsed
with Tris—-EDTA buffer (10 mM, pH 8.0) (TE buffer) for three times
through centrifugation. The final resultant was resuspended in 800 pL
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of TE buffer and stored at 4 °C for further use. Likewise, AuUNP-2 was
prepared through conjugating AuNPs with Part-3, Part-4 and Poly-T5
with the same protocol. In each functionalization experiment, the
amount ratio of 5’ SH to 3’ SH split aptamer fragment was 1:1 and that
of total DNA to AuNPs was 450:1.

2.4. ATP response

The time courses of the assembly process were recorded on
Shimadzu UV-1800 UV-vis spectrophotometer with the kinetics
model. 100 pL of AuNP-1 and 100 pL of AuNP-2 were mixed with
20 uL of ATP solution (11 mM) containing 220 mM MgCl,. The
reactant solution was rapidly moved into quartz cuvette, and the
absorption at 520 nm and 650 nm was recorded every 12 s.

In ATP detection assays, ATP solutions of various concentrations
(20 pL) containing 220 mM MgCl, were incubated with 100 pL of
AuNP-1 and 100 pL of AuNP-2 solutions. The resultant mixtures
were incubated at 20 °C for 1.5 h and their absorption spectra were
recorded from 400 to 800 nm. To determine the aggregation of
AuNPs, the resultant mixtures were analyzed on a dynamic light
scattering (DLS) particle size analyzer (Malvern Zetasizer Nano ZS)
under the following conditions: temperature 25 °C, detector angle
173°, incident laser wavelength 633 nm, laser power 4.0 mW. To
determine the selectivity of the biosensing, the assays were
repeated with water (blank), and solutions of CTP, GTP and UTP.
Concentration of all the analytes was 1 mM. To assess the
sequence specificity, the control sequence was functionalized onto
AuNPs with the same processes and experimental conditions as
the preparation of AuNP-1, and its response to 1 mM ATP was
performed.

The ATP detection assay in real samples was conducted
according to the method reported by Tang with minor modifica-
tions [39]. Briefly, 3 samples containing 100 pM, 200 uM and
400 pM ATP, were prepared by spiking ATP standards into blank
fetal calf serum. The mixed solutions were used to repeat the
above ATP detection procedures.

3. Results and discussion

3.1. Design and working principle of the double-functionalized
AuNP-DNA sensing system

The DNA aptamer for ATP was developed in the year 1995 [40].
This aptamer contains two highly conserved guanine-rich regions,
two invariant adenine residues and two regions of predominant
Watson—Crick co variation. The 27-mer DNA aptamer can bind ATP
with the dissociation constant of 6+ 3 uM. Up to now, many
research have proved that the split ATP aptamer can reassemble
into the intact G-quadruple structure with ATP [28,30-32]. There-
fore, the ATP aptamer was split according to the literature [19] to
carry out further study in our work.

As shown in Fig. 1, two assembly types can be designed
according to the location of AuNPs on DNA strands. Assembly
Type 1 is the traditional design in target directed assembly of
AuNPs. The distance-dependent optical property of AuNPs indi-
cates that the system of Assembly Type 2 may produce higher
LSPR change because the distance between AuNPs is much closer
after binding with ATP. We studied the time course of the
assembly process of Type 1 and Type 2 (Fig. 2, Line 1 and Line
2). Here, the common used absorption ratio at 650 nm and 520 nm
of AuNPs solution (Agso/As20) Was used to reflect the aggregation
of AuNPs. It is clearly seen that the traditional Type 1 gave a fast
assembly rate in the presence of 1 mM ATP and reached plateau in
30 min, while the Type 2 gave a very low assembly rate and could
not reach plateau even in 90 min. The low assembly rate of Type
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Fig. 2. Time course of the assembly process of different functionalization types in
the presence of 1 mM ATP. The molar ratio of split aptamer to Poly-T5 spacer was
1:1 and the final concentration of Mg?* was 20 mM.

2 may be caused by the large steric hindrance given by AuNPs
which hinder the formation of G-quadruple structure from two
split aptamer fragments and ATP or make the formed structure
unstable. Therefore, we designed a double-functionalized AuNP-
DNA sensing system which combined Assembly Type 1 and Type 2
(Fig. 1B). As shown in Fig. 1B and Table 1, each split aptamer
fragments has 5 SH modified sequence and 3’ SH modified
sequence, such as Part-1 and Part-2. They were functionalized
onto the same AuNP. The AuNPs which conjugate with Part-1 and
Part-2 are designated as AuNP-1 and that with Part-3 and Part-4
are designated as AuNP-2. The time course of the assembly process
of the double-functionalized system is shown in Fig. 2 (Line 4). The
assembly rate of our newly designed system was greatly improved,
and what is more, the LSPR change in 90 min was much larger
than the traditional one (Type 1). In order to explore the possible
explanations to this phenomenon, another assay was conducted.
The DNA sequences Part-1, Part-2, Part-3 and Part-4 were attached
to four kinds of AuNPs respectively. After treated with the same
processes and experimental conditions as the preparation of
AuNP-1 and AuNP-2, 50 uL of each single-functionalized AuNP-
DNA conjugate were mixed with 20 pL of ATP solution (11 mM)
containing 220 mM MgCl,. The time course data is shown in Fig. 2
(Line 3). The assembly process was very similar to that of Type 1.
Thus, we conclude that only the AuNPs double-functionalized with
5’ SH and 3’ SH split aptamer fragments can produce higher LSPR
change. We infer that both Assembly Type 1 and Type 2 occurred
in the double-functionalized AuNP-DNA system, and the occur-
rence of Type 2 greatly increased the LSPR change. Because the 5’
SH and 3’ SH split aptamer fragments were attached on the same
AuNP, the occurrence of Assembly Type 1, such as the assembly
from Part-1, Part-3 and ATP, provided opportunity to the assembly
from Part-1 and Part-4 on another AuNP in this aggregates. Thus,
the occurrence of Assembly Type 1 facilitates the occurrence of
Assembly Type 2, which makes Type 2 donate a considerable
fraction in LSPR change. However, this assistance from Type 1 is
hard to occur in the system of the mixture of four single-
functionalized AuNP-DNA, because these DNA sequences (Part-1,
Part-2, Part-3 and Part-4) were attached on different AuNPs, and
the assembly prone to occur between conjugates with fast rate
and low steric hindrance. Therefore, the double-functionalized
AuNP-DNA system can provide higher LSPR change and may be
promising in the enhancement of sensing sensitivity.

The assembly behavior of the designed double-functionalized
DNA-AuNPs system (as shown in Fig. 2) is different from others.
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There seems to be an “induction” time at the beginning 15 min.
From Fig. 2, Line 4, it can be seen that the aggregation rate is
slower than Assembly Type 1 (Line 1) but still faster than
Assembly Type 2 (Line 2) at the beginning 15 min. We infer that
this is mainly caused by the occurrence of Assembly Type 1.
Because the split aptamer fragments were prepared for Assembly
Type 1 and Type 2 in the double-functionalized system, the
amount of the functional fragments for Assembly Type 1 is sparser
than the normal one, which produced a slower rate. The Assembly
Type 2 cannot donate a considerable fraction because of its high
steric hindrance at the beginning. However, with the aggregation
of the double-functionalized AuNPs, more sites which are bene-
ficial for the occurrence of Assembly Type 2 emerge on the
aggregates. The occurrence of Assembly Type 2 greatly increases
the LSPR response and the increasing aggregation rate in Line
4 after 15 min is observed. Therefore, from the assembly behavior
of the newly designed system, we infer that the Assembly Type
1 dominates the aggregation at the beginning and then the
Assembly Type 2 participates in the assembly of AuNPs.

3.2. Effect of Mg* concentrations and aptamer fragments densities

The presence of Mg?* is required for aptamer folding in the
presence of ATP, but not affects the conformation of aptamer in the
absence of ATP [41]. We studied the effect of Mg?* concentrations
on the assembly of AuNP-DNA conjugates in the presence and
absence of ATP. In Fig. 3, the assembly rate increased with the
increase of Mg?* concentration. However, the assembly also
occurred in the absence of ATP. This is caused by the Mg?* induced
aggregation of AuNPs, even they have been functionalized with
DNAs [41]. Thus, an appropriate Mg?* concentration should be
determined to optimize the sensing system. By comparing the
value differences of Agso/Asy0 in the presence and absence of ATP,
we conclude that of 20 mM Mg?* (final concentration) can give the
largest LSPR change.

The DNA strand Poly-T5 was used to adjust the function DNA
density and improve the stability of AuNPs in our work. Here,
different aptamer fragment to Poly-T5 ratios (Apt-T5 ratios) were
investigated. Fig. 4 displays the time courses of assembly process
in the systems with different Apt-T5 ratios. The assembly process
became faster when the Apt-T5 ratios varied from 4:1 to 1:1, while
it became slower when the Apt-T5 ratios varied from 1:1 to 1:4.
The assembly rate reached a maximum when the ratio was given
to 1:1. This result can be interpreted by the steric hindrance of
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Fig. 3. Time course of the assembly process of the double-functionalized AuNP-
DNA conjugates in the presence of different concentrations of Mg?*. The molar
ratio of split aptamer to Poly-T5 spacer was 1:1.

DNA strands and assembly stability. When the Apt-T5 ratio was
high, the aptamer fragment was too dense on the surface of AuNP,
and the adjacent DNA strands might hinder the assembly process.
When the Apt-T5 ratio was low, the aptamer fragment was sparse,
which made the assembled aggregate easily be dispersed due to
the electrostatic repulsion between AuNP-DNA conjugates.

3.3. Sensitivity and selectivity

We here designed a double-functionalized AuNP-DNA sensing
system which relied on the target directed assembly of AuUNP-DNA
conjugates. After the optimization of Mg?* concentrations and
aptamer fragments densities on AuNPs, we herein conducted the
assays to estimate the sensitivity of this sensing system for ATP.
Fig. 5A shows the UV-vis spectra of AuUNP-DNA solutions in the
presence of various concentrations of ATP. The addition of ATP
shifted the SPR absorption to the longer wave-length. With the
increase of ATP concentrations, the absorption at 520 nm
decreased and that around 650 nm increased. The absorption ratio
at 650 nm and 520 nm of AuNPs solution (Agso/Aszo) Vs. ATP
concentrations was plotted in Fig. 5B. The limit of detection which
was determined to be 24 uM (S/N23) is more sensitive than
traditional assembly sensing system [19]. A relative standard
deviation (RSD) was calculated to be 2.3% by 10 repetitive
measurements of 400 uM ATP, demonstrating a high accuracy
and reproducibility of the assay. From these results, we can see
that our designed double-functionalized AuNP-DNA sensing sys-
tem is highly sensitive to ATP. To demonstrate that the spectra
variation was induced by AuNP aggregation, we conducted DLS
measurements of the AuNP-DNA conjugates assembled by ATP. As
shown in Fig. 6, the hydrodynamic diameters of AuNPs increased
gradually with the ATP concentration varying from 0 to 5 mM. To
assess the selectivity of the biosensing system, control experi-
ments were performed on ATP analogs—UTP, CTP and GTP. Fig. 7
summarizes the outcomes. Only ATP can induce high LSRP change.
A control sequence which has the same length with split aptamer
was functionalized on AuNPs to explore whether the assembly had
sequence specificity. The result in Fig. 7 demonstrates that only
split ATP aptamer—-AuNP conjugates can result the assembly with
ATP molecules. The good analyte selectivity is attributable to the
high specificity of the aptamer for ATP-binding. We further
evaluated the possibility of this double-functionalized DNA-AuNPs
system in real sample detection. The ATP standards and their
detection results with RSD% by our designed method have been
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Fig. 4. Time course of the assembly process of the double-functionalized AuNP-
DNA conjugates with different molar ratios of split aptamer to Poly-T5. The
concentration of Mg?* was 20 mM.
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Table 2
Analysis of ATP in fetal calf serum.

Sample ATP standards (uM) ATP concentration RSD (%, n=5)
using this method (M)

1 100 107.3 4.7

2 200 205.0 2.7

3 400 392.7 3.0

listed in Table 2. It can be seen that this double-functionalized
DNA-AuNPs system has provided accuracy detection results with
good repeatability, indicating its feasibility in real sample
detection.

4. Conclusion

In summary, a double-functionalized AuNP-split aptamer sys-
tem has been developed for the detection of ATP. The ATP directed
assembly process of this double-functionalized AuNP-DNA system
might adopt two assembly types and was found to give higher
LSPR change than the traditional assembly type. In this double-
functionalized system, the traditional assembly type might facil-
itate another assembly type, which provided much higher LSPR
change in the presence of ATP than the traditional assembly type,
and improved the sensitivity for ATP detection. After the optimi-
zation of Mg?* concentration and aptamer fragments densities on
AuNPs, the limit of detection of the newly designed system was
determined to be 24 uM, which was more sensitive than the
system constructed from traditional assemble type. Furthermore,
such strategy utilizing double-functionalized AuNP-DNA system
can also be applied to other split aptamer-based colorimetric
sensing system.
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