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Among the functional nucleic acids studied, adenine-rich nucleic acids have attracted attention due to

their critical roles in many biological processes and self-assembly-based nanomaterials, especially

deoxyribonucleic acids (abbreviated as poly(dA)). Therefore the ligands binding to poly(dA) might

serve as potential therapeutic agents. Coralyne, a kind of planar alkaloid, has been firstly found that it

could bind strongly to poly(dA). This work herein reports an approach for visual sensing of the

coralyne–poly(dA) interaction. This method was based on the coralyne inducing poly(dA) into the

homo-adenine DNA duplex and the difference in electrostatic affinity between single-stranded DNA

and double-stranded DNA with gold nanoparticles (GNPs). Furthermore, we applied the recognition

process of the interaction between coralyne and poly(dA) into specific coralyne detection with the

assistance of certain software (such as Photoshop). A linear response from 0 to 728 nM was obtained

for coralyne, and a detection limit of 91 nM was achieved.
Introduction

Beyond the Watson–Crick DNA duplex,1 a lot of other kinds of

functional nucleic acids (such as aptamers, catalytic nucleic

acids, i-motifs, G-quadruplexes, triplex and Holliday junctions)

have been extensively studied over the past decades due to their

importance to sensors, the assembly of nanomaterials, nano-

machines, diagnostics, and therapies.2–8 For example, a lot of

aptasensors have been fabricated to detect varieties of targets

ranging from small molecules to proteins or cells.9 A light-

induced conformational switch of i-motif DNA was designed by

coupling with a light-induced hydroxide ion emitter.8c An anti-

VEGF (vascular endothelial growth factor) aptamer as thera-

peutic drug has been in vitro selected and approved by the

FDA.10

Among the functional nucleic acids studied, much attention

has been focused on adenine-rich nucleic acids, especially deoxy-

ribonucleic acids (abbreviated as poly(dA)), due to their critical

roles in many biological processes and self-assembly-based

nanomaterials.11 For example, many poly(dA) tracts in most

eukaryotes may affect chromatin structure and thus may serve as

a major DNA marker system.11a Therefore some recent

researches have been devoted to discover the ligands that could

bind poly(dA) and thus might serve as potential therapeutic

agents. In fact, few molecules seem to bind to single-stranded
aState Key Laboratory of Electroanalytical Chemistry, Changchun
Institute of Applied Chemistry, Chinese Academy of Sciences,
Changchun, Jilin, 130022, P. R. China. E-mail: ekwang@ciac.jl.cn; Fax:
+86-431-85689711; Tel: +86-431-85262003
bGraduate School of the Chinese Academy of Sciences, Beijing, 100039,
P. R. China

† Electronic supplementary information (ESI) available: structures of
ligands and homo-adenine base pairs. See DOI: 10.1039/b909069j

‡ These authors contributed equally to this work.

This journal is ª The Royal Society of Chemistry 2009
nucleic acids.12 Coralyne, a kind of planar alkaloid, has been

particularly noticed for its high propensity to stabilize triplex

DNA, anti-leukemic activity in animal models and as a dual

poison of topoisomerase I and II.13 It has been firstly found by

Ren and Chaires that coralyne could intercalate strongly to

poly(dA) with an apparent association constant of (1.05� 0.1)�
105 M�1.14 Furthermore, Hud et al. have found that coralyne

promoted the formation of an anti-parallel homo-adenine duplex

with a melting temperature around 50 �C, with a stoichiometry of

one coralyne per four adenine bases.11b–d

Despite such progress, the study of molecular recognition

between ligands and poly(dA) and the screening of potential

therapeutic drugs are still great challenge. Up to now, most

techniques used for the investigation of ligands binding to the

homo-adenine secondary structures are electrophoresis, UV-vis

and circular dichroism spectroscopy.11a–d For further study, some

novel techniques are needed to investigate the interaction

between poly(dA) and its potential ligands, among which simple

colorimetry, especially GNP-based colorimetry, reveals

increasing potential for its simplicity, high sensitivity, and low

cost.15

The GNP-based colorimetry relies on the fact the dispersed

GNP solution is a wine-red color whereas the aggregated one is

purple.15 Song et al. reported the coralyne-assisted assembly of

GNPs and its potential in screening homo-adenine DNA duplex

binders.11e Though GNP-based colorimetry was employed to

monitor the assembly, Song’s method needed the steps of

modifying HS-poly(dA) onto the GNPs and separating the

modified GNPs from the unmodified GNPs. Such steps might

bring relatively complex operation and high cost. This kind of

labeled colorimetry could be further simplified and improved via

a label-free approach. This label-free colorimetry used unmodi-

fied GNPs as sensing probes and was based on the different

adsorption abilities of single-stranded DNA and double-stranded
Analyst, 2009, 134, 1647–1651 | 1647
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DNA onto the GNPs.16 Since Li and Rothberg’s pioneering

work in label-free GNP-based colorimetry, substantial progress

has been made in this area.17 For example, Hg2+-promoted

formation of thymine–thymine base pairs has been investigated by

using this kind of label-free GNP probe.18 To the best of our

knowledge, no one has so far studied the ligand-induced

formation of the homo-adenine DNA duplex via label-free GNP-

based colorimetry. Herein, we firstly report a simple colorimetric

recognition of ligand inducing poly(dA) into homo-adenine

DNA duplex using unmodified GNPs as probes, taking coralyne

as the model ligand (Scheme 1). Also, this process was further

used for coralyne detection.
Experimental

Chemical and reagents

Coralyne was purchased from Acros (NJ, USA). Rhodamine B,

methylene blue, sodium citrate and sodium chloride were

purchased from Beijing Chemical Reagent Company (Beijing,

China). Chloroauric acid (HAuCl4) was purchased from

Shanghai Chemical Reagent Company (Shanghai, China). Other

reagents and chemicals were of at least analytical reagent grade.

The water used throughout all experiments was purified by

a Milli-Q system (Millipore, Bedford, MA, USA). The poly(dA)

oligonucleotide sequence (50 AAAA AAAA AAAA AAAA 30,

abbreviated as A16) and control random oligonucleotide

sequence (50 CAAG TGTC GGCA TCAT 30, abbreviated as

R16) were synthesized by the TaKaRa Biotechnology Co., Ltd

(Dalian, China).
Apparatus

Absorption spectra were recorded on a Cary 500 Scan UV-Vis-NIR

Spectrophotometer (Varian, Harbor City, CA, USA) at room

temperature.
Preparation of gold nanoparticles (GNPs)

13 nm GNPs were prepared according to a literature method.19

Briefly, a sodium citrate solution (0.1 M, 1.94 mL) was rapidly

added to a boiled HAuCl4 solution (50 mL H2O, 0.167 mL 10%

HAuCl4) under vigorous stirring. The mixed solution was boiled

for 10 min and further stirred for 15 min. The resulting wine-red-

colored solution was cooled to room temperature, and was

stored in the 4 �C refrigerator before use.
Scheme 1 Colorimetric recognition of coralyne-induced poly(dA) into

the homo-adenine DNA duplex using unmodified GNPs.

1648 | Analyst, 2009, 134, 1647–1651
Colorimetric recognition of coralyne-induced formation of homo-

adenine DNA duplex

A typical colorimetric recognition was realized as the following

procedure (see Scheme 1). First, 4 mM A16 and 16 mM coralyne

were mixed and incubated in 10 mM phosphate buffer (pH 7.0,

containing 200 mM NaCl) for 20 minutes. Second, 5 mL of the

A16/coralyne solution was added into 100 mL of 13 nm GNP

solution and was sonicated for 40 seconds. Third, 5 mL of

680 mM NaCl was added into the A16/coralyne/GNP solution

and was sonicated for 40 seconds to produce a color change. The

final concentrations of coralyne, A16 and NaCl in GNP solution

were 728 nM, 182 nM and 40 mM, respectively.

In control experiments, R16 was investigated instead of A16

(or rhodamine B and methylene blue were investigated instead of

coralyne) under other conditions identical to those used for A16

and coralyne.
Coralyne detection and quantitative calculation of the relative

intensity of the dose-dependent formation reaction with

Photoshop7.0

Concentration-dependent experiments for coralyne detection

was carried out by mixing different amount of the coralyne and

A16, and the mixtures were added to the GNPs. The specific

processes were followed by above-mentioned experiment details.

The coralyne concentration-dependent response was analysed

quantitatively with the Photoshop7.0. The relative intensity

could be measured as follows: (1) select an area you want to

measure, (2) choose Image>Histogram, (3) select Chanel:Red,

and read the value of Mean. The Mean value is the intensity we

used in our experiment. The dose-dependent response could be

quantitatively calculated as: relative intensity ¼ [intensity of

coralyne–A16–GNPs]/[intensity of GNPs alone] � 100%.
Results and discussion

Mechanism for the sensing system

The mechanism of colorimetric recognition of the coralyne–

poly(dA) interaction using the unmodified GNP probes could be

explained as follows. The 13 nm GNPs used were coated with

citrate, which stabilized the GNPs via their electrostatic repulsion

against van der Waals attraction.19 However, this electrostatic

repulsion was so weak that it could be screened by NaCl added

and thus the GNPs could be aggregated easily by NaCl. As with

previous reports,16,17a the unfolded single-stranded DNA could

be adsorbed onto the GNPs surface via coordination interaction,

which could enhance the GNPs stability remarkably against

NaCl-induced aggregation. Here, A16 (or R16 as discussed later)

alone was in an unfolded state without any self-structure pair.

Therefore, it could protect GNPs and ensure they remained a red

color after the addition of NaCl. As for double-stranded DNA,

the outer phosphate groups prevented its interaction with nega-

tively charged GNPs, so it could not protect GNPs against NaCl-

induced aggregation.16,17a Therefore, after coralyne induced

unfolded A16 to form the homo-adenine DNA duplex, the

duplex could not stabilize the GNPs any more, which led to their

aggregation after NaCl addition and the development of a cor-

responding purple color.
This journal is ª The Royal Society of Chemistry 2009
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Fig. 2 Photographs of 110 mL of 13 nm GNPs containing 40 mM NaCl

in the presence of: (1) 45 nM R16 and 182 nM coralyne; (2) 91 nM R16

and 364 nM coralyne; (3) 136 nM R16 and 546 nM coralyne; (4) 182 nM

R16 and 728 nM coralyne; (5) 227 nM R16 and 910 nM coralyne. The last

photograph (from left) was for GNPs alone.
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Optimizing of the concentration of coralyne

Coralyne is a kind of planar alkaloid with a positive charge (see

ESI†), so a high concentration of coralyne itself could effec-

tively aggregate the GNPs. In order to exclude the impact of

coralyne, 5 mL of different concentrations of the coralyne were

added to 95 mL of 13 nm GNP solution before incubation for

40 minutes. Fig. 1 shows photographs of 100 mL GNPs con-

taining various concentrations of coralyne only. It could be

clearly seen that coralyne could aggregate the GNPs when the

final concentration of coralyne was greater than or equal to 1

mM. Thus to guarantee that the color change of the GNPs

originated from the coralyne-induced formation of the homo-

adenine DNA duplex but not from coralyne itself, the final

concentration of coralyne in the GNP solution was optimized

below 1 mM in our work.
Optimizing of the concentration of DNA

Polak and Hud have reported that coralyne promoted the

formation of the homo-adenine duplex with a stoichiometry of

one coralyne per four adenine bases.11b The A16 used in our

experiments had 16 adenine bases. Therefore, in order to make

sure that coralyne could promote A16 to form the homo-adenine

duplex completely, the mole ratio between coralyne and A16 was

chosen as 4 : 1, the same mole ratio between coralyne and R16

was chosen. In order to optimize the concentration of A16, we

should study the ability of single-stranded DNA protecting

GNPs against both NaCl- and coralyne-induced aggregation.

We chose R16 as an example of single-stranded DNA because

R16 could not be introduced into the duplex chain by coralyne.

We incubated R16 at various primal concentrations of 1 mM, 2

mM, 3 mM, 4 mM and 5 mM, coralyne at various primal

concentrations of 4 mM, 8 mM, 12 mM, 16 mM and 20 mM. As

shown in Fig. 2, R16 at lower primal concentrations of 1 mM, 2

mM and 3 mM, for which the final concentrations of were 45 nM,

91 nM and 136 nM in GNP solutions, could not protect GNPs

effectively against NaCl-induced aggregation. R16 at primal

concentrations of 4 mM and 5 mM, for which the final concen-

trations of were 182 nM and 227 nM in GNP solutions, could

protect the GNPs and ensure that they remained a red color after

the addition of NaCl.

Furthermore, R16 at the final concentration of 182 nM could

protect GNPs containing various concentrations of coralyne

against NaCl-induced aggregation as shown in Fig. 3. Therefore,

the final concentration of A16 (or R16) in GNP solution was

chosen as 182 nM.
Fig. 1 Photographs of 100 mL of 13 nm GNPs containing various concentrati

coralyne. The second to eighth photographs (from left to right) contained cora

1.4 mM, 1.6 mM, respectively.

This journal is ª The Royal Society of Chemistry 2009
Colorimetric recognition of coralyne inducing poly(dA) into the

homo-adenine DNA duplex

Shown in Fig. 4 is a typical colorimetric recognition of the

coralyne-induced formation of the homo-adenine DNA duplex.

In the absence of coralyne (Fig. 4b), the single-stranded

poly(dA) was adsorbed on the GNP probes and stabilized the

GNP probes against a given high concentration of salt. In this

case, the solution appeared red. However, in the presence of

coralyne (Fig. 4a), it induced the formation of the homo-

adenine DNA duplex via intercalation. Such a formed poly(dA)

duplex could not be adsorbed on the GNP probes and could

not stabilize the GNP probes against the high salt. Accordingly,

aggregation of GNP probes was induced with a purple solution

appearing. By the color change of the unmodified GNP probes

from red to purple, the coralyne-induced formation of the

homo-adenine DNA duplex could be directly monitored with

the naked eye.
Detection of coralyne

Because coralyne was a very important alkaloid, we further

applied the recognition process of the interaction between cor-

alyne and poly(dA) to the specific detection of coralyne. The

coralyne concentration-dependent response is shown in Fig. 5. It

was found in the coralyne concentration range from 0 to 728 nM

that the GNP probe color gradually turned from red to purple

(Fig. 5a). And as low as 91 nM coralyne could be recognized

directly with the naked eye. Meanwhile, this trend of color

change further confirmed that coralyne could sensitively induce

the formation of the A16 duplex, and the more coralyne added

the more duplex formed. Usually, the quantitative data analysis

of label-free colorimetry was performed with UV-vis spectros-

copy. However, with the assistance of certain software (such as

Photoshop), quantitative analysis could be readily obtained just

with the photographs. Here, with Photoshop7.0, the dose-

dependent response could be quantitatively calculated as: relative
ons of coralyne. The first photograph (from left) was GNPs alone without

lyne of a final concentration of 0.4 mM, 0.6 mM, 0.8 mM, 1.0 mM, 1.2 mM,

Analyst, 2009, 134, 1647–1651 | 1649
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Fig. 3 Photographs of 110 mL of 13 nm GNPs containing 182 nM R16

and 40 mM NaCl in the presence of various concentrations of coralyne

The last photograph (from left) was for GNPs alone without R16 and

coralyne. The first to sixth photographs (from left to right) contained

coralyne with a final concentration of 910 nM, 728 nM, 546 nM, 364 nM,

182 nM and 0 nM, respectively.

Fig. 4 Colorimetric recognition of coralyne inducing poly(dA) into

homo-adenine DNA duplex. Photographs of 110 mL of 13 nm GNPs

containing 182 nM A16 and 40 mM NaCl in the presence (a) and absence

(b) of 728 nM coralyne. (c) GNPs alone as control.

Fig. 5 (a) Photographs of 110 mL of 13 nm GNPs containing 182 nM

A16 and 40 mM NaCl in the presence of various concentrations of cor-

alyne. The first photograph (from left) was GNPs alone without A16 and

coralyne. The second to seventh photographs (from left to right) con-

tained coralyne with a final concentration of 0 nM, 91 nM, 182 nM, 364

nM, 546 nM, and 728 nM, respectively. (b) Plots of intensity versus

coralyne concentration.

Fig. 6 Photographs of 110 mL of 13 nm GNPs containing 182 nM R16

and 40 mM NaCl in the presence (a) and absence (b) of 728 nM coralyne;

and photographs of 110 mL of 13 nm GNPs containing 182 nM A16 and

40 mM NaCl in the presence of (c) 728 nM methylene blue and (d) 728

nM rhodamine B.
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intensity ¼ [intensity of coralyne–A16–GNPs]/[intensity of

GNPs alone] � 100%. As shown in Fig. 5b, a linear response

from 0 nM to 728 nM was obtained for coralyne, and a detection

limit of 91 nM was achieved.
1650 | Analyst, 2009, 134, 1647–1651
Selectivity of the sensing system

To testify that the recognition procedure is specific, control

experiments were done using random single-stranded DNA (here

R16) and other ligands (here rhodamine B and methylene blue).

As shown in Fig. 6, R16 used here could also protect GNP

probes from NaCl-induced aggregation but exhibited no signif-

icant response to coralyne under the same experimental condi-

tions. In addition, when rhodamine B and methylene blue

substituted coralyne, still no color change of the GNP probes

took place under the same amount of NaCl. All of these control

experiments further proved the specific interaction between A16

and coralyne.

Conclusions

In summary, a simple label-free colorimetric recognition of

coralyne inducing poly(dA) to form the homo-adenine DNA

duplex was realized using GNP probes, which may offer a useful

method to screen potential therapeutic molecules in the future.

Further, the sensitive detection of coralyne was accomplished in

this way. Through this method, commonly used steps such as

labeling, modification and separation were effectively avoided.

So it provided a much simpler, faster, and more economical

alternative to traditional methods.11e Furthermore, this work

extended the application of label-free GNP colorimetry from

sensors to recognition interaction between ligands and functional

nucleic acids.
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