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An electronic nanoswitch is described based on the conformational change of the DNA sequence in the
presence of stabilizing ligands. The new electrochemical biosensor was prepared by modifying a screen-
printed graphite electrode (SPE) with functionalized SiO, nanoparticles [(SiO,-N-propylpiperazine-N-(2-
mercaptopropane-1-one) (SiO,@NPPNSH)] and Au nanoparticles (AuNPs). These nanoparticles are able
to immobilize thiolated G-quadruplex DNA structures (SH-G4DNA). The SH groups on the SiO,@NPPNSH
nanoparticles provide a good platform for stabilizing AuUNPs on the surface of the electrode. This is due to
the fact that AuNPs are able to bind to the organic SH groups on the SiO,@NPPNSH. The SH-G4DNA
binds to the modified electrode by a AuNPs—S bond. The structure of SiO,@NPPNSH was characterized
by scanning electron microscopy (SEM), thermo-gravimetric analysis (TGA) and infrared (IR) spectroscopy.
The morphology of the modified electrode was characterized by SEM. The interaction between G4,DNA
and the anticancer drug, Tamoxifen (Tam), was studied in Tris—HCl buffer and [Fe(CN)g]>~ using cyclic
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(CV) and square wave voltammetry (SWV). The G-quadruplex formation and the interaction mechanism
were identified by circular dichroism (CD) measurements. The CV current was seen to decrease with
increasing concentration of Tam due to interaction between G4DNA and Tam. This biosensor is a simple

Www.rsc.org/analyst and useful tool for selecting G-quadruplex-binding ligands.

orders and some types of cancer.”® In addition, telomerase is
activated in 90% of cancer cells.’

1. Introduction

Published on 17 April 2015. Downloaded by George Washington University on 29/04/2015 03:24:29.

The specialized nucleoprotein structures at the end of linear
chromosomes are known as telomeres. These structures
become shorter due to cell division, and this can be a risk
factor in the development of cancer.' The enzyme telomerase
maintains the length of the telomeres, enabling cells to repli-
cate their telomeric sequences during cell division.* Human
telomeres are composed of tandem repeats of the double-
stranded DNA sequence, (5-TTAGGG):(5-CCCTAA). The G-rich
strand can form G-quadruplex structures via the Hoogsteen
base pair.” The strand also can be stabilized by monovalent
cations such as K* and Na*.® According to a number of
studies, G-quadruplex structures in certain regions of the
genome may play a role in the poor maintenance of genomic
stability, which is a characteristic of many DNA repair dis-
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Based on a number of earlier reports, the formation and
stabilization of quadruplex structures at the telomeric repeats
is an effective method of inhibiting telomerase activity. These
processes hamper telomere extension, blocking the elongation
step.” Small molecules able to target the G-quadruplex
through a variety of binding modes have aroused considerable
interest during studies of these molecules, due to their poten-
tial clinical application in the diagnosis of diseases and the
design of drugs,'®"* particularly in the development of anti-
cancer therapies.! For instance, appropriate ligands with a
good affinity for G-quadruplex structures can be used to stabil-
ize or fold this DNA structure in cancer therapy.

Tamoxifen (Tam) is an anti-estrogen, introduced in 1970. It
has become one of the most popular hormonal agents for the
treatment of breast cancer in women.”*® Tam belongs to a
class of drugs known as selective estrogen receptor modulators,
and was one of the earliest medications employed for targeted
therapies in breast cancer.®

In continuation of our previous studies on the electro-
chemical features of G,DNA-ligand interaction,'”'® in the
present paper we describe a new nanobiosensor, constructed
using G-quadruplex, for the electrochemical investigation of a
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number of ligands able to stabilize this structure. A graphite
screen-printed electrode (SPE), which is low in cost and mass-
producible,'®*® was modified with functionalized SiO, nano-
particles (SiO,@NPPNSH), and AuNPs were then introduced
to the electrode surface, and the organic SH groups on
SiO,@NPPNSH were able to bind to the AuNPs on the
electrode surface. SH-G,DNA could then link to the modified
electrode by a AuNPs-S bond. The resulting nanobiosensor
could then form a substrate for investigating G,DNA-binding
ligands on the electrode surface. Tam was selected as a
G-quadruplex-binding model ligand and its affinity towards
G,DNA was examined. The G-quadruplex formation and also
the interaction between G,DNA and Tam were investigated by
electrochemical signal change and by circular dichroism (CD)
spectroscopy.

2. Experimental
2.1 Reagents

Nanosilica (12.6 nm average particle size) was purchased from
Nissan Chemical Industries Ltd, Tokyo. The DNA oligo-
nucleotides were purchased from MWG-Biotech, Ebersberg,
Germany, and had the following base sequences:

Single-stranded human telomeric DNA (ssDNA):

Sequence 1: (5" GGG TTA GGG TTA GGG TTA GGG 3')

Sequence 2: (SH-5' GGG TTA GGG TTA GGG TTA GGG 3')

Complementary oligonucleotide: (5" CCC TAA CCC TAA CCC
TAA CCC 3)

Sequence 1 was used for experiments carried out in solu-
tion and Sequence 2 to prepare the mixed self-assembled
monolayers. All other materials and reagents were supplied
commercially by either Aldrich or Merck.

A stock solution of DNA (1.0 pM) was prepared in deionized
water (50 mM Tris-HCl, 1.0 mM EDTA, pH 8.00) and held at
4 °C for future use. A stock solution of the G-quadruplex struc-
ture of human telomeric DNA (G,DNA) was obtained by
adding 100 mM KCI and 1.0 pM ssDNA, and the solution was
held at 4 °C for 20 min; the solution containing ssDNA and its
complementary sequences and 100 mM KCl was heated at
95 °C for 10 min and then slowly allowed to cool to room
temperature to form double-stranded DNA (dsDNA).>' The
supporting electrolyte used in all experiments was 50 mM
Tris-HCI buffer at pH 7.40.

2.2 Instrumentation

Electrochemical studies were performed using a Metrohm
Autolab PG 30 electrochemical analysis system controlled by
GPES 4.9 and FRA software (Eco Chemie, Netherlands). The
screen-printed electrodes (SPE, Florence, Italy) were made up
of a carbon working electrode, a carbon counter-electrode and
a silver pseudo-reference electrode. The materials and pro-
cedures for screen printing the transducers have been
described elsewhere.”> CD spectra were measured using a
Model 215 CD spectrometer (Aviv, USA) between 320 and
200 nm. Standard quartz cells of 1 cm path length were used
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for all CD experiments. Circular dichroism nerve network
software was used for data analysis. All the experiments
were carried out at room temperature. The structure of
SiO,@NPPNSH at each step of electrode modification was
investigated using a SEM (Cambridge Stereo Scan 360) system.
Thermo-gravimetric analysis (TGA) was conducted on a
Stanton Redcraft STA-780 (London) and IR spectra were deter-
mined on a Bruker instrument.

2.3 Procedure

2.3.1 Preparation of SiO,-N-propylpiperazine-N-(2-mercap-
topropane-1-one). Functionalized Sio, nanoparticles
(SiO,NPs) were prepared according to the typical hetero-
geneous process (Scheme 1). SiO,NPs (2.0 g) was first refluxed
with 3-chloropropyltrimethoxysilane (3.0 mL) in dry toluene
(100 mL) for 24 h. A suspension of SiO,NPs@Cl (1 g) in
100 cm?® of xylene was then added to piperazine (0.5 g) in the
presence of triethylamine (1 mL) with continuous stirring
under a nitrogen atmosphere for 48 h at 70 °C. The product
(SiO,NPs@Py) was filtered off and washed with xylene and hot
ethanol for 12 h in a continuous Soxhlet extractor, then dried
under vacuum. A magnetically stirred mixture of SiO,NPs@Py
(1.0 g) was refluxed with 2-mercaptopropanoic acid (1 mL) in
toluene for 24 h and the product filtered off using a sintered
glass funnel. The mixture was washed with hot toluene for
12 h in a continuous Soxhlet extractor, followed by overnight
drying in an oven at 110 °C, to give silica-bonded-N-propyl-
piperazine-N-(2-mercaptopropane-1-one) (SiO,@NPPNSH).

2.3.2 Preparation of a modified SPE for the investigation of
G4,DNA/ligand interaction. A droplet of 10 pL SiO,@NPPNSH
was placed on the working electrode surface and air dried for
1.0 h. It was then soaked in ultrapure water to remove un-
absorbed SiO,@NPPNSH. Absorption of AuNPs was carried
out in an aqueous solution of 0.5 mM HAuCl, using chrono-
amperometry. The electrode potential was stepped down from
—0.23 V, with a deposition time of 300 s. Following these pre-
treatments 10 pL of 1 pM G,DNA solution was added to the
modified SPE, after which incubation was carried out at room
temperature for 3 h. Next, mercaptoethanol (10 pL) was added
to the modified G,DNA/AuNPs/SiO,/SPE, and the electrode
finally rinsed with ultrapure water. The interaction of G,DNA
and ligands on the working electrode surface was assessed by
immersing the G,DNA/AuNPs/SiO,/SPE in ligand solution,
15 min being chosen as the optimal time for G,DNA/Tam
interaction. Scheme 1 describes the formation of the bio-
sensing platform for selecting G,DNA ligands.

3. Results and discussion
3.1 Characterization of functionalized SiO, nanoparticles

(SiO,@NPPNSH)

The SiO,@NPPNSH were first characterized by SEM, as shown
in Fig. 1(A). Comparison of the primary particles and the final
nanoparticles showed that the latter were approximately
30-40 nm in size, and that they exhibited some degree of

This journal is © The Royal Society of Chemistry 2015
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Scheme 1 Schematic diagram showing preparation of the modified electrode.

aggregation. The chemical structure of SiO,@NPPNSH was
confirmed by Fourier-transform infrared (FT-IR) spectrometry
and TGA. A number of characteristic peaks in the FT-IR
spectra around 3500-3300, 2933, 2553, 1660-1550 and
1250-1040 cm™ " were due to the O-H of silanols, C-H, SH and
Si-O-Si stretching vibrations, and overlapping free OH and
C=O0 groups, respectively, confirming the presence of organic
functional groups in the SiO,@NPPNSH framework (Fig. 1(B)).

The amount of grafted organic species was determined by
TGA (Fig. 1(C)). The loading of ca. 0.88 mmol g~ for a surface-
bound group was in good agreement with the result obtained
by elemental analysis. The quantity of mercapto groups
attached to SiO,NPs estimated from the sulfur percentage
(2.72%) by elemental analysis was 0.85 mmol g™

3.2 Modification of the electrode

Fig. 2 illustrates SEM images of modified SPEs, Fig. 2(A)
showing the bare SPE. Fig. 2(B) shows the SiO,@NPPNSH

This journal is © The Royal Society of Chemistry 2015

nanoparticles after deposition on the SPE, and Fig. 2(C) the
morphology of SiO,@NPPNSH/SPE after AuNPs electro-
deposition. AuNPs were attached to the SiO,@NPPNSH by a
S-Au bond. The thiolated functionalized group on the
SiO,@NPPNSH assisted the deposition of AuNPs, and also
stabilized the AuNPs on the surface of the electrode.

3.3 Characterization by CD spectroscopy of the G,DNA
formed in solution

Circular dichroism (CD) spectra can be a suitable method for
identifying the G-quadruplex structure and identifying the
differences between dsDNA and the secondary structure of
single-stranded DNA such as G-quadruplex and I-motif. To
confirm whether the G-quadruplex structure had formed in
solution, CD experiments were performed before any attempt
was made to immobilize the G,DNA on the surface of the
modified electrodes. The human telomeric sequence can exist
as a parallel structure (a positive band around 265 nm and a
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Fig.1 (A) SEM image of the compound SiO,@NPPNSH. (B) FT-IR
spectra of SiO,@NPPNSH. (C) TGA analysis of SiO,@NPPNSH.

negative band around 240 nm),>* an anti-parallel structure (a
positive band around 295 nm and a negative band around
260 nm),>* or a combination of the two.>” The dsDNA structure
showed a positive peak at 260 nm.”® As can be seen in Fig. 3(A)
(curve (a)), the CD spectrum of the G,DNA showed a positive
band around 265 nm and a negative band around 240 nm,
confirming the parallel structure.
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It was observed that the spectra of G,DNA in the presence
of different Tam concentrations exhibited a dramatic increase
in the negative band at 240 nm and a decrease in the positive
band at 260 nm (curves (b) and (c)). To further assess the inter-
action, control experiments were conducted with ssDNA before
adding KCl, in order to change the structure of the human
telomeric DNA and ultimately generate G,DNA. As Fig. 3(B)
demonstrates, the CD spectrum of the ssDNA showed a posi-
tive band at about 260 nm (curve (a)). In the presence of Tam,
the spectra exhibited a dramatic increase in the negative band
at 240 nm and a decrease in the positive band at 260 nm,
related to the parallel type of structure. The CD spectra
suggested that Tam interacted strongly with the G,DNA and
that it could stabilize the G-quadruplex structure, even in the
absence of stabilizing cations.

3.4 Electrochemical behavior of the proposed biosensor
using [Fe(CN)q]*~ as a redox label

To demonstrate that the G,DNA had been immobilized on the
modified electrode surface, CV signals were performed in
50 mmol L™" Tris-HCI buffer solutions (pH 7.40) containing
0.01 mol L™ [Fe(CN)g]>~ and 100 mmol L™ KCI, at scan rate of
50 mV s~' (Fig. 4(A)). In the CV measurements, the peak
current increased after modifying the SPE with SiO,@NPPNSH
(curve (b)) and AuNPs (curve (c)), respectively, compared with
the result of the bare electrode (curve (a)). Indeed,
SiO,@NPPNSH and AuNPs can significantly enhance the elec-
tron transfer as mediator, due to their vast surface area. When
the modified electrode was immobilized with G,DNA, the CV
signal decreased, and its AE,, increased due to the increase in
surface charge density (curve (d)). The electrostatic repulsive
interactions between the G,DNA negative backbone and
[Fe(CN)]’~ had a decreasing effect on the redox signal, indi-
cating that a compactly packed self-assembled monolayer of
thiolated G,DNA and MCH had formed.

The quality of G,DNA immobilization on the electrode
surface was compared with an electrode modified by the
absence of SiO,@NPPNSH (ESI Fig. S1}). The presence of
SiO,@NPPNSH improved the electrodeposition of AuNPs on
the electrode surface. The SH organic group on the SiO, gave
an increase in AuNP electrodeposition. This group also
increased the [Fe(CN)s]>~ redox signal (curve (b)) compared
with the effect of the AuNP-modified electrode in the absence
of SiO,@NPPNSH (curve (a)). As a result, G,DNA immobili-
zation was better on AuNPs/SiO,@NPPNSH/SPE (curve (c)),
compared with the effect of AuNPs/SPE (curve (d)).

In the next phase of the study, the electrochemical response
of the G,DNA/AuNPs/SiO,@NPPNSH/SPE was investigated in
the presence of Tam in [Fe(CN)g]’~ solution (ESI Fig. S21). As
increasing concentrations of Tam were added to the solution
the CV peak current gradually decreased, demonstrating
specific interaction between G,DNA and Tam. On the assump-
tion that G,DNA and the ligand (L) produced only a single
complex (eqn (1)):

G4DNA + mL — G,DNA-L,,, (1)

This journal is © The Royal Society of Chemistry 2015
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Fig. 2 SEM images of (A) bare SPE, (B) SiO,@NPPNSH/SPE, and (C) AuNPs/SiO,@NPPNSH/SPE.

The binding constant (K,) can be detected, based on
eqn (2), as described by Ibrahim.”” The modified equation in
the literature®® was used, with minor modification. K, can be
deduced as follows (eqn (2)):

I DNA-L

log = —log K, + mlog[lﬂ (2)

Ipna — Ipna-L

In this equation, K}, is the apparent binding constant, Ipxa
the peak current of immobilized G,DNA alone, L is the ligand
(Tam), and Ipya-1, the peak current of G,DNA after interaction
with Tam. If G,DNA and the ligand form a single complex, the

This journal is © The Royal Society of Chemistry 2015

1
plot of (Ipna-1/(Ipna—Ipna-t)) Vs. log (m> becomes linear, with

slope m and intercept K. According to eqn (1), a plot of
log(Ipna-1/(Ipna—Ipna-1)) against log (1/[L]) results in a straight
line (Fig. 4(B)). The K, value was deduced from the
intercept value of the linear plot, arriving at a value for K}, of
5.74 x10° mol L™,

3.5 Voltammetric evaluation of Tam-G,DNA interaction

In order to investigate the mechanism of the interaction
of Tam with G,DNA, an electrochemical study was
performed using cyclic voltammetry under G,DNA/AuNPs/
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Fig. 4 (A) Cyclic voltammograms of (a) SPE, (b) SiO,@NPPNSH/SPE, (c)
AuNPs/SiO,@NPPNSH/SPE and G4DNA/AuNPs/SiO,@NPPNSH/SPE in
0.5 mmol L™ [Fe(CN)g]*>~ and 100 mmol L™ KCl, at a scan rate of
50 mV s7. (B) Plot of log(lpna-L/lona — lona-L) Vs. log(1/[L]) for deter-
mination of the binding constant.

SiO,@NPPNSH/SPE conditions. Cyclic voltammograms at 1.0 x
10~ mol L™" Tam showed only one oxidation peak, at E,, =
+0.85-0.90 V (Fig. 5(A)), associated with oxidation of the Tam.

Analyst

It can be seen that the peak current of Tam increased (b) after
addition of SiO,@NPPNSH, (c) after AuNP deposition, and (d)
after G,DNA immobilization, respectively, compared with the
bare electrode (a), and there was also a shift in the oxidation
peak to a lower positive potential. It is clear that the SH groups
of SiO,@NPPNSH caused a preconcentration of AuNPs on
the surface of the working electrode. Thereafter, SH-G,DNA
became linked to the AuNPs, which were bonded to the s-func-
tionalized group of SiO,@NPPNSH. In the presence of Tam,
the interaction of Tam/G,DNA took place on this platform.
It is clear that the oxidation peak current of Tam increased
following interaction with G,DNA.

Square wave voltammetry (SWV) was employed to ensure
G,DNA immobilization. Immobilization on the electrode
surface was evaluated by SW measurement in 50 mM Tris-HCI
buffer solution (pH 7.40). To investigate the interaction of
G,DNA with Tam on the working electrode surface, G,DNA
immobilized at the modified SPE, and then the immobilized
G,DNA modified SPE, were immersed in ligand solution for
15 min without applying a potential at the working electrode.
The electrode was then carefully rinsed with distilled water
and SW voltammograms were recorded between +0.5 and
+1.3 V vs. Ag/AgCl/KCl (3 M) in Tris-HCI buffer (50 mM Tris-
HClI buffer, 100 mM KCl, pH 7.40).

Fig. 5(B) shows square wave voltammograms for (a) bare
SPE, (b) SiO,@NPPNSH/SPE, (c) AuNPs/SiO,@NPPNSH/SPE,
(d) SH-G,DNA/AuUNPs/SiO,@NPPNSH/SPE, (¢) 1 x 10~ mol L™*
Tam/SH-G,DNA/AuNPs/SiO,@NPPNSH/SPE, (f) 1 x 107° mol
L' Tam/SH-G,DNA/AuNPs/SiO,@NPPNSH/SPE and (g) 1 X
107° mol L™! Tam/SH-G,DNA/AuNPs/SiO,@NPPNSH/SPE. SW
voltammograms obtained immediately after G,DNA deposition
on the modified electrode surface showed an increase in the
intensity of the Tam oxidation peaks.

These results demonstrated that Tam can intercalate into
the G,DNA structure; its oxidation signal can be seen following

This journal is © The Royal Society of Chemistry 2015
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Fig. 5 (A) (a) CV signals of 1 x 10~* mol L™ Tam in a 50 mmol L™ Tris—
HCl solution at the SPE, (b) SiO,@NPPNSH/SPE, (c) AuNPs/
SiO,@NPPNSH/SPE and (d) G4DNA/AuNPs/SiO,@NPPNSH/SPE at a scan
rate of 50 mV s™%. (B) SW voltammograms of (a) SPE, (b) SiO,@NPPNSH/
SPE, (c) AuNPs/SiO,@NPPNSH/SPE, (d) G4DNA/AuNPs/SiO,@NPPNSH/
SPE, (e) 1 x 107 mol L~* Tam/G4DNA/AuNPs/SiO,@NPPNSH/SPE, (f) 1 x
107® mol L™ Tam/G4DNA/AuNPs/SiO,@NPPNSH/SPE, (g) 1 x 10™* mol
L' Tam/G,DNA/AuNPs/SiO,@NPPNSH/SPE and (h) 1 x 107® mol L™
Tam /AuNPs/SiO,@NPPNSH/SPE in a 50 mmol L™ Tris—HCl solution.

G,DNA immobilization. The oxidation signals of Tam
increased as its concentration increased (curves (e)-(g)). More-
over, the absence of the Tam oxidation peak in the absence of
G,DNA (curve (h)) confirmed that the appearance of Tam oxi-
dation peaks was indeed the result of intercalation to the
G,DNA structure, and was not due to blocking of the electrode
surface.

In the next step, the biosensor was also treated with a
number of different dsDNA oligonucleotides (Table 1) and
G,DNA (Fig. 6). The modified electrodes were then immersed
in 1.0 x 107> M Tam solution and the SWV recorded. As can be
seen, the interaction between Tam and different dsDNA and
ssDNA molecules did not give a significant increase in the SW
signals (curves (b)-(g)), in comparison to the SW signals in the

This journal is © The Royal Society of Chemistry 2015
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Table 1 DNA probe for selectivity study

DNA molecules Structure

SH-GGG TTA GGG TTA GGG TTA GGG

A
NN

CCC AAT CCC

dsDNA(I)

SH-GGG TTA GGG TTA GGG TTA GGG

) e
e N

CCC AAT CCC AAT

dsDNA(II)

SH-GGG TTA GGG TTA GGG TTA GGG
P A~
e ~ ~
CCC AAT CCC AAT CCC

dsDNA(III)

SH-GGG TTA GGG TTA GGG TTA GGG
P VS VS
- ~N N
CCC AAT CCC AAT CCC AAT

dsDNA(IV)

sSDNA SH-GGG TTA GGG TTA GGG TTA GGG

05 0.6 0.7 0.8 0.9 1 11

E (V) vs Ag/AgCV KCl (3 mol L)

Fig. 6 SWV signals of (a) 1 x 107> M Tam in G,DNA/AuNPs/
SiO,@NPPNSH/SPE, (b) dsDNA(I)/AuNPs/SiO,@NPPNSH/SPE, (c) dsDNA
(I1)/AuNPs/SiO,@NPPNSH/SPE, (d) dsDNA(III)/AuNPs/SiO,@NPPNSH/
SPE, (e) dsDNA(IV)/AuNPs/SiO,@NPPNSH/SPE and (f) ssDNA/AuNPs/
SBA@NPPNSH/SPE in Tris—HCl buffer solution (pH 7.40) at the surface
of the electrode.

presence of G,DNA (curve (a)). A comparable SWV signal was
observed in the presence of dsDNA(I) (curve (b)), since in this
situation the complementary strand was small and G,DNA can
be formed after the Tam addition. In the other situation, the
complementary strand was bigger and G,DNA could not be
produced, and Tam could therefore not intercalate into the
structure, and no oxidation signal was observed (curves
(c)-(e)). In the presence of ssDNA the G,DNA could not be
stabilized in the absence of KCl, and only a small signal was
therefore observed after Tam addition (curve (f)).

4. Conclusions

A AuNPs/SiO,@NPPNSH-modified graphite SPE was employed
to study the interaction between Tam and G,DNA. The experi-
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mental results confirmed that this platform offered a simple,
relevant and effective surface area for selecting ligands which
were able to interact with the G-quadruplex structure. The vol-
tammetric results showed that SiO,@NPPNSH could stabilize
AuNPs on the electrode and thus increase G,DNA immobili-
zation. The G,DNA/Tam interaction was studied using CV and
SWV at modified SPE. CD spectroscopy was employed to
confirm the formation of G,DNA in solution. Data from the
voltammetric studies and CD spectroscopy indicated that Tam
was able to interact with the G,DNA structure and increase its
stability. The nanostructured G,DNA electrochemical biosen-
sor will be useful for selecting the G-quadruplex-binding
ligand at physiological pH. Reports from our laboratory are in
hand regarding the application of the electronic nanoswitch
for assessing the antitumor activity of ligands and drugs.
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