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An electrochemical DNA nano-biosensor is prepared by immobilization of double stranded DNA (dsDNA)
onto a mixed self-assembled monolayer (SAM) composed of azide- and hydroxyl-terminated thiols. The
SAMs- and dsDNA-modified gold electrodes were characterized by cyclic voltammetry (CV) and elec-
trochemical impedance spectroscopy (EIS). The interaction of spermidine with DNA was studied by
differential pulse voltammetry at the DNA-modified electrode. The decrease in the guanine oxidation
peak current was used to study the interaction. The binding constant (K), obtained by differential pulse
voltammetry, was 1.85 × 105 M−1. A linear dependence of the guanine peak currents was observed in the
Nano-biosensor
Self-assembled monolayer
DNA
S
D

range of 1.6–70.4 �M spermidine, with a detection limit of 0.72 �M and r = 0.994 by using differential
pulse voltammetry.
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. Introduction

Nanostructures, including nanoparticles and nanotubes, have
imensions similar to those of biomolecules such as proteins and
NA. Thus, the combination of nanostructures with biomolecules
ields functional nanostructured biointerfaces with synergistic
roperties and functions [1]. The recent surge of research interest in
he bioelectrochemical field is focused on the advanced design and
reparation of such potential nanostructured biointerfaces. The use
f self-assembly systems, such as Langmuir–Blodgett nanofilms,
elf-assembled monolayers (SAMs) and layer-by-layer assembled
ultilayers to the construction of nanostructured biointerfaces for

iological applications is of increasing interest [2,3]. Especially, the
AMs have potential applications to the construction of nanode-
ices for in vivo and ex vivo measurements of metabolites such as
NA [4].

DNA is a special material that tends to participate in the self-

ssembled polyelectrolyte multilayers due to its large number of
egative phosphate groups along the polymeric chain [1]. The DNA
various oligonucleotides) immobilization methods on SAMs have
een mainly concentrated on covalent coupling of DNA amine
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groups with carboxylic groups of short chain thiol SAMs using
carbodiimides, generally 1-ethyl-3-(3-dimethyl amino-propyl) car-
bodiimide hydrochloride (EDC) [5], and N-succinimides, generally
N-hydroxysuccinimide (NHS) [6–9] or N-hydroxysulfosuccinimide
(NHSS) [10]. However, these methods suffer from some disadvan-
tages as being relatively expensive, time and labor consuming,
complicating, losing the DNA activity, and contamination of the
sensor by activator reagents [11].

Functionalized monolayers assembled onto the gold surfaces
have been widely examined as sensor interfaces [12–14]. One
advantage with the self-assembling method over the other surface
modifications is that the thickness of the monolayer can be easily
controlled by choosing a suitable molecule. The existence of spe-
cific interaction between SAMs and the analyte of interest makes
the self-assembling method more attractive in comparison with the
other modification methodologies. Good selectivity and high sensi-
tivity can be achieved by using of SAMs with appropriate functional
groups [15]. It should be noted that more packed monolayers can
be obtained by using mixed SAMs compared to single component
SAM [16]. In addition, since biomolecules such as DNA has a signif-
icantly larger footprint compared to the alkanethiol, other groups

can be used for surface dilution in order to spread out the active
sites [17,18].

Most electrochemical DNA biosensors are based on the deter-
mination of purine oxidation peaks, principally the guanine peak,
to monitor the degree of oxidative damage caused to DNA. This is
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Differential pulse voltammetric sensing of spermidine was per-
Fig. 1. Schematic representation of mixed SAMs gold modified electrode.

ue to the fact that guanine has the lowest oxidation potential of
ther DNA bases and that its principal oxidation product, 8-oxo-7,8-
ihydroguanine, is considered as a useful biomarker of DNA damage
y oxidative stress and can be easily quantified by voltammetry [19].

Electrochemical studies of small molecules–DNA interactions by
sing the low cost, simple and small devices have recently received
good deal of attention, in comparison with the spectroscopic
ethods [20].
There are several types of reversible interaction of ligands to

NA, including: (i) nonspecific, electrostatic interaction of pos-
tively charged ligands with the negatively charged phosphate
roups on DNA surface, (ii) binding to one of the two grooves, (iii)
ntercalation between the stacked base pairs of DNA, (iv) mixed
inding through two or more of the above mentioned modes of

nteraction. In addition, some reagents are known to interact cova-
ently with DNA [21].

Polyamines (putrescine, spermine and spermidine) are involved
n the growth of most cells. In cancer cells, polyamine biosynthetic
ctivity and polyamine levels are significantly higher than that in
ormal cells [22]. Recently, polyamines and their synthetic analogs
ave been considered as potential anticancer drugs [23].

A few analytical procedures have been developed to study the
nteraction of spermidine (a recognized cancer marker) and DNA.
pectroscopic and electrophoretic methods such as FT-IR [24],
aman spectroscopy [25] and capillary electrophoresis [24] were
sed to study the interaction of spermidine and DNA. However,
hese methods are usually expensive and time-consuming in com-
arison to the electrochemical methods [26]. The electrochemical
ethods enable us to evaluate and predict DNA interactions and

amage caused to DNA by DNA-binding compounds [27]. Rapid
etection, low cost and relatively easy to control the condition is
ome of the advantages of using electrochemical approaches to
tudy DNA–ligand interaction.

Following our recent studies on the preparing DNA-modified
lectrodes by adsorption of DNA on glassy carbon electrode
28,29], we recently developed DNA biosensing devices based on

polypyrrole nanofiber-modified platinum electrode [30] and a
AMs-modified gold electrode [31]. In the present study, a new DNA
ano-biosensor containing the mixed self-assembled monolay-

rs of 1-azidohexane 6-thiol and 6-mercapto-1-hexanol (with 1:4
atios, respectively), as a nanostructured substrate, was designed
nd used for the study of dsDNA–spermidine interactions. The
chematic representation of mixed SAMs gold modified electrode is
d Biomedical Analysis 49 (2009) 587–593

given in Fig. 1. Since SAMs are nanostructures forming a nanometer-
scale organic thin-film with a typical thickness of 1–3 nm [32],
the proposed modified electrode can be denoted as a DNA nano-
biosensor.

2. Experimental

2.1. Chemicals

Calf thymus DNA with high molecular weight was extracted
and purified by a method described elsewhere [33] to reach a high
purity (an A260/A280 = 1.8 indicates that DNA is free from protein and
RNA). DNA concentration was spectrophotometrically determined
at 260 nm using extinction coefficient of 6600 (M cm)−1 [21]. All
other reagents including spermidine, potassium ferro-/ferricyanide
were of analytical grade from Sigma (Buchs, Switzerland). Synthe-
sis of 1-azidohexane 6-thiol was adopted according to a previously
published procedure [34]. All solutions were prepared using deion-
ized water.

2.2. Instrumentation

All electrochemical experiments were carried out using an
Autolab 30 PGstat controlled with GPES 4.9 and FRA software (Eco-
Chemie, Utrecht, The Netherlands). A conventional three electrode
one-compartment electrochemical cell with an effective volume of
25 mL containing a gold disc working electrode (2 mm diameter), a
2-cm2 platinum wire counter electrode, and an Ag/AgCl reference
electrode (3 M KCl saturated with AgCl) was used. The differential
pulse voltammetric parameters used were: pulse amplitude 50 mV,
pulse width 50 ms, scans rate 100 mVs−1 and equilibration time
10 s. All potentials are referred to the Ag/AgCl reference electrode. A
frequency range of 100 kHz to 0.1 Hz and an AC perturbating signal
of 10 mV amplitude were used in impedance measurements. The
impedance data were analyzed with a proper electrical equivalent
circuit using the complex nonlinear least square (CNLS) method for
impedance fitting.

2.3. Formation of mixed SAMs

The working electrode surface was polished with 1 and 0.05 �m
alumina powders until a mirror like surface was obtained. Then,
it was sonicated in ethanolic solution at least for 10 min. Self-
assembled monolayers were prepared by immersing a clean gold
electrode in a vial containing 2 mL of an ethanolic solution 1 mM
of the mixed of 1-azidohexane 6-thiol and 6-mercapto-1-hexanol
(with 1:4 ratios, respectively) for 24–36 h. After the immobiliza-
tion period, the electrodes were removed from the solution, cleaned
with double distillated water, and was dried with a nitrogen stream.

The SAMs-modified gold electrode was stable for more than 3
months in ethanolic solution at 4 ◦C.

2.4. DNA immobilization

A 1000 �g mL−1 stock solution of dsDNA, in a 10 mM Tris buffer
solution of pH 7.4 (physiological pH), was prepared, and stored at
4 ◦C. A 20 �L portion of DNA solution was immobilized onto SAMs-
modified gold electrode by drop-cast method and dried for 1 h in
desiccator. The DNA-loaded electrode (Au-SAM–DNA) was rinsed
with the Tris buffer solution and used for biosensing of spermidine.
formed in the same buffer as mentioned above. The DNA-modified
electrode was stable for more than 7 days in Tris buffer solutions
of pH 7.4 at 4 ◦C, and for performing of a series of experiments on
spermidine–DNA interaction.
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Fig. 2. Comparison of cyclic voltammograms of bare gold electrode (blue lines) and
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ixed SAMs-modified gold electrode (red lines) in 0.1 M Tris–HCl buffer at a scan
ate of 100 mVs−1. Arrows show the direction of potential scan. (For interpretation of
he references to color in this figure legend, the reader is referred to the web version
f the article.)

. Results and discussion

.1. Cyclic voltammetry

Fig. 2 represents the cyclic voltammograms of bare and mixed
AM-modified gold electrodes in Tris buffer solution (pH 7.4). The
are gold electrode shows characteristic anodic and cathodic peaks,
hich are related to oxidation and reduction of polycrystalline gold
etal. In contrast, the cyclic voltammogram for the electrode mod-

fied with mixed SAMs shows no significant redox peaks, which can
e explained by the complete blocking of the redox reactions and
ompletely coverage of the electrode surface by the SAMs.

The mixed SAMs on the gold surface were characterized by
yclic voltammetry (CV) using [Fe(CN)6]3−/4− as an electroactive
robe. As shown in Fig. 3, a characteristic reversible redox cycle was
bserved for the unmodified electrode. However, the redox peaks
isappeared completely after treatment with mixed SAMs, proving
hat the dielectric layer on the electrode surface was fully isolated
nd the access to the surface was blocked by the monolayers.
After immobilizing ds-DNA on the surface of SAMs-modified
old electrode, the effect of scan rates, in the range of
0–200 mVs−1, on the electrochemical response of adsorbed dsDNA
as studied. As shown in Fig. 4, with increasing scan rate, the oxi-

ig. 3. Typical cyclic voltammograms of 1 mM [Fe(CN)6]3−/4− at bare and SAMs-
odified gold electrodes in 0.1 M Tris–HCl buffer at a scan rate of 100 mVs−1.
Fig. 4. Cyclic voltammograms of DNA–SAM-Au electrode at scan rates of
10–200 mV s−1 in 0.1 M Tris–HCl buffer solution. Inset: plot of the oxidation peak
current of guanine against the potential scan rate.

dation peak current increased gradually and the oxidation peak
potential shifted towards more positive potentials. A linear rela-
tionship between the oxidation peak current and the scan rate
was established as an indication of a surface confined process.
The linear regression equation was expressed as Ip (�A) = 0.002�
(mV s−1) + 0.19 (n = 9, r = 0.997). The mechanism of immobilization
ds-DNA onto the mixed-SAMs can be attributed to the electrostatic
interaction between positively charged azide groups of SAMs and
the negatively charged phosphate groups of DNA.

3.2. Impedance measurements

Electrochemical impedance spectroscopy (EIS), as a powerful
technique, provides information about the barrier properties and
is also sensitive to the interfacial electron transfer as revealed in
the characterization of biomolecules [35]. Thus, in this work, EIS
was used to describe the immobilizing of dsDNA on the SAMs sur-
face. The electron transfer at SAM-modified electrodes is expected
to occur either by tunneling through the barrier or through the
defect sites in the barrier. The EIS measurements were performed
in the presence of a equimolar ratio of [Fe (CN)6]3−/4− pair (1 mM
each) as electroactive probes. Fig. 5A–C shows the electrochemi-
cal impedance spectra (Nyquist, phase and magnitude Bode plots,
respectively) for the SAMs- and dsDNA–SAM-modified electrodes
at 0.2 V vs. Ag/AgCl. The EIS behavior appeared as a semicircle,
corresponding to the electron transfer process, was then modeled
with the equivalent circuit (shown the inset of Fig. 5A) consist-
ing of a solution resistance (Rs), a charge-transfer resistance (Rct)
and a constant phase element (CPE). The diameter of the semicir-
cle represents the charge-transfer resistance (Rct) at the electrode
surface. In this circuit, a CPE was introduced instead of pure capaci-
tance to model the capacitive behavior of the electrode/electrolyte
interface.

As shown in Fig. 5A, the diameter of the semicircle, indicating
the corresponding Rct, increased for the case of DNA immobiliza-
tion on the SAMs-modified electrode. This is attributed to increase

in the repulsive interaction (electrostatic and steric) between the
redox probes and the electrode surface; the repulsion impedes the
charge-transfer through the interface. These results are in good
agreement with the results of cyclic voltammetry represented in
Fig. 3.
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The packing density and structure of the monolayer can be
understood by (i) measuring the capacitance, (ii) determining the
surface coverage by reductive desorption and (iii) studying the
voltammetric response of the SAM-modified electrodes toward

Table 1
Fitting values of the equivalent circuit elements taken by Zview software for different
electrodes.

a −2 b
ig. 5. Nyquist (A) and phase and magnitude Bode plots (B and C) of SAM-Au and DN
ontaining 1 mM of [Fe(CN)6]3−/4−; at 0.2 V bias potential vs. Ag/AgCl. The solid line
ext.

The Bode plots (Fig. 5B and C) confirm the occurrence of a one-
tep charge-transfer process and a relaxation process for both SAM-
u and DNA–SAM-Au-modified electrodes. As shown in Fig. 5B and
the experimental data were fitted to an equivalent circuit, which

s shown in the inset of Fig. 5A. It should be considered that the
roposed model, more or less, fitted the experimental results. Some
eviation in the middle frequency can be attributed to non-ideality
f the modified surface. In addition, the errors of the fittings are
ithin the range of 10 percent, which is usual and acceptable for

he EIS method.
Based on the Bode diagram, it may be concluded that, at medium

requencies, the interfacial double layer capacitance dominates the
requency spectrum, as evidenced by the large capacitive phase
ngle. At higher frequencies, the double layer capacitor would pass
n ac signal with minimal resistance, resulting in a plateau that
orresponds to the solution resistance [36]. Here, the double layer
apacitance can be modeled by a CPE, where n < 1 is a factor used
o account for the depression in the semicircle because of distribu-
ion in relaxation processes at the electrode–electrolyte interface,
s well as inhomogeneities in the modified surface. After immo-
ilizing of DNA on the modified electrode, some of the changes in
oth Rct and Cdl parameters could be observed in Nyquist and Bode

lots.

It is noteworthy to mention that the bare gold electrode presents
typical shape consistent with the equivalent circuit for a sim-

le redox reaction: a semicircle in the high frequency domain
haracteristic of an interfacial charge-transfer mechanism (which
M-Au modified electrodes and bare gold electrode in 0.1 M Tris–HCl buffer solution
esent the fitted values to the proposed equivalent circuit (inset) as described in the

can be seen with broadening of Fig. 5A inset) and a straight line
with a slope near unity in the low frequency domain character-
istic of a semi-infinite diffusion process. Table 1 represents the
electrical parameters obtained by fitting the experimental results
with the proposed equivalent circuit. The charge-transfer resistance
calculated from the semicircle diameter for bare gold electrode
was approximately about 1 � (not shown here). The monolayers
assembled on the electrode surface establish a way to improve
the interfacial electron transfer and the charge-transfer resistance
increases with the film thickness.

3.3. Surface coverage of the modified electrodes
Electrode CPE (�F cm ) n Rct (k�)

SAM-Au electrode 6.1 0.88 91.2
DNA–SAM-Au electrode 14.6 0.88 145.3

a Capacitance of CPE element.
b Exponent of CPE element.
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ig. 6. Typical cyclic voltammograms of DNA–SAM-Au electrode in 0.1 M Tris–HCl
uffer solution at a scan rate of 50 mV s−1.

ydrophilic and hydrophobic redox probes [14]. However, a rela-
ively simple method suggested by Finklea and co-workers [37],
nd extended by Fawcett and Janek [38], assumes that the diffusion
o pinhole sites is planar. Considering the above assumption, Eq. (3)
an be used for the evaluation of fractional surface coverage of the
AMs-modified electrode:

= 1 −
(

RAu
ct

RSAM
ct

)
(3)

here RAu
ct and RSAM

ct are the charge-transfer resistance values for
are and SAMs-modified electrode, respectively. Since, in our case,
he Rct is changed from approximately 1 � to more than 82.7 k�
see Table 1), the fractional coverage estimated from Eq. (3) is
ery close to unity, which is higher than the fractional surface
overage obtained in our previous work for single component
zide-terminated SAM (0.9999) [31].
On the other hand, Eq. (4) can be used to estimate the DNA layer
hickness from the capacitance values [39]:

i = εoεiA

C
(4)

ig. 7. (A) Differential pulse voltammograms of different concentrations of spermidine i
.2, 4.1, 4.8, 5.5, 6.2 and 8.7 �M (a–k, respectively). Inset: Log (1/[spermidine]) versus Lo
alibration curve for the determination of spermidine (1.6–70.4 �M) at dsDNA-modified
d Biomedical Analysis 49 (2009) 587–593 591

where di is the thickness of the ith layer, C is the capacitance, εo

is the permittivity of free space, εi is the dielectric constant of the
layer, and A is the electrode area. The effective DNA film thickness
can be calculated assuming that the CPE is an ideal capacitor and the
permittivity of the DNA film is 1 F m−1. Under these assumptions,
the effective thickness for the dsDNA was estimated as 19.0 nm.

The adsorbed amount of dsDNA on the surface of SAMs-modified
electrode was further calculated by the following equation [40]:

� = Q

nFA
(5)

where n is the number of electrons transferred, F (C mol−1) is
the Faraday’s constant, A (cm2) is the area of the electrode,
� (mol cm−2) is the surface concentration of the electroactive
substance (here it is guanine base), Q (C) is the peak area
(calculated by the charges). The charge (Q) under the gua-
nine oxidative peak obtained from the cyclic voltammogram
of DNA–SAM-Au electrode as shown in Fig. 6. Based on the
obtained value of the electric charge (4.6 × 10−6 C) and surface area
(0.0314 cm2) the average surface concentration of DNA on SAM-
modified gold electrode was evaluated as 1.52 × 10−9 mol cm−2.
A comparison between the surface concentration of DNA on the
azide-terminated SAMs (1.41 × 10−9 mol cm−2) [31] and that on the
mixed azide-hydroxyl-terminated SAMs (1.52 × 10−9 mol cm−2)
shows a significant enhancement in the latter case.

It should be noticed that the surface coverage obtained in this
work (1.52 × 10−9 mol cm−2) is larger than that of the commonly
monolayer absorption values reported in the literature (10−10 to
10−11 mol cm−2) [41,42]. This is most possibly due to the more
packed surface structure of the SAM which results in increased
adsorption capacity of the surface for dsDNA [43,44].

3.4. Spermidine–DNA interaction

Fig. 7A shows the interaction of spermidine with the DNA-
modified electrode studied by differential pulse voltammetry (DPV)
in 0.1 M Tris–HCl buffer solution at physiological pH (7.4), by
using different concentrations of spermidine. It was found that
midine concentration. A calibration curve (Fig. 7B) was obtained
in the concentration range of 1.6–70.4 �M spermidine. The detec-
tion limit from the calibration curve with r = 0.994 was 0.72 �M.
The variability of the technique using five replicate standards at

n Tris–HCl buffer (pH 7.4). The spermidine concentrations are 0.0, 0.8, 1.6, 2.1, 2.5,
g (IDNA–spermidine/IDNA − IDNA–spermidine) plot for estimation of binding constant, K. (B)
electrode by using decrease in the guanine oxidation peak area.
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Table 2
Comparison of the analytical performance for determination of spermidine by the
proposed method and classical methods.

Technique used Linearity range (�M) LODa (�M) rb Reference

HPLC–MS-MS 0.12–3.42 0.04 0.998 [46]
HPLC–UV 0.21–34.2 0.07 0.998 [47]
CZEc 0.05–3 0.03 0.999 [48]
CEd 2–200 0.01 0.996 [49]
IC-IPADe 0.7–34.4 0.40 0.999 [50]
DPV 1.6–70.4 0.72 0.994 This work

a Limit of detection.
b Correlation coefficient.
c Capillary zone electrophoresis.
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wo concentration levels of 5 and 50 �M was obtained as 2.6%
nd 3.3%, respectively. Table 2 compares the analytical perfor-
ance of parameters for determination of spermidine by the

roposed method and the classical methods. As can be seen, the
nalytical performance of parameters of our method is accept-
ble in comparison with those of the highly sensitive existing
ethods.
The decrease in the guanine signal of dsDNA-modified electrode

an be attributed to the binding of spermidine to this base. It seems
hat spermidine can diffuse into the DNA grooves (preferentially

inor groove) and shield the DNA’s electroactive guanine bases.
he value of the binding constant for the interaction of spermi-
ine with DNA can be determined by using Eq. (6). The equation
as modified slightly according to the nature of the immobilized
olecule by replacing drug with DNA as described by Ibrahim

45], where the author immobilized the drug at the electrode
urface:

og
(

1
[spermidine]

)
= Log K + Log

(
IDNA−spermidine

IDNA − IDNA−spermidine

)
(6)

here K is the apparent binding constant, IDNA is peak cur-
ent of immobilized DNA, and IDNA–spermidine is the peak
urrent of DNA after interaction with spermidine. According
o the Eq. (6), a plot of Log (1/[spermidine]) against Log
IDNA–spermidine/IDNA − IDNA–spermidine) will result in a straight line
inset of Fig. 7A), the intercept of which being equal to the loga-
ithm of binding constant. The K value thus calculated found to be
.85 × 105 M−1, which is in satisfactory agreement with the previ-
usly reported values obtained by affinity capillary electrophoresis
i.e., 1.4 × 105 M−1) [24]. The observed differences in the reported
alues of the binding constant might be due to differences in
olution conditions and the studied methods. As it is seen in the
iterature, both the electrostatic interaction and the direct binding
f spermidine with DNA minor grove were reported [24,25].

In our previous works [28,29], using a DNA-modified glassy car-
on electrode, we showed that the neutral red bind to dsDNA with
n affinity constant equal to 2.76 × 104 M−1. Because of the aro-
atic structure of neutral red, it can intercalate between DNA base

airs. However in the present work, using a DNA-modified gold
lectrode the interaction of spermidine with DNA was investigated.
he guanine oxidation peak in DNA was probed for the monitoring
f its interaction with spermidine and an affinity constant equal
o 1.85 × 105 M−1 was obtained. The nature of this interaction is

ainly the groove-binding mode. Although, the electrodes used in

hese methods are different, but by comparison of the binding con-
tants, it seems that the affinity of spermidine-for interaction with
NA is more than the neutral red, may be due to its positive charges

hat potentiates its interaction with DNA.

[

[
[

d Biomedical Analysis 49 (2009) 587–593

4. Conclusions

Mixed azide- and hydroxy-terminated SAMs have been
employed as a good nanostructured platform for the construction
of a novel DNA nano-biosensor. The spermidine–DNA interaction
was studied by the proposed dsDNA nano-biosensor. Two dif-
ferent modes of electrostatic and minor groove bindings can be
deduced using the electrochemical studies. The binding constant
determined by differential pulse voltammetry was in satisfactory
agreement with the previously reported data. The advantages of
the proposed nano-biosensor are rapid detection, low cost, rela-
tively broad dynamic range and low detection limit, as well as its
effectiveness and easy to use at physiological pH.
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