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Abstract
We put forward a model Hamiltonian to describe the influence of backbone energetics on
charge transport through guanine-quadruplex DNA (G4-DNA) molecules. Our analytical results
show that an energy gap can be produced in the energy spectrum of G4-DNA by hybridization
effects between the backbone and the base and by on-site energy difference of the backbone
from the base. The environmental effects are investigated by introducing different types of
disorder into the backbone sites. Our numerical results suggest that the localization length of
G4-DNA can be significantly enhanced by increasing the backbone disorder degree when the
environment-induced disorder is sufficiently large. There exists a backbone disorder-induced
semiconducting–metallic transition in short G4-DNA molecules, where G4-DNA behaves as a
semiconductor if the backbone disorder is weak and behaves as a conductor if the backbone
disorder degree surpasses a critical value.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Double-stranded DNA (dsDNA) and its derivative guanine-
quadruplex DNA (G4-DNA) have drawn extensive attention
among different scientific communities over the past few
decades and have been proposed as building blocks for
molecular electronics [1–3]. Many works have focused
on investigating the transport properties of the dsDNA
molecules [3]. However, in comparison with the dsDNA,
the G4-DNA exhibits several advantageous structural traits
which are believed to improve the charge transport efficiency
of molecular wires. The G4-DNA comprises a large number
of stacked G quartets where each G quartet, as sketched
in figure 1(a), is a planar aggregate of four hydrogen-
bonded G nucleotides arranged in a square-like configuration.
The stacking distance of 3.25 Å and the twist angle of
30◦ between consecutive G quartets are smaller than in the
dsDNA, implying a better π–π overlap along the stacking
direction of the G4-DNA [4]. Additionally, the quadruple-
helical conformation (see figure 1(b)) ensures that the G4-
DNA is rather stable under physiological conditions as verified
by NMR spectroscopy and x-ray crystallography [5, 6]
and indicates higher stiffness and stronger resistance to

surface forces than the dsDNA as revealed using atomic
force microscopy [7]. On the other hand, the G4-DNA,
including the G bases and the sugar-phosphate backbone,
where the G base has the lowest ionization potential
among the nucleobases, should exhibit efficient long-range
charge transport properties [8, 9]. Many G-rich sequences,
including telomeres, ribosomal DNA, minisatellites, and
immunoglobulin heavy chain switch regions [10, 11], are
capable of forming G4-DNA structures in vitro. The G4-
DNA can be particularly important in the telomeric regions
of all eukaryotic chromosomes as a target for anticancer
agents [12, 13], and is an excellent prototype to study
self-assembling properties at the supramolecular scale and
the design of biomimetic systems [14] (for a review of
the physicochemical and biological properties of G4-DNA,
see [2]).

Because of the difficulty to synthesize the long G4-
DNA samples, only a few studies have been devoted to
investigating the electronic properties of the G4-DNA within
the nanotechnology research community until now, despite the
aforementioned appealing features. It was reported recently
that the long monomolecular G4-DNA could be produced
from parent poly(G)–poly(C) DNA molecules (C: cytosine) [7]
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Figure 1. (a) Chemical structure of a G quartet which is the planar unit of G4-DNA. The white, gray, blue, and red spheres stand for H, C, N,
and O atoms, respectively, while the yellow spheres stand for the sugar-phosphate backbone. The dashed sticks identify the hydrogen bonds.
(b) Schematic illustration of G4-DNA. The open and closed circles represent the G base and the sugar-phosphate backbone, respectively.

and its polarizability was demonstrated by electrostatic force
microscopy experiments [15]. The latter seems to support the
viewpoint that the G4-DNA is better as a conducting molecular
wire than the dsDNA [9, 15], since the dsDNA does not exhibit
any observable polarizability signal. Theoretically, ab initio
calculations have provided some valuable information about
the electronic properties of the G4-DNA, e.g. the density of
states in the presence of K + ions [16], the strain dependence
of the electronic structure [14], and the dependence of the
hopping integral on the stacking distance and on the twist
angle [4]. However, ab initio calculations are currently
restricted to rather short DNA molecules and thus a full
systematic first principle analysis of their transport properties
for realistic molecule length is precluded [14, 16, 17].
Therefore, model-based Hamiltonian methods can provide a
complementary way by taking into account the effects of a
single factor on charge transport through the G4-DNA at large
length scales [9].

It is now widely accepted that to understand the
transport properties of DNA molecules one should consider
the contributions coming from the backbone system and
the environment [18–23]. Accordingly, in this paper we
propose an effective tight-binding Hamiltonian, including
the sugar-phosphate backbone, to mimic the G4-DNA and
explicitly address the influence of backbone energetics on
the charge transport properties of the G4-DNA for this
model, where each base and backbone site contributes one
orbital. Our analytical results show that the homogeneous
G4-DNA exhibits semiconducting behavior and the width
of the energy gap, separating highest occupied molecular
orbital (HOMO) and lowest unoccupied molecular orbital
(LUMO), is very sensitive to the model parameters. When
the environmental complications which are simulated by
introducing different types of disorder into the backbone
sites are considered, we find that the backbone disorder
can enhance the charge transport ability of the G4-DNA
when the environment-induced disorder is sufficiently large
and a new transmission band will appear in the energy
gap. A backbone disorder-induced semiconducting–metallic
transition is observed in short G4-DNA molecules. These
results open perspectives for experimental work which intends
to control the charge transport through nanodevices based on
synthetic DNA molecules.

The paper is organized as follows. In section 2, an
effective tight-binding model containing the backbone sites is
introduced to simulate the charge transport through the G4-
DNA and the electronic band structure is discussed for this
model. In section 3, the transport properties of the G4-DNA
are studied in the presence of backbone disorder, while in
section 4 the transmission coefficient and the current–voltage
(I –V ) characteristics are presented. Finally, the results are
summarized in section 5.

2. Model and electronic band structure

Our Hamiltonian is an effective tight-binding model, where
each base or backbone is treated as a single lattice point and no
charge transport is permissible along the backbone sites [19],
namely,

H = −
∑

n

(∑

j

tnc†
j,nc j,n+1 +

∑

〈i, j〉
λnc†

i,nc j,n + h.c.

)

+
∑

n, j

ν j,nb†
j,nb j,n −

∑

n, j

t j,n(b
†
j,nc j,n + h.c.), (1)

where the operator c†
j,n (b†

j,n) creates a charge at the base
(backbone) site with subscript j ∈ [1, 4] labeling a chain and
subscript n ∈ [1, N] labeling a G quartet and the on-site energy
at the base site is taken as the energy reference point. 〈· · ·〉
stands for a sum over the nearest-neighbor sites. ν j,n is the
on-site energy of the backbone site, tn (λn) is the intrachain
(interchain) hopping integral, and t j,n is the hopping integral
between the base and backbone sites. Figure 1(b) shows a
schematic illustration of a fragment of the G4-DNA within
the dangling backbone model. It is worth mentioning that
similar models, including the dangling backbone sites, have
been extensively adopted to investigate the transport properties
of the dsDNA molecules [18–23], where the obtained results
can provide a qualitative even quantitative explanation of the
experimental data. We expect that the transport properties of
the G4-DNA molecules can be analyzed in great detail within
the framework of the effective tight-binding Hamiltonian given
by equation (1).

For a homogeneous G4-DNA chain with ν j,n = ν, tn = t ,
λn = λ, and t j,n = tb, the Hamiltonian of equation (1) can be
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diagonalized and the expression for the dispersion relation is
obtained analytically:

E±
1 (k) = ν

2
+λ−t cos k±

√(
ν

2
− λ+ t cos k

)2

+ t2
b , (2a)

E±
2 (k) = ν

2
− t cos k ±

√(
ν

2
+ t cos k

)2

+ t2
b , (2b)

E±
3 (k) = ν

2
−λ− t cos k ±

√(
ν

2
+ λ+ t cos k

)2

+ t2
b , (2c)

where there exist two superposed energy bands in the energy
range determined by equation (2b). From equation (2) one
realizes that the energy spectrum consists of six isolated
subbands provided λ > 2t . By adopting the critical condition
of λ � 2t , however, the six subbands are merged into HOMO
(E−) and LUMO (E+). In this case, the energy spectrum of
the G4-DNA is written as

E± ∈
[
ν

2
− λ− t ±

√(
ν

2
+ λ+ t

)2

+ t2
b ,
ν

2

+ λ+ t ±
√(

ν

2
− λ− t

)2

+ t2
b

]
, (3)

which are separated by an energy gap of width

Eg =
√(

ν

2
+ λ+ t

)2

+ t2
b +

√(
ν

2
− λ− t

)2

+ t2
b −2(λ+t).

(4)
By inspecting equation (4) one notices that the backbone-
related factors, including the hybridization between the
backbone and the base and the on-site energy difference of
the backbone from the base, determine the gap opening in the
G4-DNA molecules. For fixed value of λ + t the gap width
increases with increasing the absolute value of |tb| or of |ν|,
while for fixed values of tb and ν it decreases with increasing
λ+ t . This provides a qualitative explanation to the gap width
variability of the G4-DNA induced by the axial strain [14],
because the intrachain hopping integral is very sensitive to the
stacking distance and the twist angle between neighboring G
quartets [4]. In figure 2, we show the dispersion relation for the
homogeneous G4-DNA with backbone and without backbone
by employing ν = 0 eV, λ = 2t = 0.4 eV, and tb =
0.7 eV [18]. The parameters are also consistent with ab initio
calculations [4, 24] and will be used throughout the paper. As
one can see, the backbone can yield an energy gap in the center
of the energy spectrum of the G4-DNA and the gap width is
smaller than in the poly(G)–poly(C) molecules. Therefore, our
analytical results show that the backbone plays a crucial role in
the transport properties of the G4-DNA and the homogeneous
G4-DNA should exhibit semiconducting behavior. This is
consistent with the results reported in [14, 16].

Because of its negatively charged phosphates and its
outmost location in the quadruple-helical structure, the
backbone will be more easily affected by the environmental
conditions than other parts of the G4-DNA. In aqueous buffer
solutions, the backbone has a propensity to interact with

Figure 2. Dispersion relation for homogeneous G4-DNA (a) with
backbone and (b) without backbone. Here ‘without backbone’ means
that the last two terms should be eliminated from equation (1). The
parameters are ν = 0 eV, λ = 2t = 0.4 eV, and tb = 0.7 eV.

counterions and solute molecules and these interactions can
lead to variations in the on-site energies ν j,n [19, 22, 23, 25].
Even for a dried G4-DNA, the backbone’s conformation
can be quite different in various experiments because a
few counterions and water molecules may still randomly
reside on the phosphates of the backbone. Additionally,
the backbone can interact with the substrate which may
contain impurities on its surface and the on-site energies ν j,n

can be modulated. Different experimental situations will
result in different modifications of the backbone’s electronic
structure, and it may be appropriate to model these by choosing
different distribution functions for the on-site energies ν j,n ,
e.g. uniform disorder ν j,n ∈ [− W

2 ,
W
2 ] or binary disorder

ν j,n = ± W
2 [19, 22, 23]. Here W is the backbone disorder

degree and 〈νi,mν j,n〉 = 〈ν2
j,n〉δi, jδm,n . We restrict ourselves

to static disorder as we consider the low temperature case
and neglect the thermal-fluctuation-induced disorder [26, 27].
The transport properties of this quasi-one-dimensional (1D)
tight-binding model can be conveniently calculated by using
the transfer-matrix method, which allows us to calculate the
localization length � (the inverse of the smallest Lyapunov
coefficient γ ) of the G4-DNA. To avoid the terrible overflow
of multiplication of transfer matrices, we perform the standard
method of Gram–Schmidt reorthonormalization after every ten
transfer-matrix multiplications [28]. This method has been
widely used to calculate the transport properties of other quasi-
1D and two-dimensional (2D) systems [9, 28, 29].

3. Effects of backbone disorder

Figure 3(a) shows the localization length � versus energy E
for the G4-DNA with different degrees of binary backbone
disorder W . As a comparison, figure 3(b) shows � versus E
for the poly(G)–poly(C), which is one of the most conductive
dsDNA molecules (other artificial DNA sequences with long-
range correlations also exhibit high charge transport efficiency,
see [30–33]) and can be simulated by the dangling backbone
ladder model with the on-site energies εG = 0 eV and εC =
1.12 eV [21–23]. Contrary to the localization picture that
the conduction of a quantum wire will be further suppressed
when the disorder degree is increased, from figure 3 it can be
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Figure 3. Energy-dependent localization length � for (a) G4-DNA
and for (b) poly(G)–poly(C) in the presence of the binary backbone
disorder with different degrees W and length N = 106.

seen that the localization length is significantly enhanced by
increasing W in a broad energy range for both DNA molecules.
On the other hand, for all values of W , the localization length
of the G4-DNA is larger than that of the poly(G)–poly(C) over
almost the whole energy spectrum, suggesting that the G4-
DNA is potentially better as a conducting molecular wire than
the dsDNA molecules. This is consistent with the experimental
results [15] and the theoretical calculations [9].

In order to further illustrate the effects of backbone
disorder on the transport properties of the G4-DNA, in figure 4
we plot the Lyapunov coefficient γ versus the backbone
disorder degree W for the G4-DNA with E = 0.3, 0.7,
and 1.1 eV by considering two types of backbone disorder.
From figure 4 it can be seen that a nonmonotonous behavior
of γ versus W is found for the G4-DNA by taking into
account either the binary backbone disorder or the uniform
backbone disorder. In all curves, there exists a crossover Wc

for the backbone disorder degree that the Lyapunov coefficient
increases with increasing W for W < Wc and decreases
with increasing W for W > Wc. Nevertheless, for the
energies which are located in the band gap and are close to the

boundaries E = ν
2 ∓(λ+t)±

√
[ ν2 ± (λ+ t)]2 + t2

b , separating
the conducting and nonconducting states for the homogeneous
G4-DNA (see equation (3)), we find that the corresponding
Lyapunov coefficient is at first attenuated by increasing W and
then follows the aforementioned behavior (see the curves with
E = 0.3 eV in figure 4). This is due to the increasing density
of states with W at small W and to the dimensionality effects in
the G4-DNA. The crossover Wc is very sensitive to the energy
and to types of backbone disorder.

This disorder-induced enhancement of charge transport
ability may be understood as follows. By decimation of
the backbone sites the effective tight-binding Hamiltonian
described in equation (1) can be written as

(εr
j,n − E)ψ j,n = t (ψ j,n−1 + ψ j,n+1)+ λ(ψ j−1,n + ψ j+1,n),

(5)
where ψ j,n is the amplitude of the wavefunction at the nth base
site of the j th chain and εr

j,n is the renormalized on-site energy
with

εr
j,n = t2

b /(E − ν j,n). (6)

Figure 4. Lyapunov coefficient γ versus backbone disorder degree
W for G4-DNA by considering (a) the binary backbone disorder and
(b) the uniform backbone disorder for E = 0.3, 0.7, and 1.1 eV.
Inset: localization length � versus W for G4-DNA by considering
the binary backbone disorder. Here N = 106.

As a matter of fact, the renormalized sites with on-site energy
εr

j,n act as potential barriers if εr
j,n > E and as potential

wells if εr
j,n < E . By inspecting equations (5) and (6),

one realizes that the charge transmission probability can be
strongly reduced at the sites with |εr

j,n| � E , i.e. the effective
localized states that can strongly scatter the conduction states
in the G4-DNA should come from disordered backbone sites
with ν j,n in a neighborhood of E . We can define this
neighborhood as U(E, δ) = {x |E − δ < x < E + δ} with the
characteristic length δ. As ν j,n approaches E , the renormalized
on-site energy εr

j,n approaches ∞ and the electrons (holes)
will be completely reflected at site ( j, n). This is the so-
called antiresonant effect [34, 35]. Accordingly, in view of
an electron with eigenenergy E propagating through the G4-
DNA, the wavefunction will be effectively cut at the base
site which connects the backbone site with ν j,n locating in
a neighborhood of E . Therefore, the average distance of
two nearest renormalized sites with ν j,n ∈ U(E, δ) gives
an approximate estimation of the localization length of the
G4-DNA. For W < 2|E | + 2δ, the number of backbone
sites with ν j,n ∈ U(E, δ) will be increased by increasing W
and leads to the decrease of the localization length at small
W . In contrast, when the backbone disorder degree is large
enough that the energy range of εr

j,n covers this neighborhood
(W > 2|E | + 2δ), the number of backbone sites with ν j,n ∈
U(E, δ) will be reduced by increasing W and can result in
the enhancement of the localization length at large W . These
results suggest that the backbone disorder crossover can be
related to the characteristic length by Wc = 2|E | + 2δ and the
charge transport ability of the G4-DNA molecules will increase
with increasing W when the environment-induced disorder
is sufficiently large. Although it is difficult to determine δ
from equation (6), we expect that the characteristic length may
strongly depend upon E , tb, and types of backbone disorder,
and the dependence of Wc on E can be approximated as Wc ∼
2|E | provided the characteristic length approaches zero.
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Figure 5. Energy-dependent backbone disorder crossover Wc for
G4-DNA by considering (a) the binary backbone disorder and (b) the
uniform backbone disorder with several values of tb. The solid lines
represent the function: Wc = 2|E |.

In figure 5, we plot the backbone disorder crossover Wc

versus energy E for the G4-DNA with several values of tb by
considering two types of backbone disorder. As we can see,
the behavior of Wc versus E exhibits a general ‘∨’ shape for
the G4-DNA by taking into account either the binary backbone
disorder or the uniform backbone disorder. In the former
case, the ‘∨’ shapes superpose with each other and exactly
follow the relation W = 2|E | for whatever the value of tb
(figure 5(a)), implying that the characteristic length is δ = 0.
In the latter case, however, the ‘∨’ shapes are different for
different values of tb and the crossover Wc will strongly deviate
from 2|E | if the energy is quite close to the outer band edge,
i.e. E+ max and E− min of equation (3) (figure 5(b)), suggesting
that the characteristic length dramatically depends upon E and
tb. Therefore, for a given value of Fermi energy, we come to the
conclusion that the backbone disorder-induced enhancement of
transport may be a generic feature for the G4-DNA by properly
tuning the environmental conditions.

4. Transmission coefficient and current–voltage
characteristics

Since charge transport experiments usually focused on rela-
tively short DNA molecules and measured the I –V charac-
teristics [36–38], in this section we numerically calculate the
transmission coefficient and the I –V characteristics of short
G4-DNA molecules. It is reasonable to assume that the ends
of the G4-DNA are attached to two semi-infinite quasi-1D
electrodes with on-site energies εm = 0 eV and hopping
integral tm = 4 eV [9]. Then, the I –V characteristics can be
calculated by using the standard Landauer–Büttiker formula:

I = 2e

h

∫ +∞

−∞
T (E)[ fL(E)− fR(E)] dE, (7)

where fL/R(E) = {1 + exp[(E ∓ eV /2 − EF)/kBT ]}−1 is
the Fermi distribution function, and T (E) is the transmission

Figure 6. (a) Energy-dependent transmission coefficient T (E) and
(b) the corresponding current–voltage curves for G4-DNA with
different degrees of uniform backbone disorder W . The Fermi
energy, located in the middle of the band gap for homogeneous
G4-DNA, is EF = 0 eV and will not be changed with W because the
on-site energy of the backbone is assumed to be randomly distributed
around zero. The inset shows the Landauer conductance (in units of
2e2/h) versus W at the Fermi energy. Other parameters are
λ = 2t = 0.24 eV, tb = 0.5 eV, and N = 10, consistent with ab
initio calculations [41–43]. The results are averaged over 200 000
configurations of backbone disorder.

coefficient which is related to the Landauer conductance
G(E) = G0T (E) with the quantum conductance G0 =
2e2/h [39]. V is the bias voltage, EF is the equilibrium Fermi
energy, and the temperature T is set to 10 K. To minimize the
contact effects, we assume an appropriate coupling τ = √

ttm
between the electrodes and the G4-DNA [9, 40].

Figures 6(a) and (b) show the transmission coefficient
T (E) and I –V curves, respectively, for the short G4-DNA
molecules (N = 10) with different degrees of uniform
backbone disorder W by adopting λ = 2t = 0.24 eV [41–43]
and tb = 0.5 eV [18]. The results are averaged over
200 000 configurations of backbone disorder. By inspecting
figure 6(a), one realizes that the transmission spectra of the
G4-DNA can be classified into two distinguishable groups
for different backbone disorder degrees. (i) In the case
of small W , there are two transmission bands which are
symmetrically distributed around the Fermi energy and are
separated by an energy gap. The transmission coefficient,
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especially for the states near the energy gap, is decreased by
increasing W and the most conducting state in the right (left)
transmission band is shifted toward higher (lower) energy.
The gap width has little to do with the backbone disorder
degree. (ii) In the case of large W , the two side transmission
bands vanish and a new transmission band emerges around
the Fermi energy, suggesting that the environmental effects
may induce an additional transport channel in the energy
gap. This is consistent with the results obtained from the
dsDNA molecules by using ab initio calculations [1, 38]. The
transmission coefficient gradually increases with increasing W .
Since electrons around the Fermi energy determine the charge
transport properties of the G4-DNA, it would be important to
plot the Landauer conductance versus W at the Fermi energy.
From the inset of figure 6(a), we can see that the Landauer
conductance is approximately proportional to the backbone
disorder degree at large W . Thus one can observe the backbone
disorder-induced semiconducting–metallic transition in short
G4-DNA molecules, as is further illustrated in figure 3(b).
For small W , a voltage gap emerges in the nonlinear I –V
curves and increases slowly with increasing W , while for large
W , the voltage gap vanishes and the current is dramatically
enhanced by increasing W . Therefore, our numerical results
suggest that the G4-DNA exhibits semiconducting behavior
when the environment-induced disorder is weak and shows
metallic behavior when the environment-induced disorder is
sufficiently large.

5. Conclusions

We study the influence of backbone energetics on the
charge transport through the G4-DNA molecules based on
an effective tight-binding model, where each G base and
backbone contributes one orbital. The hybridization between
the backbone and the G base and the on-site energy difference
of the backbone site from the G base can yield a band gap
in the energy spectrum of the G4-DNA and consequently
the homogeneous G4-DNA behaves as a semiconductor. We
also investigate the environmental effects by introducing
different types of disorder into the backbone sites, because
the phosphates are negatively charged and the backbone is
located in the external region of the G4-DNA. Our numerical
results suggest that the backbone disorder plays an important
role in the transport properties of the G4-DNA. There exists a
crossover Wc for the backbone disorder W that the localization
length decreases with increasing W for W < Wc and
increases with increasing W for W > Wc. Additionally,
the localization length of the G4-DNA is larger than that of
the poly(G)–poly(C), suggesting that the G4-DNA is a better
candidate as a conducting molecular wire than the dsDNA
molecules. A backbone disorder-induced semiconducting–
metallic transition is observed in short G4-DNA molecules,
where the G4-DNA behaves as a semiconductor when the
backbone disorder is small and behaves as a conductor when
the backbone disorder is sufficiently large. Since the alkali
cations are favorable for the formation of the G4-DNA and are
small enough to be accommodated at the core of the quadruple-
helical structure, we believe that these cations can further

enhance the charge transport ability of the G4-DNA molecules.
This will be further considered in the future work.
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[12] Črnugelj M, Hud N V and Plavec J 2002 J. Mol. Biol. 320 911
[13] Lee J Y, Okumus B, Kim D S and Ha T 2005 Proc. Natl Acad.

Sci. USA 102 18938
[14] Di Felice R, Calzolari A, Garbesi A, Alexandre S S and

Soler J M 2005 J. Phys. Chem. B 109 22301
[15] Cohen H, Sapir T, Borovok N, Molotsky T, Di Felice R,

Kotlyar A B and Porath D 2007 Nano Lett. 7 981
[16] Calzolari A, Di Felice R, Molinari E and Garbesi A 2002 Appl.

Phys. Lett. 80 3331
[17] Tsukamoto T, Ishikawa Y, Sengoku Y and Kurita N 2009

Chem. Phys. Lett. 474 362
[18] Cuniberti G, Craco L, Porath D and Dekker C 2002 Phys. Rev.

B 65 241314(R)
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