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S
urface hybridization, in which an im-
mobilized probe single-stranded DNA
(ss-DNA) of known sequence recog-

nizes the complementary target ss-DNA
(c-DNA) molecule, is central to DNA biosen-
sing technologies and novel nanodevices.
These techniques are being extensively ap-
plied in a number of important fields such as
genotyping, gene expression profiling, and
biological detection.1�3 Hybridization at the
solid�liquid interface can be significantly pro-
motedbynonspecific adsorption of the target
ss-DNA and the consequent two-dimensional
search.4 Several other factors such as probe
density,5�8 probe9 and linker length,10 surface
topology,11 and surface chemistry12 further
affect surface hybridization, thus making hy-
bridization on surfacemore complicated than
that in solution. However, the molecular-level
understanding of surface hybridization has
not yet fully emerged and is therefore highly
desired for designing an optimal surface hy-
bridization protocol.

Gold has been extensively used to sys-
tematically study the interactions govern-
ing surface hybridization13�18 due to its
many useful properties as a model sub-
strate.19 However, hybridization on gold is
affected by nonspecific adsorption of the
exposed bases of ss-DNA.20 Interestingly,
the nonspecific DNA�gold interaction is
found to be base-dependent, following
the order A > G g C . T.21 Typical probe
sequences (15�30 nucleotides) at low sur-
face densities (e5 � 1012 cm�2) exhibit
hybridization efficiency of g60%5,16,22,23

that is lower than what is observed in solu-
tion. A planar gold surface has been re-
ported to significantly slow down13 and
lower free energy of hybridization.24 AFM
studies also suggested incomplete hybridi-
zation on gold.25 Gold nanoparticles inhibit
duplex formation of a random-coil DNA.12

The duplex conformation of a hairpin DNA
is also found to be destabilized on the
gold nanoparticle.12 It is likely that the
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ABSTRACT Hybridization of surface-immobilized oligonucleotides to their complementary counterparts is central

to the rational design of novel nanodevices and DNA sensors. In this study, we have adopted a unified approach

of combining sensing experiments with molecular dynamics simulations to characterize the hybridization of a

23 nucleotide long single-strand probe DNA tethered to a gold surface. Experiments indicate significant conformational

changes of DNA in close vicinity (∼1 nm) of the gold surface upon hybridization and also conformational heterogeneity

within hybridized DNA, consistent with simulation results. Simulations show that the conformational heterogeneity on

a gold surface arises due to stabilization of surface-adsorbed partial and full duplexes, resulting in impeded

hybridization in comparison to what observed on a repulsive surface. Furthermore, these simulations indicate that

hybridization could be improved by tuning the nonspecific adsorption on a nanopatterned surface with an optimal

patterning length. Simulations were performed on the probe tethered to gold nanodots of varying (2�8 nm)

diameter. An improved hybridization of the present probe sequence was only observed for the 6 nm gold dots

patterned on a repulsive surface. Results reveal that the 2D nanoconfinement provided by the 6 nm gold dot is optimal for reducing conformational

heterogeneity for the specific sequence used in this study. Thus, improved DNA hybridization can be achieved on a gold nanodot patterned repulsive surface,

where the optimal dot diameter will depend on the probe length and sequence. In summary, this study provides mechanistic insights onto hybridization on

gold and offers a unique method toward improved hybridization on a nanopatterned surface with an optimized patterning length.
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nonspecific interaction affects the conformational
landscape in the close vicinity (e1 nm range) of the
gold surface. This effect would result in themodulation
of the hybridization thermodynamics and kinetics,
which remain still unexplored at the molecular level.
In this study, our goal is to understand the mechan-

istic details of hybridization on a planar gold surface
and exploit that knowledge to design an improved
surface for hybridization. Toward this goal, we have
taken a unified approach of combing experiments
with in silico molecular simulations performed on a
23 nucleotide probe DNA tethered to a gold surface.
Sensing experiments show a conformational change
of DNA accompanying hybridization occurring in close
vicinity (∼1 nm) of gold as well as conformational
heterogeneity within hybridized DNA. Coarse-grained
(CG) simulations of the system are consistent with
experiments. Additionally, simulations indicate strong
conformational heterogeneity on gold impedes hybri-
dization, when compared to solution and to a repulsive
surface. The molecular structure and population of
those alternative populations are governed by the
competition between specific base pairing and non-
specific interaction with gold. These results suggest
that the hybridization efficiency can be enhanced by
controlling conformational heterogeneity on the sur-
face. Modulating surface chemistry at a nanometer
length-scale by surface patterning with two dissimilar
materials could be one possible way to achieve that
goal. We performed simulations of the probe DNA
tethered on gold dots of varying (2�8 nm) diameter
patterned on a repulsive surface. A striking reduction of
the conformational heterogeneity was observed on
the 6 nm gold dot patterned surface, resulting in
improved hybridization compared to the plain sur-
faces. Therefore, this study explores mechanistic de-
tails on the surface hybridization on gold and identifies
a unique means to improve that by using a nanopat-
terned surface with an optimized patterning length.

RESULTS AND DISCUSSION

Real Time Probe Self-Assembly and Hybridization Measure-
ments on Gold. The self-assembly and hybridization
experiments of the 23 nucleotide long probe DNA on
a gold surface were performed in real time using a
recently proposed bipolar transitor based biosensor.26

A key feature of this biosensor is its significantly higher
resolution in comparison to other potentiometric
biosensors such as nanowire field effect transitor
sensors.27�29 Hence, this biosensor is well suited for
capturing details of a real time measurement curve.

Figure 1a shows the schematic of the bipolar junc-
tion transistor (BJT) based biosensor with gold as the
sensing surface. The sensor consists of a BJT device
with the base connected to the gold sensing surface
immersed in phosphate buffer saline (PBS) solution;
the AgCl/Ag reference electrode is used for applying

voltage to the solution. The sensing current is the
collector current (IC) and is given by the Ebers�Moll
equation30 as shown below:

IC ¼ Io 3 e
q 3 (VB þψS � VE)=kT (1)

where, ψs is the gold surface potential, VB and VE are
voltages applied at the base and emitter of the tran-
sistor, respectively. T is the temperature in Kelvin, k is
the Boltzmann constant, Io is a device constant, and q is
the electronic charge. This equation implies that the
sensing current IC depends exponentially on the gold
surface potential ψs. Since the surface potential de-
pends on the charge density within the Debye length,
changes in the charge density would cause exponen-
tial changes in the sensing current IC. In other words,
IC can be used for sensing negatively charged DNA
tethered to the sensing surface. Figure 1b shows the
sensing current measured as a function of applied
voltage VBE = (VB � VE) before and after incubation of
the gold surface in 1� PBS solution with 0.5 μM of
thiolated ss-DNA; measurement details are given in
Methods section. Post incubation, IC curve was ob-
served to be shifted byΔψs toward higher voltagewith
a concomitant decrease of ΔIC in the sensing current,
thereby indicating that negatively charged ss-DNA had
self-assembled on the gold sensing surface. Hence, IC
at a fixed applied voltage can be used for monitoring
real time changes in the charge density associatedwith
DNA molecules near the gold surface.

Figure 2a shows the sensing current (IC) depen-
dence on the incubation time during in situ self-

Figure 1. (a) Schematic of a bipolar junction transistor
(BJT) based biosensor with gold as the sensing surface. (b)
Measured dependence of the sensing current IC on the
applied voltage (VBE) in 1� PBS solution; symbols are the
measurements and solid line is the fit according to eq 1. Red
curve was measured before the self-assembly of ss-DNA on
gold sensing surface, and the blue curvewasmeasured after
the completion of self-assembly process. Post self-assembly,
the curve was shifted byΔΨS toward higher voltage with an
accompanying decrease in the sensing current by ΔIC.
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assembly of the probe ss-DNA on the gold surface. The
self-assembly was initiated by addition of 0.5 μMprobe
DNA into a solution of 1� phosphate buffer solution
(PBS) and was monitored by measuring the sensing
current (IC) at a fixed applied voltage of VBE = (VB� BE) =
0.264 V as a function of the incubation time. As shown
in Figure 2a, IC decreased with time and reached a
steady state value after ∼4000 s of incubation. This
decrease is attributed to the self-assembly of the
negatively charged ss-DNA probes over the gold sur-
face. As the probes self-assembled, the negative
charge density within the Debye length (∼8 Å) in-
creased and the surface potential (ψs) became increas-
ingly negative. IC was observed to decrease by a factor
of ∼2.3 which corresponds a surface potential change
(Δψs) ∼17 mV as estimated from eq 1. In summary,
Figure 2a indicates that the adsorbed probe DNA

concentration increased with the incubation time be-
fore reaching a constant value, consistent with pre-
vious real time probe self-assembly studies.5 To verify
that the self-assembly of ss-DNA probes had occurred
on the gold surface, the gold film was rinsed in 1� PBS
solution after the completion of the self-assembly and
XPS measurements were performed. Figure 2b shows
the spectra measured before and after the self-assem-
bly of the probe DNA on gold. The XPS spectra show
nitrogen (N) and phosphorus (P) peaks for the self-
assembled ss-DNA gold film and no peaks for the bare
gold film. The observed peak positions are consistent
with previously reported values for nitrogen and
phosphorus.31 The measured peak height N/P ratio is
∼3.7, consistent with the predicted ratio of 3.6 for the
probe DNA sequence used in the study. Hence, the
measured XPS spectra confirm the self-assembly of
probe ss-DNA on the gold surface.

Figure 2c shows the real time hybridization of the
complementary DNA (c-DNA) with probe ss-DNA self-
assembled on the gold sensing surface. Hybridization
was initiated at time = 0 s by adding 1 μM of c-DNA to
the 1� PBS solution. The real-time hybridization was
monitored by measuring IC at a constant VBE = 0.264 V
as a function of incubation time. Use of 1� PBS solution
with a short Debye length of ∼8 Å and a short linker
length (see Methods) enabled us to investigate the
charge density changes near (<1 nm) the gold surface
during the hybridization process. The addition of
c-DNA caused the sensing signal IC to initially decrease
with time and then to increase at longer incubation
times (>3000 s). It should be noted that this IC increase
at longer times was not observed during the self-
assembly of probe DNA (Figure 2a). We now discuss
the physical interpretation of the measured IC curve
during the hybridization process. The observed de-
crease in IC at shorter incubation time (<3000 s)
indicates that the gold surface potential (ψs) was
becoming increasingly negative. This ψs change is
attributed to the adsorption of negatively charged
c-DNA with some or all of its bases within 8 Å from
the gold surface. At longer incubation times, the
increase in IC indicates a decrease in the negative
charge density within 8 Å from the gold surface. This
negative charge density decrease can be attributed
two possibilities: desorption of DNA strands from the
gold surface or the adsorbed DNA strands undergoing
conformational change from a lateral orientation to a
more vertical one with respect to the gold surface. To
exclude the desorption possibility, XPS measurements
were performed on two set of samples: gold surface
with self-assembled probe ss-DNA and gold surface
with hybridized DNA (see Methods). XPS spectra for
both sets of samples remained unchanged after in-
cubation (see Supporting Information Figure S1),
thereby indicating desorption of probe DNA and hy-
bridized duplex DNA from the gold surface were

Figure 2. Real-time self-assembly and hybridization on
gold. (a) Dependence of IC on incubation time during the
self-assembly (SA) of the thiolated probe ss-DNA on the
gold sensing surface of the sensor; the self-assembly was
initiated by adding 0.5 μM of probe ss-DNA to 1� PBS
solution and ICwasmeasured at a constant VBE = 0.264 V. (b)
XPS spectra for bare gold surface and gold surfacewith self-
assembled ss-DNA probes. (c) Dependence of IC on the
incubation time during hybridization of the self-assembled
probe ss-DNA tethered to the gold surface; hybridization
was initiated at time=0 s by adding1 μMof the c-DNA to 1�
PBS solution and IC was measured at VBE = 0.264 V.
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negligible during the real time hybridization measure-
ments. Thus, we confirm that the observed increase in
IC at longer times was triggered by the conformational
changes associated with duplex DNA formation, since
duplex DNA is known to have more vertical conforma-
tion than ss-DNA with respect to the gold surface.32�34

In summary, Figure 2c indicates that c-DNAwas initially
adsorbed in lateral conformations on the gold surface
and after a lag of several minutes underwent confor-
mational changes triggered by hybridization. Possible
causes for this lag time can be a surface diffusion
mediated search process of c-DNA for a tethered
probe4 and possible alternative populations12,35 on
the gold surface. In other words, hybridization with
tethered ss-DNA did not occur directly from the solu-
tion but was mediated by the surface interaction.

Lastly, we compare the real time hybridization
measurement of Figure 2c with those in the literature.
Surface plasmon resonance spectroscopy (SPR) was
used for measuring real time hybridization.5 In con-
trast to the present study, the SPR study showed
no signal reversal during the in situ hybridization.
This discrepancy can be understood as follows: SPR is
sensitive to total number of DNA molecules adsorbed
on the gold surface, whereas the present sensing
method is sensitive to both total adsorbed DNA mol-
ecules and their conformations within the Debye
length.

Sensing Current Dependence on Debye Length for Probe and
Duplex DNAs. To gain insights into ss-DNA and duplex
DNA conformations with respect to the gold surface,
sensing current IC dependence on Debye length was
investigated. Figure 3 shows measured IC as a function
of Debye length for probe ss-DNA and preformed
duplex DNA self-assembled on gold surfaces (see
Methods section); IC was measured at a fixed applied
voltage of VBE = 0.264 V. Debye length was varied by
varying the ionic concentration of the PBS solution
from137 to 14mM; lower ionic concentration solutions
were not used to minimize measurement errors due to
themelting of duplex DNA. In Figure 3, IC is observed to

show no significant dependence on the Debye length
for the probe ss-DNA, thereby indicating that ss-DNA
were mostly laterally adsorbed within∼8 Å of the gold
surface. This observation of laterally adsorbed confor-
mation is consistent with previous optical sensing
studies on probe ss-DNA on gold surfaces.12,34 In
contrast, IC sharply decreases as the Debye length
increases from 8 to 18 Å and becomes almost constant
for Debye length >18 Å for the tethered duplex DNA
molecules. This IC dependence implies that duplexes
were confined within ∼18 Å from the gold surface.
Previous studies have shown that duplex vertical dis-
tance from the tethering surface depends on several
factors such as probe density,36 surface potential,33,34

and duplex flexibility,32 and therefore, a direct compar-
ison with literature values cannot be made. However,
the present estimate of 18 Å is toward the lower end of
the reported range of duplex DNA layer thickness,
which likely suggest large conformational heterogene-
ity within the duplex population.

Probe Areal Density Estimation. We have also estimated
the probe density from the measurements shown in
Figures 2a and 3. IC decreased by a factor of ∼2.3
corresponding to (Δψs)∼ 17mV as shown in Figure 2a.
Using the solution double layer capacitance approx-
imation, the surface charge density (Δσs) can be
written as Δσs ∼ (Δψs)(εεo/λ), where ε is the dielectric
constant of the solution, εo is permittivity of vacuum
and λ is the Debye length. Substituting Δψs ∼ 17 mV
and λ ∼ 8 Å, the probe related surface charge density
(Δσs)∼1.4� 10�6 C/cm2. Since Figure 3 indicates that
probe ss-DNAwere laterally adsorbed within 8 Å of the
gold surface, each probeDNA is estimated to have total
charge of 23q. This charge estimation assumes the
charge condensation effect to be negligible at 1� PBS
for ss-DNA. Hence, the probe density is estimated to
be (Δσs)/23q = 4.3 � 1011 cm�2. This estimation of
tethered probe density is consistent with previous
studies.5 For the estimated probe density of ∼4.3 �
1011 cm�2, the mean distance between two neighbor-
ing probes is ∼170 Å. Since this mean distance is
greater than twice the fully stretched probe ss-DNA
length, the present experimental results are valid for
noninteracting probes.

In summary, these experiments (Figures 2 and 3)
suggest an orientation change of DNA with respect to
the gold surface during hybridization and also pre-
sence of significant conformational heterogeneity
within the duplex population on gold. These results
evoke a detailed modeling of the gold surface-
mediated hybridization to gain a better mechanistic
understanding.

Simulated Hybridization Landscape on Gold vs in Bulk and
on a Repulsive Surface. We have performed extensive
coarse-grained molecular dynamics simulations to
investigate the DNA hybridization landscape on
gold, which can be used in combination with the

Figure 3. Dependence of the sensing current IC measured
at VBE = 0.264 V on the Debye length for probe ss-DNA
and hybridized duplex DNA tethered to the gold sensing
surface. Debye length was varied by diluting the 1� PBS
solution.
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experimental results to provide molecular insights
onto this complex phenomenon. The probe sequence
and the simulation conditions were kept identical to
those in the sensing experimentswithin the framework
of the simplified coarse-grained model (see Methods).
Figure 4 shows a comparison of the PMF for hybridiza-
tion (see Methods) on the model gold surface (blue)

with that in bulk (black) and on a repulsive surface
(red). The PMFs represent the reversible work done to
bring the perfect complementary strand to the probe
strand (free or surface-tethered) and hybridize. The low
energy minimum at ξ = 13.5 Å corresponds to the
perfectly hybridized state. The PMF is equal to zero,
when the two strands are separated at ξ > 95 Å, as they
do not interact. As they approach each other, the free
energy in bulk increases due to the (i) charge�charge
repulsion between the strand backbones, and (ii) the
entropic penalty related to the relative alignment
of the strands needed for hybridization. The effect of
the repulsive surface on the PMF profile is minimal.
At distances 20 Å < ξ < 50 Å, the free energy barrier on
the repulsive surface becomes slightly higher than that
in the bulk due to the restricted approach of the target
strand. The available conformational space in which
the two strands start to align to form a duplex is
reduced due to the excluded volume interaction of
the surface. The presence of surface slightly destabi-
lizes the hybridized duplex, as suggested by the
ΔΔGSurface

ξ=13.5 Å = 0.9 ( 0.5 kcal/mol.
The presence of the gold surface significantly alters

the PMF of hybridization. The free energy at the distant
regime (40 Å < ξ < 95 Å) is considerably reduced on
gold, suggesting that gold surface favors approach-
ing of the two strands to each other. For example,

Figure 4. 1D Potential of mean force (PMF, in kcal/mol) of
hybridization. The reaction coordinate ξ is defined as the
center-to-center distance (Å) between the probe and target
strands. Data for bulk, repulsive surface, and gold surface
simulations at [I] = 130 mM are shown in black, red, and
blue, respectively. Data plotted are the averages and
standard deviations obtained from at least three different
∼150 ns runs for each system.

Figure 5. Hybridization pathway on gold and on the repulsive surface. (a and b) 2D PMF (in kcal/mol) as a function of probe-
target distance, ξ, and number of base pairs for hybridization on the repulsive surface (a) and on the gold surface (b). Each
contour represents 1.0 kcal/mol free energy difference. Black dotted rectangle corresponds to the partially hybridized
configurations populated on gold (shown in yellow) when the strands are within 30 Å. Color-scale used is shown at right. (c)
Ensemble-averaged contactmaps for different stages of hybridization (differentwindows of ξ) on surface: repulsive (top) and
gold (bottom). The sequences for the probe (x axis) and the target (y axis) are also shown. The top right and bottom left
corners of the contactmaps correspond to the free and the tethered ends of the probe, respectively. The contacts are colored
according to the normalized probabilities using the color scale shown at bottom.
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ΔΔGGold
ξ=55 Åwith respect tobulk is�2.4(0.6 kcal/mol.

The PMF starts to increase on gold, as the two strands
start to align at ξ < 60 Å. Thus, the PMF barrier is
positioned at much closer distance compared to in
bulk and on the repulsive surface. We also find that the
gold surface considerably lowers the duplex stability,
when compared to bulk, by ΔΔGGold

ξ=13.5 Å = 4.4 (
0.6 kcal/mol.

Presence of Partially Hybridized States on Gold. Figure 5a,b
shows the two-dimensional PMFs on the repulsive sur-
face, and on gold as a function of ξ and the number
of base pairs formed. In addition, we also compare the
conformational ensembles populated at different win-
dows of ξ. For this purpose, the averaged contact
probabilities for all possible base pairs were estimated
and presented as contact maps in Figure 5c (see
Methods). Combining the 2D PMF plots with these
contact maps offers detailed structural insights along
the hybridization reaction in a different environment.
Results for the hybridization in bulk is shown in Support-
ing Information (Figure S3). Data up to ξ = 72.5 Å was
considered for these 2D PMFs, as base pair formation
is negligible and the 1D PMFs resemble each other
beyond that distance (Figure 4).

Overall, the hybridization in bulk appears downhill,
which is initiated by a nucleation event at 50 Å <
ξ < 60 Å (Supporting Information Figure S3), in which
in-register base pair forms at either end, with a pref-
erence for the 50 end in the present case due to higher
GC content of this region. As ξ decreases, the strands
form hybridized antiparallel duplex. A bubble in the
middle is often seen. Only, a few non-native contacts
(off-diagonal contacts) are found near the center region
due to presence of short palindromic tracts. Whereas
the 2D PMF on the repulsive surface (Figure 5a) closely
resembles the one in bulk, the initial base pairing at the
free end of the probe is favored (see Figure 4c, contact
map at 40 Å < ξ < 50 Å) due to the excluded volume
interaction with the surface. This effect causes a shal-
low basin representing conformations with the free
end hybridized (Figure 5a).

In sharp contrast, hybridization on gold is not a
simple downhill process. The uncomplexed and some
partially hybridized structures (0�8 base pairs formed)
at ξ > 45 Å are stabilized on gold (Figure 5b). The
contact map consistently shows only some weak con-
tact formation at the free end of the probe at ξ > 40 Å
(Figure 5c). There also exists a free energy barrier at
25 Å< ξ < 45 Å, implying that gold restricts further
approach of the two strands. At this stage, preferential
contact formation at the tethered end of the probe is
seen,which is opposite to the repulsive surface scenario.
A few non-native contacts are also observed. Com-
paring the contactmaps on goldwith those in bulk and
on the repulsive surface, it is evident that gold impedes
full hybridization and stabilizes partial duplexes. Inter-
estingly, a significant population of partially hybridized

structures (∼8 base pairs) at close distance (15 Å < ξ <
30 Å, black rectangle, Figure 5b) is found on gold,
which is not seen either in bulk or on the repulsive
surface. These findings reveal higher conformational
heterogeneity during hybridization on gold.

Surface Adsorption Favors Partial Duplex and Bent, Full
Duplex. To estimate the influence of nonspecific inter-
actions on the conformational heterogeneity, we com-
pute the 2D free energy landscape as a function of the
number of base pairs formed and the number of
adsorbed bases on gold from all conformations popu-
lated along the hybridization pathway (Figure 6). This
analysis reveals that there exist several distinct popula-
tions along the hybridization pathway, which differ
from each other with respect to the degrees of base
pairing and adsorption. Significant variability is ob-
served even within the fully hybridized state (state A,
g70%hybridized). Structures from theA-statewith low
adsorption (e7 bases adsorbed) are either fully hybri-
dized (structure A:I) or have a bubble in the middle
(structure A:I0). Those structures show an average tilt
angle of∼47� (see Supporting Information ). A significant
population of duplex structures with bubble frequently
interact with gold at the free end, resulting in bent
duplexes (structure A:II).

The strongly adsorbed conformations populated
during hybridization can be classified in two separate
states (states B and C). Very few base pairs are formed
in the state B, suggesting configurations comprising

Figure 6. 2D free energy landscape (in kcal/mol) as a
function of the number of base pairs (x-axis) formed and
the total (probe þ target) number of adsorbed bases esti-
mated from the conformations sampled during hybridiza-
tion. Each contour represents 0.5 kcal/mol free energy
difference (color-scale shown on right). A base was consid-
ered adsorbed, if it was found within 8 Å of the surface.
Representative configurations for the highly populated
regions are also shown. The probe backbone is shown in
blue, while the target backbone in red. Bases (in green) are
only shown if they form a contact. Tethered site is shown in
white. The green arrows show the hybridization pathway
(as a function of ξ). The average end-to-end distance for the
target strand is also reported for the main states.
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uncomplexed strands (i.e., larger ξ) that are mostly
adsorbed. The average end-to-end distance of 49 Å for
this state implies compact coil structures. This state
represents the end-state of the 2D search process of
the surface-bound target to the probe,4 corresponding
to the lower PMF at 40 Å< ξ< 72Å (see Figure 4). As the
strands get closer, a strongly adsorbed and partially
hybridized state (state C) with ∼6�8 base pairing
interactions are formed. A more favored nucleation at
the GC-rich tethered end in this C-state (Figure 5c)
allows nonspecific binding of the A-rich free end (struc-
ture C:I). However, some structures with free end (struc-
ture C:II) or both ends involved in base pairing can be
also present in the C state. Amuch less populated state
D composed of weakly adsorbed, partially hybridized
configurations is also seen, indicating a minor fraction
of hybridization events happening from solution, as
opposed to on the surface.

Comparison of Simulations with Experiments. We com-
mence by comparing simulations with the experimen-
tal results of Figures 2 and 3. It should be mentioned
that the REUS technique used here does not provide
any information on the time-scale of hybridization in
different environments. The simulations of this study
offer molecular details of the hybridization pathway
and PMF of hybridization. Thus, the PMFs and the con-
formations populated along the process can be com-
pared to explore the effect of environment (solution vs

surface, etc.) on hybridization efficiency and pathway.
The simulated conformational changes of DNA with
respect to the surface can be also directly compared
with experiments. Figure 2 indicates that target DNA is
first laterally adsorbed on the gold surface and then
undergoes hybridization with lateral-to-vertical con-
formational changes. The simulations (Figure 6) con-
sistently reveal nonspecific adsorption of the target
strand facilitating the approach to the surface-
adsorbed probe, resulting in state B. Next, ametastable
state compriong of the surface-adsorbed, partial du-
plexes is populated (state C). Thus, the time delay
preceding the current inversion in experiments likely
includes the simulated B and C states. The transforma-
tion of the C state to A state (structures I, I0, and II)
accompanying desorption elucidates the current in-
version. It should be noted that both experimental
(Figure 2) and simulation (Figure 6) hybridization re-
sults correspond to 8 Å Debye length from the gold
surface. In contrast, simulated hybridization on a
repulsive surface was found to occur directly from
solution, consistent with recent single-molecule FRET
experiments.35

Figure 7 shows the simulated change in the DNA
charge density as a function of the vertical distance
from the gold surface. When only state A (Figure 6) is
considered in this calculation, ∼50% of the charge
density (black curve) was found to reside within 20 Å
from the surface. If we include the surface-adsorbed,

partial duplexes (state C, Figure 6),∼70% of the charge
density (red curve) is located within 20 Å. The slope of
those curves further suggests that the rate at which the
charge density of those populations decreases with
increasing Debye length becomes slower after 20 Å.
A linear fit of the black curve suggest that the slope is
∼0.33 for the Debye lengthe20 Å and then decreases
to ∼0.012. These simulated results agree well with
experimental observations, which indicates that most
of the duplex is confined within 20 Å from the gold
surface (Figure 3).

Simulations also provide insights into how the
conformational heterogeneity present within the du-
plex conformation can account for the observations in
Figures 3 and 7. The presence of small bubbles in ds-
DNA (states A:I0 and A:II, Figure 6) observed in simula-
tions is reported at physiological temperature.37�39

Such bubble can result in lowered bending stiffness
compared to the double helix one at shorter length-
scale, while still keeping their long length behavior
consistent with the worm-like-chain model. Our simu-
lations reveal that those more flexible duplexes fre-
quently interact with gold at the free end of the probe
(structure A:II), where some fraying is seen. The PMF
analysis implies that those surface-adsorbed bent
duplexes stay in equilibrium with the full duplex
(Figure 4-5). Similar bent DNA duplexes has been
experimentally reported for 20 nucleotide DNA immo-
bilized on gold with a short linker.32 Those bent
duplexes account for the observed higher charge
density on surface, compared to what is expected for
a minimally adsorbed duplex with an average∼47� tilt
angle (structure A:I and A:I0, Figure 6). Presence of some
surface-adsorbed, partial duplexes on gold (C state,
Figure 6) can further contribute to the small layer
thickness observed experimentally (Figure 3).

Next, we compare the simulation results with litera-
ture. Simulations (Figures 4 and 5) imply impeded
hybridization and lowered duplex stability on gold,
consistent with several previous experiments.12,13,24,25,6

Figure 7. Charge density change as a function of vertical
distance (equivalent to Debye length in Figure 2) from the
gold surface. The conformations populated at ξ < 30 Å (in
black) and ξ<40Å (in red) are considered for this calculation.
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The metastable intermediate state comprising partial
duplexes on gold detected in simulations (Figure 6) is
consistent with experimental prediction based on
hybridization-induced fluorescence change of DNA
attached to gold nanoparticle.12 These partial duplexes
likely account for the experimentally observed popula-
tion with lower Tm on gold.12 The present modeling
(Figures 5c and 6) also reveals the molecular structure
of these partial duplexes, which is governed by the
competition between specific base pairing and non-
specific attractionwith gold. The use of a spacer (linker)
between the gold surface and the probe sequence will
help reducing this competition to some extent (see ref
40 and references therein). The commonly used linkers
are either inert (e.g. hexamine) or polynucleotide
(polyT preferred due to its lower preference for gold)
in nature. If the spacer results in less interaction with
gold surface, wewould expect the experimental results
of Figure 3 to be modified: the curve is expected to
saturate at longer Debye length. The simulated PMF of
hybridization on gold (Figure 4) will exhibit a smaller
barrier and enhanced duplex stability in that case,
when compared to what are observed without spacer.
Another benefit of using a linker is lowering of the
steric hindrance of the probe due to presence of the
solid surface. However, the surface-assisted approach
of two strands on gold might suffer due to the pre-
sence of a linker. Use of a polynucleotide spacer may
further facilitate formation of non-native interactions
depending on the probe sequence, which will result in
impeded hybridization. The competition between the
specific and nonspecific interactions also depends on
the probe sequence. For example, an AT-rich sequence
suffers from higher competition (thus more impeded
hybridization on gold) compared to a GC-rich se-
quence of same length due to the base-dependent
nature of the nonspecific interaction. The nucleotide
distribution within the sequence can affect hybridiza-
tion landscape on gold as well. Future studies will be
directed to quantify the effect of probe sequence,
probe length, linker chemistry, and linker length on
hybridization on gold.

Hybridization on a Nanopatterned Surface of Two Dissimilar
Materials. The overall agreement of the simulations
with present sensing experiments and other published
experimental data encourages us to exploit this in silico
model of DNA on gold toward designing an improved
surface hybridization protocol. Simulation results re-
veal that the nonspecific binding with gold facili-
tates the approach of two strands at the earlier stage
of hybridization (40 Å< ξ < 72 Å). However, the alter-
native populations resulting from nonspecific binding
with at the late stage (when strands are close, i.e.
ξ < 40 Å) impedes hybridization. Therefore, one
way to achieve a better surface for hybridization
is to tune the surface chemistry in a length-scale
dependent manner, such that the conformational

heterogeneity would be reduced, while still favoring
the approach.

Nanopatterned surfaces made of two dissimilar
materials in terms of the nonspecific binding, such as
a combination of gold (attractive) and a repulsive
material (e.g., epoxy/amine-treated SiO2), are investi-
gated in silico for this purpose. Hybridization is simu-
lated on two different nanopatterned surfaces: (1) a
gold nanodot on a repulsive surface (see Figure 8a),
and (2) a repulsive nanodot on a gold surface. The
probe is immobilized on the nanodot in these simula-
tions (see Methods). Most of the species contributing
to the structural heterogeneity (mainly partially hybri-
dized C state and bent, full duplex A:II structures)
have an average end-to-end distance between ∼50
and ∼60 Å (see Figure 5). The end-to-end distance
distribution plot (Supporting Information Figure S4)
consistently shows higher probability of C and A:II

Figure 8. Hybridization on a nanopatterned surface. (a) A
tethered probe (in blue VDW spheres) on a gold nanodot
with diameter of d nm (in yellow) patterned on a repulsive
surface (in gray). (b) 1D PMF plots as a function of ξ on the
two nanopatterned surfaces with 6 nm nanodots: gold
nanodot on repulsive surface (in yellow) and repulsive
nanodot on gold surface (in cyan). Data for plain repulsive
and gold surfaces are also shown for comparison red and
blue, respectively. (c) The effect of nanodot size on PMF of
hybridization. For clarity, only data for discrete values of ξ
are shown (see also Supporting Information Figure S4).
Different color shading has been used to highlight the
change in PMF of the 6 nm gold dot patterned repulsive
surface as a function of ξ.
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structures with an end-to-end distance ranging be-
tween 50 and 65 Å. The bent duplex corresponds to a
narrower distribution with a much shorter tail at low
end-to-end distance values, when compared to the
C-state. Supporting Information Figure S4 clearly sug-
gests that the nanodots with radiuse40 Å can improve
hybridization by not accommodating most of the C
and A:II structures. Therefore, nanodots of 2, 4, 6, and
8 nm in diameter were simulated to examine the effect
of the length-scale of a nanopatterned surface on the
hybridization.

Figure 8b and Supporting Information Figure S5
demonstrate the 1D PMF of hybridization on those
nanopatterned surfaces. Interestingly, the hybridiza-
tion on the 2 and 4 nm gold nanodots closely follows
the trend of the bulk surface (Supporting Information
Figure S5). Thus, 2�4 nm sized nanodots appear to be
too small to affect hybridization. In contrast, the PMF
for hybridization on the 6 nm gold nanodot shows
an interesting pattern (Figure 8b). Beyond ∼80 Å, the
PMF is similar to the one on a plain repulsive surface.
At 40 Å < ξ < 70 Å, hybridization follows the trend ob-
served on a plain gold surface. At shorter distance, the
PMF again appears similar to what is seen on the plain
repulsive surface. The larger 8 nm gold nanodot pat-
terned surface shows a similar pattern; however, the PMF
starts to mimic the one seen on the plain gold surface.

In contrast, hybridization on the gold surface pat-
terned with different sized repulsive nanodots consis-
tently appears to follow the trend seen on the plain
gold surface (Figure 8b,c and Supporting Information
Figure S5), implying that the bulk gold surface still
controls hybridization. These results are further sum-
marized in Figure 8c, which reveals an optimal hybri-
dization performance of the 6 nm gold nanodot
patterned surface with respect to plain surfaces (gold
and repulsive). In that case, the approach of target
strand to the probe is favored at 40 Å < ξ < 70 Å (blue
shaded region, Figure 8c), as seen on plain gold,
whereas at smaller distance, the barrier is lower
(white shaded region, Figure 8c). The duplex is found
to be stabilized similar to the one on the plain repulsive
surface (pink region). Thus, our simulations reveal a
striking improvement of surface hybridization on a
6 nm gold nanodot patterned repulsive surface, which
is clearly governed by the length-scale of the nonspe-
cific attraction.

The effect of the nanopatterned surface with 6 nm
golddot onhybridization is further evident fromFigure 9a.
The uncomplexed and partially hybridized struc-
tures at ξ > 20 Å (see Figure 5b) are less populated
on this nanopatterned surface, when compared to gold;
however, the population remains still higher compared
towhat is seen on the plain repulsive surface. Figure 9b
consistently reveals strikingly lower population of the
surface-adsorbed structures (both B and C states)
during hybridization compared to what seen on plain

gold. Interestingly, the subpopulation within the
A state that experience higher adsorption (i.e., A:II,
bent duplex with a bubble) on plain gold has also
disappeared. Thus, the conformational heterogeneity
on this nanopatterned surface appears much lower
compared to what seen on a plain gold surface. At the
same time, there is some population of the surface-
bound structures at larger probe�target distance
(40 Å < ξ < 60 Å) that facilitates the approach of two
strands. Consequently, the PMF barrier for hybridiza-
tion on this nanopatterned surface becomes lower
compared to both plain gold and plain repulsive
surfaces, while the fully hybridized duplex gains stabi-
lity similar to what seen on the plain repulsive surface
(Figure 8b).

The contact maps for (Figure 9c) reveal that, as the
strands approach closer (40 Å < ξ < 50 Å), the initial
nucleation preferably occurs at the free end of the
probe. The representative structure shows that probe
at this stage lies mostly flat on the gold nanodot in
order to maximize nonspecific binding, whereas the
target approaches from solution (Figure 9d). As the free
end of the probe has higher chance to stay outside
of the nanodot, initial nucleation occurs at the free end.
At a later stage (30 Å < ξ < 40 Å), the C state con-
formations with a ∼8 bp bubble at the center form, as
the target tries tomove inside the gold nanodot due to
nonspecific attraction (Figure 9c,d). This scenario is
distinct from what is seen on plain gold (preferred
nucleation at the tethered end of probe) and on the
plain repulsive surface (preferred nucleation at the
free site of the probe) at this stage of hybridization

Figure 9. Hybridization on the repulsive surface patterned
with6nmgolddots. (a) 2DPMF (in kcal/mol) as a functionof ξ,
and number of base pairs, and (b) 2D free energy land-
scape (in kcal/mol) as a function of the number of base pairs
formed and the total number of adsorbed bases estimated
from the conformations sampled during hybridization.
(c) Ensemble-averaged contact maps for different stages
of hybridization (different windows of ξ). (d) Representative
configuration at different stages of hybridization. Color-
scales used are same as in Figures 5 and 6.
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(Figure 5c). A few non-native contacts near the teth-
ered site are also observed. In those structures
(Figure 5d), the region near the bubble still interacts
with gold. It appears that desorption of those struc-
tures accompanying closure of the bubble is more
favorable compared to the scenario on the plain gold,
in which the strongly adsorbed, partial duplexes need
to desorb prior to further hybridization. Consequently,
the PMF at 30 Å < ξ < 40 Å is lower than what is
estimated on plain gold and fully hybridized A state
starts to appear earlier (20 Å< ξ < 30 Å) on this
nanopatterned surface.

Taken together, these results imply that the 6 nm
gold nanodot restricts the occupied volume of the
surface-adsorbed conformations. Such effective nano-
confinement promotes approach of strands compared
to what is seen on the repulsive surface. The PMF
barrier arising from the strand alignment and charge�
charge repulsion is thus overcome by the nonspecific
attraction. At the same time, the size of the nanodot
hinders stabilization of the surface-adsorbed duplexes.
As a result, base pairing at both ends is promoted,
while a bubble at the center can interact with gold.
Finally, desorption of this bubble leads to full hybrid-
ization. Consequently, PMF barrier is lower compared
to both plain gold and plain repulsive surfaces.

In summary, a gold dot of 6 nm diameter on
the repulsive surface appears to provide optimal hy-
bridization by lowering the alternative state popula-
tions, while still favoring approach of the two strands for
the 23 nucleotide DNA studied here. The present esti-
mate of 6 nm as the optimal patterning length depends
on two distinct molecular factors: (1) the physical size of
the partial and bent duplexes stabilized by nonspecific
interactions (Supporting Information Figure S4), and (2)
the available gold surface area of the 2D nanoconfine-
ment that facilitates further zippering after initial hybri-
dization (Figure 8d). As a result, a smaller 2�4 nm or a
larger 8 nm gold nanodot cannot induce similar effects
as observed in the case of the 6 nm gold dot.

The optimal patterning length will definitely scale
up with probe length. As the physical size and popula-
tion of the C and A:II states will also vary with DNA
sequence, we expect the optimal nanodot size to have
some sequence dependence as well. Nevertheless,

the repulsive surface patterned with gold nanodots
should assist hybridization in general. In practice, such
nanopatterned surface can be prepared by high reso-
lution nanopatterning techniques such as e-beam
lithography,41nanoimprinting,42ordirectedself-assembly
of block copolymers.43,44

CONCLUSIONS

We have combined real-time hybridization experi-
ments performed using a bipolar transistor based
biosensor with extensive coarse-grained molecular
simulations to examine the effects of the gold sur-
face chemistry on the hybridization pathway of a
surface-tethered 23 nucleotide probe DNA. The
sensing experiments indicate a lateral-to-vertical
orientation change of DNA upon hybridization
and a significant heterogeneity within the duplex
DNA population on gold. Simulations are consistent
with experiments, while providing detailed structural
insights onto the distinct alternative populations along
the reaction. A partially hybridized, strongly adsorbed,
metastable intermediate is detected on gold during
hybridization. At a much later stage, bent duplexes
with a bubble at the center stay in equilibriumwith the
straight duplex. These alternative populations contri-
bute to the impeded hybridization and lowered duplex
stability on gold. On the basis of these mechanistic
insights, we further provide a novel method for im-
proving the surface hybridization by using a nanopat-
terned surface of two dissimilar materials. Simulations
were performed on the probe tethered on gold dots of
varying (2�8 nm) diameter patterned on a repulsive
surface. A striking improvement in hybridization for the
6 nm diameter gold dot was revealed compared to
plain surfaces. The 2D nanoconfinement provided by
the 6 nm gold dot favors the approach of two strands
and at the same time reduces conformational hetero-
geneity for the present probe. Thus, improved DNA
hybridization can be achieved on gold nanodot pat-
terned repulsive surface, where the optimal dot diam-
eter will depend on the probe length and sequence.
In summary, this study provides mechanistic insights
onto surface hybridization and offers a unique ap-
proach for improving that by using a nanopatterned
surface with an optimized patterning length.

METHODS
Experimental Details. Materials and Self-Assembly Procedures.

We used a 50 dithiol-modified (DTPA) 23 nucleotide long
sequence (CTGGTCATGGCGGGCATTTAATT) as the probe single
strand DNA (ss-DNA). All experiments were performed in
1� PBS (Sigma-Aldrich) and room temperature, unless other-
wise stated. The 1� phosphate buffer solution (PBS) solution
was diluted with nucleus free water to prepare PBS solutions of
varying concentrations, whenever needed. These probe ss-DNA
were self-assembled on gold film surfaces. The gold films of
100 nm thickness were sputter deposited on silicon substrate

with 10 nm thick chromium as the adhesion layer between gold
and silicon substrate. Before the self-assembly process, the
gold surfaces were cleaned by soaking them in ethyl alcohol
(200 proof) for 10min. The self-assembly of probe ss-DNAon the
gold surface was performed by incubating in 1� PBS solution
with 0.5 μM of ss-DNA for ∼2 h; the gold film was rinsed in
1� PBS solution for 3min after the completion of self-assembly.
Hybridization was performed by incubating the gold film with
self- assembled probes ss-DNA in 1� PBS solution with 1 μM of
complementary DNA (c-DNA) for 2 h; the gold film was rinsed in
1� PBS solution for 3 min after the completion of hybridization.
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Preformed duplex DNA were also self-assembled on gold
surfaces as follows. Duplex DNA were formed by mixing
0.5 μM concentration each of probe DNA and c-DNA in 1�
PBS solution. After mixing probe and c-DNA, the PBS solution
was first heated to 80 �C for 5 min and then cooled to room
temperature over about 3 h. The cooled solution was stored
at 4 �C overnight before being used for self-assembly of
preformed duplex DNA. A cleaned gold film was incubated
in the solution with preformed duplex DNA for 2 h; the gold film
was rinsed for about 3 min in 1� PBS solution after the
completion of self-assembly of duplex.

Electrical Measurements. A bipolar transistor based sensor26

was used for measuring self-assembly and hybridization. The
sensor consists of commercially available bipolar junction tran-
sistor device (NPN-2N2222A) with its base connected to a gold
sensing surface. The reference electrode used was AgCl/Ag
electrode (Innovative Instruments, Inc., Tampa, Florida) with
outer diameter of 1 mm. The electrical sensing measurements
were performed as follows. The collector current (IC) was the
sensing signal. The voltages applied at the emitter, collector,
and AgCl/Ag reference electrode were VE, VC, and VB, respec-
tively. Sensing measurements were made with VC = VB = 0 V ,
while VE was either varied or set at a fixed value. The electric
measurements were made using source measurement unit
(SMU) Agilient B1500.

XPSMeasurements. X-ray photoelectron spectroscopy (XPS)
spectra were acquired using a commercial XPS with a mono-
chromatic Al KR source. The reported binding energies were
based on the analyzer energy calibration (Au 4f measured at
83.9 eV for all samples). For each spectrum, the total number of
scan was set to 40, spot diameter was 300 μm and step size was
0.1 eV/point. Samples used in XPS studies were first rinsed in 1�
PBS solution and dried in N2 flow and then loaded in the
spectrometer.

Simulation Model and Setups. Coarse-Grained (CG) DNA Model.
In this study, we have used the 3SPN.2 CG DNA model that has
been recently developed by Hinckley and co-workers (see
Supporting Information).23 In this model, the bonded and
nonbonded potentials are constructed to penalize deviations
from the B-DNA crystal structure. Bond, angle, and dihedral
potentials are sequence-independent, while base-stacking
energies and base pairing energies depend on the sequence and
use anisotropic potential. The charged phosphate sites of the DNA
interact via a screened electrostatic potential. The model para-
metershavebeen shown to correctly reproduce theexperimentally
measured structural properties, persistence lengths, melting tem-
peratures, and hybridization rate constants.45,46 In particular, the
model accurately describes molecular flexibility for both ss-DNA
and ds-DNA, which is important for characterizing the conforma-
tional landscape of hybridization.

Model of Gold Surface. The gold surfacewasmodeledwith a
flat wall positioned at z = zmin, which interacts with the DNA
strands with 12�6 Lennard�Jones potential Ugold = 4ε[(σsur/
rsur)

12� (σsur/rsur)
6], with a cutoff distance rc = 12 Å. The values of

σsur were site-specific and were derived using the combination
rule σsur = 1/2(σgold þ σi), where σgold = 2.6 Å and σi is the VDW
diameter of a particular site i used in 3SPN.2 model. The
interaction strengths were site-dependent and were set to
εPhosphate‑surface = 0.24 kcal/mol, εSugar‑surface = 0.1 kcal/mol,
εA‑surface = 4.0 kcal/mol, εG‑surface = εC‑surface = 2.0 kcal/mol, and
εT‑surface = 1.0 kcal/mol. Those interaction parameters were
designed tomimic the base-dependent gold�DNA interactions
observed in experiments, suggesting the order A > G∼ C > T.21

A lower gold affinity of the ds-DNA has been also reported
compared to the ss-DNA, due to the sequestration of the
reactive bases.20,21,47 Experiments also suggested that the high
affinity of oligo(dA) for gold can inhibit the expected hybridiza-
tion of an A þ T mixture at room temperature; however, the
G þ T mixture formed hybrids on gold.21 To take into account
such effect in our model, we set εA‑surface = εA‑T = 4.0 kcal/mol,
such that the A-gold interaction can efficiently compete with
A-T base pairing. The DNA�gold interaction parameters were
further verified by estimating the effect of the gold surface
on the melting temperature and tilt angle (see Supporting
Information).

Model of Repulsive Surface. The repulsive surface was mod-
eled with a Weeks�Chandler�Anderson potential that mainly
acts as an excluded volume potential and is therefore entropic
in nature. The potential has the formUrepulsive = 4ε[(σsur/rsur)

12�
(σsur/rsur)

6]þ ε, where ε is set to 0.05 kcal/mol, rsur is the distance
between a particular base and the surface. The values of σsur
were the same used as in the gold case. The potential falls
smoothly to zero at rc = 21/6σsur.

Model of Nanopatterned Surface. The nanopatterned sur-
faces were designed in silico by placing a circular nanodot of the
desired chemistry and size on the bulk surface. Within and
outside the nanodot, the surface�DNA interaction was mod-
eled by the potential used for the corresponding plain surfaces.

Simulation Setup. Periodic boundary condition was im-
posed in all three directions for the bulk simulation and only
in the xy plane for the simulations on the surface. The box size
for all simulations was 135� 135� 265 Å3. To prevent escape of
the atoms from the box in simulations on an attractive or a
repulsive surface, a flat wall fixed at z = zmax was placed, which
interacts with the DNA strands with a 12�6 Lennard�Jones
potential with ε = 0.05 kcal/mol and rc = 12 Å. A Langevin
dynamics integration scheme with a time step of 0.02 ps was
used in all simulations. All simulations were run using the USER-
3SPN2 package implemented within the LAMMPS software.48

The simulation conditions were chosen tomimic the experi-
ments as close as possible within the simplified framework of
the model. The x and y dimensions of the simulation box were
set to 135 Å tomimic the low probe density in experiments. The
50 end (the sugar bead) of the probe DNA was tethered at 6 Å
from the surface by applying a spring forcewith a force constant
of 2 kcal/Å to mimic the probe tethering via a short linker in
experiments. The ionic strength was set to 130 mM (equivalent
to 1� PBS buffer).

Replica Exchange Umbrella Sampling (REUS) Simulations. At
least three independent 150 ns long REUS49,50 simulations
(initialized with different velocities) were performed for each
system at 300 K in the NVT ensemble using a Langevin
thermostat. The center-to-center distance between the two
strands, ξ, was used as the reaction coordinate, ranging be-
tween 10 and 138 Å in increments of 0.25 Å, resulting in total
512 replicas. This equals to∼230 μs simulation time per system,
resulting in an aggregate of ∼2600 μs simulation time used in
this study. A biasing potential was applied to every replica,
which was of the form Uξ

i = Kξ (ξ � ξ0)
2, where Kξ equals to

12 kcal/(mol/Å2), ξ0 is the equilibrium distance between the
strands for the particular replica, and ξ is the instantaneous
distance. The initial replica structure was generated by a pulling
simulation starting from the B-DNA structure. Each replica was
first equilibrated from1ns. Exchangeswere attempted every 20 ps.

Potential of Mean Force (PMF) Calculation. PMF for hybridi-
zation was calculated by using the weighted histogram analysis
method (WHAM).51 Results from different REUS runs were used
in the average and standard error estimation for PMF. First 10 ns
of the REUS trajectory were not used for analysis.

Simulation Analysis. A base was considered adsorbed, if it
was foundwithin 8 Å of the surface. The number of formed base
pair used in the PMF calculation was estimated as following: A
base pair is defined, if that particular base pairing interaction
energy estimated during the simulation is at least 80% of the
maximum possible energy. For the contact map computation, a
distance-based criterion was used, in which a contact between
two bases was considered to be formed, if the two comple-
mentary bases were within σij þ 2 Å.
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