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M
onolayers of thiolated DNA on
gold (Figure 1), which are passiv-
ated with inert alkanethiolate

monolayers, represent some of the most
well-defined surfaces for biosensors.1�3

These surfaces have been used to detect a
wide array of biomarkers, including nucleic
acids, small molecules, ions, and proteins.3

An important challenge in the DNA sensors
is understanding and controlling the con-
formations, orientation, and spatial distribu-
tion of the immobilized DNA probes, which
impact the sensitivity, selectivity, and repro-
ducibility of these sensors. For example,
compared to those in bulk solution, the
hybridization rate and binding affinity are
notably lower on surfaces,4�8 due to the elec-
trostatic and steric repulsions that reduce ac-
cessibility of the target molecules to the
surfaceprobes (the crowding effect). However,
despite intense efforts in DNA sensors and
microarrays, a molecular-scale picture of the
nanometer-scale structures and interactions
of the monolayer surfaces has yet to
emerge. Existing studies rely on ensemble

measurements that are averaged over at
least micrometer scale on surfaces using tech-
niques such as fluorescence,7 surface plasmon
resonance,4 second harmonic generation,9

quartz crystal microbalance,10 and electroche-
mical methods.11 As the interprobe interac-
tions are highly sensitive to the nanoscale
separations between the probe molecules,5

average densities, which do not account
for local variations in interprobe spacing or
molecular clustering, are only crude indica-
tors of such interactions. In addition, these
techniques often provide limited informa-
tion concerning the interaction between
the DNA probes and the passivating mono-
layer, which may be heterogeneous at the
nanoscale.12,13

Our knowledge in this area would be
significantly advanced if the lateral positions
of the individual probe molecules could be
determined with nanometer precision. Cur-
rently, atomic force microscopy (AFM)19 is
the only technique that potentially has the
resolution to meet the challenge. However,
theDNAmolecules onbiosensor surfaces are
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ABSTRACT The nanoscale arrangement of the DNA probe molecules on sensor

surfaces has a profound impact on molecular recognition and signaling reactions on

DNA biosensors and microarrays. Using electrochemical atomic force microscopy, we

have directly determined the nanoscale spatial distribution of thiolated DNA that are

attached to gold via different methods. We discovered significant heterogeneity in the

probe density and limited stability for DNA monolayers prepared by the backfilling

method, that is, first exposing the surface to thiolated DNA then “backfilling” with a

passivating alkanethiol. On the other hand, the monolayers prepared by “inserting”

thiolated DNA into a preformed alkanethiol monolayer lead to a more uniformly distributed layer of DNA. With high-resolution images of single DNA

molecules on the surface, we have introduced spatial statistics to characterize the nanoscale arrangement of DNA probes. The randomness of the spatial

distribution has been characterized. By determining the local densities surrounding individual molecules, we observed subpopulations of probes with

dramatically different levels of “probe crowding”. We anticipate that the novel application of spatial statistics to DNA monolayers can enable a framework

to understand heterogeneity in probe spatial distributions, interprobe interactions, and ultimately probe activity on sensor surfaces.

KEYWORDS: nucleic acid sensors . alkanethiol self-assembled monolayers . electrochemical atomic force microscopy .
second-order spatial analysis . molecular crowding
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too mobile to resolve clearly because the surfaces
are typically passivated with inert functional groups
to inhibit nonspecific adsorption of nucleic acids.1

Recently, we demonstrated that, by applying positive
electrode potentials, AFM could resolve individual DNA
molecules tethered to a SAM-passivated surface under
a buffer solution.12,13 While we previously focused on
the electric-field-dependent conformations and sur-
face interactions of single DNA molecules,12,13 here
we sought to directly investigate;at the molecular
scale; how the spatial distribution of DNA molecules
across the surface was influenced by the probe
design and surface coupling method. Our real-space,

nanoscale measurements show that the thiolated
DNA monolayers prepared by the popular backfilling
method (Figure 1C) may not be optimal due to the
tendency for probe molecules to cluster and the
limited stability of the passivating SAM. By contrast,
the insertion method, which attaches DNA to a pre-
formed SAM (Figure 1B), yields more uniform distribu-
tion of the DNA. We have applied spatial statistics to
characterize the distributions of DNA molecules:
we find that the spatial distribution of DNA molecules
that are attached via the insertion method is neither
uniform nor completely random. Moreover, we
can determine the local densities of DNA molecules
around each molecule over the distances at which
the molecules are likely to interact. Subpopulations
with dramatically varying levels of “probe crowding”
have been observed on the surface. These spatial
statistics, which have not appeared in the bio-
sensing literature to the best of our knowledge, may
provide a more natural framework for elucidating the
molecular-scale mechanisms of sensor performance,
such as density-dependent effects of molecular
recognition.

RESULTS AND DISCUSSION

The DNA molecules are anchored via a Au�S bond
between thegold surface and the50-hexanethiol tethers
(C6SH), whose length matches that of 6-mercaptohex-
anol (MCH), which is commonly used to passivate the
gold surface (Figure 1A).1 Twodifferent DNAdesigns are
used in this study (Figure 1D,E). In the C6SH dsDNA
(Figure 1D), a C6SH tether is directly attached to the
105 bp dsDNA.12 Surface-anchored dsDNA, which can
be denatured under mild conditions, are precursors to
single-stranded probes in some studies;4 hence, their
locations on the surface can serve as a proxy for single-
stranded probeswhich aremore difficult to resolvewith
AFM. Moreover, dsDNA probes have also been directly
used in biosensors based on electric-field-induced ori-
entational switching.20�22 On the other hand, a number
of novel signal transduction mechanisms rely on DNA
probes that have both single-stranded and double-
stranded segments.3,6,23�25 To understand how such
probe designs influence SAM stability as well as the
spatial distribution and orientation of the probes,26 we
have also used a T5C6SH ss/dsDNA (Figure 1E). This
structure is an analogue of a catalytic beacon probe14,25

that possesses a single-stranded DNAzyme domain27

capable of catalyzing the cleavage of ribonucleotides.
The design used here is inactive due to the lack of
ribonucleotides.27,28

The method of backfilling with alkanethiols
(Figure 1C) remains the most prevalent method to
prepare the thiolated DNA sensor surface.1,2,4,5,14,21

Although it was initially assumed that the DNA mol-
ecules are uniformly distributed in the monolayers,1,4,11

a number of ensemble studies suggest that the

Figure 1. (A) Schematic of the structure of a model nucleic
acid sensor surface: DNA probes are tethered by a hexa-
nethiol linker (C6SH) to a gold electrode surface, which has
been passivated by a 6-mercaptohexanol (MCH) monolayer.
(B) “Insertion” method of assembly. A gold surface first
passivated by MCH is exposed to thiolated DNA, which
preferentially attaches to the surface at defect sites in the
monolayer. (C) “Backfilling”methodof sensor surface assem-
bly. (i) Gold surface is first exposed to thiolated DNA and (ii)
then immersed in a solution of MCH, which lifts the DNA off
the surface. (D,E) Schematic of DNA structures assembled on
the surface for this study (not to scale). (D) Double-stranded
DNA (theC6SHds) anchored to the surfaceby theC6SH linker
(inset). (E) T5C6SH ss/dswith both single-stranded (gray) and
double-stranded (green) DNA segments (see text). Five un-
paired thymine bases are incorporated between the C6SH
linker and a double-stranded segment (T5C6SH, inset) to
help separate the active region of the probes from the MCH
SAM,a commonly used strategy to facilitate targetbindingor
signaling reactions.14�18
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surface may in fact be heterogeneous in probe
orientation and surface density.21,29 Using fluorescence
microscopy to image DNA monolayers on gold
with micrometer resolution, Bizzotto et al. discovered
direct evidence of significant heterogeneity in probe
densities.30

To understand the heterogeneity at the molecular
scale, we performed tapping mode AFM of a DNA
monolayer surface that was prepared by exposing a
gold surface first to a 5 nM solution of C6SH probes for
1 h and then to an aqueous solution ofMCH (Figure 2A).
Although the average density of DNA on the (111) facet
was not quantified with standard electrochemical
techniques11 due to the existence of different facets
onour gold bead substrate, the surface concentration of
this surface is estimated to be between 1012 and 1014/cm2

based on the estimates of bulk surface concentrations
from surfaces where we could directly resolve individual
molecules (i.e., Figure 3 and Figure 4; see Table 1). The
features observed, with apparent heights of several nano-
meters, cannotbe individualDNAmolecules that adopt an
upright orientation, as such molecules would be too
mobile to resolvebyAFM.12 Rather, as previously observed
in exclusively DNA monolayers containing no additional
alkanethiols31,32 as well as in nanopatterned thiolated
DNA,33,34 these featurescorrespond toaggregatedclusters
where the tightly packedDNAmolecules are forcedoff the
surface (Figure 2B).35 The surface is in marked contrast
with pure DNA monolayers, which display much lower
roughness (<1 nm).31,32 Therefore, the backfilling of MCH
is responsible for the aggregatedDNAstructures observed
in Figure 2A: due to the labile nature of the thiol�gold
bond at low surface coverages,12,36 upon the addition of
MCH, the thiolated DNA molecules likely diffuse laterally
to form aggregates that are energetically favored.
On the other hand, surfaces with lower densities of

C6SH molecules (prepared via a shorter (5 min) expo-
sure prior to backfilling with MCH, Figure 2C and Figure
S1 in Supporting Information) appeared significantly
more uniform: due to the reduced roughness of the
monolayer, even the atomic steps of the gold substrate
are clearly resolved. Hence high densities of DNA on the
surface promote aggregation during backfilling.
An additional concern for electrochemical DNA sen-

sors is the integrity of the passivating layer under applied
potentials. In situ AFM provides direct evidence that the
passivating MCH monolayer prepared by the backfilling
method degrades within minutes at þ600 mV vs

Ag/AgCl (Figures S2�S4). By contrast, pure MCH SAM
or those SAMs with significantly lower probe concentra-
tions (Figure S5) degrade much more slowly. As inde-
pendent electrochemical methods found that backfilled
MCH SAMs, particularly those with higher probe con-
centrations, are more defective,37 the desorption of the
MCH molecules is likely accelerated by the presence
of defects.

On the other hand, after preparation of a T5C6SH ss/
dsDNA monolayer via the insertion method (Figure 1B),
the negatively chargedmolecules could be pinned to the
surface at þ600 mV and resolved by AFM individually
(Figure 3A), consistent with the results in our previous
study.12 The DNA molecules appeared as small round
protrusions, which we previously have attributed to the
segment closest to the tether. The segment is relatively
stationary due to constraint by the tether and the electric
field;12 the rest of the DNA remains toomobile to resolve
clearly. In this case, the MCHmonolayer was significantly
more stable than backfilled MCHmonolayers (Figure S5).
Both T5C6SH and C6SH (Figure 4A) on surfaces prepared
with the insertion method appeared isolated and evenly
distributed on their respective surfaces, except that there
were several circular regions tens to hundreds of nano-
meters in diameter where no DNA could be observed.
Such heterogeneity would be difficult to discern using
existing ensemble techniques or light microscopy. Pre-
vious scanning tunnelingmicroscopy studies of theMCH
SAM found that the surface consists of ordered and
disordered domains of the thiol molecules.38 Because
the alkanethiols at SAM defect sites are more likely to be
exchanged with thiolated DNA in solution,39,40 we attri-
bute the regions free of DNAmolecules to highly ordered
SAM domains that contain far fewer defects. From the
large area image in Figure 3A, we estimate that the
average surface density of the inserted T5C6SH surface
was 1.3 � 1011/cm2, and the surface prepared by inser-
tion of C6SH in Figure 4A was 9.5 � 1010/cm2 (Table 1).
If theMCH SAM is exposed to a∼500 nMC6SH dsDNA

solution, which is a hundred times as concentrated as
before, the surface density increases and the empty

Figure 2. (A) Tapping mode AFM of a high probe density
surface prepared by backfilling C6SH dsDNA with MCH
(after 1 h exposure to a 5 nMprobe solution). Topographical
imaging reveals heterogeneity in probe density on the scale
of tens of nanometers. (B) Schematic showing that cluster-
ing of DNA results in apparent differences of topographical
heights. (C) Surface with lower DNA density prepared by
backfilling C6SHdsDNAwithMCH (after 5min exposure to a
solution that contains 5 nM DNA). Scale bars are 100 nm.
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circular regions are no longer observed (Figure 4B). The
taller features likely correspond to aggregated DNA

molecules, though they make up only a small fraction
of the surface coverage (approximately 4%). We estimate

Figure 3. (A) Tapping mode image of T5C6SH ss/dsDNA probes in MCH under sodium acetate-supplemented (25mM) 1� TAE
buffer (atþ600mV) preparedby the insertionmethod.Note the large circular regionswith noprotrusions. (B) Close-up imageof
T5C6SH DNA surface at open circuit potential. (C) Histogram of distances from each DNA molecule to its nearest-neighboring
DNAmolecule (n.n.d.) frompanel A. Green and red arrows indicate expectedmeann.n.d. of either complete spatial randomness
(E(Æn.n.d.æ)CSR) or a perfectly ordered lattice spatial distribution (E(Æn.n.d.æ)Lat.) of a surface with the same average density.
(D) Histogramof the “crowdingdistribution function”N(d,#), the number ofDNAmoleculeswith #otherDNAmoleculeswithin a
distance d (see text). Line with dots is the mean #(d) (Æ#(d)æ), dashed lines indicate Æ#(d)æ ( standard deviation if >0.

Figure 4. (A) Tapping mode AFM image of a thiolated DNA monolayer prepared by the insertion method, i.e., exposing an
MCH SAM to a 5 nM solution of C6SH probes. The imagewas acquired at open circuit potential. Note the large circular regions
with low DNA density in panel A, which are similar to those found in Figure 3A. (B) Surface prepared by the insertion method
using an increased concentration of C6SH, 500 nM. Some taller aggregated features are observed. Scale bars are 100 nm.
(C) Normalized histograms of n.n.d. (aggregated features in panel B were excluded from analysis). Green and red arrows
indicate E(Æn.n.d.æ)CSR or E(Æn.n.d.æ)Lat., respectively (see Figure 3). (D) Histograms of the crowding distribution function N(d,#)
(see text) for (left) panel A and (right) panel B, respectively.
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the average surface density of (nonaggregated) DNA to
be2.2� 1011molecules/cm2 (Table1), about twice that in
Figure 4A, even though the surface was exposed to DNA
solutions that are 100� more concentrated. The sub-
linear dependence on the concentration of thiolated
DNA solution suggests that, at higher DNA concentra-
tions, the insertion process is limited by the number of
available defects in the SAM.
While AFM imaging can provide average surface

densities of DNA, which can be compared to those
obtained with ensemble techniques,1,9,10,41 we can also
extract information that is relevant to molecular recog-
nition and difficult or impossible to obtain with existing
techniques. As the nearest-neighbors are expected to
have the largest impact on interprobe interactions, the
nearest-neighbor distance is likely a determining factor
for the activity of a probe molecule. Because only the
number of probes (n) and total surface area (A) of the
sample can be measured using common ensemble tech-
niques, the mean nearest-neighbor distance (Æn.n.d.æ) is
oftenestimatedas (A/n)1/2.5,6,42,43However, this is only the
expected mean n.d.d. if the probes are arranged in a
square lattice (E(Æn.n.d.æ)Lat.) and will overestimate the
Æn.n.d.æ if there is any aggregation or randomness in the
spatial distribution. An alternative estimate for Æn.n.d.æ
assumes that the distribution of probes on the surface
exhibits complete spatial randomness (CSR)44 and is
estimated by E(Æn.n.d.æ)CSR = 0.5(A/n)1/2 þ (0.051 þ
0.042/n)(P/n), where A is the area of the imaged region,
n is the number of probe molecules in that region, and
P is the perimeter of that region. That is, E(Æn.n.d.æ)CSR ≈
1/2E(Æn.n.d.æ)Lat.. However, this value may underestimate
the Æn.n.d.æ if the distribution is not completely random. In
this study, the molecular resolution AFM images enable
the direct measurement of the distribution of nearest-
neighbor distances (Figures 3C and 4C). For the DNA
immobilized using the insertionmethod, the E(Æn.n.d.æ)CSR
is closer to the experimental means (Table 1), regardless
of density or DNA design, while E(Æn.n.d.æ)Lat. overesti-
mates the experimental Æn.n.d.æ by nearly 100%. That
E(Æn.n.d.æ)CSR is slightly smaller than the experiment value
implies that the distribution of probes is not completely
random (see below).
Other higher-order spatial statistics can provide a

measure of the molecular-scale distribution and cluster-
ing of DNA molecules beyond the distance of the
nearest-neighbors. A 2D autocorrelation function (ACF)
can provide some information concerning nanoscale

probe crowding (Figure S6);indeed, a radial minimum
is observed in each ACF slightly closer than the respec-
tive mean n.n.d., indicative of the lack of probes around
each molecule at that radius. However, the 2D ACFs can
obscure how the density of probes locally varies in the
absenceof longer-range correlations. To characterize the
local variation of the probe density, we define a crowd-
ing function Ni(d) as the edge-weighted number of
others molecules within a radius d of the molecule of
interest, i: Ni(d) = Σj6¼iwij

�1I(d�dij), where dij is the distance
between molecules i and j,wij is a factor which compen-
sates for DNAmolecules near the edge of the image (see
Supporting Information),45 and I(d�dij) is an indicator
function (equals 1 if d�dij g 0 and 0 otherwise). The
crowding distribution N(d,#) is the total number of DNA
molecules that have # other DNA molecules within a
distance, d. Æ#(d)æ/(n/A), the density-normalized mean
number of other DNA molecules around each DNA
molecule, is also known as Ripley's K function K(d),46

which is commonly used in spatial statistics because
of its ability to preserve both long- and short-range
information in tests of complete spatial randomness
(K(d) ≈ πd2 for CSR processes).
Graphs of N(d,#) can be used to directly visualize the

local densities surrounding eachDNAmolecule and how
crowding varies across the surface. Figure 3D and
Figure 4D show the two-dimensional histograms for
N(d,#) for each DNA from Figure 3A and Figure 4A,B
with d = 0 to 60 nm (approximately twice the contour
length of the C6SH dsDNA). In all cases, the DNA rarely
have a neighboringmolecule within 10 nm, and the vast
majority have less than two other molecules within
20 nm, except for those in the aggregated features in
Figure 4B. Additionally, each molecule within the same
image tends to be surrounded by a similar number of
othermolecules. The standard deviations in the distribu-
tion of the number of otherDNAmoleculeswithin 60nm
are all less than 5 molecules. For comparison, hypothe-
tical surfaces with completely randomly distributed DNA
molecules have larger standard deviations (Figure S7).44

Both the narrow distributions of the crowding functions
and the fact that the experimental nearest-neighbor
distances are larger than E(Æn.n.d.æ)CSR imply some level
of molecular-scale ordering. This ordering may be a
result of the “insertion”method used to immobilize the
DNA molecules, where DNA are preferentially incorpo-
rated into SAMdefects that cannot accommodatemulti-
ple DNAmolecules in the same site. Although theDebye

TABLE 1. Experimentally Measured and Expected Nearest-Neighbor Distances (n.n.d.) from Estimated Bulk Densities of

Thiolated DNA

estimated average surface density/(molecules/cm2) Æn.n.d.æ ( SD (A/n)1/2 = E(Æn.n.d.æ)Lat. E(Æn.n.d.æ)CSR

Figure 3A (n = 3003) 1.3 � 1011 17.1 ( 5.3 nm 27.4 nm 13.8 nm
Figure 4A (n = 951) 9.5 � 1010 22.1 ( 6.5 nm 32.4 nm 16.4 nm
Figure 4B (n = 1909, nonaggregated features) >2.2 � 1011 12.4 ( 4.9 nm <21.2 nm <10.7 nm
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length of the DNA solution is only 1.1 nm, we cannot
yet completely rule out the possibility that electrostatic
repulsion affects the spatial distribution of inserted
molecules, as a DNA molecule anchored to the surface
may rotate and reduce the probability of incorporation
of a DNA in its proximity. Additional studies are under-
way to understand how the electrostatic repulsion
between DNAmolecules may be exploited to optimize
the nanoscale spatial distribution.
In addition to histograms, we displayed the local

crowding index, LCI, at the location of each of the
molecules. LCI is the number of DNA molecules that
can potentially interact with a particular DNAmolecule
(defined here by N(60 nm) for the molecule of interest;
60 nm is twice the length of the thiolated DNA).
Subpopulations of DNA molecules with lower LCIs
can be identified within the mostly empty circular
regions from Figure 3A and Figure 4A (Figures S8 and
S9). Figure 3A also possesses bands of DNA molecules
with alternating higher and lower LCIs around the
circular regions. The image in Figure 5A is of a surface
with a T5C6SH DNA/MCH SAM that exhibits distinct
DNA densities in larger areas. The heterogeneity in
DNA density observed is likely related to the micro-
meter-scale fluorescence intensity variations observed
on labeled DNA monolayers in the study by Bizzoto
and co-workers.30 In this case, the heterogeneity
leads to a distinctly bimodal N(d,#), and the resulting
crowding distribution can be fit as the mixture of two

Gaussian distributions (Figure 5B). The LCI map
(Figure 5C) shows that the LCIs are uniform within
those respective regions; the LCIs in the high-density
region are similar to those of Figure 3A (Figure S8), and
a distinct interfacial region between the two can also
be discerned. The n.n.d. map on the other hand does
not discriminate as well between subpopulations of
DNA molecules in the high-density and low-density
regions (Figure 5D). Therefore, the LCIs are a more
natural descriptor to quantify DNA density on sensor
surfaces and test molecular-scale mechanisms of
sensor assembly and performance. In fact, many mol-
ecules within the low-density regions of Figure 5A
have nearest-neighbor distances similar to those
within the high-density regions (Figure 5B inset).
Future in situ studies that can follow the insertion
process will be needed to test the possibility that
insertion events into the SAM may not be as random
as commonly assumed: DNA incorporation into larger
defects may, in turn, disrupt the local SAM and create
more opportunities for other DNA molecules to attach
nearby.

CONCLUSIONS

Our study clarifies a number of outstandingquestions
concerning the spatial distribution of the DNA mol-
ecules and the stability of the passivating SAM in
thiolated DNA monolayers. The results provide direct
evidence that the DNA molecules on the surface

Figure 5. (A) Tapping mode AFM image of T5C6SH inserted into MCH SAM where two populations (high density and low
density) are apparent. The dashed white circle highlights a low density region of probes with nearest-neighbor distances
similar to those in the highdensity regions. (B) Histogramof the crowdingdistribution functionN(d,#) for the surface inpanelA.
Lines with dots are the means from fitting the N(d,#) at each d as the mixture of two Gaussian distributions. (Inset) Plot of
N(60 nm) vs n.n.d. for each DNA molecule shows that DNA molecules in both the high-density and low-density regions may
have similar nearest-neighbor distances despite large differences in local density. (C) Local crowding index, defined here as
N(60 nm) (see main text) and (D) nearest-neighbor distance graphed at the respective locations of the probes from panel A.
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prepared by the backfilling method have the tendency
to form aggregates. By contrast, the insertion method
yields surfaces that are more uniform at the molecular
scale. The presence of single-stranded segments in the
thiolated DNA does not significantly reduce the quality
of the monolayer surfaces during surface assembly, as
MCH is sufficient to lift nonspecifically adsorbed probes
off the gold. However, it remains difficult to controllably
achieve the high probe density needed in practical
sensors through insertion because the insertion process
is limited by the intrinsic defects in the host SAM.

Incorporation of novel probe structures8,24,47 or direct
covalent coupling of the probes atop a preformed, high-
quality monolayer, rather than insertion of thiolated
DNA or backfilling, may help to overcome these issues
of SAM stability and probe aggregation. In addition, our
study has also introduced spatial statistics that may
allow us to connect the local environment of single
molecules to relevant macroscopic properties. These
molecular level insights may spur the development of
new strategies to optimize molecular recognition or
signaling reactions in DNA sensors.

MATERIALS AND METHODS
Materials. Gold wire (99.99%, 1 mm diameter) was pur-

chased from Scientific Instrument Services, Inc. 6-Mercapto-1-
hexanol (MCH) was purchased from Santa Cruz Biotechnology,
Inc. Tris-acetate-EDTA (TAE), 10� solution, and dithiothreitol
(DTT), 99%, were purchased from Fisher Scientific. The synthetic
oligonucleotides were purchased from IDT and used without
further purification. Only ultrapure water (>18 MΩ 3 cm) gener-
ated from a Barnstead Diamond Nanopure water purification
system was used.

Preparation of the Thiolated DNA Probes. C6SH ds probes were
prepared by PCR using M13mp18 RF I DNA (New England
Biolabs) as the substrate and with primers C6SHF and C6SHR
(full sequence of primers and complete probe in Supporting
Information). The product was purified via agarose gel electro-
phoresis and Qiagen gel purification kit. Next, 50 μL of the
purified PCR product was mixed with 15 μL of 1 M reducing
agent DTT in Tris-EDTA buffer under nitrogen for >1 h, then
washed using an illustra NAP-5 column (GE Healthcare) and re-
eluted in EDTA-supplemented 1� TAE solution (40 mM Tris-
acetate, 10 mM EDTA) to a final concentration of ∼5�10 nM.
DNA was stored in aliquots at �20 or �80 �C (long-term) until
prior to assembly on the surface.

T5C6SH ss/ds probes were assembled by mixing 10 μL of
0.1 mM solutions of oligos T5C6SH1, T5C6SH2, T5C6SH3, and
T5C6SH4 (sequences provided in Supporting Information) in
1� TAE. The mixture was heated in a thermocycler to 95 �C for
10 min, then cooled by 1 �C every 2 min until the temperature
reached 20 �C, then held at 4 �C to stabilize. Structures were
purified via agarose gel electrophoresis, and their thiol groups
were reduced and the probes purified as above to a final
concentration of ∼50 nM.

Surface Preparation and DNA Monolayer Preparation. A gold bead
containing single-crystal Au(111) facets was made by melting a
gold wire according to the method developed by Clavilier
et al.48 and then mounted on a platinum foil. This substrate
was cleaned in hot nitric acid then annealed with a H2 flame
immediately prior to immersion in either “backfilling”
(Figure 1C) or “insertion” (Figure 1D) method of assembly.

For backfillingmethod: A gold surface was exposed to 100�
diluted solutions of either C6SH ds probe DNA or T5C6SH
probes in EDTA-supplemented 1� TAE for lengths of time as
described in themain text (10 s to 75min), rinsed with 10� Tris-
acetate-EDTA (400 mM Tris-acetate, 10 mM EDTA, TAE) buffer
then immersed in a solution of 1:1 EtOH/H2O with 1� TAE
containing a few drops of MCH (∼1�10 mM) for 60 min, then
rinsed a second time with 1� TAE and imaged immediately
afterward.

For insertion method: a solution of developed from 1:1 (by
volume) 1� TAE in H2O/ethanol containing 10�100 mM MCH.
The bead was left overnight or up to a few days in the solution,
rinsed with 1� TAE, and then immersed into a shallow beaker
containing either C6SH or T5C6SH solutions for 3�10 min. The
beads were rinsed copiously with 10� concentrated TAE solu-
tion (400 mM Tris-acetate, 10 mM EDTA), dried with a stream of
filtered air, then loaded immediately into the AFM liquid cell.

Atomic Force Microscopy. An Agilent 5500 AFM was used for all
experiments. In situ electrochemical AFM was performed under
tapping mode in an aqueous 0.5� TAE solution (20 mM Tris-
acetate, 0.5 mM EDTA) or sodium acetate (25 mM) supplemen-
ted with 1� TAE using a custom-built fluid cell containing a Pt/Ir
wire (counter electrode) and a small Ag/AgCl reference elec-
trode, which has a low leakage junction formed by the gap
between a Pt wire and glass. SNL-10 (Bruker) probes with spring
constants of approximately 0.2�0.4 N/m were used for all
experiments. Occasionally, stiffer (5 N/m) AFM cantilevers were
used at lower tapping amplitude to image T5C6SH probes at
open circuit potential under liquid. The counter and reference
electrodes as well as the fluid cell itself were cleaned in piranha
solution (1:3 H2O2/H2SO4) prior to use and copiously rinsed with
water. CAUTION: Piranha solution can react violently with
organic materials and should be handled with personal protec-
tive equipment. Piranha solution should not be stored in tightly
sealed containers. During imaging, topographical, amplitude,
and phase channels were recorded as well as potential applied
from an integrated potentiostat in the AFM controller or
from a BAS electrochemical workstation (Epsilon, Bioanalytical
Systems). DNA topographical heights and locations were ex-
tracted using Gwyddion image analysis software and statistical
analysis were performed using MATLAB.
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