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Nanotemplate-directed DNA segmental thermal
motionf

E. V. Dubrovin,*® M. Schachtele® and T. E. Schaffer®

DNA adsorption on molecular nanotemplates represents a promising system for use both in fundamental
studies and biotechnological applications. Using atomic force microscopy (AFM) operated in a liquid, we
have investigated the conformation and real time thermal motion of phage T7 DNA adsorbed on
stearylamine and stearic acid nanotemplates on highly oriented pyrolytic graphite (HOPG) in aqueous
solutions. Though local linear straightening of adsorbed DNA segments along the lamellas of
nanotemplates was always observed, DNA adsorbed on a stearic acid nanotemplate revealed a larger
DNA-surface
a stearylamine nanotemplate. The DNA adopted a nearly two-dimensional conformation on the

surface coverage and higher mobility, indicating a weaker interaction than for
molecular nanotemplates, which can be described by a two-dimensional compact globule state for
stearylamine and by a model of a self-avoiding walk for stearic acid. Unlike previously reported thermal
motion of single DNA molecules, DNA segmental thermal motion on the nanotemplates mostly
proceeded along preferred directions, defined by the lamellas of the nanotemplates. However, DNA
hopping to adjacent lamellas and out-of-plane movement (movement through temporary desorption of
DNA segments) were also observed. Owing to their peculiar properties, molecular nanotemplates on
graphite are ideal candidates for utilization as model substrates for AFM studies of two-dimensional
conformations of DNA at the nanoscale, for exploring conformational relaxation times of DNA on
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Introduction

Controlled adsorption and assembly of DNA molecules on solid
supports, especially conductive ones, are in great demand for use
both in fundamental studies and biotechnological applications.
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+ Electronic supplementary information (ESI) available: AFM height images of
nanotemplates and DNA on stearylamine nanotemplate (ESI file 1). The movies
of DNA segmental dynamics on a stearylamine nanotemplate in 5 mM NaCl
solution, composed of AFM phase images acquired with a frequency of 1 image
per min (ESI file 2.1, the size of the frame is 950 x 890 nm and ESI file 2.2, the
size of the frame is 870 x 930 nm). The movie of DNA segmental dynamics on
a stearylamine nanotemplate in 10 mM MgCl, solution, composed of AFM
height images acquired with a frequency of 1 image/4 min (the size of the
frame is 520 x 440 nm) (ESI file 3.1). The movie of DNA segmental dynamics on
a stearylamine nanotemplate in 10 mM MgCl, solution, composed of AFM
phase images acquired with a frequency of 1 image/4 min (the size of the frame
is 870 x 510 nm) (ESI file 3.2). The movie of DNA segmental dynamics on
a stearylamine nanotemplate in 10 mM MgCl, solution, composed of AFM
height images acquired with a frequency of 1 image/2 min (the size of the
frame is 630 x 650 nm) (ESI file 3.3). The movie of DNA segmental dynamics on
a stearic acid nanotemplate in 5 mM NaCl solution, composed of AFM height
images acquired with a frequency of 1 image/5 min (the size of the frame is 1.5
x 1.3 um) (ESI file 4). See DOI: 10.1039/c6ra14383k
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a single molecule level and for investigation of the dynamics of DNA—protein interaction.

Directed DNA adsorption on solid substrates is essential for high
precision DNA mapping and for investigation of conductive and
mechanical properties of single DNA molecules.'* Ordered DNA
structures on a surface are used for the development of biosen-
sors and molecular electronics devices.” For example, the devel-
opment of DNA immobilization methodologies that strongly
stabilize DNA on an electrode surface is thought to be one of the
key factors in DNA biosensor design, and the degree of DNA
surface coverage is the critical issue in the development of a DNA
electrochemical biosensor for rapid detection of DNA interaction
and damage by hazardous compounds.®

The use of the “bottom-up” approach is attractive for the
development of controlled DNA architectures on the surface.
Unlike widely developed systems based on DNA-origami,”®
nanotemplate-driven ordering of DNA molecules does not
depend on the specific DNA sequence (and normally does not
utilize base pairing of complementary strands), does not
require computational design and further synthesis of each
molecule included in the structure. Nanotemplate-mediated
DNA assembly can be used for any natural or artificial dsSDNA
molecules irrespective of their nucleotide sequence and length.

Nanotemplates on crystal surfaces such as highly oriented
pyrolytic graphite (HOPG) can be formed by long chain alkanes
and their derivatives.”** Normally, hydrophobic carbon tails lay
parallel to each other reflecting the hexagonal structure of

This journal is © The Royal Society of Chemistry 2016
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HOPG (C-C bonds in alkanes and HOPG have similar length),
while functional groups (if any) separate into straight
lamellas.” These lamellas can serve as nanoscopic “rails”
which, depending on the charge of the headgroups and the
lengths of the alkyl chains, can differently orient single polymer
molecules, including DNA.'*** The most popular method for
studying molecular nanotemplates is scanning probe micros-
copy, mainly atomic force microscopy (AFM).** These methods
allow direct visualization of nanotemplates with molecular or
even atomic resolution (e.g., ref. 9).

Directed assembly of DNA molecules was for the first time
reported on a dodecylamine layer on HOPG:** DNA molecules
were oriented along the directions of three-fold symmetry of the
underlying pattern at room temperature. Similar effect of DNA
assembly on a stearylamine layer was investigated in ref. 21 and
22. In the latter work, different scenarios of DNA adsorption on
modified HOPG were reported for three types of nanotemplates
differing only by a functional group (amine, acid and alcohol).

Despite some progress in this area our knowledge about
nanotemplate-driven DNA adsorption remains incomplete,
since it was acquired in static experiments in air. For deeper
insight a detailed study of the dynamics of this process and its
dependence on physicochemical factors such as ionic compo-
sition is required. Movement of a single polymeric molecule on
the surface is connected with different surface phenomena,
such as adhesion, wetting and friction.”® A dynamical study of
single DNA molecules adsorbed on molecular nanotemplates
will provide novel information on DNA thermal motion
confined by a surface with periodic structure. Observing the
dynamical behavior of single DNA molecules on the surface in
real time will allow analyzing their diffusion and give better
understanding of DNA interaction with nanotemplates. AFM
operated in liquid is an effective tool for studying single DNA
molecules adsorbed on the substrate*® including DNA confor-
mation.” One of the main advantages of this method is the
possibility to study the dynamics of adsorbed DNA molecules in
solutions.>*>*

The purpose of this work was to achieve deeper understanding
of controlled DNA immobilization, assembly and organization on
molecular nanotemplates of stearylamine and stearic acid on
HOPG using an AFM dynamical study in liquid. We have char-
acterized DNA conformation on these nanotemplates in solution
and explored DNA segmental movement in real time during
several tens of minutes. The obtained results reveal peculiarities
in thermal motion of DNA molecules adsorbed on the nano-
templates and allow discriminating DNA conformation and
mobility on different nanotemplates. DNA adsorbed on stearyl-
amine and stearic acid nanotemplates represents good model
systems of two-dimensional compact globules and self-avoiding
walk. Also, these nanotemplates are ideal candidates for utiliza-
tion as model substrates for investigation of the dynamics of
DNA-protein interaction using AFM in solution.

Experimental

For preparation of molecular nanotemplates on graphite, 20 ul
of 100 pg ml™ " stearic acid or stearylamine (Sigma-Aldrich)
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solution in propanol-2 (p.a.) were deposited onto a rotated
surface (75 rotations per s) of freshly cleaved HOPG (ZYB
Quality, mosaic spread 0.8-1.2 degrees, NT-MDT, Russia) at ~20
°C. The resulting periodic lamellar structure (nanotemplate)
was stable in aqueous solutions used in this study (ESI, file 1,
Fig. S1t).

Prior to AFM imaging, a 20 ul portion of phage T7 DNA
(GeneON, Germany) diluted to a concentration of 1 ug ml~" in
either Milli-Q water, NaCl (p.a.) or MgCl, (p.a.) solution, was
deposited onto the modified HOPG surface, which was moun-
ted on the sample stage of MultiMode 8 atomic force micro-
scope with a Nanoscope V controller (Bruker, USA). AFM
imaging was performed at ~20 °C in tapping mode and Peak-
Force mode using tapping mode fluid cell equipped with a flu-
orosilicone o-ring to minimize evaporation. The time interval
between DNA deposition and start of AFM scanning was 5-15
minutes. We have used cantilevers “E” (spring constant 0.1 N
m™ ") and “F” (spring constant 0.6 and 0.5 N m™") of MSCT and
MLCT series (Bruker, USA), which were operated in liquid at
a tapping frequency of ~30 (for “E” cantilever) or ~10 (for “F”
cantilever) kHz. In tapping mode AFM height, phase and
amplitude images were obtained simultaneously. Phase images
usually were less noisy and of higher contrast than height
images. The range of the color scale of the presented AFM phase
images was chosen individually for each image to obtain good
visual contrast. In order to minimize the effective force applied
by a cantilever the setpoint amplitude was maximized. The line
scan rate was typically 2.1 Hz for tapping mode and 0.5 Hz for
PeakForce mode, with 512 x 512 pixels per image. AFM images
were processed in NanoScope Analysis (Bruker, USA) and
Femtoscan software (Advanced Technologies Center, Russia).

The contours of DNA molecules were traced using a tool
“selection of a lengthy object” implemented in the FemtoScan
software (the sum of the lengths of all analyzed DNA molecules
was at least 50 um). Calculation of the mean square distance
(R?) as a function of length [ along the DNA contour was per-
formed in Scilab 5.3.3.*° For this purpose, the distances between
all pairs of points on the DNA strand separated by a length
along the contour [ (with a step length equal to [) were averaged
for each [ ranging from 10 nm to the maximal traced DNA
length with a 10 nm step (this is a slightly modified algorithm
suggested by Frontali et al>'). The scaling exponent v was
determined from the linear regression of the experimental
dependence In((R*)) = flln(])) for I > 100 nm (which does not
correspond to the rodlike regime). The corresponding errors
were estimated by the standard deviation of the regression
coefficients.

Results and discussion

DNA alignment along preferred directions, which are defined by
lamellas of a stearylamine nanotemplate, was observed in water
and different aqueous solutions (Fig. 1a—e). This is in agree-
ment with previous AFM studies in air that have shown an
ordering effect of DNA on stearylamine nanotemplates on
graphite.”*>> This agreement indicates that drying does not
significantly change the shape of DNA adsorbed on
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Fig. 1 AFM phase images of phage T7 DNA fragments adsorbed onto (a)—-(e) stearylamine and (f) stearic acid nanotemplates on HOPG from (a)
water, (b) 5mM NaCl, (c) 20 mM NaCl, (d) 5 mM MgCly, (e) 10 mM MgCl, (the inset is an enlargement of the region marked with a dashed square),
(f) 10 mM NaCl; (g) (R?) as a function of contour length [ for DNA adsorbed on these nanotemplates. The solid line indicates a fitting curve for the
estimation of ». The size of the images is 1 x 1 um (inset 50 x 50 nm).

a stearylamine nanotemplate. The mean height of DNA mole- Aligned DNA can be packed on the surface very tightly, espe-
cules measured from AFM images is around 1 nm (ES], file 1, cially when adsorbed from 20 mM NaCl (Fig. 1c) or 5-10 mM
Fig. S21), again in agreement with previous AFM studies.>**> MgCl, solution (Fig. 1d and e). In the latter case DNA may form
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sheet-like structures of several hundred nanometers in size,
composed of densely packed DNA molecules (Fig. 1le). The
periodicity of such DNA structures (6.3 £+ 0.2 nm) corresponds
to one of the most often observed periods of a stearylamine
nanotemplate (ESL file 1) and, therefore, indicates that DNA
molecules are packed there as close as adjacent stearylamine
lamellas.

Denser packing of DNA molecules adsorbed on a stearyl-
amine nanotemplate from salt containing solutions may be also
seen from the analysis of the mean square distance (R?)
between points of the DNA molecule separated by the length [
(Fig. 1g). For small separations (I < 70 nm) the difference
between the different traces is negligible. This can be explained
by the presence of straight DNA segments in all studied
samples, which leads to the same parabolic dependence of (R”)
on [. A similar dependence for small separations was observed
in ref. 22 for DNA ordered on molecular nanotemplates on
graphite. At [ > 70 nm, (R*) values for DNA adsorbed from water
and salt solutions deviate from each other. For a stearylamine
nanotemplate, DNA adsorbed from water has larger (R*) values
than DNA from salt solutions, indicating that DNA adsorption
from salt solutions leads to a more compact conformation on
the surface. This is probably a consequence of the Debye
screening effect in electrolyte solutions, which decreases the
mutual repulsion of negatively charged DNA segments. The
difference of (R*) obtained for various NaCl and MgCl,
concentrations above 5 mM is not well pronounced. The esti-
mated Debye lengths of the solutions used in this study are 1.5
nm (10 mM MgCl,)-4 nm (5 mM NacCl),*> whereas the nearest
possible distance between two DNA strands adsorbed on
a stearylamine nanotemplate is about 4 nm (taking into account
a period of a dense DNA structure of ~6.3 nm and a DNA
diameter of ~2 nm). Moreover, an effective Debye length may be
even smaller in the proximity of a stearylamine nanotemplate
due to the high density of positively charged amine groups on
the surface. Therefore, there is no significant influence of the
NaCl or MgCl, concentration (above =5 mM) on the confor-
mation of the adsorbed DNA segments, whose adsorption is
directed by the lamellas of the nanotemplate. This result may be
important for utilization of nanotemplates on graphite for
investigation of biomolecular processes at physiological
conditions, e.g., DNA-protein interaction.

The dependences in Fig. 1g allow defining a scaling exponent
v, which relates (R?) to by the formula: (R*) = const x [**.** The
scaling exponent » obtained for an ensemble of polymeric
molecules adsorbed on a substrate together with an estimation
of a degree of suppression of their self-crossings may serve as
criteria for an assignment of a polymer conformation to
a certain type.** For example, » = 1 corresponds to a rigid rod
conformation, » = 0.5 (without self-crossings) to the two-
dimensional compact globule conformation and » = 0.75
(without self-crossings) to the two-dimensional coil with
excluded volume conformation (the model of a self-avoiding
walk).>**” An example fitting curve for estimation of v is
shown as a solid line in Fig. 1g. The » values (obtained for [ > 100
nm) for DNA, adsorbed from solution on a stearylamine nano-
template are close to 0.5 (Table 1). Though self-crossings of DNA

This journal is © The Royal Society of Chemistry 2016
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Table 1 Scaling exponent v determined for DNA adsorbed onto
stearylamine and stearic acid nanotemplates on HOPG from different
solutions

Nanotemplate Solution v

Stearylamine 5 mM NaCl 0.54 + 0.01
Stearylamine 20 mM NacCl 0.51 + 0.01
Stearylamine 5 mM MgCl, 0.54 + 0.02
Stearic acid 10 mM NaCl 0.77 + 0.01

contours are occasionally observed in AFM images, they are rare
even in dense DNA structures. Also, DNA ordering on the
nanotemplates supports the notion that DNA reorients on the
surface after initial adsorption and, therefore, final DNA
conformation on the nanotemplate is not a projection of its
three-dimensional conformation in solution (which is charac-
terized by » = 0.59 and allowed self-crossings®*). Thus, we
conclude that the conformation of DNA adsorbed on a stearyl-
amine nanotemplate is close to the compact globule confor-
mation. This is consistent with our previous results using AFM
imaging in air.”

The presence of preferred directions of alignment of adsor-
bed biomolecules was also observed on a stearic acid nano-
template (Fig. 1f). Previous AFM studies in air, however,
demonstrated another orientation configuration of DNA on this
nanotemplate with one preferred direction of biopolymer
alignment.” Such DNA alignment was explained by a possible
effect of molecular combing connected with the drying proce-
dure.*®* DNA molecules adsorbed on a stearic acid nano-
template reveal significantly larger surface coverage than for
a stearylamine nanotemplate (Fig. 1g). The obtained v value
(0.77 £ 0.01, Table 1) and the observation of a low number of
self-crossings allow describing the DNA conformation by the
model of a self-avoiding walk. The conformation of a polymer
molecule on a surface is defined by the interplay of the internal
rigidity of the molecule and its interaction with the surface.*®
Therefore, the less compact DNA conformation on a stearic acid
nanotemplate may be connected with a weaker attractive
interaction of the negatively charged phosphate groups of the
DNA double helix with a stearic acid nanotemplate, which does
not possess positively charged groups (as amine groups in
a stearylamine nanotemplate), and with a larger repulsive
monomer-monomer interaction. A similar conformation was
observed on the optical scale for DNA molecules electrostati-
cally bound to fluid cationic lipid bilayers.**

To get deeper insight on the adsorption and ordering effect
of DNA molecules on the nanotemplates, we have investigated
the dynamical behavior of single adsorbed biomolecules in
liquid. Fig. 2 shows successive AFM images of the thermal
movement of a segment of a T7 DNA molecule adsorbed on
a stearylamine nanotemplate in 5 mM NaCl solution (see also
the movies in ESL, 7 file 2.1 and 2.2). We observe the following
characteristics of this movement. First, any segment of DNA has
moved from its initial position after ~30 minutes (compare the
first and last images of the series). This suggests moderate
adsorption forces and an absence of trapping of the DNA

RSC Adv., 2016, 6, 79584-79592 | 79587
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Fig.2 Time lapsed AFM phase images of phage T7 DNA fragments adsorbed on a stearylamine nanotemplate on graphite in 5 mM NaCl solution.
Each image was acquired in 1 min (total time of observation was 27 minutes). Arrows indicate out-of-plane DNA segmental movement:
desorption of DNA segments (solid arrows) and formation (or disappearance) of small loops (dashed arrows). The size of the images is 500 x
500 nm.
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molecule by the surface. Second, thermal movement of the DNA
molecule takes place mostly along the preferred directions of
DNA alignment (along lamellas of the nanotemplate). To illus-
trate this in detail, we demonstrate the movements of short
(within few hundred nanometers) DNA segments (Fig. 3). This
observation is in discrepancy with DNA diffusion reported for
DNA molecules (or their segments) adsorbed on mica,*”*"*
where no preferred directions of the movement were revealed.
We may conclude that a molecular nanotemplate assigns the
directions of DNA 2D diffusion.

The “nanorails” of lamellas complicate the movement of
DNA molecules across them. The movement we mostly
observed was along the “nanorails” (Fig. 3 and the movies in
ESIT), which suggests a motional confinement owing to the
“nanorails”. Since DNA contours are mostly aligned along the
“nanorails” (Fig. 1-4), this movement may be considered as
movement of DNA segments along themselves, which is often
referred to as reptational movement. Formally, reptational
movement is defined as free movement of a polymer between
fixed obstacles.*® A molecular nanotemplate on graphite repre-
sents a two-dimensional example of a system with reptational
movement, where lamellas take the role of these obstacles. In
previously described systems with reptational movements the
obstacles were distributed randomly.””"* In contrast, molecular
lamellas on graphite have a linear geometry and well defined
symmetry, which causes the observed peculiarities of DNA
movement on molecular nanotemplates on graphite.

Besides reptational movement, we also observed segmental
hopping of DNA to an adjacent lamella of the nanotemplate
(black arrows in Fig. 3). Also, out-of-plane movement of small
DNA segments (temporary desorption) occurred, which can be
confirmed by the following observations: temporary loss of
contrast of some DNA segments in an AFM image (solid white
arrows in Fig. 2 and 3) and formation (or disappearance) of
small loops in the middle of DNA molecules (dashed white
arrows in Fig. 2). In summary, DNA thermal motion on a stear-
ylamine nanotemplate has a complex character, including

View Article Online
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reptation, hopping between lamellas and out-of-plane move-
ment (desorption of segments).

In contrast to DNA molecules adsorbed from 5-20 mM NacCl
solutions, sheet-like DNA structures, which were formed in
MgCl, solution, are much more stabilized on the surface (Fig. 4
and the movies in ESL ¥ file 3.1 and 3.2). Movement of DNA
segments within a dense, sheet-like structure was not observed,
owing to the adjacent lamellas being occupied. However, DNA
segmental motion along the lamellas of the nanotemplate
(reptational movement) and out-of-plane movement was
detected (Fig. 4, insets).

The motion of DNA molecules on a stearic acid nano-
template comprised of the same three components as for
stearylamine; however, DNA segment hopping to adjacent
lamellas seems more pronounced (Fig. 5 and the movie in ESI, T
file 4). DNA molecules are more mobile on a stearic acid
nanotemplate: almost each DNA segment changed its position
between consecutive AFM frames (Fig. 5, insets). As noted
above, the absence of positively charged groups on a stearic acid
nanotemplate weakens its interaction with DNA. This favors
DNA segmental motion and leads to a more extended DNA
conformation on this nanotemplate, which is close to the self-
avoiding walk model. Moreover, relatively weak polymer—
substrate interaction is probably a factor, which allows previ-
ously observed molecular combing of DNA on a stearic acid
nanotemplate upon drying (such an effect was absent for
a stearylamine nanotemplate).?

We note that the observed motion of DNA segments did not
depend on the scan direction of the cantilever. Moreover,
similar nanotemplate directed DNA segmental motion was
observed in PeakForce mode, in which the tip is repeatedly
withdrawn from the surface during lateral scanning of the
sample (ESI, file 1, Fig. S37).

We can conclude that DNA adsorption on molecular nano-
templates formed on HOPG from stearylamine or stearic acid
has characteristic features such as local DNA straightening
along the lamellas of the nanotemplates. DNA surface coverage

LI

Fig.3 Time lapsed AFM phase images of phage T7 DNA fragments adsorbed on a stearylamine nanotemplate on graphite in 5 mM NaCl solution.
The time of acquisition of each image in the sequence is shown with respect to the first image in minutes. The white arrow indicates out-of-plane
DNA segmental movement (temporal desorption of DNA segments); black arrows indicate DNA hopping to an adjacent lamella. The sizes of the
images are 260 x 330 nm (top row), 270 x 150 nm (middle row), 130 x 220 nm (bottom row).

This journal is © The Royal Society of Chemistry 2016
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Fig. 4 Time lapsed AFM phase images of phage T7 DNA fragments adsorbed on the stearylamine nanotemplate on graphite in 10 mM MgCl,
solution (the insets are enlargements of the regions marked with dashed squares). Each image was acquired in 4 min (total time of observation
was 32 min). The size of the images is 485 x 840 nm (insets 80 x 120 nm).
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Fig.5 Time lapsed AFM height images of phage T7 DNA fragments adsorbed on a stearic acid nanotemplate on graphite in 5 mM NaCl solution
(the insets are enlargements of the obstacles regions marked with dashed squares). Each image was acquired in 5 min (total time of observation
was 70 min). The size of the images is 500 x 500 nm (insets 85 x 85 nm). The range of the color scale is 3 nm.
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is larger and adsorbed DNA molecules are more mobile on
a stearic acid nanotemplate, owing to a weaker DNA-template
interaction. The thermal motion of DNA molecules on the
nanotemplates is strongly influenced by their lamellas, which
defines the preferred directions of DNA segmental movement.

Though all our experiments were performed at a room
temperature (~20 °C), we expect that the nanotemplate directed
character of DNA segmental thermal motion will also remain
upon increase of temperature until thermal disintegration of
the nanotemplate.>***

Conclusions

The investigated nanotemplates represent good model systems
for studying two-dimensional conformations of DNA at the
nanoscale, such as compact globule and self-avoiding walk.
These systems will allow directly exploring conformational
relaxation times of DNA on a single molecule level, especially
with the use of high-speed AFM, which is capable of obtaining
about 10 AFM images per second in liquid media.*> Moreover,
both investigated surfaces are ideal candidates for utilization as
model substrates for AFM studies of the dynamics of DNA-
protein interactions, owing to the following reasons: (1)
extended and straightened shape of DNA molecules, which is
convenient for analysis of long DNA molecules and protein
position on DNA; (2) moderate strength of adsorption of DNA to
the substrate, which allows AFM imaging, but at the same time
DNA motion across the surface; (3) the presence of “out-of-
plane” segmental motion, which will allow protein interaction
with DNA above the surface, in “bulk” solution. The effective
speed of DNA-protein interaction (e.g., movement of an enzyme
along DNA), which is significantly slower on the surface than in
bulk solution, may be tuned by adjusting the ionic composition
of the solution and by the choice of nanotemplate.
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