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Abstract

Using a surface forces apparatus (SFA), we have studied the nanomechanical behavior of short
single-stranded and partially and fully double-stranded DNA molecules attached via one end

to a self-assembled monolayer on a gold surface. Our results confirm the previously proposed
“mushroom-like” polymer structure for surface-attached, single-stranded DNA at low packing
density and a “brush-like” structure for the same construct at higher density. At low density

we observe a transition to “rigid rod” behavior upon addition of DNA complementary to the
surface-attached single strand as the fraction of molecules that are double-stranded increases, with
a concomitant increase in the SFA-observed thickness of the monolayer and the characteristic
length of the observed repulsive forces. At higher densities, in contrast, this transition is effectively
eliminated, presumably because the single-stranded state is already extended in its “brush” state.
Taken together, these studies offer insights into the structure and physics of surface-attached short
DNAs, providing new guidance for the rational design of DNA-modified functional surfaces.
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INTRODUCTION

Surface-grafted oligonucleotides play important roles in many biotechnologies. Next-
generation DNA sequencing, expression screening, synthetic biology, and many biosensor
architectures, for example, employ surface-bound DNAs or RNAs to perform the recognition
of not only specific oligonucleotides but also proteins and small molecules.1~8 Despite

the growing technological importance of oligonucleotide-modified surfaces, however,

our understanding of the physics of such surface-attached biomolecules remains in its
infancy.”11 For example, the large majority of previous studies in this field focused on
relatively long oligonucleotides, demonstrating that these follow the physics expected for
surface-attached polyelectrolytes.12-15 In contrast, most of the technologies employing
surface-bound oligonucleotides use molecules quite short relative to the persistence length
of the double helix8 and that, in support of their function, often adopt complex secondary
structures.13 Despite this, few prior studies have directly addressed the physics of such short
biopolymers tethered to surfaces.11:13.17-23
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The lack of data regarding the physics of short, surface-bound oligonucleotides is not
without consequences. To illustrate this, we point the reader to electrochemical DNA
(E-DNA) and electrochemical aptamer-based (EAB) sensors, the signaling of which is a
sensitive function of the density at which their short oligonucleotide recognition “probes”
are packed onto the surface of the interrogating electrode.2425 The gain (the relative

signal change seen at saturating target) of linear probe E-DNA sensors, for example, rises
strongly with increasing probe density at low densities before leveling off at high densities,
presumably due to interactions between adjacent oligonucleotides that reduce the ability

of an attached redox reporter to approach the surface and generate a current. To date,
however, this factor can only be optimized empirically due to our limited understanding

of the conformations sampled by surface-bound DNAs and how these vary with the

density at which the DNA is packed onto the surface. Motivated by the argument that
improved understanding of the properties and interaction mechanisms of surface-attached
oligonucleotides could help to enhance the performance of technologies dependent on
biomolecules site-specifically attached to a surface, we have used a surface forces apparatus
(SFA) to measure the nanomechanical properties and molecular interaction forces of short
single- and double-stranded DNA molecules attached via one end to a self-assembled
monolayer (SAM) on a gold surface (Figure 1). The resulting force—distance profiles can be
correlated to the structure and force-induced conformational changes of the surface-bound
biomolecules.

The SFA allows direct measurement of the force between two macroscopically curved
surfaces as a function of their separation with subnanometer resolution, providing
quantitative insights into the thickness and mechanical properties of a molecular layer
grafted on one or both. Taking advantage of this technique, we have measured the effects

of packing (grafting) density on the interfacial properties and interactions of short, single-
stranded, partially double-stranded, and fully double-stranded DNA molecules attached to

a gold surface via a six-carbon alkanethiol attached to the 5" terminus of one strand. The
surface is then backfilled with 6-mercapto-1-hexanol to form a hydroxyl-terminated surface.

RESULTS AND DISCUSSION

To study the behavior of surface-attached DNA molecules, we started with the simplest
example: DNA attached to the surface by one terminus and at relatively low packing density
(i.e., relatively few molecules per unit area) and relatively high ionic strength (Figure 2a),
such that interactions between adjacent molecules are minimized. Specifically, we measured
the interaction forces between a bare mica surface and a SAM-coated gold surface modified
with a sparse submonolayer of a 25-base, single-stranded DNA immersed in phosphate
buffer containing 0.6 M NaCl (Figure 2b, black symbols). At this ionic strength, electrostatic
interactions are largely screened (the Debye length, 1/x = 0.4 nm, is approximately equal

to the length of one base), leaving the interactions of the system dominated by entropic

and steric forces between the DNA and the approaching surface. (Of note, only weak
adhesion forces are detected when separating a bare mica surface and a hydroxyl-terminated
SAM-modified gold surface under these conditions, thus simplifying our analysis; see
Figure S1.)
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The repulsion between bare mica and our single-stranded-DNA-modified surface first
becomes apparent when the two approach to within ~10 nm, after which it increases
exponentially (i.e., the force—distance profiles are linear on a semilog plot). When the

two surfaces approach to within ~2 nm, the force rises to 10 mN/m, at which a so-called
“hard-wall” distance is reached for approach of the surfaces. That is, further increases

in the applied load do not alter the distance after this point. Of note, the distance at

which we first observe repulsion is longer than the ~8 nm contour length of a 25-base,
single-stranded DNA.Z7 Similar long-range repulsion has previously been reported for other
DNA-modified surfaces29-28 and has been attributed to long-range hydration forces by
Hagen and Chakraborty, who support this with theoretical analyses performed over a broad
range of surface grafting densities.10

The mechanical properties of the 25-base, single-stranded submonolayer change
significantly when the DNA is hybridized with its full-length complement to form a double
helix (Figure 2a). To see this, we titrated the surface-attached, single-stranded DNA against
50 aM, 500 aM, 1 pM, and 50 pM of its full-length complement, monitoring the force—
distance profile after equilibration (Figure 2b and Figure S2). Doing so, we find that the
repulsive force between two surfaces measured at a fixed separation distance increases
monotonically with increasing complement concentration, presumably due to the enhanced
steric and electrostatic repulsion of the increasing fraction of the double helix. For example,
while the repulsion for the single-strand surface starts at ~9 nm, this extends to ~12 nm upon
the addition of 50 aM complement and remains at this value up to the highest compliment
concentrations we have employed (at which hybridization is expected to be effectively
complete). The hard-wall distance likewise increases upon hybridization, reaching 6 nm,
which is some 3 times greater than the 2 nm hard-wall distance seen for the single-stranded
submonolayer case under the same compression force (Figure 2b).

The force profiles of a 25-base construct that is partially double helical and partially

single stranded differ from those of the 25-base pair full double helix. Specifically,

when we titrated the surface-attached single-stranded DNA with sequentially increasing
concentrations of a 13-base complement, producing a 13 base-pair double helix flanked

on either side by six-base single-stranded regions (Figure 3a and Figure S3), the first
repulsion is seen at ~10 nm (Figure 3b), a shorter distance than the ~12 nm seen for

the completely double-helical construct (Figure 2). The final hard wall of the partially
double-helical construct is likewise some 2 nm shorter than the 6 nm seen for the completely
double-helical construct. The differing force profiles of the completely and partially double-
helical constructs (both of which are of similar length when fully extended) presumably
reflect their differing flexibilities. For example, with a length of about 8 nm a 25-base-pair
double helix is much shorter than its ~50 nm persistence length,2° suggesting that while
these constructs are free to rotate and tilt (due to the flexible phosphodiester used to anchor
the 5” end of one strand to the monolayer), the completely double-helical construct acts

as if it is rigid. The partially double-helical construct, in contrast, is composed of a rigid
13-base-pair double-stranded element flanked by flexible, six-base single-stranded elements
(Figure 3a). These flexible ends lead to a less rigid submonolayer with a smaller range of
repulsion and a shorter hard-wall distance than for the completely double-helical construct.
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The minimum concentrations of complementary strand at which we see hybridization-driven
changes in repulsion are higher than we expect given calculated binding free energies.

For example, when calculated by using the M-fold software,30 the estimated binding free
energy of our 13-base complementary DNA sequences is =75 kJ/mol under the conditions
we employ, yielding an estimated equilibrium dissociation constant, Kp, of ~10713 M.

Our surface force measurements, however, do not exhibit any significant shift in the force
profiles until the concentration of complement reaches an order of magnitude higher than
the calculated dissociation constant (Figure 3b). Likewise, for the 25-base complement the
estimated equilibrium dissociation constant is ~10728 M, orders of magnitude below the
concentration at which we first see an increase in repulsion. We suspect that these deviations
are due to the limited number of molecules present in the 15 gL volume over our surfaces;
the limited number of complement molecules present in this volume prevents hybridization
from reaching saturation until concentrations quite far above the dissociation constant are
reached.31

The interactions and the resultant mechanical properties of surface-attached DNA molecules
are also strong functions of the density with which they are packed on the surface. To
explore this, we prepared surfaces modified upon with the same 25-base single-stranded
DNA using conditions that previous electrochemical?4 and surface plasmon resonance
measurements18:32 indicate lead the density of either ~0.01 or ~0.1 chain/nm2. The resulting
force profiles produce two distinct behaviors (Figure 4a). The force profile we observe at
lower density is linear on a semilog plot, with notable repulsion beginning at ~10 nm that
increases to hard-wall repulsion at ~2 nm (Figure 4a; black data points). In contrast, force
profiles collected at the higher density exhibit longer-range repulsion (~12 nm, about the
contour length of a 25-base single-stranded DNA33:34), a steeper slope on the semilog plot,
and a shift in the hard-wall cutoff from ~2 to ~6 nm (Figure 4a; red data points). The density
dependencies of these force profiles presumably arise due to the well-known “mushroom-to-
brush” transition of unstructured, surface-tethered polymers.3® At low density, neighboring
chains do not interact, and each single-stranded chain forms a distorted random coil that

is perturbed by the surface into a mushroom-shaped ensemble (Figure 4b). At high density
interactions between neighboring chains cause each to extend further from the surface,
resulting in a brush-like ensemble (Figure 4c).

To quantitatively explore the mushroom-to-brush transition, we modeled the force profiles
obtained at lower and higher densities using polymer-scaling theory. The free energy of a
surface-attached single-stranded DNA in the mushroom configuration confined between two
planar surfaces can be approximated by an exponential repulsive potential:3°

E(D) = 36kTe” D/ RF )

where ' = 1/ is the number density of DNA molecules per unit area (and so the parameter
sapproximates the mean separation between adjacent strands) and A is the Flory radius of
the unstructured, single-stranded DNA. Given the geometry of the surfaces in the SFA, eq 1
can be rewritten based on the Derjaguin approximation:36
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@ =2nE(D)=T2xT'kTe

—D/Rp )

Fitting the force profile of the lower-density single-stranded DNA to this equation, we
obtain Sy = 6.9 nm and R = 1.5 nm (Figure 4c), implying that the distance between the
molecules on the surface is greater than the diameter of their coiled ensemble and thus,

as expected, there is little interaction between adjacent molecules. Instead, the molecules
interact only with the surface, which perturbs their otherwise random-flight conformation to
produce a mushroom-shaped ensemble.3>

For the case of higher-density packing we find that our observed force profiles are
better described by a brush-regime model. Under these conditions, for which s< R
and neighboring molecules interact strongly, the interaction potential is approximately
exponential35:36

@ = 27E(D) = 642 LkTe7P/L ®)
where L is the thickness of the brush layer (Figure 4c). Applying this relationship to the
force profiles obtained at higher density gives shigh = 0.9 nm and £ = 7.1 nm. Under these
conditions the distance between adjacent molecules is thus shorter than their Flory radius,
which is expected to push them into the brush regime.>30 This said, the observed distance,
Shigh = 0.9 nm, is significantly shorter than the ~3 nm mean separation expected at this
density, perhaps due to the relatively low precision of our estimates of DNA packing density.
In contrast, the thickness of the brush layer is as expected, somewhat shorter than the ~12
nm contour length of a 25-base single-stranded DNA 3334

The distance dependences of the force profiles of surface-attached double-stranded DNA
molecules differ from those of single-stranded DNA. At lower density (i.e., single-stranded
DNA deposited at ~0.01 chain/nm? hybridized to its full length complement at 1 nM) the
hard wall repulsion shifts from 2 to 6 nm upon hybridization (Figure 5a). In contrast, at
higher density (i.e., ~0.1 chain/nm?) the hard-wall distance does not measurably change
upon hybridization (Figure 5b). We presume this occurs because steric repulsion between
neighboring single-stranded molecules in the densely packed submonolayer layer causes
them to enter a brush-like regime9-11 in which they extend to near their full length, as also
occurs when they hybridize to form a relatively rigid double helix.

DISCUSSION

We have explored the extent to which the interaction forces and mechanical properties

of short surface-tethered DNA molecules are determined by their hybridization state and
the density with which they are packed onto the surface. The force—distance profiles we
have measured confirm, for example, prior arguments that10-11 at low densities surface-
attached single-stranded DNA submonolayers populate a mushroom-like ensemble. These
transition into a brush-like ensemble of thickness approaching their length as the density
with which the molecules are packed onto the surface increases. After hybridization, the
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double-stranded DNA becomes rod-like,3 resulting in a stiffer monolayer characterized by
longer-range repulsions.

Our findings are consistent with, but significantly extend, the nanomechanical cantilever
studies of Wu et al.22 and theoretical studies by Hagen and Chakraborty.1% Granick and
co-workers found that repulsion starts at distances greater than the contour length expected
for single-stranded DNA, an effect they attribute to hydration forces.2? Similar long-range
repulsion was also observed by our SFA work.

Our findings are also consistent with prior AFM-based studies, which have described the
height of short, surface-attached DNAs as a function of force at the single molecular
level.38-40 This said, our SFA results provide ensemble-averaged, angstrom-resolved force
profiles, rendering it possible to quantitatively characterize the ensemble-driven mushroom-
to-brush transition as well as important differences between the properties of single-stranded
and double-stranded submonolayers. In doing so, our studies not only confirm previous
spectroscopic findings showing that surface-attached single-stranded DNA behaves as a
random coil*1:42 but also highlight the structural transition that the DNA undergoes as

the areal number density with which it is packed increases, illustrating quantitatively the
extent to which it follows polymer scaling theory.26 Together these results prove quantitative
guidelines for the design of biosensors and other technologies reliant on the properties of
surface-attached oligonucleotides.

EXPERIMENTAL SECTION

Reagents.

Phosphate buffer (Sigma-Aldrich), sodium chloride (Sigma-Aldrich), 6-mercapto-1-hexanol
(Sigma-Aldrich), and tris(2-carboxyethyl)phosphine hydrochloride (Molecular Probes,
Carlsbad, CA) were all used as received. The probe and complement DNA sequences were
synthesized commercially and used as employed (Biosearch Technologies, Novato, CA).
The sequences we employed are as follows:

«  Probe: 5'-HS-(CH,)s- TTATTGATCGGCGTTTTAAAGAAG-3’

«  Target: 3'-CTAGCCGCAAAAT-5

«  Probe: 5'-HS-(CH,)s-ACCCTGAAGTTCATCTGCACCACCG-3’
«  Target: 3’-TGGGACTTCAAGTAGACGTGGTGGC-5’

Preparation of the Gold Surface.

Atomically smooth gold surfaces were prepared by using a mica templating technique.*3 A
gold layer (45 nm) was deposited on a freshly cleaved mica sheet, which was then glued
onto a cylindrical glass disk by using UV-curable glue with the gold layer facing toward the
glue. Following curing of the glue (by exposure to UV light for 3 h), the mica sheet was
peeled off in ethanol to reveal an atomically smooth gold surface.

Langmuir. Author manuscript; available in PMC 2022 March 31.
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DNA Surface Attachment.

DNA-modified surfaces were prepared by using established procedures.2444:45 In brief,
prior to attachment, the thiol-modified DNA (used as received) was reduced for 1 h at
room temperature in the dark in 10 mM tris(2-carboxyethyl)phosphine hydrochloride and
then diluted to a final working concentration. To make lower-density submonolayers, the
gold surfaces were incubated at room temperature in the dark for 30 min by using a DNA
solution diluted to 100 nM in a 10 mM phosphate buffer with 100 mM NacCl, followed

by rinsing with deionized water. To make higher density DNA submonolayers, the surfaces
were incubated instead at 1 £M DNA solution prepared with a buffer containing 10 mM
phosphate and 1 M NacCl for 6 h. Then the surfaces were immersed in 3 mM 6-mercapto-1-
hexanol solution for 2 h to “backfill” form the self-assembled monolayer. Following this, the
surfaces were rinsed with water and stored in 10 mM phosphate buffer with 100 mM NaCl
until use.

Surface Forces Measurements.

We measured the interaction forces between a DNA-modified gold and a bare mica surface
with an SFA 2000 and an SFA Mark 11 (SurForce LLC, Santa Barbara, CA). The detailed
experimental setup and force-measuring protocols have been described previously.46:47
Briefly, a DNA-modified gold surface was mounted in the SFA chamber facing a bare
mica surface in a crossed-cylinder geometry (with cylinder radii £=2 cm) as illustrated in
Figure 1a; the interaction geometry is locally equivalent to a sphere of radius /R against a
flat surface when the separation, D, is much smaller than . Buffer solution was injected
between the opposing surfaces and the force, A D), was then measured as a function of
their separation distance (Figure 1a) through the so-called multiple-beam interferometry
technique by using “fringes of equal chromatic order” technique with a resolution of ~1

A. In this work, the reference distance D= 0 was determined to be the bare gold-mica
contact in air.#6 After completion of the force measurements of the single-stranded DNA
monolayer, the sample surface was removed from the SFA chamber and dipped in 15 mL
of complementary DNA for 2 h. The surface was then rinsed with 10 mM phosphate buffer,
pH 7, with 100 mM NaCl buffer and remounted in the SFA chamber for further subsequent
measurements (Figure 1b,c). It is difficult to abolish thermal drift in such experiments,
which causes slow, continuous motion of <0.1 A/s under otherwise static measurement
conditions (i.e., after 2 h equilibration in a £0.1 °C enclosure). We take this drift into
account when analyzing our force profiles by fitting it to a small, constant velocity. When
we calculate the force profile for approaching, we add this constant velocity, and when
analyzing the force of separation, we subtract it.4748

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Using a surfaces forces apparatus (SFA), we have measured the interactions between a gold

surface modified with a submonolayer of DNA in a variety of hybridization states and a
bare mica surface as a function of the distance between the opposing surfaces. The surfaces
include those modified with (a) single-stranded DNA (Rr is the Flory radius, sis the
distance between the attachment sites of adjacent molecules), (b) surfaces upon which some
of the DNA molecules are hybridized to full-length or partial-length complementary strands
and some DNA molecules remain single-stranded, and (c) surfaces for which every DNA
molecule is in its fully (or partially) hybridized, double-helical state. In these experiments,
the separation between the two surfaces can be varied in both directions.
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(a) Hybridization alters the structure, interactions, and mechanical properties of a surface
modified via the terminal attachment of a submonolayer of a 25-base DNA. (b) During the
transition from all DNA in its single-stranded for (black curve) to effectively all DNA in

its double-stranded form (blue curve), the range at which repulsion is first detected shifts
from 10 to 15 nm. At intermediate levels of hybridization (i.e., approximately equal numbers
of single-stranded and double-stranded molecules; green curve) we observe intermediate
behavior. After “regeneration” (i.e., regeneration of the single-stranded form via a wash at
low ionic strength) we observe a force profile (red curve) effectively identical with that first

measured for the single-stranded form.
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Figure 3.
(a) We have also investigated the effects of creating a partially double-stranded DNA on

the surface by challenging the 25-base, single-stranded construct with a 13-base sequence
complementary to its middle, leaving six bases of single-stranded DNA on either end of the
double helix. (b) Here, too, force profiles shift to longer ranges upon hybridization, albeit
less than is seen with the full-length double-stranded construct (Figure 2).
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Figure 4.
Increasing the areal number density, I', with which a single-stranded DNA is packed onto

the surface changes the mechanical properties of the DNA submonolayer. (a) At a lower
density (I ~ 0.01 chain/nm?), for example, the force profile is largely monophasic (i.e., fits
to a single line on a semilog plot), and the repulsion force is first observed at 10 nm. Fitting
this force profile by using a “mushroom” polymer model (panel b) gives a coil radius, A,
of 1.5 nm and a mean separation, Sjoy, 0f 6.9 nm. These values are consistent with both
the estimated density with which DNAS are packed onto the surface (which corresponds

to a mean separation of ~10 nm). They are also consistent with theoretical predictions that
mushroom behavior will be observed when s> Rr. In contrast, the force profile is clearly
biphasic (exhibits two distinct log—linear regimes differing in slope) at higher densities (I’
~ 0.1 chain/nm?), and the detectable repulsion begins at a separation of 16 nm. Fitting this
force profile with a “brush model” (panel c) gives a brush thickness, L, of 7.1 nm and $ign
of 0.9 nm.
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(a) At lower density (I ~ 0.01 chain/nm?), hybridization shifts the force profile ~4 nm
toward longer distances. (b) At higher density (I" ~ 0.1 chain/nm?), in contrast, hybridization
does not significantly alter the force profile, presumably because the polymer brush formed
under high-packing-density conditions extends the single-stranded DNA molecules in a
manner similar to that seen upon hybridization.
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