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DNA adsorption on solid or liquid surfaces is a topic of broad fundamental and applied interest. Here, we
study by X-ray reflectivity the adsorption of monodisperse double-stranded DNA molecules on a positively
charged surface, obtained through chemical grafting of a homogeneous organic monomolecular layer of N-(2-
aminoethyl) dodecanamide on an oxide-free monocrystalline Si(111) wafer. The adsorbed dsDNA is found
to embed into the soft monolayer, which is deformed in the process. The surface coverage is very high, and
this adsorbed layer is expected to display 2D nematic ordering.

Introduction

The study of DNA—interface interactions is a subject of
general nature, as illustrated in Figure 1. DNA interactions with
surfaces can be repulsive, leading to confinement or depletion, !
or attractive. A repulsive interaction exists between negatively
charged phosphates of DNA and phospholipids of membranes
and contributes to enclose the genetic material within the cell.?
Depletion forces also confine DNA within viral capsids.*
Repulsive interactions are a common requirement in micro- and
nanofluidics.’

Attractive interactions lead to adsorption. Chemisorption is
at the core of solid-phase synthesis of polynucleotides.® The
case of physisorption is also of wide technological interest and
biological relevance. In hybridization techniques such as
Southern blots, Northern blots, or biochips, nucleic acids are
immobilized on surfaces, either through chemisorption or
physisorption. Chromatographic techniques rely on a reversible
immobilization of DNA. Hybridization technology is, in fact, a
particular type of affinity chromatography.’~® The imaging of
DNA macromolecules by electron microscopy,'®!! scanning
tunneling microscopy (STM), and atomic force microscopy
(AFM)'? requires their adsorption at the air—liquid or liquid—solid
interface. DNA adsorption at the air—liquid interface is coupled
to DNA aggregation,'3establishing a link between the fields of
DNA adsorption and DNA condensation.'* The development
of single-molecule studies of DNA relies on tethering to a solid
surface (microscope slide or bead). DNA adsorption is also an
essential aspect of DNA combing and mapping.'>!6
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Figure 1. Surface science of DNA.

The mobility of adsorbates, which is a central issue of surface
chemistry, is also of great importance for nucleic acids. Under
weak yet irreversible adsorption, the DNA is free to rearrange
to its equilibrium configuration; under strong adsorption, the
chains may, nevertheless, maintain some mobility, in particular
when the interface itself is fluid,!®17=20 or be free to roll on the
surface.?! This can lead to an increase in the efficiency of a
diffusional search through a reduction of dimensionality.?> For
example, the diffusion of proteins on the surface of DNA (or
vice versa) can greatly increase the rate of sequence recognition.??2*

The notions addressed here are that of depletion versus
adsorption, of confinement, of chemisorption versus physisorp-
tion, and of immobilization versus surface diffusion. These
notions are associated with the most fundamental concepts of
surface science, heterogeneous catalysis, and enzymology.

Experimental Methods and Results

In this context, we report one particular investigation using
X-ray reflectivity to characterize the process of DNA adsorption
at a liquid—solid interface. We have chosen single-crystal silicon
as a substrate material since its topography is well-defined at
the atomic scale, its surface chemistry is well-controlled, and
for its interest of use in biochip technologies.

0J 2008 American Chemical Society
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Figure 2. Si(111). (a) Molecular model of the atomically stepped
surface. The terrace width is d(j11/tan oo = 90 nm, where d(;;;) = 0.314
nm is the Si(111) layer spacing and c is the surface miscut angle (0.2°,
drawn here at 5° for illustration) of the surface-normal Z in the [112]
direction. The surface density of Si—H binding sites is 7.8 x 10'* cm™.
(b) Molecular model of the grafted monomolecular surface layer. (c)
AFM image of the bare H—Si(111) surface after etching in NH4F; image
scale: 2 um. (d) AFM image of the Si(111)—H functionalized with the
molecular monolayer; image scales (inset): 2 um, 1 um, and 500 nm.

Surface Functionalization. Starting from an etched Si(111)
wafer, we have assembled through a multistep chemical process
a covalently bonded positively charged molecular monolayer,?
as illustrated in Figure 2a and b. The native silicon oxide layer
was removed by etching in an ammonium fluoride solution.?¢
An ester-terminated alkyl chain, ethyl undecylenate [CH,=
CH—(CH;)s—CO—0—C;Hs], was then covalently and densely
attached to the regular silicon crystal surface. This molecular
layer was hydrolyzed in hydrochloric acid and activated using
N-hydroxysuccinimide (NHS:C4HsNOs) before coupling to
ethylene diamine (NH,—CH,—CH,—NH,), thus obtaining a
terminal positively charged group. The grafted molecule has
the structure of N-(2-aminoethyl) dodecanamide (CAS 10138-
02-0), where the terminal methyl group is replaced by a surface
silicon atom of the monocrystalline substrate.

The surfaces were then characterized by Fourier-transformed
infrared (FTIR) spectroscopy and by AFM.? The images
obtained by AFM in air of the bare H—Si(111) surface before
(Figure 2¢) and after (Figure 2d) functionalization with the dense
organic layer (Figure 2d) are comparable; the atomic flatness
of the terraced structure of the single-crystal silicon surface is
preserved in the chemical grafting process. FTIR spectroscopy
studies® show that the functionalized surface is chemically
homogeneous with a surface coverage of (3.1 & 0.3) x 104
molecules/cm?, which corresponds to 40 + 4% of the available
Si—H binding sites. The inverse of this surface density yields
an area occupied on average per grafted molecule (0.32 £ 0.03
nm?%molecule), which is that of a tilted, condensed monolayer
phase (and about 50% greater than that of the perpendicular
area of a densely packed alkyl chain). The grafted surfaces
remain oxide-free due to the very high surface density of the
organic monomolecular layer.

X-ray Reflectivity Data Analysis. The surfaces as prepared
were further characterized by synchrotron X-ray reflectivity at
the European Synchrotron Radiation Facility at Grenoble,

J. Phys. Chem. B, Vol. 112, No. 44, 2008 13677

OpE—— |

p(gem?)

0 1 3'
zlom)

Figure 3. X-ray reflectivity and model density profiles. (a) Normalized
specularly reflected intensity as a function of wave vector transfer Q,
= (47/A)sin 6; 1 is the X-ray wavelength, and 6 is the grazing angle
of incidence. Black circles: functionalized substrate measured in air.
Red triangles: under buffer. Blue squares: after adsorption of DNA.
The incident beam footprint overflows the substrate for data at ¢, < 1
nm~' (gray region). Insert: kinematics of the measurement. (b) Model
density profiles p(z). Black dot—dashed line: functionalized substrate
measured in air. Red dashed line: under buffer. Blue solid line: after
adsorption of DNA. A model of the grafted molecule is drawn for
comparison.

France. Using a procedure of contrast variation common for
neutron scattering studies, the samples were measured both in
air and under aqueous buffer, and the data were analyzed
conjointly (Figure 3; see ref 27 for details). The organic layer
can be observed with great contrast with respect to air, resulting
in a strong Kiessig fringe,?® as seen in Figure 3a (black circles);
under buffer, the contrast is diminished (red triangles), but the
reflectivity here is more sensitive to the positively charged
diamine head groups than that when recorded under air. The
measured reflectivity can be described by a model density profile
in the direction normal to the surface, as shown in Figure 3b;
the black dot—dashed line is the profile with air, and the red
dashed line is the profile under buffer. The thickness of the
covalently bonded, dense, monomolecular layer is measured to
be 1.504 4+ 0.114 nm. This layer can be divided into an alkyl
chain region of density ~1 g/cm? and a hydrophilic headgroup
region of higher density. The root-mean-squared roughness,
averaged over the ~1 cm? illuminated surface, is measured to
be 0.3542 + 0.0039 nm, somewhat larger than the ideal case,
indicating some disorder of the functional head groups. As the
data measured under air and under buffer are considered
conjointly, the model density profile is constrained, and one
further parameter can be extracted, namely, the integral density
or, dividing by the layer thickness, the surface density; the X-ray
reflectivity measurements yield (1.54 4 0.15) x 10~ "g/cm? =
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Figure 4. Embedding of the adsorbed DNA molecules. Two extreme cases: (a) maximal embedding; the real coverage in this case is 27%, and the
average lateral separation is 7.4 nm; (c) maximal (100%) coverage. The embedding depth is (0.54 4 0.17) nm for a lateral separation of 2 nm.
Intermediate case: (b) 50% coverage. The embedding depth for this coverage is 1 nm, and the lateral separation is 4 nm. The grafted molecular
monolayer (see Figure 2b) is shown here schematically as a solid, blue layer for clarity.

(3.40 £ 0.33) x 10 molecules/cm?, in excellent agreement
with the FTIR estimation.

DNA Adsorption. These homogeneous, positively charged,
functionalized surfaces have been used to probe DNA adsorp-
tion. Monodisperse, double-stranded DNA (dsDNA) molecules
were obtained by PCR amplification from a 294 base pair
sequence (nucleotides 175—470) of the 5386 bp genome from
the phage ¢X174, used as a template. The DNA was studied
under a 1 mM sodium phosphate buffer solution (NaH,PO4 +
Na,HPOy4, pH 7.2). At this low salt concentration, the Debye
length is about 10 nm, and the contour length of the monodis-
perse dsDNA molecules employed,”’ [ = 294 bp + 0.34 nm/bp
= 100 nm, is close to the persistence length of dsDNA.?° Such
molecules, when adsorbed, loose one degree of freedom, with
the result that the persistence length is doubled.!” Therefore,
we must consider here dsDNA molecules that are at or near
the rod limit," (semiflexible) cylinders of diameter @ = 2 nm,
length L ~ [ (having an aspect ratio of L/&@ = 50), and, for
planar adsorption, covering an area of [+@ = 200 nm?. The
surface density of dsDNA necessary for complete, saturated,
monomolecular coverage of the surface can be estimated to be
(294 bp + 660 g-mole™'bp~!/N4)/(200 nm?) = 161 ng/cm?. As
the total surface area of the functionalized silicon wafer in the
sample cell is 3 cm x 2.4 cm, this coverage would correspond
to a total adsorbed mass of mg, = 1.16 ug. One can also define
a second quantity of much lower surface coverage, C* = [/
a(l/2)? = 4Q/nl = 0.026, or 4.1 ng/cm? in terms of surface
mass density, below which the rods could be independently
adsorbed and isotropically oriented in the surface plane. Above
this concentration, an adsorbed monolayer of dsDNA will
exhibit locally some degree of 2D nematic order (to be discussed
below).

A solution containing 1.16 ug of dsDNA (1 x myg,) was added
to the sample cell; the adsorption of the dSDNA chains remained
undetected by X-ray reflectivity under repeated measurements
over many hours of incubation. The quantity of dsSDNA in the
solution was increased by an order of magnitude (10 X M),
and after about 6 h of identical, reproducible results, we then
measured a very different (and reproducible) reflectivity profile,
as shown by the blue squares in Figure 3a and the corresponding
blue solid line in Figure 3b. This new density profile remained
unchanged (1) over time, (2) upon increasing the bulk concen-
tration of dsDNA (up to a 60 X mygyy), (3) after rinsing with the
buffer solution, and, finally, (4) even under buffer of increasingly
high monovalent ionic concentrations (up to 500 mM NaCl).
Extensive tests were also performed?” to ensure that the observed
change in the density profile was not due to radiation damage
to the functionalized substrate. An analysis®’ of the resulting

density profile (blue solid line in Figure 3) shows an increase
in the surface mass density but no significant increase in the
surface layer thickness. The integrated increase in surface mass
density incorporated into the grafted layer is measured to be
(35 £ 16) ng/cm?. This quantity is close to 10x that of the
overlap quantity C* (4.1 ng/cm?) yet less than the estimated
density of complete coverage (161 ng/cm?).

Discussion

Since the volumetric mass density of dsDNA in water is very
close to 1 g/cm?, the X-ray reflectivity measurements reported
here are insensitive to a disordered layer of dsDNA adsorbed
onto the functionalized surface, in agreement with the absence
of observed additional electron density beyond the grafted layer
thickness. A Mikado (pick-up sticks) game-like isotropic
dispersion would remain mostly undetected by X-ray reflectivity
and cannot account for the measured increase in surface mass
density. This image is pertinent due to the rigidity of the rod-
like dsDNA. Furthermore, such a disordered configuration is
unlikely as DNA crossings are energetically unfavorable3! at
low ionic strengths (here, 1 mM sodium phosphate).

The high coverage observed suggests a local, 2D nematic
order,3? such as is drawn in Figure 4. At the beginning of the
adsorption process, the surface coverage is low, events are
uncorrelated, and DNA molecules stick to the surface at random,
as stated above. As the surface coverage approaches the overlap
quantity C*, impinging molecules will be directed to more
parallel orientations by the electrostatic repulsion of the already
adsorbed molecules, yielding ordered domains with a charac-
teristic size given by the length of the rod-like dsSDNA molecules
(100 nm). Such a process can generate a 2D nematic order even
if the adsorbed chains are immobilized. If, however, the
adsorbed molecules are able to rearrange, either through sliding
or rolling, then the extent of these ordered domains could grow
through some sort of annealing process. Note, however, that
the overlap condition suggests a domain size that fortuitously
corresponds to the width of the atomic terraces (~90 nm); thus,
the question of equilibrium of the strongly adsorbed molecules
is not addressed here.

The measured increased surface mass density corresponds
to a partial penetration of the monomolecular layer of adsorbed
dsDNA molecules into the soft grafted layer, bringing additional
mass density to this region. The degree of penetration is a
function of the surface coverage of dsDNA. At one extreme, if
the adsorbed molecules were to penetrate into the layer
(thickness 1.5 nm) all the way down to touching the hard silicon
substrate (Figure 4a) through a splay deformation of the grafted


http://pubs.acs.org/action/showImage?doi=10.1021/jp807759d&iName=master.img-004.jpg&w=503&h=122

Letters

chain molecules, 80% of their mass would be incorporated into
the monolayer. [The fraction of a cylinder of diameter 2 nm
buried in a layer of thickness of 1.5 nm (1.5 x the radius) is 1
— [1/3 = (3/4)'?/(27r)] = 0.8045.] This model yields an estimate
of the real molecular surface coverage of (35 &+ 16)/0.80 = (43
+ 20) ng/cm? or a fractional surface coverage of (43 % 20)
ngecm” /161 ngecm™2=0.27 £ 0.12. In this case, the estimated
average distance between DNA double-helical chains would be
2 nm/0.27 = 7.4 nm (between 5.1 and 14 nm due to the
uncertainty of the measurement). However, this situation of such
deep incorporation is unlikely because of the covalent grafting
of the alkyl chain monolayer. The other extreme, that of total
monomolecular dsSDNA coverage (Figure 4c), is also unlikely
as it implies an intimate contact between ordered, parallel,
dsDNA chains with unfavorable energetics.’® The effective
penetration into the layer in this case would be less as the
measured value of incorporated mass density corresponds to
(35 £ 16) ngrcm %161 ng+cm 2 = 0.22 & 0.1 of the theoretical
saturated surface mass density; a simple calculation of the sagitta
of the cylindrical cross section of the adsorbed dsSDNA molecule
estimates a penetration depth of 0.54 nm. We conclude that the
measurements yield an estimated incrustation depth that lies in
the range of 0.54—1.5 nm for a surface coverage in the range
of 100—27%, corresponding to an average distance between
molecular axes in the range of 2—7.4 nm. A similar result is
observed by AFM for dsDNA condensation on cationic lipid
membranes, with a measured chain—chain separation of ~5
nm> that is compatible with the range estimated here.

Conclusions

The single-crystal substrates studied here were oxide-free and
chemically homogeneous with a dense, monomolecular organic
layer. Such a layer, covalently attached to the monocrystalline
substrate, remains soft and deformable, even for the relatively
short alkyl chain lengths used here. We note that this situation
of polyelectrolyte adsorption at a (crystalline) hard wall covered
by a dense, grafted, yet deformable monomolecular layer has
not been addressed theoretically, contrary to that of a hard wall
alone? or on a deformable membrane.?> The conformation of
DNA upon adsorption at solid interfaces as well as its mobility
depends on the details of the interactions present and the
structure of the solid interface. These details are generally not
well-known or well-characterized.

The present system is most promising for the development
of nucleic acid biochip hybridization technologies.’® These
devices are commonly designed such that the immobilized DNA
probes extend into the solution and away from the surface.’’
Hybridization with the targets then takes place directly from
the bulk solution. This mechanism is know as an Eley—Rideal**
reaction in surface chemistry. Alternatively, one can seek to
increase the efficiency of this process by the adsorption of the
complementary strands (both targets and “immobilized” probes),
which could then meet through a two-dimensional diffusion,2-2240
Such a reaction between two adsorbates is called a Langmuir—
Hinshelwood*'*> mechanism. The application of this scheme
will require well-defined, functionalized surfaces. In contrast
with approaches involving thiol grafting on gold layers or
silanation on silicon oxide layers, the use of oxide-free silicon
surfaces is particularly pertinent as they can be efficiently charge
coupled to grafted or adsorbed DNA molecules.
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