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ABSTRACT Atomic force microscopy has been used to investigate the binding between a double-stranded DNA and
bilayers of cationic lipids and zwitterionic lipids in low ionic-strength solutions. The binding of a DNA molecule to freshly
cleaved mica surface in solution has also been measured. The binding of DNA molecules to cationic lipid bilayers has a
minimal strength of �45 pN. On zwitterionic lipid bilayers and mica surface, the minimal binding strength is approximately
twice that value. The binding also has a dynamic nature, with only a certain percentage of recorded force curves containing
the binding characteristics. Divalent Mg2� ions enhance the binding by increasing that percentage without any effect on the
binding strength. We have also observed a long-range attraction between DNA molecules and cationic lipid bilayers with a
strength much larger than the minimum force and a range well over 50 nm, possibly related to the driving force responsible
for the two-dimensional condensation of DNA.

INTRODUCTION

DNA molecules, important for their biological role of car-
rying genetic information (Saenger, 1984), are also charged
polymers that display a number of distinct physical charac-
ters, such as a stretched state (Cluzel et al., 1996; Smith et
al., 1996; Williams et al., 2001), dynamic polymeric behav-
ior with individual DNA molecules (Quake et al., 1997;
Perkins et al., 1997), and chain-chain repulsion at both
short- and long-ranges in DNA liquid crystals (Strey et al.,
1997). A great number of biological processes, including
replication and recombination, involve complexes contain-
ing DNA molecules and macromolecular aggregates
(Saenger, 1984; Cook, 1999). Complexes containing DNA
molecules and lipid bilayers also form a class of biological
systems that have potential applications in gene delivery
trials (Felgner et al., 1987; Lasic, 1997; Lasic et al., 1997;
Radler et al., 1997; Zhu et al., 1993). In all the above
processes, there is a direct binding between DNA and other
molecules. Some of these bindings have been extensively
studied using chemical and biochemical methods where the
association constants are measured on large ensembles with
sufficient statistical significance (Saenger, 1984). At the
molecular level, how DNA molecules interact with other
entities may differ from the averaged results and may reveal
molecular characteristics that are buried in an average of
large ensembles. With atomic force microscopy (AFM), it is
possible to investigate molecular interactions of a single
bond (Moy et al., 1994; Hoh et al., 1992; Boland and
Ratner, 1995; Grandbois et al., 1999) and, hence, to study
how a double-stranded DNA interacts with other entities of
biological or physical interest.

In this article, we report our studies of the binding be-
tween DNA molecules and bilayers of cationic and zwitter-
ionic lipids at the molecular level involving a single mole-
cule or a few molecules, operating an atomic force
microscope in solutions. We also measured the binding of
DNA molecules to freshly cleaved mica surface in solution.
The cationic lipid dipalmitoyl-dimethylammonium-propane
(DPDAP) is similar to those that form complexes with DNA
molecules, believed to be essential for efficient gene deliv-
ery (Felgner et al., 1987; Lasic, 1997; Zhu et al., 1993). The
zwitterionic lipid dipalmitoylphosphatidylcholine (DPPC)
mimic biomembranes (Cevc and Marsh, 1978). Mica sur-
faces are atomically flat and are widely used as substrate for
biological applications of in situ AFM (Hansma and Hoh,
1994; Shao and Yang, 1995; Bustamante and Keller, 1995;
Han et al., 1997).

To understand how to use AFM to investigate the binding
between a single DNA molecule and a substrate, we de-
scribe briefly the basics of the instrument as a molecular
force probe. The raw data of an AFM force curve without
any tip-sample interaction have the typical feature shown in
part (A) of Fig. 1. The vertical scale measures intensity
difference from two photo-detectors (A-B signal), with the
source being the laser beam reflected from the cantilever.
The A-B signal is highly sensitive to the vertical movement
of the cantilever tip. When the tip is apart from the sample
surface, the cantilever is in the relaxed position and the A-B
signal is a constant, corresponding to the flat region of the
force curve and establishing a base line. After the tip is
engaged to the sample surface, the cantilever follows the
vertical movement of the piezo scanner, resulting in a linear
slope of the A-B signal. Note that the A-B signal is propor-
tional to the vertical movement of the cantilever, and that
the restoring force is obtained on the basis that within the
range of the movement the cantilever behaves like a linear
spring. If there is a tip-sample attraction, we expect the
approaching curve to be similar to the one in part (A).
However, the retracting curve will be similar to the one
shown in part (B), where the tip adheres to the sample
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surface until the restoring force of the cantilever becomes
large enough to snap it off the sample surface. With a
known spring constant of the cantilever, the magnitude of
the attraction can be obtained from the vertical displacement
of the cantilever.

For a tip coated with a DNA molecule, any detected
adhesion reflects the binding between DNA and the sub-
strate. On this basis, we have developed a method to attach
a DNA molecule onto an AFM tip. Force curves for such
treated tips revealed typical binding forces of �45 pN or a
simple multiple of that, indicating the binding of a single
DNA molecule or just a few molecules. Moreover, the
binding showed a predominant dynamic nature. For re-
peated force curves on the same surface, only part of re-
corded curves, ranging from 5 to 16%, showed the binding.
It was found that divalent Mg2� ions caused an increase of
the percentage of force curves with the binding character,
with no effect on the binding strength. On cationic lipid
bilayers, there were cases where an attraction occurred as
the tip was clearly far away from the substrate. These
attractions have a long-range character with a significant
strength well over 50 nm, are much larger than 45 pN, and
bear no resemblance to the attraction expected to an en-
tropic elastic polymer. There were also force curves con-
sistent with an attachment of a globular structure folded by
an entangled DNA molecule.

MATERIALS AND METHODS

Materials

Zwitterionic and cationic lipids (DPPC and DPDAP) dissolved in chloro-
form were purchased from Avanti Polar Lipids (Alabaster, AL) and used
without further purification. All DNA molecules were obtained from
Sigma Aldrich (St. Louis, MO), and used after appropriate dilution. They
include �-DNA, Col E1 plasmid DNA of �6600 bp, pZT plasmid DNA of

2880 bp, and �-DNA EcoR I Digest. All divalent and multivalent salts
(MgCl2�6H2O, MnCl2�4H2O, and spermine) were also obtained from
Sigma Aldrich.

Supported bilayers

Supported unilamellar bilayers were prepared by the method of vesicle
fusion as reported elsewhere (Fang and Yang, 1996, 1997b). Briefly, a
glass culture tube was used to contain �1.2 ml of a lipid suspension at a
concentration of 0.2 mg/ml in 20 mM NaCl. The tube was then sonicated
until clear under nitrogen gas. Afterward, a droplet (�0.3 ml) of the lipid
suspension was applied to cover a piece of freshly cleaved mica. The
substrate was then stored at 4°C overnight. Finally, the substrate was
heated for 30 to 60 min at 50°C and 60°C for DPPC and DPDAP,
respectively. The existence and the quality of the bilayer were examined by
AFM. Bilayers of large surface coverage without excessive aggregates
were used in our force studies.

AFM force curves

A NanoScope E AFM and oxide-sharpened Si3N4 tips with a nominal
spring constant of 0.06 N/m, all from Digital Instruments (Santa Barbara,
CA), were used in this work. Force curves were recorded with the com-
mercial Instruments and data files were converted to ASCII text format to
allow data analysis. All force curves were obtained in solution with a
homemade fluid cell retrofit to the AFM head. The basis of a force curve
is described in the introduction section. With an actual instrument, a force
curve is recorded as the tip-sample distance is driven to oscillate at a giving
frequency. Therefore, there is an approaching curve and a retracting curve
in a complete driven cycle. The tip is in contact with the sample when the
A-B signal is in the slope region. In our experiments, we chose to have the
contact time long enough to get a good measurement of the slope so that
it was �10% of the time of a complete cycle. The time of the cycle is the
inverse of the operating frequency.

Tip treatment

An oxide-sharpened Si3N4 tip was silanized by briefly immersing it in
methacryloxypropyl trimethoxysilane (MAPS) liquid, followed by drying
under ambient conditions. This procedure allows a coating of MAPS onto
the oxidized tip without need of any additional tip oxidization procedure
(Vansteenkiste et al., 2000). Then, the silanized tip was dipped into a
solution containing DNA molecules and 0.2% each of ammonium persul-
fate (APS, by weight) and N,N,N�,N�-tetramethylethylenediamine
(TEMED, by volume), respectively. The catalytic agents APS and TEMED
together facilitate the reduction of the alkene double-bond of the MAPS
and covalently link the opened bond to a reactive group, such as an OH
group or an ether group (Hames, 1981; Rothe and Maurer, 1986). The time
of the reaction (�1 h) was optimized to allow covalent binding of DNA
strands to the tip without much aggregation.

RESULTS

The attachment of DNA molecules to the end of an AFM tip
allows an investigation of the binding of DNA molecules to
the substrate materials. We have found a striking feature in
our force curves that reveal the molecular detail of the
binding of DNA to a substrate surface. Fig. 2 A shows a
typical example: the raw data of the A-B signal as the tip
were retracted from the sample surface. The flat region
slightly below the base line signals a constant pulling force.

FIGURE 1 Illustration of the main basics of AFM force curves.

358 Cai and Yang

Biophysical Journal 82(1) 357–365



According to the spring constant of our tips, we converted
the raw data into a relative measurement of a tip-sample
attractive force by first calculating an average slope, fol-
lowed by mapping the A-B signal to the cantilever vertical
displacement and setting the base line as zero. Fig. 2 B
shows both the retracting force curve with a plateau above
the base line and the approaching force curve with an
artificial offset to bring out the entire feature of the curve. A
negative attractive force means a repulsive force. Several
key positions in the force curves are marked and briefly
explained on the graph. The small attractive force spike in
the approaching force curve indicates the existence of a
tip-sample attraction that gives rise to the large initial ad-
hesion force as seen in the retracting force curve. Note the
same slope for the retracting and approaching force curves.
This is because the slope is caused by the vertical movement
of the piezo scanner while the tip is in contact with the
sample.

The plateau of the retracting force curve represents a new
feature attributable to the binding of a double-stranded
DNA to the surface. Fig. 3 illustrates the scenario. As a
uniformly bound DNA chain is pulled from the surface, a
constant attraction plateau occurs until the contact is being
pulled to snap off. The final detachment of bound-DNA

molecule leads to a force step, providing a quantitative
measurement of the binding strength between the DNA
molecule and the sample surface. In this scenario, the same
phenomenon occurs if only part of a DNA molecule is
uniformly bound to the surface. Fig. 4 shows an example
with two force plateaus, corresponding to a situation of
binding to two DNA strands.

In our force measurements, it was found that for a tip with
attached DNA molecules, not all of its force curves con-
tained the binding-characteristic plateau. Moreover, there
was always a large initial attractive force that tends to bury
any short plateau. To maximize the effect, we have usedFIGURE 2 Part (A) are original raw data of the A-B signal vs the piezo

scanner z movement. Part (B) are plots of retracting and approaching force
curves. The force curves were obtained by a tip with attached �-DNA on
a DPDAP bilayer in 4-mM MgCl2 solution.

FIGURE 3 A model depicting a tip with one attached DNA molecule
that has a part uniformly bound to a substrate.

FIGURE 4 The top part shows a force curve with two attraction plateaus
and the bottom part models a scenario corresponding to the two plateaus.
The force curve was obtained in 4 mM MgCl2 with a tip attached with
�-DNA on a DPDAP bilayer.
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�-DNA molecules extensively for the binding studies, be-
cause of their relatively long length that would result in a
longer plateau. For tips with attached �-DNA molecules, it
was found that on cationic lipid bilayers, �9% of the force
curves contained the DNA-binding character in 20 mM
NaCl (26 of 296 at 1 Hz and 19 of 210 at 10 Hz). This
percentage increased to 16% in 4 mM MgCl2 (46 of 281 at
1 Hz and 49 of 314 at 10 Hz). Similar features were
observed when ionic strength was changed to 1 M NaCl or
100 mM MgCl2, consistent with our earlier study (Fang and
Yang, 1997a). For �10% of the time the tip was in contact
with the sample, the timescale involved in our experiments
was �0.1 s.

On mica surface, the overall percentage of force curves
with the binding plateau in 4-mM MgCl2 solution remained
to be high (27 of 186 at 1 Hz and 12 of 96 at 10 Hz).
However, in 20-mM NaCl solution, no binding was detected
within the instrumental limit (for a total of �100 curves at
each operating frequency). On zwitterionic DPPC bilayers,
the binding occurred only at a very low percentage in 4 mM
MgCl2 (9 of 196 at 1 Hz and none at 10 Hz for a total of 192
force curves). Again, we did not observe any binding char-
acter in 20 mM NaCl (�100 curves for each operating
frequency). Therefore, within the timescales of our experi-
ments, the binding of double-stranded DNA to the three
kinds of surfaces is strongly favored in the presence of
divalent Mg2� ions. In the presence of monovalent Na�

ions, we only detected a significant binding of DNA mol-
ecules to DPDAP lipid bilayers.

Fig. 5 summarizes our results. It shows the number of
occurrence of force curves with the binding plateau for
different force steps at two vertical raster frequencies on the
three surfaces containing either divalent Mg2� ions (4 mM)
or monovalent Na� ions (20 mM). On cationic DPDAP
bilayers, the binding of DNA was notable in the presence of
either divalent Mg2� ions or monovalent Na� ions. At the
lower frequency, a fine structure of binding character is
more distinct, showing that the strengths of the binding
force are multiples of a minimal value of �45 pN. At the
higher frequency, the overall distribution function of the
binding strength shifts slightly to the right, although still
retaining some characters of the fine structure. A similar
fine structure was also found in NaCl solution at 1 Hz. On
zwitterionic DPPC bilayers in 4-mM MgCl2 solution, a
dependence of the binding of DNA on the operating fre-
quency is notable because of the absence of detected biding
at 10 Hz, indicating that the timescale of establishing a
stable binding is rather long. On both mica surface and
DPPC bilayer, any fine structure of the binding character is
lost, with only a force unit of �90 pN for the strength.
These results provide a molecular level strength for the
binding of DNA to these surfaces in low ionic-concentration
solutions.

We have also investigated the binding of DNA molecules
to these three surfaces in solutions containing two high-

valence ions. No significant binding was detected in solu-
tions containing tetravalent salt spermine at a concentration
of just 0.005 mM. In the presence of divalent Mn2� ions,
binding events was observed only at concentrations �20
mM. These results are complementary to our earlier study
(Fang and Yang, 1997a).

For shorter DNA fragments, the length of force steps was
much shorter and the percentage of the force curves with a
plateau was much lower, as was the case with circular
plasmid DNA molecules. However, the initial adhesion
force was still notable and similar for all kinds of DNA
molecules used.

Increasing the concentration of catalytic agents, such as at
a higher concentration of APS and TEMED in the process
of attaching DNA molecules to a silanized tip or increasing
the reaction time, we obtained force curves mostly with
much too large initial adhesion forces. Such an effect pre-
vented the detection of any force plateau with the step
length buried in the large adhesion force, although some
plateaus of a longer step length were detected. This phe-
nomenon indicates that increasing catalytic agents caused a

FIGURE 5 Here are seven distribution plots showing the occurrence of
binding events at two frequencies in two ion species on three kinds of
surfaces. Mg stands for 4-mM MgCl2 solution and Na for 20-mM NaCl
solution. Tips with attached �-DNA were used for all datapoints here. Only
force curves containing the binding character are included in these plots.
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formation of an aggregate at the tip so that the magnitude of
the initial adhesion force became larger. The aggregate
could contain a number of DNA molecules and their inter-
actions with the sample were superimposed, losing the
information pertinent to individual double-stranded DNA.
Therefore, it is not desirable to involve too many catalytic
agents during the process of tip treatment. We realize that it
is also difficult to guarantee the attachment of only a single
DNA molecule to a tip during the treatment. The condition
finally adopted for our investigation was a result of a great
deal of trials to attain an optimization.

Besides the unique force curves that reveal the value of
the binding strength, we have also noticed another interest-
ing feature in our force curves. An example force curve is
shown in Fig. 6. Here an apparent increase of the tip-sample
attraction arises after the tip is well away from the tip-
sample contact point as the tip retracts, indicating a different
phenomenon from a uniform binding of the DNA molecule
to the surface. This phenomenon was most prominent on
cationic lipid bilayers and was occasionally observed on
mica surface in 4 mM MgCl2. Fig. 7 shows four more
examples, with the horizontal axis representing the tip-
sample distance. For each force curve, an arbitrary constant
was added to separate the four curves to demonstrate the
feature of this far-away attraction.

On DPPC bilayers in the presence of Mg2� ions, we
observed yet another kind of phenomenon. Fig. 8 shows an
example force curve. As the tip was pulling away from the
surface, the surface behavior changed. The tip-sample in-
teraction showed first the feature of a hard, incompressible
surface with a very steep slope, then the character of a very
soft and compressible surface with a much less inclined
slope (arrow), and finally a stretched character because the
tip is above the relaxed position. At last, the tip snapped
back to the relaxed position as it completely detached from
the surface.

DISCUSSION

Minimum binding strength

Our tip-treatment resulted in a nonspecific attachment of a
DNA molecule to an AFM tip. This method is not desirable
for simultaneously obtaining molecular information corre-
lating to the length of DNA molecules, such as whether a
DNA molecule is stretched (Cluzel et al., 1996; Smith et al.,
1996). However, it still marks a considerable advancement
in the study of interaction between DNA molecules and
other entities and provides, for the first time, the binding
strength between individual double-stranded DNA and the
three kinds of surfaces. It is conceivable to extend the
method to investigate the interaction between DNA and
other biomacromolecules or macromolecular complexes.

The intermolecular force, instead of the binding energy,
is directly measured with AFM. With a reasonable physical

FIGURE 6 A force curve obtained using a tip with attached �-DNA in 4
mM MgCl2 on a DPDAP bilayer.

FIGURE 7 Four force curves with arbitrary offsets to demonstrate their
individual features. Left end of the horizontal axis is far from the origin of
these force curves to enhance the feature of the long-range attraction far
away from the tip-sample contact point.

FIGURE 8 A force curve obtained by a tip with attached �-DNA in 20
mM NaCl on a DPPC bilayer.
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assumption, it is possible to estimate the binding energy at
the molecular level. The detected force measures the bind-
ing energy per unit length. According to the assumption that
all typical noncovalent bonds break at a stretched length of
�1 Å (Zaccai, 2001), the minimal binding energy corre-
sponding to the minimum strength of 45 pN is then just
slightly above the thermal energy at room temperature
(kBT). If the length of interest is an average distance be-
tween neighboring charges without taking into account of
the helical nature of DNA molecule, we obtain a minimum
binding energy twice the room temperature thermal energy.
Comparing to an earlier estimation of the binding energy
based on structural studies of the two-dimensional (2-D)
condensation of DNA with a lower binding limit of �8 kBT
per helical turn (Yang et al., 1996); the present direct force
measurements yield a stronger binding energy per unit
length.

The minimum attractive force as revealed in our experi-
ments indicates that the binding between a DNA molecule
and the three kinds of surfaces has a quantized character.
Because this binding is intrinsically nonspecific and is
likely of electrostatic nature, our finding actually indicates
that any binding with a dominant electrostatic interaction in
solution may require a minimal force of �45 pN. We note
that on DPPC bilayer and on mica surface, the minimal
binding force was actually �90 pN, twice the minimum
force on cationic DPDAP bilayers. At present, we do not
have an explanation for this phenomenon. One attempt to
explain the result is to relate the binding to the number of
bases involved. However, more experiments are needed to
elucidate the physical origin of the phenomenon.

The minimum binding force measured here leads to an
estimated binding energy just slightly above the thermal
energy at room temperature, implying that for a stable
binding of DNA molecules, a cooperative involvement of
several to several tens bases must occur. Then, the overall
binding strength can be sufficient to overcome any thermal
fluctuation to result in a stable association.

The low probability of binding events in recorded force
curves indicates that an adsorption of DNA molecule to
these surfaces is of a dynamic nature. It is feasible that an
adsorption actually involves two processes, a probability for
the binding to take place, and the strength of the binding
being large enough to overcome thermal and entropic fluc-
tuations. Taking this probability into account, which is
essentially the percentage of the occurrence of binding
events, our results give an overall binding strength of �7
pJ/m, or �6 kBT over the length of a helical pitch.

At longer timescales, it is likely to have a larger binding
probability and, hence, a stronger overall binding strength.
This was actually notable in our experiments of the binding
of DNA to DPPC bilayers in 4 mM MgCl2, where no
binding was observed at 10 Hz, indicating that a longer time
did enhance the chance of adsorption of DNA molecules to
the surfaces. On this basis, without detecting any binding of

DNA molecules to DPPC bilayers in 20-mM NaCl solutions
in our current study only reveals that a stable binding has
not been achieved at the timescale of our experiments (�0.1
s). This result is not in conflict with our earlier study in
which DNA molecules did show binding to DPPC bilayer
after 1 day of incubation (Malghani and Yang, 1998), or a
recent study that indicated the binding of DNA to gel-phase
phosphatidylcholine bilayers in a binding essay study using
short nucleotides and phosphatidylcholine vesicles (Lu and
Rhodes, 2001). We note that the timescale involved here is
much longer than the inverse of the molecular bond reso-
nance frequency, which is responsible for the dynamics of
the molecular adhesion bonds (Evans and Ritchie, 1997).

A strong dependence of the binding of DNA on the
species of ions in the solution suggests that ions are not just
simply agents to screen any long-range electrostatic inter-
action. On negatively charged mica surface, it is under-
standable that divalent Mg2� ions mediate the binding of
DNA molecules via salt bridges. On zwitterionic DPPC
bilayers and on cationic DPDAP bilayers, Mg2� ions no
longer just play the simple role of establishing salt bridges.
We note that overall effect of Mg2� ions is to increase the
probability of the binding of DNA to the three kinds of
surfaces. Their presence did not change the binding
strength. According to a recent work and theoretical analy-
sis, the persistent length of DNA in 20-mM NaCl and 4-mM
MgCl2 is �50 nm (Baumann et al., 1997; Podgornik et al.,
2000). Therefore, it is likely that Mg2� ions also mediate
intra-strand interactions to stabilize the conformation of
DNA to render it more likely to be bound to an attractive
surface.

To understand molecular details of the binding of DNA
molecules on these surfaces, it may require appropriate
molecular modeling for any future theoretical analysis. A
recent theory on the attractive interaction between DNA
molecule and cationic lipid bilayers showed a binding force
of the order kBT/b, with b the average distance between
bases (Bruinsma, 1998). This value is within one order of
magnitude of our experimental results. Other related theo-
ries on the attraction between DNA molecules in the 3-D
condensation of DNA resulted in a binding strength approx-
imately one order of magnitude smaller (Gronbech-Jensen
et al., 1997). Therefore, our results indicate that new ap-
proaches may be required to understand the phenomenon of
the molecular level binding processes involving DNA mol-
ecules. It is also possible to modify or refine current theories
to account for the molecular level details of how DNA
interacts with other entities, especially in light of recent
development of a more comprehensive theory on DNA and
cationic lipid complexes (May et al., 2000).

Long-range attraction

The observation of an attraction between DNA and cationic
lipid bilayers well away from the tip-sample contact point is
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a new phenomenon. We note that the magnitude of the
attraction just before the tip snapping back to the relaxed
position is several times the minimum binding force as
mentioned in the above, indicating that there is a different
mechanism to hold DNA tightly bound to the bilayers. The
simple binding does not play a parallel role to hold the DNA
to the surface because the attraction shows a smooth and
long-range character without any force steps. Therefore, our
results reveal a different aspect of the DNA-lipid associa-
tion.

To analyze this phenomenon, we normalized five force
curves, by aligning them at 0.05 nN above the base line, and
the result is shown in Fig. 9. The normalized force curve
lacks the information about how far away from the tip-
sample contact the attraction occurs. However, it allows us
to examine the nature of the attraction after an average. Note
the three fitting curves on the graph. The best fitting line is
a power law with the zero as that of the normalized z axis in
the figure, with fitting parameters shown. Although a poly-
nomial function would fit the curve just as well, we chose
the power law function so that the fitting has less variable
parameters. At present, we do not have a theoretical model
for this attraction. These fitting parameters will be useful for
future theoretical modeling to compare with our experimen-
tal results.

The other two fitting curves in Fig. 9 correspond to
modeling the DNA as freely jointed chains, because it has
been shown that both DNA molecules and polysaccharides
do behave like elastic polymers (Austin et al., 1997; Smith
et al., 1992; Rief et al., 1997; Marszalek et al., 1998).
However, both curves do not fit well to our experimental
data. Even worse, the two fits result in Kuhn lengths of 0.1
nm and 0.3 nm, respectively, much shorter than the com-
monly accepted Kuhn length for DNA molecules (Schell-

man, 1974). These fits were also at different zero points,
assuming only part of the molecule was under elastic strain,
instead of the entire molecule between the tip and the
sample. From these fits we see that if we set zero to be at the
tip-sample contact point, an elastic polymer model would
have no resemblance at all to our experimental force curves.
Therefore, simple entropic elastic response by no means
contributes to the observed attraction spikes.

The long-range character of the attraction indicates that
the binding of DNA to cationic bilayers may involve some
kind of attractive configuration potential and the measured
force reflects the derivative of such a potential energy. It has
been shown that on DPDAP cationic lipid bilayers, bound
DNA molecules can condense into 2-D nematically ordered
arrays (Fang and Yang, 1997b). Some initial successes in
theoretical modelings have counted for several aspects of
the 2-D condensation of DNA (Dan, 1996; Podgornik,
1997). Because we rule out the possibility that the observed
phenomenon is attributable to a simple binding of a DNA
molecule to the bilayer, it is likely that the detect long-range
attraction is attributable to the attractive potential that drives
the 2-D condensation of membrane-bound DNA.

The condensation of DNA on 2-D bilayers has been
shown in several DNA-cationic lipid systems (Fang and
Yang, 1997b; Mou et al., 1995; Clausen-Schaumann and
Gaub, 1999). The actual potential energy responsible for the
2-D condensation of DNA must involve more than one base
in the condensed DNA molecules. Because an exact length
of the molecule involved in the condensation is not known,
the energy per base for the condensation can not be deter-
mined from our force curves. According to the force curves,
notable attraction was detected over a range of �70 nm.
That the breaking-away force is larger than the minimum
binding strength shows that the interaction between con-
densed DNA molecules is stronger than a simple adsorption
so that the energetic basis for the condensation exists. The
long-range force also reflects the cooperative nature of the
phenomenon so that a consideration of individual bases may
not apply, further supporting the conjecture that the long-
range force is more likely attributable to the condensation of
DNA because that process is intrinsically cooperative. We
hope our results provide a useful basis for future theoretical
investigation at the molecular details.

We also note that our data are somewhat similar to an
earlier report of a long-range attraction between DNA bases
(Pincet et al., 1996). However, the origin of the attraction
must be different. In that case, the interaction is between
DNA bases in solution, possibly because of a correlation of
orientation ordering (Pincet et al., 1996). In our experi-
ments, the long-range is a restoring force from pulling on a
single DNA chain, with one end of the chain bound to a
cationic lipid bilayer. The recent theoretical work on com-
plexes of DNA and cationic lipids may be extended to
account for the observed phenomenon in real space (May et
al., 2000).

FIGURE 9 A normalized force curve and three fits. Dots are normalized
datapoints from five force curves. The best fit is a power law with
parameters shown. Two other fits are those of elastic polymers with Kuhn
lengths and initiation points specified on the graph.
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Attachment of a globular structure

The change of the surface behavior from hard to soft, in
addition to an attraction between the tip and the sample, is
consistent with the picture that part of the DNA molecule
below the tip was folded into some kind of global structure.
Then, instead of a polymeric string, a soft globular structure
was attached to the tip so that the overall response would be
similar to the ones we observed (Fig. 8). The attraction still
is the result of the binding of DNA to the surface. The
breaking-away force is also larger than the minimum bind-
ing strength, which is consistent with the globular structure
of folded DNA molecules, as several segments of DNA are
likely to be involved in the binding of the soft globe to the
surface.

CONCLUSION

Our results show, once again, the potential of AFM in
biological applications. At the molecular level involving a
single DNA molecule, the binding of DNA to the three
kinds of surfaces contains several distinct physical charac-
teristics. We show that the binding of a DNA molecule to a
nonspecific target is associated with a minimum strength of
�45 pN. The divalent ion Mg2� is likely to bridge intras-
trand interaction to render a long DNA molecule more
likely to adopt a conformation facilitating a stable bond to
an attractive surface, rather than directly bridging the DNA
to a substrate. The observed long-range attraction provide
an experimental base for any future theoretical analysis or
refinement of current theories on DNA-cationic lipid inter-
actions.
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related to this work. This work was partially supported by US Army
Research Office.

REFERENCES

Austin, R. H., J. P. Brody, E. C. Cox, T. Duke, and W. Volkmuth. 1997.
Stretched genes. Physics Today. 50:32–38.

Baumann, C. G., S. Smith, V. A. Bloomfield, and C. Bustamante. 1997.
Ionic effects on the elasticity of single DNA molecules. Proc. Natl.
Acad. Sci. U.S.A. 94:6185–6190.

Boland, T., and B. D. Ratner. 1995. Direct measurement of hydrogen
bonding in DNA nucleotide bases by atomic force microscopy. Proc.
Natl. Acad. Sci. U.S.A. 92:5297–5301.

Bruinsma, R. 1998. Electrostatics of DNA-cationic lipid complexes: iso-
electric instability. Eur. Phys. J. B4:75–88.

Bustamante, C., and D. Keller. 1995. Scanning force microscopy in biol-
ogy. Physics Today. 48:32–38.

Cevc, G., and D. Marsh. 1978. Phospholipid Bilayers: Physical Properties
and Model. Wiley, New York.

Clausen-Schaumann, H., and H. E. Gaub. 1999. DNA adsorption to later-
ally structured charged lipid membranes. Langmuir. 15:8246–8251.

Cluzel, P., A. Lebrun, C. Heller, R. Lavery, J. L. Viovy, D. Chateney, and
F. Caron. 1996. DNA: an extensible molecule. Science. 271:792–794.

Cook, P. R. 1999. The organization of replication and transcription. Sci-
ence. 284:1790–1795.

Dan, N. 1996. Formation of ordered domains in membrane-bound DNA.
Biophys. J. 71:1267–1272.

Evans, E., and K. Ritchie. 1997. Dynamics of molecular adhesion bonds.
Biophys. J. 72:1541–1555.

Fang, Y., and J. Yang. 1996. Role of the bilayer-bilayer interaction on the
ripple structure of supported bilayers in solution. J. Phys. Chem. 100:
15614–15619.

Fang, Y., and J. Yang. 1997a. Effect of cationic strength and species on
2-D condensation of DNA. J. Phys. Chem. 101:3453–3456.

Fang, Y., and J. Yang. 1997b. Two-dimensional condensation of DNA
molecules on cationic lipid membranes. J. Phys. Chem. 101:441–449.

Felgner, P. L., T. R. Gadek, M. Holm, R. Roman, H. W. Chan, J. P.
Northrop, G. M. Ringold, and M. Danielsen. 1987. Lipofection: a highly
efficient, lipid-mediated DNA-transfection procedure. Proc. Natl. Acad.
Sci. U.S.A. 84:7413–7417.

Grandbois, M., M. Beyer, M. Rief, H. Clausen-Schaumann, and H. E.
Gaub. 1999. How strong is a covalent bond? Science. 283:1727–1730.

Gronbech-Jensen, N., R. J. Mashl, R. F. Bruinsma, and W. M. Gelbart.
1997. Counterion-induced attraction between rigid polyelectrolytes.
Phys. Rev. Lett. 78:2477–2480.

Hames, B. D. 1981. An introduction to polyacrylamide gel electrophoresis.
In Gel Electrophoresis of Proteins. B.D. Hames and D. Rickwood,
editors. IRL Press, Oxford.

Han, W., S. M. Lindsay, M. Dlakic, and R. E. Harrington. 1997. Kinked
DNA. Nature. 386:563.

Hansma, H. G., and J. Hoh. 1994. Biomolecular imaging with the atomic
force microscope. Ann. Rev. Biophys. Biomol. Struct. 23:115–128.

Hoh, J. H., J. P. Cleveland, C. B. Prater, J. P. Revel, and P. K. Hansma.
1992. Quantized adhesion detected with the atomic force microscope.
J. Am. Chem. Soc. 114:4917–4918.

Lasic, D. D. 1997. Liposomes in Gene Delivery. CRC Press, Boca Raton.
Lasic, D. D., and N. Templeton. 1996. Liposomes in gene therapy. Adv.

Drug Del. Rev. 20:221–226.
Lasic, D. D., H. Strey, M. C. Stuart, R. Podgornik, and P. M. Frederik.

1997. The structure of DNA-liposome complexes. J. Am. Chem. Soc.
119:832–833.

Lu, D., and D. G. Rhodes. 2001. Phosphorothioate oligonucleotides bind
only to ordered zwitterionic liposomes. Biophys. J. 80:489a.

Malghani, M. S., and J. Yang, J. 1998. Stable binding of DNA to zwitter-
ionic lipid bilayers in aqueous solutions. J. Phys. Chem. 44:8930–8933.

Marszalek, P. E., A. Oberhauser, Y. P. Pang, and J. M. Fernandez. 1998.
Polysaccharide elasticity governed by chair-boat transitions of the glu-
copyranose ring. Nature. 396:661–664.

May, S., D. Harries, and A. Ben-Shaul. 2000. The phase behavior of
cationic lipid-DNA complexes. Biophys. J. 78:1681–1697.

Mou, J., D. M. Czajkowsky, Y. Zhang, and Z. Shao. 1995. High-resolution
atomic-force microscopy of DNA: the pitch of the double helix. FEBS
Lett. 371:279–282.

Moy, V. T., E. L. Florin, and H. E. Gaub. 1994. Intermolecular forces and
energies. Science. 266:257–260.

Perkins, T. T., D. E. Smith, and S. Chu. 1997. Single polymer dynamics in
an elongational flow. Science. 276:2016–2021.

Pincet, F., E. Perez, G. Bruant, L. Lebeau, and C. Mioskowski. 1996.
Specific forces between DNA bases. Mod. Phys. Lett. B10:81–99.

Podgornik, R. 1997. Supporting membrane shape instability in the presence
of strongly adsorbed flexible polymers. Langmuir. 13:4791–4794.

Podgornik, R., P. L. Hensen, and V. A. Parsegian. 2000. Elastic moduli
renormalization in self-interacting stretchable polyelectrolytes. J. Chem.
Phys. 113:9343–9350.

Quake, S. R., H. Babcock, and S. Chu. 1997. The dynamics of partially
extended single molecules of DNA. Nature. 388:151–154.

Radler, J., I. Koltover, T. Salditt, and C. R. Safinya. 1997. Structure of
DNA-cationic liposome complexes: DNA intercalation in multilamellar
membranes in distinct interhelical packing regimes. Science. 275:
810–814.

364 Cai and Yang

Biophysical Journal 82(1) 357–365



Rief, M., F. Oesterhelt, B. Heymann, and H. E. Gaub. 1997. Single
molecule force spectroscopy on polysaccharides by atomic force micros-
copy. Science. 275:1295–1297.

Rothe, G. M., and W. D. Maurer. 1986. One-dimensional PAA-gel elec-
trophoretic techniques to separate functional and denatured proteins. In
Gel Electrophoresis of Proteins. M.J. Dunn, editor. IOP Publishing
Limited, Bristol.

Saenger, W. 1984. Principles of Nucleic Acid Structure. Springer-Verlag,
New York.

Schellman, J. A. 1974. Flexibility of DNA. Biopolymers. 13:217–226.
Shao, Z., and J. Yang. 1995. Progress in high resolution atomic force

microscopy in biology. Q. Rev. Biophys. 28:195–251.
Smith, S. B., Y. Cui, and C. Bustamante. 1996. Overstretching B-DNA: the

elastic response of individual double-stranded and single-stranded DNA
molecules. Science. 271:795–798.

Smith, S. B., L. Finzi, and C. Bustamante. 1992. Direct mechanical
measurements of the elasticity of single DNA molecules by using
magnetic beads. Science. 258:1122–1126.

Strey, H. H., V. A. Parsegian, and R. Podgornik. 1997. Equation of state for
DNA liquid crystals: fluctuation enhanced electrostatic double layer
repulsion. Phys. Rev. Lett. 78:895–898.

Vansteenkiste, S. O., S. I. Corneillie, E. H. Schacht, X. Chen, M. C.
Davies, M. Moens, and L. Van Vaeck. 2000. Direct measurement of
protein adhesion at biomaterial surfaces by scanning force microscopy.
Langmuir. 16:3330–3336.

Williams, M. C., J. R. Wenner, I. Rouzina, and V. A. Bloomfield. 2001.
Entropy and heat capacity of DNA melting from temperature depen-
dence of single molecule stretching. Biophys. J. 80:1932–1939.

Yang, J., L. Wang, and R. D. Camerini-Otero. 1996. The close-packing and
the pitch-variance of membrane-bound DNA in solution. Nanobiology.
4:93–100.

Zaccai, G. 2001. How soft is a protein? A protein dynamics force constant
measured by neutron scattering. Science. 288:1604–1607.

Zhu, N., D. Liggitt, Y. Liu, and R. Debs. 1993. Systemic gene expression
after intravenous DNA delivery into adult mice. Science. 261:209–211.

Molecular Forces for the Binding and Condensation of DNA 365

Biophysical Journal 82(1) 357–365


	Molecular Forces for the Binding and Condensation of DNA Molecules
	Introduction
	Materials and methods
	Materials
	Supported bilayers
	AFM force curves
	Tip treatment

	Results
	Discussion
	Minimum binding strength
	Long-range attraction
	Attachment of a globular structure

	Conclusion
	Acknowledgement
	References


