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ABSTRACT

The interaction of cationic surfactants with single
dsDNA molecules has been studied using force-
measuring optical tweezers. For hydrophobic
chains of length 12 and greater, pulling experiments
show characteristic features (e.g. hysteresis
between the pulling and relaxation curves, force-
plateau along the force curves), typical of a
condensed phase (compaction of a long DNA into
a micron-sized particle). Depending on the length
of the hydrophobic chain of the surfactant, we
observe different mechanical behaviours of the
complex (DNA-surfactants), which provide evidence
for different binding modes. Taken together, our
measurements suggest that short-chain surfac-
tants, which do not induce any condensation,
could lie down on the DNA surface and directly
interact with the DNA grooves through hydropho-
bic–hydrophobic interactions. In contrast, long-
chain surfactants could have their aliphatic tails
pointing away from the DNA surface, which could
promote inter-molecular interactions between
hydrophobic chains and subsequently favour DNA
condensation.

INTRODUCTION

DNA condensation is a fundamental process that has
implications in both applied [e.g. gene delivery (1,2)] and
basic research (3). Condensation of DNA can be achieved
using either cations of charge +3 or greater (that

neutralize 90% of the charge of DNA) or poor solvents
(that make interactions of DNA with its environment
less favourable) (4). As for multivalent cations (having
a valence �3), monovalent cationic surfactants with
sufficient long hydrophobic chains have the capability
to condense large DNA molecules into micron-sized
particles (4,5).
Still, the interaction of DNA with surfactants is of

debate. In a recent study, Zhu and Evans (6) have
suggested that the binding of surfactants with DNA
proceeds through the formation of surfactant aggregates
on the DNA [forming in solution and the presence of
polymer chains (e.g. DNA) when the surfactant concen-
tration is above the critical aggregate concentration
(CAC)] that subsequently associate with the phosphate
groups of DNA. This result differs from previous
studies (both experimental and theoretical), which have
proposed that a single surfactant monomer could interact
with DNA solely through charge–charge interactions
and subsequently catalyse the binding of additional
molecules (7,8).
Various experimental methods have been used in the

past to study the interaction of DNA and surfactants:
surface tension, fluorescence, isothermal titration calori-
metry, UV spectroscopy (3). Using these methods,
ensemble properties can be determined (e.g. thermody-
namics) from which the local binding mode of these
surfactants with DNA may be indirectly determined.
Direct and probably more precise information can also be
obtained from ultra-sensitive techniques [atomic force
microscopy, optical or magnetic tweezers (9–11)] that
probe the intra- and inter-molecular forces of single
molecules (e.g. DNA). For instance, the persistence length
(the stiffness of a polymer chain) and the stretch modulus
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(the resistance to longitudinal strain) of DNA are relevant
physical parameters (directly accessible from pulling
experiments), which are sensitive to slight deformations
in the DNA structure (12) and in turn reveal different
interaction modes of bound molecules (e.g. surfactants) to
DNA.
Here, we report on optical tweezers experiments

performed in different modes of operation (pulling,
force-clamp) on single double-stranded DNA (dsDNA)
molecules in the presence of various cationic surfactants
[octyl-trimethyl-ammonium bromide (OTAB), dodecyl-
trimethyl-ammonium bromide (DTAB) and cetyl-
trimethyl-ammonium bromide (CTAB), Figure 1A]. For
aliphatic chains of length 12 and greater (DTAB, CTAB),
a compaction of the DNA is observed at concentrations
much lower than the critical micelle concentration
(CMC, i.e. the concentration at which surfactant mole-
cules form disperse aggregates in the absence of polymer
chains). While DTAB– and CTAB–DNA complexes
display a stretch modulus and a persistence length com-
parable to that of bare dsDNA, OTAB–DNA complexes
(aliphatic chain length of 8) show a different mechanical
response. From these observations, we suggest that
short chain lengths surfactant molecules (OTAB) can
lie down on the DNA surface, while longer chains
(DTAB, CTAB) do not, enabling inter-molecular inter-
actions between different chains and subsequent
condensation.

MATERIALS AND METHODS

Surfactants

OTAB, DTAB and CTAB were purchased from Sigma
(Basel, Switzerland). The CMC of the compounds
are found to be 140mM, 12mM and 1mM for OTAB,
DTAB and CTAB, respectively (13). Both the CAC and
CMC can be directly obtained from surface-tension
measurements. Note that the CAC/CMC ratio is lower
than unity and is for example of about 0.01 for CTAB
(14,15).

DNA preparation

DNA molecules were prepared by PCR amplification
[Taq DNA Polymerase (Roche, Basel, Switzerland)] of the
pTYB1 plasmid (7477 bp) (New England Biolabs, Ipswich,
MA) using 50-Thiol-TGT AAC TCG CCT TGA TCG
TTG GGA-30 and 50-AGC GGA TAC ACC AGG ATT
TGT CGT-30 as forward and reverse primers (Microsynth,
Basel, Switzerland), respectively. The 6587-bp PCR
fragment was digested with HindIII (NEB). Finally, the
main fragment was end-filled with Klenow Exo- (NEB)
with dGTP and biotin-14-dUTP, dATP, dCTP
(Invitrogen, Basel, Switzerland), yielding a 5623-bp long
dsDNA. Subsequently, DNA molecules were covalently
coupled to 2.17-micron amino-modified beads
(Spherotech, Libertyville, IL) using a procedure similar
to that of Ref. (16).

Optical tweezers

The experimental apparatus for the optical tweezers
experiments has been described (17). DNA-beads were
trapped by the laser and the free biotinylated DNA end
was attached to a 2.20-micron streptavidin bead
(Spherotech), which was held by suction on a micropipette
(Figure 1B). The bead-to-bead distance was determined
from both the movement of the micropipette (controlled
with a closed-loop piezoelectric element) and the deflec-
tion of the laser producing the optical trap (monitored
by a 2D position sensitive detector). 150mM NaCl,
10mM HEPES pH 7.5, 1mM EDTA and 1mM NaN3

was used as a standard buffer throughout all experiments.
Cationic surfactants were injected at an average flow
speed of �25 ml/min by gravity flow (the buffer containing
the surfactants is stored in a reservoir connected to
the fluid chamber and the flow speed is controlled by
adjusting the height of the syringe with respect to the
outlet of the chamber). Force versus extension curves
were recorded at zero flow, while force-clamp measure-
ments were recorded in a constant-flow mode (for this
mode of operation, the direction of the applied force was
perpendicular to that of the flow). Typical force curves
were measured at a constant velocity of 150 and 450 nm/s,
respectively. For this mode of operation, both the
stretching and relaxing of the molecule under study were
recorded. For both force- and distance-clamp experi-
ments, data were acquired at a rate of 50Hz. At each
surfactant concentration, experiments were performed
on about 10 different molecules for which multiple
traces were recorded. Unless specified in the text, force
curves shown in this study represent a stable configuration
at full coverage.

RESULTS AND DISCUSSION

Mechanics of bare dsDNA

Figure 2 shows a typical force versus extension curve of
bare DNA measured in assembly buffer (grey circles). For
forces below �60 pN, the mechanical response F(x) of a
DNA molecule (with persistence length P, stretch modulus
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Figure 1. (A) The chemical structure of the surfactants studied in this
work. (B) Schematic of an optical tweezers experiment. A single
dsDNA molecule is tethered between two micron-sized polystyrene
beads. One of these beads is placed on a micropipette (that can be
moved with nanometer accuracy), while the second is trapped with two
counter-propagating laser beams and acts as a very precise force-sensor
(sub -pN accuracy). Experiments are performed in buffer conditions
and at room temperature.
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S and contour length L0) follows an extended worm-
like-chain extension (WLC) (18,19):
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where kBT=4.1 pN�nm at room temperature.
Using standard buffer conditions (150mM NaCl,

pH� 7.5), DNA molecules show a stretch modulus of
�1000 pN and a persistence length of �50 nm, respec-
tively. At �65 pN an overstretching of DNA is observed,
yielding a 70% increase of the contour length for a small
range of applied forces �2 pN (13). The existence of this
overstretching plateau has led to many theoretical
discussions and its origin is still of debate (20).

Force versus extension curves in the presence of surfactants

To investigate the elastic response of DNA interacting
with cationic surfactants, bare dsDNA molecules were
kept stretched at �80% of their contour length while
injecting the surfactant molecules. Subsequently, force-
extension curves were recorded. The results presented
in this section were found to be highly reproducible
(Supplementary Data).

Figure 2 shows that the binding of short single-chain
OTAB molecules [aliphatic chain length of (CH2)8,
80mM] affects the mechanical properties of the DNA
(grey circles—bare dsDNA) (pulling speed: 450 nm/s).
Note that the stretching and relaxing parts of the force
curves (green and purple circles, respectively) super-
impose. This demonstrates that force curves are

completely reversible for the range of speeds used in
the experiment (from 150 to 450 nm/s) (Figure S1,
showing experiments performed at various speeds and
on different DNA molecules). A fit using Equation (1)
yields a persistence length of (15� 4) nm and a stretch
modulus of (180� 30) pN, respectively (black line). At
high forces (F� 40 pN), force curves show a change in the
elasticity of the stretched molecule. This could be
attributed to a change in the interaction between the
surfactants and the DNA as the force is increased. A
similar behaviour was observed for YOYO-1 and
Ethidium Bromide (21).
As seen in Figure 3, force versus extension curves

measured in the presence of DTAB [aliphatic chain length
of (CH2)12] show at concentrations of 200 mM and
above a force-plateau along the curve (up to 0.9 fractional
extensions) (pulling speed: 150 nm/s). This plateau,
centred at �5–10 pN (Figure 3), which occurs at concen-
tration much lower than the CMC of 12mM, indicates
that DNA compacts into a globular structure (19).
Further evidence for DNA condensation is obtained
from force-clamp experiments at 2.5 pN (i.e. the pipette
displacement is controlled by a servo-system to maintain a
constant tension on the DNA during surfactant injection),
where we observe a rapid change in the DNA length
(compaction) upon DTAB binding (Figure 4). Similar
curves were also obtained from force-clamp measurements
at forces below �10 pN (data not shown).
CTAB [aliphatic chain length of (CH2)16] also forms

a condense phase with DNA (Figure 3) (pulling speed:
150 nm/s). For some of the measured curves, a pro-
nounced sawtooth-like extension pattern up to 0.9
fractional extensions is observed. A similar behaviour
(rarely present for DTAB, Figure 3) was first observed
when DNA was condensed by multivalent cations (19,22)
and was attributed to the sudden unfolding (opening) of
collapsed structures. Here, we observe that DNA con-
densation can occur at concentrations orders of magni-
tude smaller than the CMC (1mM for CTAB). For
instance, a deviation from the expected mechanical
behaviour of bare dsDNA is found at a concentration of
�10 mM. This is in good agreement with both ensemble
measurements as well as fluorescence microscopy investi-
gations (from which the condensation of DNA into a
globular structure is readily seen) (5). As seen in Figure 3,
force curves show a pronounced hysteresis at low
extensions. This hysteresis, also observed for DTAB,
indicates that the system is not under full equilibrium even
at a pulling speed of 150 nm/s (see below).
Interestingly, a small reduction in the contour

length (up to 10%) is observed for both DTAB and
CTAB. Such a reduction has also been reported for
dendrimers (11) and probably indicates that some regions
along the DNA remain condensed at high force. This is in
agreement with the observation that subsequent pulls
(at non-complete coverage) give rise to a slight shift in
the fractional extension at which the force starts to raise
(Figure S2, showing the progressive dissociation of
surfactants).
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Figure 2. Typical force versus extension curves obtained for bare
dsDNA (grey circles), dsDNA in the presence of OTAB (green and
purple circles, showing the stretching and relaxing part of the curve).
Force curves were recorded in assembly buffer (150mM NaCl, 10mM
HEPES pH 7.5, 1mM EDTA, 1mM NaN3) in a constant flow mode
(pulling speed: 450 nm/s). [OTAB]=80mM. Force curves are normal-
ized to the contour length L0 of dsDNA (1911 nm). Also shown
are WLC fits (black line) to the experimental traces [P denotes the
persistence length, S is the stretch modulus, see Equation (1)].
Experiments performed on �10 molecules in the presence of OTAB
yield P and S values of (180� 30) pN and (15� 4) nm, respectively.
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Two-states model

We present here a simple theoretical model that repro-
duces typical features observed for force-extension curves
in the presence of a condensed phase (DTAB, CTAB). The
model is based on Bell’s theory (refined by Evans) (23,24),

which considers that the activation barrier for bond
dissociation (having a width x) is reduced by Fx in the
presence of a defined force F. Considering that the inter-
molecular contacts between different aliphatic chains
consist of a two-level system that can undergo a transition
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Figure 3. Typical force versus extension curves obtained for dsDNA in the presence of DTAB and CTAB. Force curves were recorded in assembly
buffer and for different concentrations of the surfactant molecules. Pulling speed: 150 nm/s. The force versus extension curves are normalized to the
contour length of dsDNA (1911 nm). Both the stretching and relaxing parts of the curves are highlighted (green and purple lines, respectively). For
dsDNA and assuming a persistence length of 54 nm and a stretch modulus of 1000 pN, the WLC model predicts that the force reaches a value of
�26 pN at its contour length. The existence of a plateau along the pulling curve or sawtooth-like extension patterns evidences for the presence of a
condensed phase (observed above 200 mM for DTAB and above 10 mM for CTAB).
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from a ‘folded’ to ‘unfolding’ configuration (and vice
versa), we have:

�ðF Þ ¼ �0 expðFxunfolding=�Þ 2

and

�ðF Þ ¼ �0 expð�Fxfolding=�Þ 3

where
a (b) is the force-dependent rate for unfolding (folding),

g=4.11 pN�nm at room temperature, x is the width of
the activation barrier (considered to be asymmetric for
unfolding and folding) and a0 (b0) is the rate at zero force.
Following the method described in Ref. (25), we calculate
the probability for any of the contacts (Nbound) in between
two surfactant molecules bound to DNA to break
(to unfold) during a time interval �t (corresponding
to a change �x in the pipette position of the optical
tweezers) (25):

Punfolding ¼ Nbound�ðF Þ�t 4

Similarly, the probability for folding is

Pfolding ¼ ðN0 �NboundÞ�ðFÞ�t 5

where N0 is the number of bound molecules at t=0, i.e.
N0=Nbound. At each time interval (each movement �x),
we estimate the force according to Equation (1) and allow
the folding (unfolding) transition to occur (given rise to a
change in extension of La) based on a random number
decision.

The results of the simulations are shown in Figure 5
(black line) using a speed and a step size identical to
that of the experiments (150 and 450 nm/s, respectively).
Using two different pulling speeds for the simulation
considerably reduces the choice of the fitting parameters.
Simulated curves were found to reproduce qualitatively

the data with P=54nm and S=1000 pN (identical to
that of bare dsDNA) and an energy barrier for the
transition of 8.7 kBT (5.3 kBT) for CTAB (DTAB). Other
parameters are given in Ref. (26).
Although the simulation only partially reproduces the

detailed structure of the experimental force curves (e.g.
observed reduction in contour length), it correctly predicts
the main features: existence of a force-plateau (DTAB,
CTAB) and strong hysteresis between the extension and
relaxation curves (CTAB).

Dissociation of surfactants

By depleting the concentration of the surfactant molecules
(i.e. by flushing the chamber with the assembly buffer,
Figure S2), the DNA again adopted its natural B-form
conformation (as shown by force versus extension curves).
This reversibility (occurring in a monotonic manner)
was rapidly observed for OTAB, CTAB and DTAB
[i.e. after an �5-min (125ml) wash].

DISCUSSION

First, our results help to clarify some controversial results
found in the literature. For instance, Figure 3 indicates
that DTAB not only binds but also condenses dsDNA.
This result strengthens the calorimetric ensemble experi-
ments (Isothermal Titration Calorimetry) (8), which
evidence for a condensation in contrast to other binding
and thermodynamic studies (7).
Second, the measured condensation forces for DTAB

and CTAB (magnitude of the condensing plateau) are
found to be comparable to multivalent cations [CoHex
(�4 pN) (19) and Spermidine (�1 pN) (22)] and poly-
aminoamide dendrimers (�10 pN) (11). The process of
condensation is however different for cationic surfactants.
For these compounds, condensation is strongly influenced
by the fact that these cationic surfactants are directly
linked to an aliphatic chain, which favours a minimization
of the hydrophobic interfaces by collapsing into a
compacted structure in an aqueous environment.
Third, force versus extension curves (and the mechan-

ical parameters derived from such measurements) show
different mechanical behaviours as the length of the
hydrophobic tail is varied. We have found that OTAB
[(CH2)8] does not condense DNA but strongly affects both
the persistence length (P) and the stretch modulus (S) of
dsDNA. Interestingly, CTAB and DTAB, which have a
longer aliphatic carbon chain, do not noticeably alter the
mechanical characteristics of dsDNA. Indeed, the simula-
tions (Figure 5) reproduce nicely both the local curvature
(e.g. the persistence length, as observed on the force curves
at a normalized extension of �0.9, see Figure 5) and the
slope at high forces (stretch modulus) of the measured
experimental force curves using P and S values typical of
dsDNA.
These results provide an important insight on the

interaction of surfactants with DNA. From our investiga-
tions, we conclude that the binding mode of OTAB is
different than that of intercalators or major- (minor)
groove binders (e.g. SYBR-Green I) for which an increase
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Figure 4. Force-clamp experiment (force set at 2.5 pN, red circles)
showing the collapse of dsDNA (blue circles) upon DTAB interaction
(at �t=45 s). (DTAB)=1mM. The time it takes for the surfactant
molecules to reach and interact with the tethered DNA is undefined
as it depends on the volume of the optical tweezers chamber as well as
the flow speed.
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in contour length (intercalators) or a strong hysteresis of
the force curves (minor- and major-groove binders) are
observed (21,27). The interaction of these surfactants with
DNA, although still unknown, could be due to hydro-
phobic–hydrophobic interactions of the DNA bases with
the aliphatic surfactant tails. In other words, surfactants
with short chain lengths could directly interact with the
DNA bases surface, which, as a result, could strongly
modify the stretch modulus. This binding mode is highly
possible and has already been suggested by Matulis et al.
(8) on the basis that short hydrophobic tails have sufficient
space to lie down on the DNA. In contrast, we suggest
that surfactants with longer hydrophobic chains [DTAB,
CTAB, i.e. (CH2)� 12] do not noticeably interact with the
DNA surface. As for short-chain surfactants, the initial
binding of DTAB and CTAB proceeds solely through
electrostatic interactions (between the positive cations and
the negatively charged DNA phosphates), but the inter-
action of the aliphatic tails with the DNA bases might be
less favourable than a direct aliphatic contact between

chains. This is evidenced by the fact that the stretch
modulus (sensitive to slight deformation in the dsDNA
structure) measured for both DTAB and CTAB remain
almost similar to that of bare dsDNA. As a result,
long chains most probably localize away from the DNA
groove [which would otherwise lead to a change in the
stretch modulus (12)] and reduce the contacts with the
surrounding water by forming aggregates (promoting
condensation).

Our single-molecule experiments also demonstrate that
surfactant monomers are indeed able to bind and
condense single dsDNA strands. This contrasts with
recent ensemble experiments, which have shown that
surfactant interactions are mediated by the interaction of
surfactant aggregates with the negatively charged phos-
phate groups of DNA (6). Such aggregates are formed
in the presence of oppositely charged polyelectrolytes
(e.g. DNA) when the concentration of the surfactants is
larger than the CAC (28). Although the concentration of
the injected surfactants is quite high for some of our
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experiments (half of the CMC), the surfactants remain in a
pure monomeric state due to both the absence of other
DNA molecules in the chamber and the speed of injection
(�25 ml/min).

Finally, our measurements, in agreement with previous
ensemble studies [e.g. for CTAB (5)], demonstrate that
condensation can occur at concentrations much lower
than the CMC (Figures 3 and 4).

CONCLUSION

We have used optical tweezers to investigate and clarify
the interaction of some surfactants (OTAB, CTAB and
DTAB) with dsDNA. For surfactants with sufficiently
long hydrophobic chains (CTAB, DTAB), we have
observed—in agreement with previous studies (8)—a
transition from an extended to a condensed state (for
which the DNA adopts a highly compacted structure).
Depending on the chain length, pulling curves show
different mechanical behaviours that directly correlate
with the local binding mode of these surfactants on DNA.
Short hydrophobic chain lengths (8) drastically modify the
mechanical properties of DNA (persistence length, stretch
modulus). In contrast, longer chains do not noticeably
affect the DNA mechanics but do condense DNA. These
observations suggest that short chain lengths can lie down
on the DNA surface, while longer chains do not, allowing
DNA condensation.

SUPPLEMENTARY DATA

Supplementary data are available at NAR Online.
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