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The relaxation of a single DNA molecule is studied. The experimental system consists of optical tweezers
and a micron-sized bead that is tethered to the bottom of the sample by a single double-stranded DNA
molecule. The bead slows down the DNA relaxation from a strongly stretched configuration such that it is
passing through stretched equilibrium states. This allows for a theoretical description of the relaxation trajec-
tory, which is in good agreement with experiment.
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I. INTRODUCTION

Various biomolecules, e.g., actin, DNA, and microtubules,
were found to be useful model systems for the study of poly-
mers. These have been extensively investigated with the help
of single-molecule manipulation techniques. In particular,
the elastic behavior of DNA is one of the important aspects
which has been addressed using a wide range of experimen-
tal methods, such as hydrodynamic drag, micropipettes, and
optical and magnetic traps �1–5�. It is known that the elastic
behavior of double-stranded DNA �dsDNA� is different in
the various force regimes �6–11�. Based on the experimental
results, several theoretical models have been proposed. Up to
end-to-end extensions that are a few percent below the full
contour length, L, the wormlike chain �WLC� model pro-
vides an accurate description for the elasticity of dsDNA
�12–14�. In this model, the single dsDNA is regarded as a
semiflexible chain which is characterized by its bending ri-
gidity.

The dynamics and relaxation of DNA, on the other hand,
has received less attention. Perkins et al. �1,16� studied the
shape of relaxing DNA that was hydrodynamically stretched.
A single DNA molecule was attached to a bead that was held
in place by an optical trap and stretched by flow. When the
flow is stopped, the DNA relaxes toward its coil configura-
tion. Using fluorescently labeled DNA allowed them to
monitor the conformational changes during relaxation. The
dynamics of the free end follows an oscillatory trajectory
with an amplitude that decays as the DNA coils up. In this
case, the DNA dynamics is relatively fast and, therefore,
takes place far away from stretched equilibria. Their results
were interpreted by Brochard et al. �17–20� by considering
the tension propagation and relaxation through the chain.
Given a tension profile at a given instant, the configuration of
the chain at this instant was conjectured using an extension
of the Pincus blob model to nonuniform tensions. This ex-
tension has been previously invoked by these authors to in-
terpret steady-state shapes of DNA in moderate flows
�19,20�. The dynamics of DNA in shear flow was further
studied by Doyle et al. �21�.

Recently, Meiners and Quake �22� measured the
thermal fluctuations of an extended single DNA using the

femtonewton force spectroscopy technique. In their experi-
ment, the two ends of a single DNA molecule were each
attached to a bead and the DNA was stretched by a dual
optical trap. The time correlations between the forces on the
beads were measured in the highly stretched regime corre-
sponding to extensions between 0.74L and 0.92L. This was
used to obtain the friction coefficient, spring constant, and
relaxation time of the single extended DNA.

In another type of experiment, the relaxation dynamics of
a DNA-bead complex was analyzed �23,24�. A single DNA
molecule was attached to the bottom of the sample at one
end and to a 3 �m bead at the other. Optical tweezers were
used to stretch the DNA to extensions of up to 0.96L. Turn-
ing off the trap allows the DNA to relax back to equilibrium.
The bead allows us to monitor the motion of the end and,
moreover, slows the dynamics to a time regime that is con-
venient for video microscopy. It also sets the dynamics in a
range where the DNA passes through quasiequilibrium
states. The dynamics of the bead is determined by the force
of the DNA that acts against friction. It was found that a
good fit to the data from the relaxation experiment can be
obtained if one ignores the friction on the DNA. In fact, the
absence of drag from the DNA is a direct consequence of the
fact that the DNA is equilibrated.

It was recently pointed out that in such experiments it is
crucial to properly take into account the influence of the
neighboring surface on the dynamics of the DNA-bead com-
plex �25�. In particular, the drag force on the bead depends
on its height above the planar surface of the cover slip. Here,
we present relaxation experiments where the initial condi-
tions are high above the glass. Since the other end of the
DNA is still attached to the glass, the relaxation occurs along
a diagonal trajectory and the motion of the bead needs to be
monitored both in the vertical direction and the horizontal
plane. Similar experiments were recently preformed by Co-
elho Neto et al. In the experiments of Ref. �25�, the height
dynamics was not measured in the experiment but instead
was deduced from the theoretical equation of motion. Our
experiments improve on those of Ref. �25� by experimentally
measuring the dynamics of the height during relaxation in
addition to tracking the horizontal dynamics.
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II. EXPERIMENTAL METHODS

We use double stranded DNA �dsDNA� from the � phage
�Promega� that is 16.5 �m long. The DNA is attached at one
end to a polystyrene bead �Polysciences� and at the other end
to the cover slip at the bottom of the sample. This is obtained
using a low pH method �23,26�. In this protocol, we use
2.5 �l of plain polystyrene beads �2.5% solids in water�,
5 �l DNA �530 �g/ml�, and 330 �l PBS buffer �137 mM
NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 2 mM KH2PO4, and
0.8 mM NaN3�. The pH of the PBS was lowered to 6.0 using
HCl. Coverslips for the sample are cleaned by sonication in
toluene for 30 min. Beads, DNA, and buffer are mixed and
incubated for 15 min at room temperature �RT� in a test tube.
The sample consists of 30 �l solution between two cover-
slips that are kept apart by a parafilm ring. Once sealed, the
sample is incubated for 60 min at RT before starting the
experiment.

The low pH protocol is nonspecific, namely, it does not
require a particular base pair sequence at the ends in order to
obtain binding. As a consequence, shorter pieces of the DNA
that break from the full �-DNA due to pipetting are often
found to tether beads to the bottom. Moreover, one also finds
tethers that are longer than 16.5 �m. These are due to the
hybridization of two �-DNA’s end to end. Also certain
shorter pieces of �-DNA can hybridize in the same manner.
This hybridization occurs between the 12 base pairs single-
stranded overhangs that are left at the end of the �-DNA
when it is cut from its native circular form. Since the over-
hangs at the different ends of the DNA are complementary,
part of the DNA molecules will bind to others before they
form the glass-DNA-bead complex. This leads to some vari-
ability in the lengths of the DNA tethers. We overcome this
problem by directly measuring the length of the DNA. We do
that by stretching the tether in four directions, namely left,
right, up, and down, and determining the position of the cor-
responding escape point. Moreover, we determine the posi-
tion of the tethering to the coverslip by averaging the Brown-
ian motion that is performed by the bead-DNA complex
when the trap is off. The length of the DNA results from the
average distance between the tethering point and the escape
points corrected using the force-extension formula �14�.

The optical trap is obtained using a laser beam �SDL�
focused through an 100� objective �Olympus UPlan Apo,
1.35NA, oil immersion� �see Fig. 1�. Trapped beads are used
to stretch the DNA to extensions that are close to L. Releas-

ing the bead from the trap allows the DNA to relax back to
its unstretched equilibrium configuration. We monitor this
relaxation by tracking the bead at the end of the DNA. The
tracking is done at video rate, 25 frames/s, and with single
pixel resolution, 80 nm. Experiments were performed with
two different bead sizes, namely diameters of d2
=2.13±0.04 �m and d3=2.79±0.14 �m. The tweezers were
adjusted to a maximal trapping force of 3.3 pN correspond-
ing to a maximal extension, z0,max� , of z0,max� =0.92, where z�
=z /L and z is the end-to-end distance. The strength of the
trap was calibrated using the Stokes force that acts on beads
without DNA. Moving the sample at a fixed velocity relative
to the trap, we determine the smallest velocity for which the
bead is forced out of the trap due to the flow. In order to
reduce the effect of the Brownian motion, each relaxation
run was averaged over at least three different runs. We have
verified that a single DNA molecule tethers the bead using
the tweezers at maximal force to break the bead-DNA bond.
Moreover, we found that the relaxation when more than one
DNA is attached to the bead is significantly faster and can be
clearly distinguished from the single DNA case.

In order to avoid as much as possible the influence of the
surface, we started the relaxation from a relatively large
height above the coverslip. Such initial conditions are
achieved using a trap that is raised from the glass by means
of the telescope in the system �see Fig. 1�. It consists of the
L1 and L2 lenses that have equal focal length �f =100 mm�
and are located at 2f +� from each other. While for �=0 the
laser beam is unaffected by the telescope, for small, negative
� it becomes slightly divergent. As a result, the beam will be
focused by the objective at a position slightly further than its
focal plane, leading to a trap that is higher above the bottom
of the sample. We track the dynamics of the bead using the
interference rings method developed by Bensimon et al. As
beads move away from the focal plane, their images develop
interference rings that gradually grow larger. At the end of
the relaxation experiment, the bead that was attached to the
DNA is pulled free from the DNA-bead bond and attached to
the glass surface. The same bead is used to build a library of
images corresponding to different heights from the focal
plane. The images in the library are obtained by raising the
sample in equal steps of 0.3 �m �see Fig. 2�. An interpola-
tion algorithm is used to improve the height resolution down
to 0.1 �m, comparable to the horizontal tracking resolution.

III. EQUATION OF MOTION

Turning off the trap after the DNA molecule has been
stretched to z0 starts the relaxation process. The presence of

FIG. 1. The experimental setup: DL, diode laser; M1 to M5,
mirrors �M4 is a dichroic mirror�; L1,L2, lenses �telescope�; OBJ,
objective; XYZ, motorized XYZ stage; IL, white light illumination
of the sample.

FIG. 2. Images of a d3 bead at different heights from the focal
plane. The image in D is closest to the focal plane. A, B, and C are
4.5 �m, 3 �m, and 1.5 �m, respectively, below D.
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the bead at the far end of the DNA simplifies its motion.
First, it constrains the end of the DNA to move along a
straight line aside from small fluctuations due to the Brown-
ian motion of the bead. This way the stem and flower struc-
tures that were observed for free end DNA relaxation are
avoided. Second, the bead slows down the relaxation. In the
case of d3 beads, it takes the DNA about 3 s ��R� to move
from z0=0.90 to z=z0 /e=0.33. This time scale is long com-
pared to the longest relaxation time of a stretched chain �27�,

� =
4

� ln
L

�a

�L2

f
, �1�

where f is the force applied to the chain and a is the short
length scale cutoff for dsDNA, a=2 nm. For forces in the
range of 1 pN, which correspond to the initial conditions in
our experiment, ��0.05 s, while for forces of 0.1 pN corre-
sponding to the end of the strong stretching regime, z�
�0.5, ��0.5 s. Since ���R, one expects the motion of the
DNA-bead system to be quasistatic for z�	0.5. This allows
us using equilibrium statistical mechanics to describe the dy-
namics in the large force regime.

During relaxation, the DNA-bead system moves under the
influence of two forces: the force of the DNA on the bead, f ,
and the friction between the bead and the buffer, fB. The
inertia of the bead is six orders of magnitude smaller than f
and can be neglected. Therefore, the equation of motion for
the bead is

f = fB. �2�

In the limit of quasistatic dynamics and for z�
0.97, the
force due to the DNA on the bead is the equilibrium restoring
force that is obtained from the the wormlike chain �WLC�
model. A very good approximation to the WLC result is ob-
tained from the interpolation formula of Marko and Siggia
�14� including the corrections due to Bouchiat et al. �15�,

f�z�� =
kT

A
�z� +

1

4�1 − z��2 −
1

4
+ �

i=2

7

�i�z��i	 , �3�

where A is the persistence length, �2=−0.516 422 8, �3
=−2.737 418, �4=16.074 97, �5=−38.876 07, �6
=39.499 44, and �7=−14.177 18. At this point, one might
naively expect that there should be an additional contribution
to the force equation due to the friction between the DNA
and the buffer. However, this contribution vanishes in the
quasistatic limit. This was explicitly shown in previous work
�27�, where the full wormlike chain dynamics of the DNA-
bead system was considered. Qualitatively, this is because
the friction between DNA and fluid limits the rate at which
the DNA modes decay. If the dynamics occurs on a time
scale much slower than the equilibration time, the modes
represent fast variables that have been integrated out and
along with them also the influence of the viscosity on the
dynamics of the DNA.

The flow around the moving bead is in the Stokes regime
such that, far away from boundaries, fB=6��rivz, where � is
the viscosity of the buffer, ri=di /2 is the radius of the bead,

and vz=dz /dt is its velocity. This friction is enhanced in the
vicinity of a flat surface. In order to minimize the effect of
the glass surface, we use initial conditions that are at some
height, h, above the surface �see Fig. 3�. A diagonal trajec-
tory is obtained since the other end of the DNA is attached to
the surface. The Stokes friction coefficient, �, is anisotropic
near an infinite surface,

�
 �
6��r
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9

16
� r

h
	 +

1

8
� r

h
	3

−
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� r

h
	4

−
1
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h
	5� ,

�4�

�� � 6��r�1 +
r

h − r
	 , �5�

where �
 and �� are the friction coefficients in the direction
parallel and perpendicular to the surface, respectively
�28–30�. The accuracy of Eq. �4� is better than 0.1% and that
of Eq. �5� is on average 4% in the range relevant to our
experiments.

From Eq. �2�, we obtain the equations of motion for the
bead dynamics,

�
ż
 = f�z�cos 
 , �6�

��ż� = f�z�sin 
 , �7�

where sin 
=h / �z+r� �see Fig. 3�.

IV. EXPERIMENTAL RESULTS

In order to understand the properties of the DNA relax-
ation, we study the effect of changing the parameters of the
experiment. We vary three parameters, namely the initial
conditions, the length of the DNA, L, and the size of the
bead, r. We find that the variation of these three parameters
leads to simple changes in the trajectory, z�t�, that can be
accounted for by rescaling the time. The scaling behavior of
z�t� indicates which are the dominating terms in the equation
of motion for the DNA-bead construct. Whenever the relax-
ation dynamics brings the bead to lower heights, h
�3.5 �m, the glass surface and the excess of DNA that is
attached to it modify the dynamics in a complicated way. For
this reason, we restrict our study to the short-time regime,
corresponding to high tensions, z /L	0.5.

FIG. 3. Schematic view of the glass-DNA-bead complex.
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The effect of varying the initial condition, z0, is illustrated
in Fig. 4. We find that the trajectories corresponding to dif-
ferent z0 become equivalent within the experimental error if
the time axis is shifted by an appropriate constant, G�z0�.
This constant corresponds to the time it takes the bead to
move from the largest z0, z0=0.9L, to the z0 of each particu-
lar trajectory. This behavior indicates that z�t� is the solution
of a first-order differential equation. It also supports the
claim that during relaxation, the DNA is passing through
quasiequilibrium intermediate states that do not depend on
the history of the motion.

Changing all three parameters, namely L, r, and the initial
conditions, leads to apparently different trajectories. In Fig.
5�a�, we show four such trajectories that, in contrast to Fig.
4, have no common parameters aside from z0 /L. However, a
simple rescaling of the axes such that z�=z /L is plotted ver-
sus t�= t / t0, where t0=6��ALr /kT, leads to the collapse of
the trajectories onto a single function �see Fig. 5�b�, the dif-
ferences between the four curves are smaller than the experi-
mental error�. This scaling is also found to hold almost ex-
actly in the corresponding numerical solution of the
theoretical equations of motion, Eqs. �6� and �7� �see Fig.
5�c��. In fact, this scaling is exact if the relaxation geometry
is such that h is constant, that is, it takes place parallel to the
glass surface. Since in our experiment h is about three times
smaller than L, the breaking of scaling due to the anisotropy
of the friction coefficient is negligible.

The picture emerging from the experiments in Figs. 4 and
5 is that to a good approximation the variation of the param-
eters can be accounted for either by using rescaled variables,
z��t��, or by shifting the time. Next we compare the experi-
mental trajectories with the theory of Eqs. �6� and �7� for a
particular set of parameters. For a DNA molecule of L
=13.91 �m and a bead of diameter d3, we use an individual
trajectory that starts from z0�=0.85 and h0=6.1 �m to com-
pare to theory �see Fig. 6�. In the short-time regime, we find
good agreement between experiment and theory for the time
evolution of both z� and h. The large errors in the height
measurement, up to 6%, are mostly due to the inaccuracy of

FIG. 4. Three relaxation trajectories that were measured for the
same DNA-bead complex only with the different initial conditions.
Here we use DNA with L=13.9 �m, d3 beads, and h0=6.1 �m. The
different initial conditions are z0=12.5 �m �open circles�, 11.7 �m
�crosses�, and 10.8 �m �triangles�.

FIG. 5. Dependence of the relaxation trajectories on the various
parameters. �a� Four trajectories that have the same z0�=0.85±0.01
are shown: T1 �triangles�, T2 �open circles�, T3 �squares�, and T4

�crosses�, such that for T1, L=16.9 �m, d2 bead, h0=4.5 �m; for
T2, L=16.9 �m, d2 bead, h0=4.6 �m; for T3, L=13.9 �m, d3 bead,
h0=6.3 �m; and for T4, L=13.0 �m, d3 bead, h0=5.5 �m. Each
trajectory is averaged over at least three runs in order to reduce
Brownian fluctuations. �b� The same as in �a� only with rescaled
axes. �c� The theoretical trajectories corresponding to the initial
conditions of T1 �plus� and T3 �squares�.
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the 0.3 �m motor steps used to build the library of defocused
bead images �Fig. 2�. It should be noted that in addition to
the measurement errors, deviations between the theory and
experiment are also due to the random Brownian motion that
is not taken into account in Eqs. �6� and �7�. In other words,
one possible reason for the deviation of the data points from
the theoretical prediction is random thermal forces acting on
the chain and controlling the dynamics of its undulations,
and on the bead itself. However, in view of the long corre-
lation time for the apparent noise, 0.2–0.3 s, relative to the
longest mode relaxation time estimated above, ��0.05 s,
this seems unlikely. Instead, these deviations could be due to
the failure of the quasistatic description, as discussed in Ref.
�27�. Nonetheless, accounting for the additional friction due
to the glass surface is crucial for obtaining this approximate
agreement.

For larger times, t�1 s, when the relaxation dynamics of
the DNA brings the bead close to the glass surface, h
�3.5 �m, the agreement between theory and experiment is
lost �see Fig. 7�. At about this point, the measured height
does not decrease any further while the dynamics predicted

by Eqs. �6� and �7� continues to approach the bottom of the
sample. This is not surprising considering that the excluded
volume of the folding DNA molecule was not taken into
account in Eqs. �6� and �7�. The bead radius together with the
gyration radius of the DNA, rG, limit the approach of the
bead center to the glass. In fact, in the equilibrium configu-
ration the folded DNA induces an effective repulsion be-
tween the bead and the glass surface. This repulsion is of
entropic origin and can be estimated by approximating the
bead as a second planar surface �31�. This gives an equilib-
rium height of hT=2.6 �m for the parameters of Fig. 7. The
approximation in this calculation is such that hT overesti-
mates the exact result. Experimentally, however, we find that
in equilibrium the bead fluctuates at a larger average height
of he=3.6±0.2 �m. The origin of this enhanced repulsion
from the glass surface is presently not clear.

V. CONCLUSIONS

We have shown that the relaxation dynamics of a single
DNA molecule that is attached to a micron-sized bead can be

FIG. 6. Comparison between theory �full line� and experiment
�squares� for one of the trajectories of Fig. 5, T3 �single run�. For
the theory, we used A=50 nm and �=0.98 m Ps �there are no free
parameters�. �a� Comparing the measured trajectory �squares� to
theory �line�. The experimental error is at most 4%. �b� Comparing
the measured height �squares� to theory �line�. The largest experi-
mental error is about 6%.

FIG. 7. Same as in Fig. 6 only here the long-time regime is also
shown, t
10 s. For clarity, not all data points are displayed �only
one every five points�. �a� Comparing the measured trajectory
�squares� to theory �line�. �b� Comparing the measured height
�squares� to theory �full line�. The dashed line marks the radius of
the bead.
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approximately described using quasistatic dynamics if the
influence of the neighboring surface is properly accounted
for. Complications due to the surface limit our description to
the short-time regime. As was shown in Ref. �25�, this dy-
namics can be used to measure the persistence length of the
DNA, A. This method is much simpler than the standard
approach that requires measuring the force-extension curve,
f�z�.

Some discrepancies do remain between this theoretical
description and experiment, and it is possible that these are
due to the failure of the quasistatic approach. This implies
that undulations do not have sufficient time to recover equi-
librium statistics at each extension, as the extension changes
from one value to the next. The latter, nonequilibrium, effect
has been accounted for in Ref. �27�, however, without ac-
counting for the nearby surface. It would be worthwhile to

extend the DNA relaxation experiments to regimes where the
quasistatic picture fails completely �27�. This can be
achieved either by using smaller beads, r�0.1 �m, or by
measuring at shorter time scales, t�1 ms. In this very short-
time regime, the tension propagation along the DNA will
also have to be incorporated in the description of the dynam-
ics.
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