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Plasmonic Scattering as an Efficient Tool for a Force-Free Technique to

Follow Single DNA Molecules

Moshe Lindner’, Guy Nir and Yuval Garini

Department of Physics and the Institute for Nanotechnology, Bar llan University, Ramat-Gan 52900, Israel

Abstract: One of the promising methods for single molecule studies is Tethered Particle Motion (TPM). The technique
layout that was developed a decade ago [1], is based on anchoring one end of a DNA molecule (or any other polymer of
interest) to a surface, and labeling the opposite end with an optical marker. In solution, the marker moves randomly in a
volume that is governed by the restrictions set by the DNA molecule. Tracking and analyzing its position distribution
provides an essential tool to follow the dynamics of the DNA conformations [2, 3]. Most of the TPM systems use a CCD
camera to detect the projected position of the bead on a two-dimensional plane, and the information on the bead height
above the surface is lost. Here we show how TPM can be exploited for three-dimensional particle tracking using Total
Internal Reflection (TIR) [4] illumination system. We also report of the deviations between the lateral distribution and the

axial distribution.
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INTRODUCTION

During the last few decades, many efforts were made to
provide new methods for single molecule studies in order to
characterize biological processes with a high spatial and
temporal resolution [5]. Single-molecule studies enable one
to characterize molecular processes and identify physical,
chemical, or biological sub-populations that are not accessi-
ble through ensemble studies and identify rare states. Com-
mon ensemble studies provide only limited information on
the possible heterogeneity in a group of single molecules. In
contrast, single molecule data avoid large population averag-
ing and sub-populations can therefore be identified and
quantified, thereby leading to new insights that are otherwise
inaccessible [6].

One of the most intriguing subjects in biology today is
the study of DNA-protein interactions that govern genome
stability [7] and regulate gene expression [8]. Many of the
well-known methods, e.g. magnetic or optical traps, involve
the use of external force which stretches [9, 10] or twists [11,
12] DNA during biological processes. These applied forces
might alter protein-DNA binding probabilities and interfere
with the nature of some processes, especially due to the fact
that DNA is normally found in a condensed conformation
[13]. TPM overcome this, since no external forces applied to
the sample [14].

DNA End-to-End Distribution

One can think of DNA as a chain of short segments that
are tilted with respect to one another at a relative small
angle, that still have some statistical distribution. Therefore,
if the orientation of a certain segment along the DNA is
known, the orientation of its neighboring segment will be
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almost the same. However, for a segment which is far away,
the orientation is unknown since the small angles along the
chain are summed. The distance at which the orientation
correlation is lost is defined as the persistence length, / » [2,
15]. It depends on the structure of the DNA (or polymer in
general) and on the environmental conditions of the solution,
such as the pH level. Interestingly, this simple model of the
DNA allows one to calculate the expected distance between
the ends of the DNA by modeling it as a random walk
process [13]. The solution for a one-dimensional end-to-end
distribution is a one-dimensional Gaussian:

2
P, (x)dx = L-exp _ 3 dx
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where L is the contour length (i.e. the length of a fully
stretched polymer) of the DNA and /, is the persistence
length.

The distribution for a two-dimensional projection is the
multiplication of P(x). P(y) and in polar coordinates it gives
the Rayleigh distribution:
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where R is the projected end-to-end distance on a two
dimensional plane.

In a TPM experiment, one end of the DNA is tethered to
a surface, so the distribution in the lateral xy plane is given
by the above equations. On the other hand, the distribution
along the axial (z) axis is different than equation (1). The
difference arises because the motion along the axial direction
is limited by the surface; nor the bead, nor any part of the
polymer can penetrate it, which leads to a different
distribution. The axial distribution is given by the following
function which is the difference of two Gaussians [16, 17]:
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Fig. (1). Theoretical distribution of the DNA end along the z-axis for tethered DNA. Two distributions are shown according to equation (3),

but a different parameter Z, is used. Notice that it has a negligible influence on the distribution.
the marker radius [20]. As one can see, the marker radius
should be small enough to fulfill this criterion. On the other

hand, the position of the bead must be determined with high

—z )2 2
P(z)afz:i exp) _3E=z) —exp| _3E+z) dz
Q 4/,L 4/,L 3)
precision, which usually means that a rather large bead is
needed. To overcome these contradicting requirements, we
used a small metal bead together with a dark-field micro-

scopy setup. Due to plasmonic effects, the scattering from
such a bead is relatively intense and it is higher than that of a
polystyrene bead of the same size [5]. This high intensity
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tion factor, and z,, is a short length that is in the range of the
results from Rayleigh scattering:

(m/n)* -1 ’
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width of DNA (2 nm) and the persistence length (50 nm). Its
exact value has negligible influence on the distribution, as

shown in Fig. (1). Notice that this function is similar to the
Rayleigh function that is described above (equation 2) for
the radial planar distribution, but these two equations results
from different reasons. While the origin of equation (2) is the
multiplication of a Gaussian function and the unit-area as
defined in polar coordinates, equation (3) results from a one-
dimensional random walk near an impenetrable surface.

A (m/n) +2
where 7 is the bead radius, A is the vacuum wavelength and

m and n are the complex indexes of refraction of the bead
and the medium respectively. For metals, the imaginary part
of m has a high value in the visible spectrum [21], and hence

the intensity is high.
We studied ~925 nm long double-stranded DNA mole-
cules, and as a marker we used gold nano-beads with a

diameter of 80 nm. It gives for the excursion number a value
of N, =0.32 which is small and shows that the bead size
does not affect the measured distribution. The DNA is
attached to a passivated surface using digoxigenin (DIG) —

Several attempts to measure the distribution P(z) [18, 19]
anti-DIG linker, and the bead is attached to the DNA with

did not clearly follow equation (3) due to the specific experi-
mental setup parameters that were used (bead radius, contour
length and polymer type), and showed normal distribution.

Experimental Method
As explained above, TPM is based on anchoring one end
biotin — anti-biotin linker (Fig. 2).

of the studied DNA molecule to a surface, while its other end
is attached to a marker. The size of the marker must be small
relative to the DNA end-to-end distance. Otherwise, the
position of the bead will be mainly dominated by its own

In order to track the beads in the axial z-direction we
used TIR illumination through an equilateral prism (Fig. 2)
that is attached to a fluidic cell with immersion oil to ensure
a refractive index matching. When the illumination light hits
the glass-water surface at an angle which is above the critical

size, and not by the positions that are allowed by the DNA.
This issue was treated theoretically and resulted in a criterion

that should be fulfilled for proper experiments. It is based on
the definition of a parameter named the excursion number,

N, = / IL- [p /3, which must be smaller than one, where r is

angle, 9, =sin"'(n,/n,), it generates an evanescent electro-
magnetic field with intensity that decreases exponentially

with the distance from the surface [22, 23]:
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Fig. (2). The experimental setup. Gold nano bead is attached to one end of DNA, while its other end is attached to the surface. The total
internal reflection setup uses a prism that is attached to the glass with immersion oil to match the indexes of refraction. The incident angle of
the laser on the prism is selected in order to create an evanescent field with a relatively large penetration depth. The imaging system includes
a x50 darkfield objective-lens with a numerical aperture of 0.8 and a sensitive EM-CCD camera (see text for more details).

I(z)=1,e" (5)
where d is the penetration depth:

d= A ©
471:\/;1,.2 sin’ @, —n;

In our setup n,=1.5(glass) and n, =1.3(water), so
0. = 60°. As we are interested to measure the bead position
also at distances which are few hundreds of nanometer above
the surface, we chose a rather long wavelength (658 nm
diode laser), and we tuned the angle to be very close to the
critical angle, so the penetration depth is relatively large. In
this angle, the light hit the prism perpendicularly, and the
losses of intensity in the air-glass interface are minimized.

The scattering from the bead was collected using a x50
dark-field [24] objective lens (NA=0.8) and recorded with an
EM-CCD camera which is sensitive and allows to use a gain
factor that improves the signal to noise ratio, especially with
respect to the read-out noise of the CCD. The sensitivity of
the camera is high, so that relatively short exposure times of
1-3 ms can be used. The exposure time is also an important
parameter. During the exposure time, the moving bead scans
a growing area, which leads to an error in finding the bead
position. Therefore, the bright signal of the bead together
with the sensitive camera allows to decrease the smearing
effect significantly. Even with the short exposure times we
use, the smearing effect still narrows the measured distribu-
tion with respect to the real one, and we therefore use a
correction function [25] to extract the right values.

Typically, 1500-3000 frames are collected and provide
enough statistical information for extracting the relevant
information. Then, the position of the bead and its intensity

were extracted using MATLAB program that we have
written based also on a DIPimage library (www.diplib.org).

The lateral position is calculated using center of mass
algorithm [19] with a precision of few nanometers [26], and
the axial position is determined by the light intensity using
the relation: z(t)=-d ln[I(t)], where d is the penetration
depth of the evanescent field and 7/ is the light intensity.
Finding d is crucial for a precise determination of the bead
height, and requires an adequate calibration procedure [27].
Nevertheless, here we only show the distribution along z in
order to test the type of distribution, and therefore the exact
calibration is not crucial.

RESULTS AND DISCUSSION

Fig. (3) shows a typical experimental data for the bead
distribution along the in-plane radial axis R and along the
axial direction perpendicular to the surface z. The planar
distribution (left) was fitted to the Rayleigh distribution
(equation 2) with a single fitting parameter, the persistence
length, that was found to be /, =47+2nm in agreement

with typical values that are reported in the literature [28].
The fitting is quite good, with coefficient of determination
r*=0.96.

The z-axis distribution (Fig. 3 right) was measured as
explained above from the intensity of the bead at each frame.
The graph therefore shows the distribution of the bead as a
function of its height above the surface. We found the
distribution to be as predicted by theory (equation 3). The
coefficient of determination from the fit gave a value of
r*=0.978.
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Fig. (3). Experimental results. Left: lateral distribution (circles) and fit to equation (2) (solid line). It allows to extract the persistence length
of the DNA which is found to be / = 47+2nm (7*=0.96 ). Right: logarithm of the light intensity distribution (circles). It is proportional to

the z-axis distribution (but requires to find the penetration depth d), and the fit to equation (3) (solid line). A good fit is found (7> =0.978),

demonstrating the validity of the theoretical prediction.

Notice that we did not calibrate the penetration depth of
the evanescent field, and hence we do not show the real z-
axis distribution. Nevertheless, the only difference between
the data we show and the real z-axis distribution is a scaling
factor that does not change the shape of the distribution.

The measured Rayleigh-like distribution results only
from the number of possible configurations of the DNA at
any possible height, and it is not affected by interaction with
the surface which is assumed to be zero. It shows that the tail
of the DNA is not found close to the surface, but actually
relatively far from it. Such a configuration may have
important implications for processes that involve the DNA
configuration near surfaces, such as the conformations that
the DNA adopts in the nucleus of cells.

CONCLUSIONS

We demonstrate a method to measure and analyze the
three-dimensional distribution of a metal nano-bead in a
TPM experiment. A fast particle tracking can be applied with
a relatively simple optical setup that does not require a
confocal microscope setup [29]. The data acquisition for the
z-axis can be even faster, since only the intensity is relevant,
and it can be measured using a fast PMT detector instead of
CCD camera.

Using the method we measured the distribution along the
z-axis, and showed its agreement with theory. Although the
theory is known for decades, it was never measured before in
a way that can clearly be compared to the theory as shown
here.

The distribution of the z-axis shows that the bead is very
rarely found near the surface, but at a significant height
above it, and according to the theory given above, the peak
of the probability is found at a height of ~180 nm above the
surface. This behavior can be observed as a repulsion of the
DNA end from the surface, even though no external force is
applied and the effect is solely a result of the interactions of
the entropy of the DNA in the solution and the boundary.
This repulsion may be important in biological systems that

involve the DNA interactions and may lead to better
understanding of DNA organization in the cell.
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