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Crossover behavior in static and dynamic properties of a single DNA molecule
from three to quasi-two dimensions
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We studied the conformation and dynamics of a single DNA molecule in a thin slit by a fluorescent
microscope. In a slit thinner than the Flory radius in three dimensions, the length of the major axis, the
translational self-diffusion coefficient and the rotational relaxation time in a dilute solution show the apparent
dependence on the thickness of the slit. The observed dependence is in agreement with that predicted by blob
theory, despite the number of blobs is very small. The radial distribution of the segments around the center of
mass of a single molecule was also studied and compared with that calculated for a Gaussian and an excluded
volume chain. The influence of the polymer concentration on the geometrical confinement by slits was also
studied in a semidilute solution near the overlap concentration ¢*. The confinement effect is found to be not so
serious near ¢* and is only significant in the so-called “two-dimensional pancake” region.
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I. INTRODUCTION

Macroscopic physical properties of polymers are unique,
and polymers are considered as typical examples of soft con-
densed matters [1-3]. They have been intensively studied
using various kinds of experimental techniques. Among
them, the scattering methods with x ray, neutron beam and
visible or infrared light are one of the powerful methods to
study their static and the dynamic properties [1,3,4]. By
combining those scattering methods, one can obtain valuable
information on the averaged physical properties from nano-
to micrometer scale.

On the contrary to those methods in “reciprocal (wave
number) space,” the direct observation of a single polymer in
“real space” also offers the variable information on its physi-
cal properties [5-7]. In addition, fluorescently labeled DNA
molecules with long chain length are often utilized for the
study of dynamical properties [8,9]. One can directly observe
the conformation and dynamics of a single DNA molecule
using a fluorescent microscope [8-18]. For example, the
overall shape of a molecule and its temporal fluctuation can
be studied not only in equilibrium [11,12] but also in non-
equilibrium or under external fields [13-18]. These observa-
tions also give a chance to confirm the basic theoretical pre-
dictions on the physical properties of polymers and the
results of computer simulation. To utilize DNA has another
advantage that ones extract from a single species are natu-
rally monodisperse. The wide distribution of chain length
often makes it difficult to compare the experimental results
with theories.

The dependence of the size and the physical properties of
polymers on the degree of polymerization (or molecular
weight) is the characteristic feature in polymer systems. The
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scaling concept introduced by de Gennes [1] is powerful the-
oretical approach to such complex systems. One of the
unique applications of the scaling theory is a polymer solu-
tion in a confined system, such as a thin slit, a narrow tube or
a small pore [1,3,19,20]. The dependence of the size and the
physical properties on the degree of confinement is given by
a simple power law of the spatial size of the containers.
Recently, these scaling predictions in confined systems have
been directly tested in a thin slit or a narrow tube which is
realized by the nanodesigned architectures [21-26]. The ob-
tained information on the physical properties in such systems
is important for designing microfluidic devices utilizing for
the transport of polymers and for applying them to the sepa-
ration of polymers by their sizes.

In this paper, we studied the lateral size, the self-diffusion
coefficient and the rotational relaxation time of a single DNA
molecule in a slit whose thickness is in the crossover region
from three to quasi-two dimensions. After the short descrip-
tion of our experimental method and the theoretical predic-
tions by blob picture, the experimental results for a dilute
solution and for a semidilute solution near the overlap con-
centration are discussed. One can usually obtain the density
correlation function (or the radial distribution of the seg-
ments) for the ensemble of polymers by scattering methods.
However, that for a single polymer has not been obtained by
the scattering methods. In this study, we also report the radial
distribution of the segments around the center of mass and
the length fluctuation of a single polymer in a dilute solution.

II. EXPERIMENT

A. Preparation of DNA sample

The DNA used in this study is T4GT7 DNA (Nippon
Gene) whose size is about 166kbp or 56 um in contour
length. The DNA was resolved in a TE buffer solution
(5 mM Tris-HCI, 0.5 mM EDTA) containing 4% (v/v)
2-mercaptoethanol, 4.6 mg/ml glucose, 0.2 mg/ml glucose
oxidase, and 0.036 mg/ml catalase. Major groove binding
fluorescent dye, YOYO-1, was added as a probe of a single
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FIG. 1. (Color online) Fluorescent image of a single DNA mol-
ecule (left) and its binarized image (right). The ellipsoid drawn as a
dotted line is the best-fitted one to the binarized image. u is the unit
vector parallel to the major axis. L is the length of the major axis.

DNA molecule. The ratio of the dye to a base pair (bp) was
1:7. The concentration of a DNA solution studied was
0.5 uM (bp) for a dilute solution and 33 uM (bp) for a
semidilute solution near the overlap concentration [21.1 uM
(bp)]. In the case of a semidilute solution, the small amount
of fluorescently labeled DNA was mixed with large amount
of nonlabeled DNA (1:66 in the molar ratio) to minimize the
background illumination from other molecules [12].

The shortage of utilizing fluorescent labeled DNA is that
the intercalating dye tends to elongate DNA chains. Accord-
ing to the detail study of this effect, dyes extend the contour
length as large as 20—30 % of its original length depending
on the concentration of dyes [9]. In our case, this effect
makes the size of a molecule a little bit larger. The other
shortcoming is that the photobleaching of dyes limits the
time of observation, and the irradiation of the excitation light
sometimes breaks the DNA during the observation. To re-
duce the latter effect in data analysis, only the long chains
without breaking during observation are used at data analy-
sis.

A DNA solution was sandwiched between two cover
glasses (Matsunami Glass Ltd.), and their separation was
controlled between 1 and 20 um by the volume of the solu-
tion. The solution was spread to cover the surfaces of glasses
fully. To increase the affinity of glass surface to water, the
cover glasses were left at 500 °C to make them more hydro-
philic before used. The inhomogeneity of the thickness was
checked by the interference pattern. The sides of the cell
were enclosed by hydrophobic liquid blocker (Funakoshi) to
avoid the overflow, the evaporation and the convection of the
solution.

B. Measurement method and data analysis

Fluorescent images were obtained by a fluorescent micro-
scope (TE2000, Nikon) with X100 oil-immersion objective
lens (Ph Plan Fluor & Plan Apo, Nikon). The images of a
single DNA molecule are captured by a CCD camera (ADT-
33B, Flovel) with the sampling rate of 30 frames/s. The se-
quential images were recorded on a personal computer as
movie data.

Figure 1 shows a typical snapshot of a DNA molecule. It
exhibits fluctuation of its shape and translationally diffuses
inside a glass cell. First, the fluorescent images are converted
to the binarized images with appropriate threshold brightness
(the image at the right-hand side in Fig. 1). The obtained
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FIG. 2. (Color online) Blob picture of a polymer confined in a
slit. A sphere (online yellow) represents a blob with the size d. d is
the thickness of the slit, and L is the lateral size of the polymer.

binarized image is fitted to an ellipsoid with the same posi-
tion of the center of mass, the same area and the same second
moment. We regard the center of mass of the binarized image
as that of the DNA molecule and the length of its major axis
L as its size.

Mean square displacement (MSD) was calculated from
the two-dimensional position of the center-of-mass R,,(z)
from sequential images as

MSD ={[R,,(t + At) —R,,(1)]*) = 4DAt, (1)

where D is the translational self-diffusion coefficient, and Ar
is the lag time.

The rotational relaxation time 7 of a DNA molecule was
estimated from the time correlation function of the unit vec-
tor u(r) parallel to the major axis as shown in Fig. 1. The
calculated correlation function was fitted to an exponentially
decaying one with a single relaxation time 7 as

(u(r + Ar) - u(z)) = exp(— At/ 7). (2)

III. BLOB THEORY OF A POLYMER IN A THIN SLIT

When a polymer is placed in a thin slit whose thickness d
is smaller than the size of a polymer in three-dimensional
free space, it can be modeled as a train of spherical units
called “blobs” whose sizes are identical to d as schematically
shown in Fig. 2 [1,3,19,20]. The confined polymer is an ex-
cluded volume chain composed of blobs in two dimensions.
Inside a blob, a polymer chain behaves as an excluded vol-
ume chain in three dimensions. Therefore, the following re-
lationships are expected to be held:

d=bn"3, 3)
N=mn, (4)
L=dm"?. (5)

In Egs. (3)—(5), N is the number of segments in a polymer, b
is the Kuhn length, m is the number of the blobs in the
polymer, n is the number of the segments inside a blob, d is
the thickness of the slit, and L is the lateral size of the poly-
mer. The exponent 1(2) and v(3) are, respectively, the Flory
exponents in two and three dimensions [1-3]. From Egs.
(3)-(5), L is given as
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FIG. 3. (Color online) Distribution of the length of the major
axis L, P(L), in a slit with different thickness d. The solid lines are
the best-fitted ones with Eq. (12). The best-fitted values of L, are
respectively 2.33, 2.97, 2.41, 1.82, and 2.28 um for d=1, 2, 3, 4,
and 5 um.

L= NV(Z)bv(Z)/V(3)d1—v(2)/v(3) ) (6)

In a good solvent, ¥(2) and »(3) are, respectively, ¥(2)
=3/4 and v(3)=3/5 [1-3]. The dependence of L on d is
given as

b 1/4
L:bN3/4<3> e d_1/4. (7)

When the hydrodynamic interaction between blobs is ig-
nored, the translational self-diffusion coefficient D can be
scaled as

1
DOCm—d. (8)

From Egs. (3) and (4), the dependence of D on d is given as
D o dl/v(3)—l — d2/3. (9)

The rotational relaxation time 7 is estimated as the time in
which a polymer translationally diffuses over the distance of
its lateral size L as

7=~ L%D. (10)

From Egs. (7) and (9), the dependence of 7 on d is given as
Toc d(3v(3)—2v(2)—l)/v(3) — d_7/6. (1 l)

IV. DILUTE SOLUTION IN A THIN SLIT
A. Size of a DNA molecule

The major and minor axes of the binarized fluorescent
images of a single DNA molecule are calculated by fitting an
ellipsoid to their respective images. The conformation of a
DNA molecule fluctuates largely, and the length of its major
axis L also varies with time. The distribution of L is shown in
Fig. 3. The best-fitted curves in Fig. 3 are the functions sug-
gested by Bonthuis et al. [26] for the distribution of the size
of a polymer L,

2
P(L)=A exp(— L—)exp{—( % ] (12)
gy

L- Lmin)2

where A, o, 0,, and L, are the fitting parameters. The
formula is for the Gaussian (ideal) chain, but it would be
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FIG. 4. (Color online) Dependence of the average major length
of a DNA molecule L on the thickness of a slit 4. Both L and d are
represented in the normalized scale by the Flory radius in three
dimensions, Rrp=4.45 um. The fluorescent images in a thin (left:
d=1 pm) and a thick cell (right: d=10 um) are also presented.
The exponent of the best-fitted power law drawn as a solid line in
the region d/Rp=1 is —0.26£0.04. The dotted line shows the

power law of Locd 02 for a guide to the eyes.

applicable in the first-approximation because the radial dis-
tribution itself is close to the multiple of the Gaussian as
shown later in Fig. 8 even the SAW is more adequate. L, is
the size of the most tightly packed configuration of the
monomers and is expected to be independent of the thickness
d. Even though the thickness of the cells used in this study is
so thick that the excluded volume interaction in quasi-two
dimensions cannot apply, the agreement between experimen-
tal results and Eq. (12) is rather good except data for d
=2 um.

The value of the L, can be yielded as one of the fitting
parameters of Eq. (12) but can be also estimated by another
way to judge the fitting validity. The minimum size of the
radius of gyration R, ., is the half value of R, [27]. Since
the ratio of Rp/R,~2.51 (Rg: the Flory radius in three di-
mensions) [3] and Rp=bN>°=4.46 um (Kuhn length b
=100 nm and N=560) [28], Ry~ Rp/2.51/2=0.89 um.
The minimum value of L is estimated to be about 1.78 wum
from Rp. The observed values of L,; range from
1.82-2.97 um. These are larger than the expected values
from Rg. This tendency is qualitatively in good agreement
with the previous study [26].

In the following discussion, we regard the averaged

length of the major axis L over time, Z, as the size of a DNA
molecule. The dependence of L on the thickness of a slit d is

shown in Fig. 4. The values of L and d are represented by the
normalized scale by the Flory radius in three dimensions,
Rp=4.46 um.

In the case of d/Rr=1, a polymer is not strongly con-
fined and behaves as one in three-dimensional free space.
The observed image at d=10 um is shown as the right pic-
ture in Fig. 4. Its overall shape is spherical with high con-

trast. The length L decreases a little bit with decreasing d but
is almost same as Ry. Such unusual behavior in the polymer
size has been already reported near d~ Ry by computer
simulations [29-31]. The observed decrease of the size is
partially due to the attractive interaction by the walls of the
slit. Since the effect of the real wall is not simple such as van
der Waals and electrostatic interactions, it is difficult to iden-
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FIG. 5. (Color online) Dependence of the translational self-
diffusion coefficient D of a DNA molecule on the thickness of a slit
d. Both D and d are represented in the normalized scale by the
value of D at d=20 um, Dy=0.22 um?/s, and the Flory radius in
three dimensions Rp=4.45 um. The exponent of the best-fitted
power law drawn as a solid line in the region d/Rp=1 is
0.57+0.07. The dotted line shows the power law of Dw«d®%" for
the guide of eyes. Dependence of MSD on the lag time Ar at d
=1 um is plotted in the inset.

tify the reason of the shrinking from the present experimental
approach.

In the case of d/Rp=1, a polymer is confined to a quasi-
two-dimensional space. In this region, the brightness of im-
ages decreases, and the shape of a polymer is apparently
extended and anisotropic as shown at the left picture in Fig.
4. The distribution of L becomes broader in a thinner cell as
shown in Fig. 3. The relatively sharp change of L was ob-

served at d~ Ry The scaling relation Lo d-%20*0% is found

within the range of thickness we studied. Although the con-
finement is not so strong, the dependence of L on d ap-

proaches that predicted by blob theory Ld %% [Eq. (7)].
This is also consistent with the results reported under much
stronger confinement [22,26].

B. Translational self-diffusion of a single DNA

From the temporal change of the center position of the
binarized image, MSD can be obtained as is shown in the
inset of Fig. 5. MSD is found to be proportional to the lag
time Af. The translation self-diffusion coefficient D can be
obtained from the slope of the best-fitted line with Eq. (1).
The dependence of D on the thickness of a slit d is shown in
Fig. 5. The coefficient D is normalized by that for d
=20 um, Dy=0.22 um?/s. In the case of d/Rp=1, D is
almost constant. However, D monotonically decreases with
decreasing d for d/Rp-=1. The scaling relation observed in
our experiment is Do d®7*%97  This exponent is smaller
than one predicted by blob theory of 0.67 [Eq. (9)]. This
discrepancy is probably due to the neglect of hydrodynamic
interaction between blobs and that between blobs and walls.
Indeed, considering with the results in much narrower slits
[23,25], the exponent deviates from this theoretical predic-
tion to the dependence on the thickness of the slit. A more
reliable theory with hydrodynamic effect is required to de-
scribe the dynamical property of this region. The slight in-
crease in D near d ~ Ry is also due to the unusual decrease of
the polymer size discussed in the previous subsection.
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FIG. 6. (Color online) Dependence of the hydrodynamic radius
Ry (filled circles: online red) and the ratio of Ry/L (empty circles:
online blue) of a DNA molecule on the thickness of a slit d. Theo-
retical ratio of Ry/L=0.255 in a three-dimensional free space is
drawn as a dotted line. The exponent of the best-fitted power law to

Ry/L in the region of d/Rp=1 drawn in a solid line is
-0.31+0.05.

The hydrodynamic radius Ry obtained from the dynamic
light scattering is often used as the characteristic size of a
polymer [3,4]. We can calculate Ry from the translational
self-diffusion coefficient D with Stokes-Einstein relation, D
=kgT/6 TRy, where kg is the Boltzmann constant, 7 is the
absolute temperature, and 7 is the viscosity of water
(8.9 mPas at 25 °C). Figure 6 shows the dependence of

Ry on d and that of Ry/L on d. The value of Ry/Ry is
theoretically predicted for a real chain in good solvent as

0.255 [3]. Since the size of a long axis L for d/Rp=1 is
almost same one to Ry, which is shown in the previous sub-

section, Ry/L is expected to be 0.255 for large d. This is
confirmed in the region of d/Rp=1 as shown in Fig. 6.

However, this ratio depends on d as Ry/L<d 3" in the re-

gion of d/Rp=1. This exponent is smaller than that pre-
dicted by the blob theory (=5/12=-0.417).

C. Rotational relaxation time of a single DNA

By fitting the binarized images to ellipsoids, the direction
of the major axis of a single DNA molecule can be deter-
mined. The calculated correlation function of the unit vector
parallel to the major axis is shown in the inset of Fig. 7. The
correlation function is found to decay exponentially, which is
shown as a solid line in the inset. Since the direction of the
major axis jumps suddenly due to the change of overall poly-
mer shape, the correlation function cannot be monitored over
long time scale. This is the reason why the correlation func-
tion does not relax to zero within the lag time we studied.
However, the experiments yield enough sequences to discuss
this relaxation mode compared to the time scale that was
previously reported [26,24]. The calculated rotational relax-
ation time of a single DNA molecule 7 with Eq. (2) is plotted
against the thickness of the slit 4 in Fig. 7. The values of 7
are normalized by that at d=20 um, 7,=2.3 s.

For d=Rp, 7is almost constant about 7. For d=Rj, 7
increases with decreasing d. The scaling relation 7
~d~107=010 i5 found in our experiment. This exponent is in
rather good agreement with the result by Bonthuis er al.
(=1.17) [26] than that by Hsieh er al. (=0.92) [24]. That also
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FIG. 7. (Color online) Dependence of the rotational relaxation
time 7 of a DNA molecule on the thickness of a slit d. Both 7 and
d are represented in the normalized scale by the experimentally
obtained value of 7y at d=20 um, 79=2.3 s, and the Flory radius
in three dimensions Rp=4.45 um. The exponent of the best-fitted
power law drawn as a solid line in the region of d/Rp=1 is
—1.07=0.10. The dotted line shows the power law of 7ocd="17 for
the guide of eyes. The time correlation function of the unit vector
parallel to the major axis at d=1 um is plotted in the inset as a
semilogarithmic plot.

makes good agreement with the predicted exponent by blob
theory —1.17. The experimentally obtained exponent —1.07 is
also consistent with the exponent calculated from Eq. (10),

—1.09, using the experimentally obtained relations L
~d-926 and D~ d°57.

D. Radial distribution function of segments in a single DNA

The analysis in the previous subsections is based on the
binarized fluorescent images of a single DNA molecule, but
the intensity of fluorescent image reflects the density of seg-
ments [32]. In this subsection, the grayscale images of a
single molecule have been used to calculate the radial distri-
bution function of segments in a molecule around its center
of mass. The distribution function n(r)/n,, was calculated
as the total intensity at a certain radius r normalized by its
maximum value n,,,,. The value n(r) relates the usually used
radial distribution function g(r) as n(r)=2mrg(r). The radial
distribution functions of segments n(r)/n,,,, at various thick-
nesses are shown in Fig. 8. n,,, is the maximum number of
segments in the distribution function and the corresponding
distance is denoted by r,,,,. The distance r,,,, and the width
of the distribution monotonically increases with decreasing
the thickness. The dotted curve in Fig. 8 is the radial distri-
bution of segments in the two-dimensional Gaussian chain
with the same Kuhn length and the same number of seg-
ments.

We have compared the obtained experimental results with
the distribution of segments in an excluded volume chain
calculated from the coordinate data of segments obtained by
Monte Carlo simulation [33,34]. From the simulated three-
dimensional coordinate data of the segments, the distribution
of the segments projected onto the two-dimensional plane
that contains the center of mass of a polymer was calculated
and is shown as a thick solid line in Fig. 8. The segment
distribution in an excluded volume chain shows better agree-
ment with the experimental ones compared to a Gaussian
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nrin,,.

FIG. 8. (Color online) Radial distribution function of segments
around the center of mass of a single DNA molecule in a slit with
different thickness. The thick solid curve is calculated from the
coordinate data of segments in the two-dimensional projection of
the excluded volume chains in three-dimension obtained by com-
puter simulation. The dotted curve is the distribution function of the
segments in the two-dimensional Gaussian chain.

chain. However, it is apparently different from the experi-
mentally obtained one for large d.

One of the reasons for this discrepancy is the existence of
the segments out of the focal plane of a microscope. When d
is large, the considerable number of segments is out of focal
plane, and the distribution differs from one expected for an
ideal excluded volume chain. This is one reason why we
utilized the binarized images in the previous subsections. In
the case of small d, since almost all the segments can be

sl iy () ()
o I~ do.s } %
g
N4 ® semidilute {
[ dilute
1 2 3 4 5
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(b) (1) (1D 1)) %
0.2+
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3 0.67
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1 2 3 4 5
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FIG. 9. (Color online) Dependence of (a) the length of the major
axis L and (b) the translational self-diffusion coefficient D of a
single DNA molecule on the thickness of a slit d. The open squares
(online blue): dilute solutions. The filled circles (online red): semi-
dilute solutions. The solid line in (a) indicates L« d~"? and that in
(b) indicates Do d*? for the guide of eyes. The regions marked by
(I), (I1) and (III) are calculated from the phase diagram [20,35].
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detected, the obtained distribution approaches ideal one. Ac-
tually, we have calculated the radial distribution function of
the simulated excluded volume chain sliced with a finite
thickness to confirm our assumption. As the width of the
sliced region increases, the peak position r,,, decreases.
Therefore, r,. in thicker cells will shift to smaller value
than that expected in an exclude volume chain. This behavior
qualitatively agrees with our experimental observation in
Fig. 8. The size estimated from the grayscale images be-
comes smaller because the weight of the parts near the center
increases. On the other hand, the size estimated from bina-
rized images relatively enlarges because the weight of the
outer side increases. Since almost all the segments can be
detected in the previous reports for much thinner slits, the
grayscale images offer much accurate estimation of the poly-
mer size. However, from the comparison to computer simu-
lation, the analysis based on binarized images offer more
reliable results in thick samples used in the present study.

V. SEMIDILUTE SOLUTION IN A THIN SLIT

In dilute solutions, the influence of spatial confinement
clearly becomes serious in the region where the slit size d is
smaller than the size of a polymer Ry. This is experimentally
confirmed in the previous section. The upper boundary of the
dilute regime is the overlap concentration c¢* where the
spheres of radius Ry start to overlap. This is 21.1 uM for
T4GT7 DNA used in this study. Above c*, polymers are in
the so-called semidilute regime. In semidilute solutions,
polymers overlap, and entangle each other in more concen-
trated solutions. This topological confinement by other poly-
mers drastically changes the dynamical properties of poly-
mers in semidilute solutions.

The influence of confinement by a slit is expected to be
small in semidilute solutions because the interaction between
polymers is screened within the length of the blob size that
corresponds to the mesh-size of the entangled polymer net-
works. As the blob size becomes smaller by increasing poly-
mer concentration, the critical thickness where the influence
of slits is serious becomes smaller. In this section, we study
the influence of a slit in a semidilute solution. The static
structure of a polymer in a slit has been studied by the scal-
ing theory. The phase diagram of a polymer confined in a slit
was studied in concentration-thickness space [20,35]. In se-
midilute region, there are three regions: (I) semidilute
sphere, (II) three-dimensional semidilute confined sphere,
and (IIT) two-dimensional semidilute pancake. The influence
of confinement by slits increases in this order. In the regions
(I) and (II), the influence of concentration is much stronger
than that of spatial confinement. On the contrary, the influ-
ence of spatial confinement is more serious than that of con-
centration in the region (IIT).

In this section, the influence of confinement by slits on the
size and the translational self-diffusion of a polymer were
studied in a semidilute solution. From the phase diagram, the
effect of confinement in a rather thick cell is more significant
near ¢*. The concentration of a DNA solution was fixed to
¢=1.56¢" as an example.

PHYSICAL REVIEW E 81, 051801 (2010)

Figure 9(a) shows the dependence of the length of the

major axis L on the thickness of a slit d. The result for a
dilute solution is also plotted in Fig. 9(a). The influence of
the concentration to the size of a polymer is rather small in

semidilute solutions. The size L in the thick slits is almost
same both in dilute and semidilute solutions (see the data at
d=5 um). The boundary thicknesses between the different
regions calculated from the phase diagram are respectively
drawn as blurred lines. The size in the region (I) and (II) are
almost same as the Flory radius in three dimensions. How-

ever, L in the region (II) significantly increases with de-
creasing d. This indicates that the influence of confinement is
weaker than that in dilute solutions. From the scaling theory,

L is scaled as L d~"? in semidilute solutions [20]. This is in

good agreement with the obtained dependence of L in Fig.
9(a) in the region (IIT).

Figure 9(b) shows the dependence of the translational
self-diffusion coefficient D on the thickness of a slit d. The
result for a dilute solution is also plotted in Fig. 9(b). The
obtained D at d=5 um in a semidilute solution is smaller
than that in dilute one. This is mainly due to the overlapping
effect of polymers. The difference of D between in the re-

gions (I) and (IT) is not significant as is the same as in L.
However, it suddenly decreases in the region (IIT) and
strongly decreases with decreasing d in this region. The de-
pendence of D on d in the region (III) seems to be scaled
with the same exponent in a dilute solutions as D o d*>.
From our limited results, the confinement effect becomes
serious only at the region (IIT) in a semidilute solution. This
is the transition from three-dimensional to two-dimensional
confinement and corresponds to one observed at d~ Ry in
dilute solutions. In a qualitative speculation, it is reasonable
the dynamical property, i.e., diffusion, changes around the

condition where the polymer size L changes. The condition
d> R permits free diffusion, but the region d <R limits free
diffusion and only permits overlapping motion. The reptation
motion or excluded motion will be observed in more concen-
trated solutions. The width of the region (II) is too narrow to
study its physical properties in this study. It is necessary to
study more concentrated solutions to draw a quantitative
conclusion on the difference of the physical properties in
respective regions. The more precise experiment in a wider
range of concentrations in semidilute solutions is under
performed.

VI. CONCLUSION

We studied the conformation and dynamics of a single
DNA molecule in a thin slit using a fluorescent microscope.
In a dilute solution, the dependence of its conformation and
dynamics on the thickness of a slit shows relatively sharp
change at the same thickness as the Flory radius of a DNA in
three dimensions. The blob picture is relatively in good
agreement with the obtained average polymer size, transla-
tional self-diffusion coefficient, and rotational relaxation
time in thinner cells. Besides these overall properties of a
polymer, the radial distribution of segments has been
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calculated from the grey scaled images of a single DNA
molecule. We find the finite focal depth makes serious influ-
ence on the measurement of the distribution of segments.
The influence of confinement on the size and diffusivity of a
polymer have been also studied in a semidilute solution near
the overlap concentration. Its effect is slight in comparison
with that in a dilute solution in three-dimensional regions.
However, the serious influence is also apparent in the region
called two-dimensional semidilute pancakes in the phase
diagram.
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