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We investigated the dynamics of long deoxyribonucleic acid(DNA) migrating through curved
channels under electric fields. Long DNA exhibits large conformational changes in the curved
channels because of the inhomogeneity of the electric fields around curves. Two kinds of channel
shapes were used for the examination. One(type I) has the same width in the curved region as in
the straight region. The other(type II) is wider in the curved region than in the straight region. The
difference in migration rates between long DNA and short DNA was larger in type II than in type
I chips. We discuss the separation mechanism of the type II chip. ©2004 American Institute of
Physics. [DOI: 10.1063/1.1776625]

I. INTRODUCTION

Separation of long deoxyribonucleic acid(DNA) by gel
electrophoresis is still time consuming.1 Many technologies
for the sizing of long DNA and related protocols have been
proposed.2 Especially, the recent development of microfabri-
cation and nanofabrication techniques has provided a way to
replace gel cross-linking with artificial obstacles to sieve
molecules.3,4 However, for long DNA separation, even meth-
ods employing artificial obstacles need two-dimensional al-
ternating electric fields.3 This fact implies that separation of
long DNA by entanglement with cross-linked gel or artificial
obstacles is not useful in a simple one-dimensional channel.

Using electrostatic interactions between DNA and the
wall of a fused-silica capillary, Ikiet al. demonstrated DNA
separation without any separation media using capillary
electrophoresis.5 Pernodetet al. performed DNA electro-
phoresis on a flat surface of silicon, and controlled the local
friction between the adsorbed DNA and the surface by the
surface energy of the modified silicon substrate.6 In both
cases, the molecular interactions at the liquid-solid interface
were regulated to increase the separation efficiency. On the
other hand, Han and Craighead demonstrated entropy trap-
ping in DNA electrophoresis without using a conventional
gel system.7,8 The methods utilizing geometrical effects on
long polymer conformation have greater potential for long
DNA separation than sieving by entanglement with artificial
obstacles.9

In our previous papers, we investigated the curvature
effect on long DNA molecules under electric fields9 and hy-
drodynamic flows.10 However, the curvature effect on mol-
ecules of different molecular weights under electric fields
remains unclear. In the current paper, we investigate the cur-
vature effect on long DNA and short fragmented DNA using
two kinds of channels. One(type I) has the same width chan-
nel in the curved region as in the straight region and the
other (type II) has a varying width channel in the curved
region. In the following sections, we investigate the dynam-
ics of long DNA through the curved regions in type I and
type II chips.

II. BACKGROUND

We incorporate entropy gain based on a geometrical ef-
fect according to previous work.11,12 In order to introduce a
long polymer into a straight capillary with a diameterD, we
need the confinement energyFconf=TNsa/Dd5/3, whereT is
the absolute temperature(energy units), a is the effective
segment length, andN is the segment number. This formula
has a physical meaning under the geometrical conditiona
!D!RF. RF is the Flory radius of the real chain, which is
calculated byRF=aN3/5.

Next, consider a polymer confined in a curved capillary,
whereR is the average curvature radius of the wall between
the inner and outer curvatures. In this case, the polymer con-
finement energy should be corrected in the following form:

a)Author to whom correspondence should be addressed; Electronic mail:
uedam@v006.vaio.ne.jp

JOURNAL OF APPLIED PHYSICS VOLUME 96, NUMBER 5 1 SEPTEMBER 2004

0021-8979/2004/96(5)/2937/8/$22.00 © 2004 American Institute of Physics2937

Downloaded 06 Mar 2008 to 130.54.110.22. Redistribution subject to AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp

http://dx.doi.org/10.1063/1.1776625


Fconf = TNS a

D
D5/3

− TDsfRg, s1d

whereDsfRg is an entropy change induced by the curvature
effect. For a polymer confined in the capillary with only one
curvature radius, the entropy change is represented by
DsfRg,Na5/3D1/3s1/Rd2, where numerical factors are ne-
glected(see the Appendix). Here, adding to the geometrical
condition a!D!RF, the size condition lm,L_c,pR
should be satisfied, wherelm is defined by lm
=2ÎsR+D /2d2−sR−D /2d2=2Î2RD, andL_C is the average
conformational size of DNA along the curved capillary.

Formula(1) means that the polymer entropy gain is re-
stricted in a curved capillary. Therefore, when a polymer is
confined in a straight capillary connected with curved re-
gions as shown in Fig. 1(a), the polymer tends to spend more
time in the curved regions than in the straight regions be-
cause of the entropy gain.10,12

Under weak hydrodynamic flows, long DNA satisfying
the size condition lm,L_c,pR exhibits the curvature
effect.10 However, under electric fields, the effect disappears
due to the inhomogeneity of the electric field around the

curve as shown in Fig. 1(c).9 Under an electric field, other
factors such as electro-osmotic flow affect the DNA dynam-
ics around a curve more than the entropic effect described by
Eq. (1).

In order to enhance the geometrical effect, we increased
the D of the curved region, and decreased theD of the
straight region as shown in type II chip of Fig. 2(a). The
confinement energy difference between the straight and the
curved regions should be enlarged in the type II chip. Fur-
thermore, the inhomogeneity of the electric field around the
curved region is reduced and is localized at the interface
between the straight and curved regions as shown in Fig.
2(c).

III. EXPERIMENTAL DETAILS

A. Fabrication

The nanocapillaries were fabricated on a quartz plate
with a 2 cm32 cm area by electron beam lithography,
which was described in our previous work.9

FIG. 1. (a) Photograph of a periodically curved channel chip(type I). x and
y directions are defined as horizontal and vertical directions, respectively.
(b) Schematic drawing of the capillary in the type I chip. The channel is
600 nm in widthsDd, 480 nm in depth, with an average curvature radius of
3 mm sRd. The straight region is 15.7mm in length sLd. (c) Calculated
electric field in the channel of the type I chip.

FIG. 2. (a) Photograph of the type II chip. Thex andy directions are defined
as the horizontal and vertical directions, respectively.(b) Schematic drawing
of the capillary in the type II chip. In the straight regions, the channel is
0.35mm in width sD1d and 15.7mm in lengthsLd. The curved region has a
varying channel width from 0.35mm sD1d to 1.45mm sD2d. The curvature
radius of the inner wall is 3mm sR8d. (c) Calculated electric field in the
channel of the type II chip.
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Figure 1(a) shows a photograph of a periodically curved
channel chip(type I), where the channel has the same width
s0.6 mmd and depths0.48mmd, both in the curved and
straight regions. The curved channel is connected with wide
straight channels(100 mm width) to reservoirs. As the ar-
rows indicate,x and y directions are defined as horizontal
and vertical directions, respectively. The curved region has
an average curvature radiusR of 3 mm, and the straight re-
gion has a lengthL of 15.7mm as shown in Fig. 1(b). Figure
1(c) shows the electric field in the type I chip channel calcu-
lated with ConventorWare(Conventor, Inc., USA) software.
The dimensions used to calculate the field are as follows:
capillary width is 0.6mm, outer radius is 5.3mm, inner ra-
dius is 4.7mm, and the length of the straight region is
7.8 mm. The average field strength is 2.3 V/cm. The differ-
ence in field strength between the outer and inner wall
around the curved region is calculated to be 0.48 V/cm.

Figure 2(a) shows a photograph of the type II chip. In
the straight regions, the channel is 0.35mm in width sD1d
and 15.7mm in lengthsLd. The curved region has a varying
channel width from 0.35mm sD1d to 1.45mm sD2d. The
curvature radius of the inner wall is 3mm sR8d. Figure 2(c)
shows the electric field in the type II chip channel calculated
with ConventorWare software. The dimensions used to cal-
culate the field are as follows:D1=0.3,D2=1.3,R8=3.0,L
=7.8 mm. The average field strength is 2.3 V/cm. The dif-
ference in field strength between the outer and inner wall
around the curved region is calculated to be 0.07 V/cm.

B. Materials and setup

By means of fluorescence microscopy, T4 DNA
(166 kbp, Nippon gene, Inc., Japan) and l DNA-HindIII
digest [Marker I s23.13–0.13 kbpd, Nippon gene, Inc.,
Japan] stained with YOYO-1(Molecular Probes, Inc., Or-
egon) were visualized in 0.53 TBE buffer (45 mM Tris-
borate, 1.25 mM EDTA,pH=8.0), which also includes 4%
sv/vd 2-mercaptoethanol, 2.3 mg/ml glucose, 0.1 mg/ml
glucose oxidase, 0.018 mg/ml catalase, and 0.3% polyvi-
nylpyrrolidone (PVP; molecular weight=10 000, TOKYO-
KASEIKOGYO CO., LTD., Japan). The Flory radius of T4
DNA in a free solution is estimated to be ca. 4.5mm sLcont

=0.34 nm/bp3166 kbp,a=100 nm,N=564d. Therefore, in
both type I and type II chips, the conformation of T4 DNA
was deformed by the channel shape.

A silicon sheet(2 mm thickness), which has two holes
(3 mm diameter) for buffer solution reservoirs, was placed
on a chip cover plate. DNA-containing solutionss1.5 mld
were dropped into the reservoirs. Then, the hole was sealed
with another cover plate, which was connected to a microsy-
ringe via a silicon tube. Prior to voltage application, the ini-
tial hydrodynamic flow in the channel was canceled by the
regulation of reservoir pressure with the microsyringe. After
that, constant voltages were applied with a power supply.
Other details of the sample preparation are similar to those
previously described.9

IV. RESULTS

A. Data processing

Figure 3(a) shows sequential fluorescence images of T4
DNA migrating in the type I chip. The images were taken at
0.5 sec intervals from left to right. First, the fluorescence
image (grayscale image) was translated into a black and
white image(two value image). From the black and white
image, the center of mass of DNA and the outline of the
image were evaluated. Aftere that, the maximum lengthLm,
which is defined as the maximum length of crossing the out-
line, was calculated. Then, we calculated the angle of maxi-
mum length to thex axis su ,−p /2,u,p /2d, and the mi-
gration velocity of the center of masssVgd using the image
processing software Cosmos32(Library Inc., Tokyo, Japan).
After taking the moving average, time courses of the maxi-
mum length(Lm, solid line) and angle(u, dotted line), and
the migration rate of the center of mass(Vg, solid line) and
angle (u, dotted line) are shown in Fig. 3(b) and Fig. 3(c),
respectively.

FIG. 3. (a) Fluorescence images of migrating T4 DNA under an electric
potential of 1.0 V in the type I chip channel. Each image was taken at
0.5 sec intervals. A scale of 10mm is indicated in the lower right.(b) Time
courses in the maximum length(Lm, solid line) of T4 DNA and the angle of
Lm to thex direction(dotted line). (c) Time courses in the migration velocity
(Vg, solid line) of the center of mass of T4 DNA and the maximum length
angle(dotted line).

J. Appl. Phys., Vol. 96, No. 5, 1 September 2004 Ueda et al. 2939

Downloaded 06 Mar 2008 to 130.54.110.22. Redistribution subject to AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp



In the plot of the maximum length anglesud, the flat
levels around ±1.5 rad indicate that the DNA was migrating
in the straight region of the channel. On the other hand,
monotonically increasing and decreasing regions in the angle
change indicate that the DNA was migrating in the curved
regions. Both in type I and type II chips, DNA molecules are
stretched in the direction of the channel under electric fields.
Therefore, we can use the maximum length angle as the in-
dicator of the straight and curved regions. With the definition
of the straight region of the channel as the region in which
the angle is greater than 1.3 rad(for T4 DNA) and 1.0 rad
(for short fragmented DNA), we calculated the averages of
the maximum length(Lms and Lmc) and the migration rate
(Vgs andVgc) in the straight and curved regions. The thresh-
old angle distinguishing the straight region from the curved
region depends on each DNA length. We evaluated 1.3 for
T4 DNA and 1.0 for short fragmented DNA after investigat-
ing the test calculations for several molecules and the corre-
sponding images in type I and II chips.

We measured individual molecules froml DNA-HindIII
digest mixture as short fragment DNA. However, shorter
DNA fragments than 6.5 kbp were not counted because the
size is comparable to noise level.

B. Type I chip

Figure 3(b) shows that T4 DNA is stretched periodically
around curved regions in the type I chip. This stretching is
accompanied by an increase in the migration ratesVgd as
shown in Fig. 3(c). Because an electro-osmotic flow prevents
the stretching of DNA(data not shown), we prevented the
electro-osmotic flow by adding 0.3% PVP to the solution. In
our previous work, we explained the stretching and accelera-
tion of long DNA in curved channels due to inhomogeneity
of electric fields.9 As shown in Fig. 1(c), the region around
the inner wall of the curved channel has a higher electric
field than the region near the outer wall. This means that the
inhomogeneity of the electric field makes the effective width
of the curved region smaller than that of the straight region.
As a result, DNA was accelerated and stretched periodically
around the curved region, as shown in Figs. 3(b) and 3(c).

Figure 4(a) shows the dependence of the conformational
size of T4 DNA in the straight(open triangles) and curved
regions (closed triangles) of the chip on the electric field.
Under lower electric fields than 1 V, DNA has a longer con-
formational size in curved regions than in straight regions.
Under higher electric fields, the maximum length of T4 DNA
is saturated to almost the same size both in straight and
curved regions.

Figure 4(b) shows the dependence of the migration rates
of T4 DNA and short fragmented DNA in the straight region
on the electric field. We used DNA molecules with anLmc

less than 3.5mm as short fragmented DNA. In the range of
the electric field used, T4 DNA and fragmented DNA have
the same migration rates. On the other hand, in curved re-
gions, T4 DNA migrates slower than short fragmented DNA,
as shown in Fig. 4(c). The difference in migration rates be-
comes larger as the electric field increases. Around curved
regions, DNA migrates and adheres to the inner wall.9 There-

fore, it can be speculated that longer DNA interacts with the
inner wall along longer distances and so migrates slower
than short fragmented DNA. However, the differences of the
migration rates are not very sensitive to the electric field
strength.

C. Type II chip

In the type I chip, a mobility difference in the curved
region depending on molecular length was generated, but the
separation efficiency was not very high. In order to improve
the separation efficiency, we investigated the behavior of the
type II chip.

Figure 5(a) shows sequential fluorescence images of T4
DNA under an electric field of 1.0 V in the type II chip. Each

FIG. 4. (a) Plots of maximum length of T4 DNA in a type I chip vs poten-
tial. Open and closed triangles indicate maximum length in the straight
regionsLmsd and the curved regionsLmcd. (b) Plots ofVg in straight regions
vs potential. Open circles indicate migration rate of short fragments of DNA
sVgs_SFd, closed circles indicate migration rate of T4 DNAsVgs_T4d. (c) Plots
of Vg in curved regions vs potential. Open circles indicate the migration rate
of short fragments of DNAsVgc_SFd, closed circles indicate the migration
rate of T4 DNAsVgc_T4d.
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image was taken at 1 sec intervals from left to right. Time
courses ofLm and u, Vg and u are shown in Figs. 5(b) and
5(c), respectively. DNA is stretched and accelerated in the
straight region, and is released and decelerated in the curved
region periodically. This tendency is completely opposite to
the behavior observed in the type I chip. Furthermore, the
changes ofLm and Vg in the straight regions of the type II
chip exhibit a double peak wave form. The greater width in
the curved region of the type II chip reduces the electric field
inhomogeneity in the normal direction, as shown in Fig. 2(c).
The electric field inhomogeneity is localized at the interfaces
between the straight and curved regions.

Figure 6(a) shows plots of the maximum length of T4
DNA in the type II chip versus potential. Open and closed
triangles indicate the maximum length in the straightsLms_T4d
and the curvedsLmc_T4d regions, respectively. Both in the
straight and curved regions, stretching of the T4 DNA varies
directly with the increase in potential. The tendency is not
saturated in this potential range.

Figure 6(b) shows plots ofVg in straight and curved
regions versus potential. Open and closed circles indicate the

migration rates of short fragments of DNAsVgs_SFd and T4
DNA sVgs_T4d in the straight region, respectively. Open and
closed rectangles indicate the migration rate of short frag-
ments of DNAsVgc_SFd and T4 DNAsVgc_T4d in curved re-
gions, respectively. Both in the straight and curved regions,
the short fragmented DNA migrates faster than T4 DNA. The
differences betweenVgs_SF and Vgs_T4, and betweenVgc_SF

and Vgc_T4 still increase monotonically with the increase in
potential.

V. DISCUSSION

In this section, we discuss three factors regarding DNA
separation in the type II chip: local friction between DNA
and the capillary wall, the process of entrance into the curved
region, and the nonuniform electric field. Although they are
connected with each other, we discuss each separately.

A. Local friction between DNA and capillary wall

We assumed that our capillary wall is a hard repulsive
wall in the derivation of Eq.(A3) (Appendix). That is correct
as a first approximation, because in our experiments, PVP,
which prevents electro-osmotic flow and reduces the interac-
tion between DNA and the capillary wall, was added to the

FIG. 5. (a) Fluorescence images of migrating T4 DNA under an electric
potential of 1.0 V in the type II chip channel. Each image was taken at 1 sec
intervals. (b) Time courses in the maximum length(Lm, solid line) of T4
DNA and the angle(dotted line) of Lm to thex direction.(c) Time courses in
the migration velocity(Vg, solid line) of the center of mass of T4 DNA and
the angle of the maximum length to thex axis (dotted line).

FIG. 6. (a) Plots of maximum length of T4 DNA in the type II chip vs
potential. Open and closed triangles indicate the maximum length in the
straightsLms_T4d and the curvedsLmc_T4d regions, respectively.(b) Plots ofVg

in straight and curved regions vs potential. Open circles indicate the migra-
tion rate of short fragments of DNA in the straight regionsVgs_SFd, closed
circles indicate the migration rate of T4 DNA in the straight regionsVgs_T4d.
Open triangles indicate the migration rate of short fragments of DNA
sVgc_SFd, closed triangles indicate the migration rate of T4 DNAsVgc_T4d.
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solutions.13,14 However, comparing Fig. 6(b) to Fig. 4(b),
even in the straight region, the migration velocity is depen-
dent on molecular size due to the narrower capillary. This
implies that the local friction between DNA and the wall
may be occurring.6 In order to check this point, we should
investigate the electrophoresis of long DNA in long straight
narrow (or shallow) capillaries in our future work.

B. Entrance process from a wider channel to a
narrower channel

As mentioned above, Figs. 5(b) and 5(c) show double
peaks in the changes inLm andVg under an electric potential
of 1 V. This means that the migration time in the straight
region is longer than the relaxation time of the stretched
DNA. The first peak indicates the process of entrance into
the narrow straight channel from the wider curved region.

However, under higher potentials, bothLm and Vg ex-
hibit a single peak wave form as shown in Fig. 7(a) and 7(b).
Under these conditions, DNA migrates up to the next curve
before completing the relaxation. Therefore, under higher
electric fields, the entrance process into the narrow channel
dominates the migration process in the straight region. This
means that the entrance process is one of the causes of mo-
lecular sieving.

In order to provide insight into the entrance dynamics of
DNA in the type II chip, we compared the entrance process
of T4 DNA under electric potentials of 1 V and 3 V as

shown in Figs. 8(a) and 8(b), respectively. Each image was
taken at 0.33 sec intervals from left to right. Under a poten-
tial of 1 V, DNA enters almost entirely at once. Faster mi-
grating sections extending into the straight channel from en-
tangled DNA are rarely observed. On the other hand, under
the 3 V potential, DNA enters from the leading end in order
(head first or tail first), as shown in Fig. 8(b). Although the
main tangled parts tend to stay in the curved region, unrav-
eling occurs with the migration of the leading end. However,
in this channel size(0.35mm width), small entanglements
enter before being completely released, as shown in Fig.
8(b). For further improvement of separation quality, we
should use a narrower capillary.15 Taking into account the
inflexibility of double-stranded DNA(dsDNA) (the persis-
tence length of dsDNA is about 50 nm),16 it may be prefer-
able to have the width of the narrow capillary less than
100 nm.

C. Nonuniform electric field

Figure 8(c) shows sequential images of the sample plug
migrating in a type II chip(the average electric field is
2.3 V/cm) calculated by ConventorWare(Conventor, Inc.,
USA) software. The sample plug is “monomer gas” made of
point charges with a mobility of 2.5310−4 cm2 V s, and a
concentration of 0.13mmol/ l. As shown in Fig. 8(c), the
sample plug is stretched during the migration along the
curved channel because of the nonuniform electric field.17,18

However, in the case of DNA, the stretching in the type II
chip is observed during the entrance process into a straight
region, not while moving through the curved part. The rea-
son for this is the fact that DNA segments are connected with
each other. Therefore, the entropic elasticity of DNA plays
an important role in its dynamics around the curved channel
as happens in the type II chip. However, the head-first en-
trance under 3 V, as shown in Fig. 8(b), may be induced by
DNA stretching with the nonuniform electric field.

FIG. 7. (a) Time courses of the maximum lengthsLmd of T4 DNA and the
angle ofLm to thex direction under a potential of 3 V in the type II chip.(b)
Time courses in the migration velocitysVgd of the center of mass of T4
DNA and the angle of the maximum length to thex axis under a potential of
3 V in the type II chip.

FIG. 8. Entrance process of T4 DNA into a narrow straight channel. Fluo-
rescence images were taken from left to right at 0.33 sec interval.(a) Under
1 V in a type II chip.(b) Under 3 V in a type II chip.(c) Calculated entrance
process of a sample plug into a narrow channel in a type II chip by Con-
ventorWare. Each frame was taken from left to right at 1 sec intervals.
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Hanet al. reported that longer DNA has a larger mobility
in electrophoresis using an entropy-trapping array.7,8 Tessier
et al. studied the separation mechanism of long DNA in the
entropy-trapping array by means of Monte Carlo simulation,
and investigated the entrance process of long DNA from a
deep region to a shallow region.19 They suggested that a
critical “hernia nucleation”(see Ref. 19) dominates the en-
trance process of long DNA, and the head-first or tail-first
entrance dominates the entrance of shorter DNA. However,
in our case, longer DNA has a smaller mobility, as shown in
Fig. 6(b), and the head-first or tail-first entrance dominates
the entrance process of even long DNA as shown in Fig.
8(b). We assume that the differences between our results and
the results of Hanet al. arise from the differences in the
DNA entrance process(hernia nucleation or head-first en-
trance) in each chip design. Further investigation using ex-
perimental and computational approaches is required to re-
solve these discrepancies.

VI. CONCLUSION

We investigated the curvature effect on long polymer
dynamics using microcapillary and nanocapillary devices.
Long DNA exhibits large conformational changes in the
curved channels because of the inhomogeneity of the electric
fields around curves. Two kinds of channel shapes were used
for the examination. One(type I) has the same width in the
curved region as in the straight region. The other(type II) is
wider in the curved region than in the straight region. The
differences in migration rates between long DNA and short
DNA were larger in the type II than in the type I channel. In
the type II chip, molecular sieving occurs during the entrance
process of DNA from the curved region to the narrow
straight region, and from the straight region to the curved
region. Using a narrower straight region will improve the
separation quality.
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APPENDIX
Suppose a geometrical neutral surface(abbreviatedn

surface) which is equidistant from two walls confining a
polymer, and introduce a local orthogonal coordinate system
x=su,v ,wd, as shown in Fig. 9(a). The surface coordinatesu,
v correspond to principal directions of thensurface with the
principal curvaturesku=1/Ru and kv=1/Rv. The width di-
rectionw is normal to then surface. Two principal directions
are orthogonal, and the curvature of an arbitrary direction
associated with an azimuthal angleu in Fig. 10(a) is given by
ksud=cos2u /Ru+sin2u /Rv. The angular average overu of the
curvatureksud at the pointP0 is simply the mean curvature
H=sRu

−1+Rv
−1d /2.

UsingRu andRv, we can formulate the entropy gain of a
polymer confined between two parallel curved walls with
distanceD sD!Ru,Rvd as shown in Fig. 9(b).

Segments touching the walls should recoil because of the
repulsive hard interaction. Letz be the number of the nearest
position for the segment. At exactly flat surfaces,z is halved.
The curvature effect could be induced by the deviation from
z/2. Hereafter, we single out a configuration in which the
polymer with N segments touches the walls everyN8 seg-
ment. The sum of the number of collisions with(and recoils
from) the outer and inner walls(M+ andM−, respectively) is
M++M−,N/N8. Then the numberW of total configurations
of the confined polymer may be represented by

W, zNS1

2
DN/N8

s1 − 2f+dM+s1 + 2f−dM−, sA1d

where f+ is the fraction of the deficit in the number of con-
figurations due to collisions with the outer wall[see Fig.

FIG. 9. (a) Local orthogonal coordinate systemx=su,v ,wd. u andv corre-
spond to the principal directions which are tangent to the neutral surface at
a point P0=s0,0,0d with the principal curvaturesku and kv. The principal
radii are given byRu=1/ku andRv=1/kv. A curvature corresponding to an
arbitrary direction with an azimuthal angleu is ksud=cos2u /Ru+sin2u /Rv.
(b) Long flexible polymer confined in a curved box.

FIG. 10. Two-dimensional analog of angular geometrical constraints:
Hatched regions correspond to(a) deficit of configurations on the outer wall
and(b) surplus of configurations on the inner wall. Notice that the deficit is
less than the surplus.
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10(a)] and f− is the fraction of the surplus in the number of
configurations due to collisions with the inner wall[see Fig.
10(b)]. We have omitted numerical constants and a combina-
tion factor and ignored the variations ofM+ andM−.

The entropy is calculated as

S= ln W, s0 + s1 + Ds.

The first terms0=N ln z is the entropy of a polymer in a free
space. The second terms1,−sN/N8d is the entropy loss
between planer walls.

The last termDs is the entropy gain due to the curva-
tures compared with the exactly flat planes. We have

Ds = − 2M+f+ + 2M−f−, sA2d

where f+ and f− are assumed to be small values. Eq.(A2)
means that the total entropy change is the sum of the number
(M+and M−) of collisions times entropy change(f+and f−)
per collision.

Now we will estimate the deficitf+ and the surplusf−,
treating polymers as blobs. When principal radiiRu and Rv
are large compared toD, the fractions of the deficit and the
surplus of solid angles being available for blobs can be cal-
culated using the following equation:

1

4p
E

0

2p D

2
ksuddu =

D

4

1

2
S 1

Ru
+

1

Rv
D .

Thus the fractions are written as

f+ =
D

4
HSD

2
D, f− =

D

4
HS− D

2
D ,

with

Hswd =
1

2
S 1

Ru + w
+

1

Rv + w
D ,

whereHsD /2d andHs−D /2d are the mean curvatures of the
outer and inner walls, respectively. Notice thatf−. f+ for
Ru.0 andRv.0.

The numbers of collisions with the two curved surfaces
are not equal and they are modified by two factors. The first
factor depends on surface area change. We represent this
factor with Sswd /Ss0d, whereSswd=sRu+wdsRv+wd.

The second factor depends on local density profile
changes. The density changes are induced because of the
local entropy gain or loss. Here we assume that the number
of collisions has a linear dependence on the ratio of the total

angular configurations of our blobs at points on the walls. We
therefore multiply a factors1−2f+d or s1+2f−d to the aver-
age number of collisionsN/2N8.

Thus we write

M+ ,
N

2N8

SsD/2d
Ss0d

s1 − 2f+d,

M− ,
N

2N8

Ss− D/2d
Ss0d

s1 + 2f−d,

which holdM++M−,N/N8.
From Eq.(A2), brief calculation yields

Ds , NzS 1

Ru
−

1

Rv
D2

, sA3d

where z=D2−1/na1/n. For self-avoiding chains, we havez
=a5/3D1/3.

In the special case of Eq.(A3), we have Ds
,Na5/3D1/3s1/Rd2 for a self-avoiding chain confined be-
tween cylindrical shellssRu=R,Rv=`d. Here, we can regard
the generic formula as the curvature entropy gain of a self-
avoiding chain confined in one-dimensional curved capillary
as well.
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