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We investigated the dynamics of long deoxyribonucleic a@#A) 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. @gpe ) has the same width in the curved region as in

the straight region. The othéype 1l) 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 |l than in type

| chips. We discuss the separation mechanism of the type Il chipO@ American Institute of
Physics [DOI: 10.1063/1.1776625

I. INTRODUCTION In our previous papers, we investigated the curvature

, . : ~ effect on long DNA molecules under electric fieldmd hy-
Separation of long deoxyribonucleic aaiNA) by gel drodynamic flows® However, the curvature effect on mol-

electrophoresis is still time consumiﬁg\/Iany technologies . . L
for the sizing of long DNA and related protocols have beeneCUIe_S of different molecular weights under el_ectrlc fields
remains unclear. In the current paper, we investigate the cur-

proposecf. Especially, the recent development of microfabri- ature effect on long DNA and short fragmented DNA using

cation and nanofabrication techniques has provided a way gHaAtre .
replace gel cross-linking with artificial obstacles to sievetWO Kinds of channels. On@ype |) has the same width chan-

molecules™* However, for long DNA separation, even meth- nel in the curved region as m_the straight region and the
other (type Il) has a varying width channel in the curved

ods employing artificial obstacles need two-dimensional al-" . . . . .
ternating electric fieldd.This fact implies that separation of region. In the following sections, we mve_sﬂga?e the dynam-
long DNA by entanglement with cross-linked gel or artificial ics of Iong DNA through the curved regions in type | and
obstacles is not useful in a simple one-dimensional channe‘ype Il chips.
Using electrostatic interactions between DNA and the
wall of a fused-silica capillary, lket al. demonstrated DNA
separation without any separation media using capillary
electrophoresis. Pernodetet al. performed DNA electro- || BACKGROUND
phoresis on a flat surface of silicon, and controlled the local
friction between the adsorbed DNA and the surface by the We incorporate entropy gain based on a geometrical ef-
surface energy of the modified silicon substfate. both  fect according to previous work:*2In order to introduce a
cases, the molecular interactions at the liquid-solid interfacéong polymer into a straight capillary with a diamefer we
were regulated to increase the separation efficiency. On theeed the confinement energy,~=TN(a/D)>3, whereT is
other hand, Han and Craighead demonstrated entropy traghe absolute temperatuienergy unity a is the effective
ping in DNA electrophoresis without using a conventionalsegment length, and is the segment number. This formula
gel systend:® The methods utilizing geometrical effects on has a physical meaning under the geometrical condiion
long polymer conformation have greater potential for long<D <R¢. R is the Flory radius of the real chain, which is
DNA separation than sieving by entanglement with artificialcalculated byR-=aN®>.
obstacles. Next, consider a polymer confined in a curved capillary,
whereR is the average curvature radius of the wall between
Author to whom correspondence should be addressed; Electronic maif€ inner and outer curvatures. In this case, the polymer con-
uedam@v006.vaio.ne.jp finement energy should be corrected in the following form:
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FIG. 1. (a) Photograph of a periodically curved channel ctiype I). x and

y directions are defined as horizontal and vertical directions, respectively!G. 2. (8) Photograph of the type Il chip. Theandy directions are defined

(b) Schematic drawing of the capillary in the type I chip. The channel isas the horizontal and vertical directions, respectivélySchematic drawing

600 nm in width(D), 480 nm in depth, with an average curvature radius of of the capillary in the type Il chip. In the straight regions, the channel is

3 um (R). The straight region is 15&m in length (L). (c) Calculated ~ 0.35um in width (D1) and 15.7um in length(L). The curved region has a

electric field in the channel of the type I chip. varying channel width from 0.3am (D1) to 1.45um (D2). The curvature
radius of the inner wall is 3um (R’). (c) Calculated electric field in the
channel of the type Il chip.

5/3
a
Fconf:TN<_) - TAo[R], (1) . . 9 .
D curve as shown in Fig.(t).” Under an electric field, other

whereAo[R] is an entropy change induced by the curvaturefacmrs such as electro-osmotic flow affe_ct the DNA dynam-
effect. For a polymer confined in the capillary with only one ics around a curve more than the entropic effect described by

curvature radius, the entropy change is represented b@q'(l)' ) )
Ao{R]~Na3D¥3(1/R)2, where numerical factors are ne- In order to enhance the geometrical effect, we increased

glected(see the Appendix Here, adding to the geometrical (€ D of the curved region, and decreased Beof the
condition a<D<Rg, the size conditionl,<L .<#R straight region as shown in type Il chip of Fig(af The
should be satisfied wherel . is defirr1ned —be | confinement energy difference between the straight and the
:2\/(R+D/2)2—(R—D/é)2:2v/2RB andL -~ is the averan;]e curved regions should be enlarged in the type Il chip. Fur-
conformational size of DNA alond the cﬁ(r:ved capillary. thermore, the inhomogeneity of the electric field around the

Formula(1) means that the polymer entropy gain is re- curved region is _reduced and is Iocqlized at the int_erfat_:e
stricted in a curved capillary. Therefore, when a polymer isbetween the straight and curved regions as shown in Fig.
confined in a straight capillary connected with curved re—z(c)'
gions as shown in Fig.(&), the polymer tends to spend more
time in the curved regions than in the straight regions betil. EXPERIMENTAL DETAILS
cause of the entropy gafft:*2

Under weak hydrodynamic flows, long DNA satisfying
the size conditionl,<L .<#R exhibits the curvature The nanocapillaries were fabricated on a quartz plate
effect!® However, under electric fields, the effect disappearsvith a 2 cmx2 cm area by electron beam lithography,
due to the inhomogeneity of the electric field around thewhich was described in our previous work.

A. Fabrication
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Figure Xa) shows a photograph of a periodically curved
channel chiptype I), where the channel has the same width
(0.6 um) and depth(0.48 um), both in the curved and
straight regions. The curved channel is connected with wide
straight channel$100 um width) to reservoirs. As the ar-
rows indicate,x andy directions are defined as horizontal
and vertical directions, respectively. The curved region has (b)
an average curvature radigsof 3 um, and the straight re- 75 -
gion has a length of 15.7 um as shown in Fig. (b). Figure L
1(c) shows the electric field in the type | chip channel calcu- i
lated with ConventorWaréConventor, Inc., USAsoftware.

65t i

The dimensions used to calculate the field are as follows:
capillary width is 0.6um, outer radius is 5.3um, inner ra-
dius is 4.7um, and the length of the straight region is

Lm, pm

5.5

6}

Angle, rad

7.8 um. 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 2a) shows a photograph of the type Il chip. In
the straight regions, the channel is 0,86 in width (D1)
and 15.7um in length(L). The curved region has a varying
channel width from 0.3%m (D1) to 1.45um (D2). The
curvature radius of the inner wall is @8m (R’). Figure 2c)
shows the electric field in the type Il chip channel calculated
with ConventorWare software. The dimensions used to cal-
culate the field are as follow$1=0.3D2=1.3R'=3.0,L
=7.8 um. 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.

)

L
o
a

B. Materials and setup FIG. 3. (a) Fluorescence images of migrating T4 DNA under an electric

; potential of 1.0 V in the type | chip channel. Each image was taken at

By mea}ns of fluorescence MICToSCcopy, T4 DNA 0.5 sec intervals. A scale of 1@m is indicated in the lower rightb) Time
(]_-66 kbp, Nippon gene, Inc., Japaan_d A DNA-Hindlll courses in the maximum length,,,, solid line) of T4 DNA and the angle of
digest [Marker | (23.13-0.13 kb Nippon gene, Inc., L, to thex direction(dotted ling. (c) Time courses in the migration velocity
Japai stained with YOYO-1(Molecular Probes, Inc., Or- (Vg solid Iine)‘of the center of mass of T4 DNA and the maximum length
egon were visualized in 0.5 TBE buffer (45 mM Tris-  2ndle(dotted fing.
borate, 1.25 mM EDTApH=8.0), which also includes 4%
(v/v) 2-mercaptoethanol, 2.3 mg/ml glucose, 0.1 mg/mi _
glucose oxidase, 0.018 mg/ml catalase, and 0.3% polyvi&- Data processing

nylpyrrolidone (PVP; molecular weight=10 000, TOKYO- Figure 3a) shows sequential fluorescence images of T4
KASEIKOGYO CO., LTD., Japan The Flory radius of T4 pNA migrating in the type | chip. The images were taken at
DNA in a free solution is estimated to be ca. 4B (Lcone 0.5 sec intervals from left to right. First, the fluorescence
=0.34 nm/bp< 166 kbp a=100 nmN=564). Therefore, in  jmage (grayscale imagewas translated into a black and
both type | and type Il chips, the conformation of T4 DNA white image(two value imagge From the black and white
was deformed by the channel shape. image, the center of mass of DNA and the outline of the
A silicon sheet(2 mm thickness which has two holes image were evaluated. Aftere that, the maximum leriggh
(3 mm diametey for buffer solution reservoirs, was placed which is defined as the maximum length of crossing the out-
on a chip cover plate. DNA-containing solutioi$.5 ul)  line, was calculated. Then, we calculated the angle of maxi-
were dropped into the reservoirs. Then, the hole was sealaflum length to thex axis (6,—-w/2< < w/2), and the mi-
with another cover plate, which was connected to a microsygration velocity of the center of mag¥,) using the image
ringe via a silicon tube. Prior to voltage application, the ini- processing software Cosmos@dbrary Inc., Tokyo, Japan
tial hydrodynamic flow in the channel was canceled by theAfter taking the moving average, time courses of the maxi-
regulation of reservoir pressure with the microsyringe. Aftermum length(L,, solid line) and angle(d, dotted ling, and
that, constant voltages were applied with a power supplythe migration rate of the center of magg,, solid line) and
Other details of the sample preparation are similar to thosangle (6, dotted ling are shown in Fig. @) and Fig. 3c),
previously described. respectively.

IV. RESULTS
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In the plot of the maximum length angl@), the flat (a) 8 ——— T
levels around 1.5 rad indicate that the DNA was migrating 75| 4 Lme T 1
in the straight region of the channel. On the other hand, .L = ]
monotonically increasing and decreasing regions in the angle % |
change indicate that the DNA was migrating in the curved '6 £ ]

regions. Both in type | and type Il chips, DNA molecules are
stretched in the direction of the channel under electric fields. 55F
Therefore, we can use the maximum length angle as the in- st 1
dicator of the straight and curved regions. With the definition
of the straight region of the channel as the region in which e
the angle is greater than 1.3 réfdr T4 DNA) and 1.0 rad 0 05 1 15 2 25 3 33
(for short fragmented DNA we calculated the averages of Potential, V
the maximum length(L,,s and L, and the migration rate (b) % —
(Vgs andVy,) in the straight and curved regions. The thresh- o Vgs SF »
old angle distinguishing the straight region from the curved wple vel
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 | and Il chips. #
We measured individual molecules froonDNA-Hindlll
digest mixture as short fragment DNA. However, shorter Y
DNA fragments than 6.5 kbp were not counted because the
size is comparable to noise level. 0 05 1 15 2 25 3 35

Lmc, pm/s

Vgs, pm/s

( C) 25 T T T T T
o Vge SF
® Vgc T4 % ]

B. Type | chip

Figure 3b) shows that T4 DNA is stretched periodically 0r
around curved regions in the type | chip. This stretching is
accompanied by an increase in the migration ratg) as
shown in Fig. 8c). Because an electro-osmotic flow prevents
the stretching of DNA(data not showy 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 0 e
of electric fields’ As shown in Fig. 1c), the region around o 05 1 15 2 25 3 33
the inner wall of the curved channel has a higher electric Potential, V
_fleld than the_ region near th,e (,)Uter wall. This mean; tha,t thEIG. 4. (@) Plots of maximum length of T4 DNA in a type | chip vs poten-
inhomogeneity of the electric field makes the effective widtha open and closed triangles indicate maximum length in the straight
of the curved region smaller than that of the straight regionregion(L,,J and the curved regiofL,o). (b) Plots ofV; in straight regions
As a result, DNA was accelerated and stretched periodicall s potential. Open circles indicate migration rate of short fragments of DNA

. . . Vgs sp), closed circles indicate migration rate of T4 DNWy 14). () Plots
gs SF s T4
around the curved region, as shown in Fig&)&and 3c). of V, in curved regions vs potential. Open circles indicate the migration rate

Figure 4a) shows the dependence of the conformationab short fragments of DNAV, sp), closed circles indicate the migration
size of T4 DNA in the straightopen trianglesand curved rate of T4 DNA(V ).

regions(closed trianglesof the chip on the electric field.

Under lower electric fields than 1 V, DNA has a longer con-fore, it can be speculated that longer DNA interacts with the
formational size in curved regions than in straight regionsinner wall along longer distances and so migrates slower
Under higher electric fields, the maximum length of T4 DNA than short fragmented DNA. However, the differences of the

is saturated to almost the same size both in straight anghigration rates are not very sensitive to the electric field
curved regions. strength.

Figure 4b) 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 bR,
less than 3.5um as short fragmented DNA. In the range of In the type | chip, a mobility difference in the curved
the electric field used, T4 DNA and fragmented DNA haveregion depending on molecular length was generated, but the
the same migration rates. On the other hand, in curved reseparation efficiency was not very high. In order to improve
gions, T4 DNA migrates slower than short fragmented DNA,the separation efficiency, we investigated the behavior of the
as shown in Fig. &). The difference in migration rates be- type Il chip.
comes larger as the electric field increases. Around curved Figure 5a) shows sequential fluorescence images of T4
regions, DNA migrates and adheres to the inner Wathere-  DNA under an electric field of 1.0 V in the type Il chip. Each

Vge, pm/s
S
ol

C. Type Il chip
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FIG. 6. (a) Plots of maximum length of T4 DNA in the type Il chip vs
412 potential. Open and closed triangles indicate the maximum length in the
16 straight(L s 14) and the curvedL, 1) regions, respectivelyb) Plots ofV

in straight and curved regions vs potential. Open circles indicate the migra-
tion rate of short fragments of DNA in the straight regiGrys sg), closed
circles indicate the migration rate of T4 DNA in the straight regidg +4).
Open triangles indicate the migration rate of short fragments of DNA
closed triangles indicate the migration rate of T4 DA 1)

Time, s

FIG. 5. (a) Fluorescence images of migrating T4 DNA under an electric
potential of 1.0 V in the type Il chip channel. Each image was taken at 1 seévgc_SF)’
intervals. (b) Time courses in the maximum length,,, solid line) of T4

DNA and the anglé¢dotted ling of L, to thex direction.(c) Time courses in miaration rates of short fragments of DNA and T4
the migration velocity(Vy, solid ling) of the center of mass of T4 DNA and 9 9 ’\( 9573':)

the angle of the maximum length to thkeaxis (dotted ling. DNA (VQS_T4) in the straight region, respectively. Open and
closed rectangles indicate the migration rate of short frag-

image was taken at 1 sec intervals from left to right. Timements of DNA(Vy. sp) and T4 DNA(Vy 14) in curved re-

courses ofL,, and 6, V, and ¢ are shown in Figs. ) and gions, respectively. Both in the straight and curved regions,

5(c), respectively. DNA is stretched and accelerated in théhe short fragmented DNA migrates faster than T4 DNA. The

straight region, and is released and decelerated in the curvélifferences betweeWys sp and Vs 14, and betweerVy s¢

region periodically. This tendency is completely opposite toand Vg 14 still increase monotonically with the increase in

the behavior observed in the type | chip. Furthermore, thdotential.

changes oL, andV, in the straight regions of the type II

chip exhibit a double peak wave form. The greater width inV. DISCUSSION

the curved region of the type Il chip reduces the electric field In this section, we discuss three factors regarding DNA

inhomogeneity in the normal direction, as shown in Fig)2 separation in the type Il chip: local friction between DNA

The electric field }nhomogenelty IS Ioc_:ahzed at the mterfacesand the capillary wall, the process of entrance into the curved
between the straight and curved regions.

Figure Ga) shows plots of the maximum length of T4 region, and the nonuniform electric field. Although they are

DNA in the type Il chip versus potential. Open and Closeolconnected with each other, we discuss each separately.
triangles indicate the maximum length in the strai@bis 1)
and the curvedL,,. 14) regions, respectively. Both in the
straight and curved regions, stretching of the T4 DNA varies  We assumed that our capillary wall is a hard repulsive
directly with the increase in potential. The tendency is notwall in the derivation of Eq(A3) (AppendiX. That is correct
saturated in this potential range. as a first approximation, because in our experiments, PVP,
Figure Gb) shows plots ofV, in straight and curved which prevents electro-osmotic flow and reduces the interac-
regions versus potential. Open and closed circles indicate théon between DNA and the capillary wall, was added to the

A. Local friction between DNA and capillary wall
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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 intggyalinder

1 Vinatype Il chip.(b) Under 3 V in a type Il chip(c) Calculated entrance
process of a sample plug into a narrow channel in a type Il chip by Con-
ventorWare. Each frame was taken from left to right at 1 sec intervals.

—TeeeoF=

eadaw=

Angle, rad

Angle, rad

shown in Figs. 89 and 8b), 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

FIG. 7. (a) Time courses of the maximum length,) of T4 DNA and the  the 3 V potential, DNA enters from the leading end in order
angle ofL,, to thex direction under a potential of 3 V in the type Il chifp)

Time courses in the migration velociy,) of the center of mass of T4 (he_ad first or tail firs, as shown _In Fig. &). Althou_gh the
DNA and the angle of the maximum length to thexis under a potential of Main tangled parts tend to stay in the curved region, unrav-

3V in the type Il chip. eling occurs with the migration of the leading end. However,

in this channel siz&0.35 um width), small entanglements
So|utions:!'3'14 However, Comparing F|g (6) to F|g [Kb)’ enter before bEing Completely releaSEd, as shown in Flg
even in the straight region, the migration velocity is depen8(b). For further improvement of separation quality, we
dent on molecular size due to the narrower capillary. Thigshould use a narrower capillaty.Taking into account the
implies that the local friction between DNA and the wall inflexibility of double-stranded DNAdSDNA) (the persis-
may be occurring.In order to check this point, we should tence length of dsDNA is about 50 nii? it may be prefer-
investigate the electrophoresis of long DNA in long straightable to have the width of the narrow capillary less than
narrow (or shallow capillaries in our future work. 100 nm.

B. Entrance process from a wider channel to a
narrower channel C. Nonuniform electric field

As mentioned above, Figs(H and c) show double Figure §c) shows sequential images of the sample plug
peaks in the changes In, andV, under an electric potential migrating in a type Il chip(the average electric field is
of 1 V. This means that the migration time in the straight2.3 V/cm) calculated by ConventorWar@gonventor, Inc.,
region is longer than the relaxation time of the stretchedJSA) software. The sample plug is “monomer gas” made of
DNA. The first peak indicates the process of entrance intgoint charges with a mobility of 2810*cm? Vs, and a
the narrow straight channel from the wider curved region. concentration of 0.1&mol/l. As shown in Fig. &), the

However, under higher potentials, both, andV, ex-  sample plug is stretched during the migration along the
hibit a single peak wave form as shown in Figaj7and 7b). curved channel because of the nonuniform electric fiefd.
Under these conditions, DNA migrates up to the next curveHowever, in the case of DNA, the stretching in the type Il
before completing the relaxation. Therefore, under highechip is observed during the entrance process into a straight
electric fields, the entrance process into the narrow channeégion, not while moving through the curved part. The rea-
dominates the migration process in the straight region. Thison for this is the fact that DNA segments are connected with
means that the entrance process is one of the causes of neach other. Therefore, the entropic elasticity of DNA plays
lecular sieving. an important role in its dynamics around the curved channel

In order to provide insight into the entrance dynamics ofas happens in the type Il chip. However, the head-first en-
DNA in the type Il chip, we compared the entrance procesdrance under 3 V, as shown in Figih3, may be induced by
of T4 DNA under electric potentials of 1 V and 3 V as DNA stretching with the nonuniform electric field.
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Hanet al.reported that longer DNA has a larger mobility (a)
in electrophoresis using an entropy-trapping a?ﬁav.essier
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 regidh.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. 6b), 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 Haret al. arise from the differences in the (b)
DNA entrance procesghernia 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.

FIG. 9. (a) Local orthogonal coordinate systexs (u,v,w). u andv corre-
VI. CONCLUSION spond to the principal directions which are tangent to the neutral surface at

. . a pointPy,=(0,0,0 with the principal curvatureg, and «,. The principal
We_ mvespgated the C_urvature effect on -Iong pOIV_merradii are given byR,=1/k, andR,=1/x,. A curvature corresponding to an
dynamics using microcapillary and nanocapillary devicesarbitrary direction with an azimuthal angteis «(6)=cog6/R,+sir?0/R,.
Long DNA exhibits large conformational changes in the(b) Long flexible polymer confined in a curved box.
curved channels because of the inhomogeneity of the electric

fields around curves. Two kinds of channel shapes were used UsingR, andR,, we can formulate the entropy gain of a

for the exa_minatic_m. Onayp_e ) has_ the same width in_the polymer confined between two parallel curved walls with
curved region as in the straight region. The otitgpe I) is  istanceD (D<R,,R,) as shown in Fig. @)

- H . - . . 1 1 . .
wider in the curved region than in the straight region. The  gegments touching the walls should recoil because of the
differences in migration rates between long DNA and shorteisive hard interaction. Letbe the number of the nearest
DNA were larger in the type Il than in the type | channel. In yqsition for the segment. At exactly flat surfacess halved.
the type Il chip, molecular sieving occurs during the entrancerne cyrvature effect could be induced by the deviation from
process of DNA from the curved region to the narrow /> Hereafter, we single out a configuration in which the
strayght region, and from the §tra|ght region tp the Cur"e%olymer with N segments touches the walls evéiy seg-
region. Using a narrower straight region will improve the jent. The sum of the number of collisions withnd recoils

separation quality. from) the outer and inner wallgV, andM_, respectively is
M,+M_~N/N’. Then the numbew of total configurations
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APPENDIX

Suppose a geometrical neutral surfa@bbreviatedn
surfacg which is equidistant from two walls confining a
polymer, and introduce a local orthogonal coordinate system
x=(u,v,w), as shown in Fig. @). The surface coordinates
v correspond to principal directions of timsurface with the (b)
principal curvatures¢,=1/R, and x,=1/R,. 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 anglén Fig. 1Qa) is given by _ _ _ _
«(0/=coS0/R, +SiT/R,. The angular average ovéif the 1C. 10, Tuedinersors, sacg, of snguer geonetic) consapts

Curvat_l‘l're"glg) at the pointPy is simply the mean curvature ,nqb) surplus of configurations on the inner wall. Notice that the deficit is
H=(R,"+R7)/2. less than the surplus.
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10(a)] and f_ is the fraction of the surplus in the number of angular configurations of our blobs at points on the walls. We
configurations due to collisions with the inner widke Fig.  therefore multiply a factof1-2f,) or (1+2f_) to the aver-
10(b)]. We have omitted numerical constants and a combinaage number of collisionsl/2N’.

tion factor and ignored the variations bf, andM_. Thus we write
The entropy is calculated as N S(D/2)
+ 7 AN i 1- 2f+ ’
S=InW~ g+ 0+ Ao. 2N" S0) ( )
The first termoy=N In zis the entropy of a polymer in a free N S(-D/2)
space. The second teray~—(N/N’) is the entropy loss M.~ 2N’ S0) 1 +2f),

between planer walls. _
The last termAo is the entropy gain due to the curva- Which holdM,+M_~N/N’.

tures compared with the exactly flat planes. We have From Eq.(A2), brief calculation yields
2
Ao=-2M,f, +2M_f_ (A2) Ao~ Ng(i - i) : (A3)
R, R,

where f, and f_ are assumed to be small values. E42)
means that the total entropy change is the sum of the numb
(M,and M_) of collisions times entropy changé,and f_)
per collision.

Now we will estimate the deficif, and the surplus_,

where (=D*"*"al’”. For self-avoiding chains, we havg
= 53p1/3

In the special case of EQ(A3), we have Ao
~Na®*DY3(1/R)? for a self-avoiding chain confined be-

treating polymers as blobs. When principal ra@jjandRr, Ween cylindrical shell¢R,=R,R,=). Here, we can regard

are large compared @, the fractions of the deficit and the the generic formula as the curvature entropy gain of a self-
surplus of solid angles being available for blobs can be ca/@voiding chain confined in one-dimensional curved capillary

culated using the following equation: as well.
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