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ABSTRACT: We measure the time-dependent concentration and stretephafge DNA molecules near a glass
surface in torsional shear flow using epi-fluorescence microscopy. We find that the thickness of the depletion
layer increases with increasing Weissenberg number over a time scale on the order of the time for diffusion
across the depletion layer, in qualitative agreement with recent theory of Ma and Graham (2005) based on a
FENE-P dumbbell model. However, the steady-state experimental depletion layer at high Weissenberg number
(Wi = 10) is an order of magnitude thinner than expected from these predictions. The discrepancy is reduced to
a factor of 2 in Brownian dynamics simulations of 10-spring chains. The remaining discrepancy suggests that
more refined models of the migration phenomenon are required to obtain quantitative predictions. Over the time
scale of migration, the apparent mean fractional stretch of DNA near the surface decreases with time, which we
show could be caused by a few broken DNA fragments that are left near the surface when intact DNA diffuses
away.

Introduction section, accounting for intrachain hydrodynamic interactions

Much work has been devoted over the years to understanding{!) @nd perturbations of Hi due to the confining walls. The
the dynamics and transport of polymer solutions near surfacesSimulations predict that the molecules tend to migrate toward
or in confined geometries because of the importance of this topic ("€ centerline, forming wall depletion layers that are much
to colloid stabilization, surface protection, Iubrication, chroma- thicker than the radius of gyration of the molecules. This
tography, enhanced oil recovery, and the recently emerging prediction is consistent with recent gxperlméﬁ_tsf dilute DNA
microfluidic and nanofluidic techniques. The presence of a Solutions undergoing pressure-driven flow in microchannels.
solid—liquid interface strongly affects the behavior of long Accounting for full HI in BD simulations, Chen et al. found
polymer molecules in shear flow, inducing migration away from that the thlcknes§ of the dgpletlon layer for th_e DNA m_olecules
the surface for example Efforts to explain this phenomenon n(_aar_the sur_face_ln_an oscillatory p_ressure-dnv_en flow increases
prior to 1994 were extensively summarized by Agarwal and with mcreasmgleln agreement with the experimental _rest'ults.
co-workers® Garner and Nissdrspeculated that the spatial free- HOWeVer, their simulations also showed that the chain stretch
energy gradient could drive cross-streamline migration of a N€ar the surface increases with increasiig which seems to
polymer molecule. However, Aubert and co-workérpointed conflict with recent experimental resufts?
out that it is not clear that in a dilute polymer solution a spatial ~ While the work of Jendrejack et al. and Chen et al. involved
gradient in intramolecular free energy can result in a displace- numerically intensive finite element and BD computation, a
ment of the center of mass of a polymer molecule. In some much simpler approach was recently developed by Ma and
kinetic theories, a contribution to the polymer flux is predicted Grahamto describe the behavior of flowing polymer solutions
to arise from the divergence of the stré$but in dilute solution near a single solid surface using a beagring dumbbell model
this would lead to migration only in a nonhomogeneous flow for the polymer molecules, in which HI between the chains and
gradientt! the surface leads to migration away from the surface in shear

The existence of a shallow depletion layer near a surface flow. The model predicts that the chain density profile reaches
under no-flow conditions arises from the restricting influence steady state over a long time scal@/D, whereD is the DNA
of the surface on the conformational freedom of the polymer, center-of-mass diffusivity and whetg is the thickness of the
which reduces its entropy, and induces it to migrate away from wall depletion layer.
the surface. Such surface-induced depletion due to conforma-  although these recent theoretical predictions explain quali-
tional entropy is predicted to occur over a distance comparable tatjvely the observed depletion behavior, including the increased
to the polymer’s radius of gyration and to be either insensitive gepjetion layer thickness with increased shear rate, quantitative
to the shear raté~*® or to decrease with increased shear fate, 5greement has not yet been demonstrated. Here, we therefore
in contrast to experimerft$that show an increase in depletion  measure experimentally the time-dependent stretch and con-
layer thickness with increased shear rate. _ centration ofl-phage DNA molecules in a torsional shear flow

Recently, Jendrejack and co-workér$performed Brownian  sing epi-fluorescence microscopy. In microchannels, due to
dynamics (BD) simulations of dilute solution of flexible polymer  the very slow approach to steady state and the finite residence
molecules in flow through a microchannel with a square cross- time of the polymer molecules, a fully developed concentration

profile in steady flow is difficult to attain. However, in a

:(Cjﬁggﬁ?gr&%irr;gszutgﬁgolzn-tm&i]l;ngaéi%ggg?gzgde%lgvem ot Centertorsional shear flow, DNA molecules can remain in the flow
Zhangjiang Hi-Tech I5ark, Shanghai, 201203, People’s Repu%lic of China. 'CQII for an indefinite amount of tlme. as they are St.retc.hed and

#Current address: Dept. of Chemical Engineering, Massachusetts Migrate away from the surface, which allows realization of a
Institute of Technology, Cambridge, MA 02139. fully developed concentration profile in steady flow. To compare
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Table 1. Sizes ofi-Phage DNA-Hind Il Digest Fragments

fragment size(bp) fragment/full chain
1 23130 0.48
2 9416 0.19
3 6557 0.14
4 4361 0.09
5 2322 0.05
6 2027 0.04
7 564 0.01
8 125 0.00

with the experimental results, we also perform BD simulations
of bead-spring chains, with multiple springs and full HI, using
an HI tensor that includes the wall effect.
Experimental Section

Experimental Setup. The torsional flow cell was mounted on

the motorized stage of a Nikon TE200 fluorescence microscope,

with the upper plate rotated by a motor, while the lower plate was
a replaceable glass coverstf?? The alignment method was
described by Li et ak9 and detailed particle image velocimetry
(PIV) measurements of the flow field were perfornféa@nd these
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applied to fluorescently label thephage DNA Hind 111 digest with
YOYO-1 at a dye:base pair molar ratio of about 1:10. The mixture
of DNA molecules was diluted in the same way as above. We also
diluted only aA-phage DNA Hind Il digest in a solvent. The
concentrations of DNA in all these solutions were around 65
pgluL.

Determination of Shear Rate and DNA Relaxation TimeThe
Weissenberg numbeW(i = yz, with 7 the applied shear rate, and
7 the polymer’s longest relaxation time) is used to characterize the
flow strength. In our torsional shear cell, with a gap sizé@f=
0.5 mm and a top-plate rotational speed= 6.36 x 1072 rev/s,
the shear rate at= 3.0 mm from the rotation axis is

. _ 2nor
y—

hgap

=2.4sect

@

Theoretically, the relaxation time of a DNA molecule is linearly
proportional to the solvent viscositys?” Using data collected
mostly from papers of Chu and co-workers, a linear relationship
betweenr andzs has been constructed farphage DNA, namely

7 ()= 0.0947, (cP) 2

confirmed that the expected simple shearing flow was generatedsjng solutions of three different solvent viscositieg; = 22.1,

by the flow cell.

Preparation of Intact A-Phage DNA Solution.In our work,
the concentration of fluorescently labelegghage DNA in the final
solutions was around 665 pgkL, which is in the very dilute

regime, about 3 orders of magnitude below the overlap concentra-

tion of the DNA molecules. Thé-phage DNA solutions were
prepared using the following protocol. A stock solution of 48.5-
kbp A-phage DNA molecules (New England BiolLabs) at a
concentration of 0.5 mg/mL was diluted 40-fold in TE10 buffer
(20 mM Tris-HCI, 1 mM EDTA, 10 mM NacCl, pH 8.0) and heated
to 65°C for 10 min to free the DNA's complementary sticky ends,
and then quickly cooled to room temperature. A stock solution of
YOYO-1 dye (Molecular Probes) at a concentration of 1 mM was
diluted 100-fold in the TE10 buffer. Then the diluted YOYO-1
solution was mixed with the diluted DNA solution at a volume
ratio of 1:5 and incubated for a minimum of 2.5 h at room
temperature in the dark. As a result, thephage DNA was
fluorescently labeled with YOYO-1 at a dye:base pair molar ratio
of about 1:10. While unstainedphage DNA has a contour length

L = 16.3um, 2 for al-phage DNA molecule labeled with YOYO-1
at a dye:base pair molar ratio of 14~ 22 um 2426 Assuming
that the length of a DNA molecule increases linearly with the ratio
of dye:base pair, we estimatex~ 19.0um for our stained.-phage
DNA. We made sucrose solutions of various concentrations by
dissolving sucrose (Crystalline/Certified ACS, Fisher Chemical) into
a pH 8.0 TE buffer consisting of 10 mM Tris-HCI, 2 mM EDTA,
and 10 mM NacCl.f-mercaptoethanol is an antioxidant, and the
sucrose solution was used as a viscosifier. Then the laligibage
DNA solution was mixed withi-mercaptoethanol (Sigma) and the

46.0, and 90.2 cP (measured by TA Instrument AR1000 controlled
stress rheometer), we obtain relaxation times ef 2.1, 4.3, and

8.5 s, respectively, in these three solvents. For the prescribed shear
rate of 2.4 s1, we calculataVi = 5.0, 10.3, and 20.4, respectively.

Image Acquisition and Analysis.We visualized staineé-phage
DNA molecules using the Nikon TE200 fluorescence microscope
with a 100 x 1.3 objective, and a digital interline CCD camera
CooISNAP HQ (Roper Scientific) to capture images at a resolution
of 1392 x 1040 pixels using full-chip acquisition. The image
acquisition software MetaVue/MetaMorph version 4.5 (Universal
Image, distributed by Fryer Co.) was used to control the camera,
the XYZ stage motor (Prior Inc.), and the electronic shutter (Uniblitz
VMM-D1, Vincent Associates).

Using a micrometer, the top surface was brought into contact
with the bottom surface to zero the gap on the micrometer reading.
In the horizontal plane, the center of the top plate, which
corresponds to the axis of rotation, was taken as the origin of our
coordinate system. A 0.ZL droplet of an extremely dilute
fluorescent silica particle (0,8m in diameter) aqueous dispersion
was dispensed onto the bottom coverglass at (0, 3000 so that
less than 8 particles appeared in an image frame ok 9 um.
Since the particle density 0£2.0 g/mL is higher than the DNA
solution density of 1.21.3 g/mL, those particles settled to the
bottom surface and served as markers to locate the bottom surface
in the microscope. After the dispersion of particles dried out, a
600uL DNA solution was loaded into the shear cell using a large-
orifice pipet tip (Fisher) to minimize the chances of breaking the
DNA molecules, and the top plate was lowered to @0 above
the bottom surface using the micrometer. To block the evaporation

sucrose solution at a volume ratio of 1:6:143. To avoid the breakage of the solution, a volume of 10GL silicone oil (Fisher Chemical)

of DNA chains, after mixing the sucrose solution ghwinercap-
toethanol with a vortex mixer, we added the stained DNA solution
into the above solution with a large-orifice pipet tip (Fisher), rotated
the glass vial very gently by hand for about 2 min, and then left
the solution in a dark drawer at room temperature for about 16 h.
The final EDTA concentration in the solution is close to 2 mM
EDTA, because the volume of stained DNA solution (which had 1
mM EDTA) is small.

Preparation of Mixture of Intact A-Phage DNA and Its Hind
Il Digest. IntactA-phage DNA was mixed with a-phage DNA
Hind Il digest (New England Biolabs) at mass ratios of 91:9, and
70:30. The Hind Ill digest of-phage DNA yields eight fragments
(see Table 1). However, due to the resolution of the microscopic
image, mainly only the two largest fragments can be visualized

was added to seal the gap between the top plate and the side-wall
of the cell. The solution then relaxed for half an hour.

In the static solution, to obtain the density of DNA molecules in
the bulk solution, 200 images with 40 ms exposure time were taken
at different positions distributed in the solution at a distance of at
least 35um above the bottom surface, which allows the average
number of DNA molecules per frame to be determined to within
2.5%.

In the torsional shear flow, to calculate statistically accurate
values of concentration and polymer stretch at each time point for
a specific distance above the bottom surface, we obtained images
over a long enough time interval to allow a sufficient number of
molecules to move into the image window. We also wished to keep
the time interval as short as possible, so that the data averaged

and recognized as DNA through the microscope. (The others areover the interval might represent reasonably well a single-time point.
either invisible or appear as small dots that are ignored as possibleOn the basis of our experience, at least 100 images (each containing
impurities.) The same procedure as used for the intact DNA was multiple DNA molecules) are needed for each time interval and
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Table 2. Flow Velocity and Time Interval to Acquire 100 Images at whereF® is the force that springj exerts on beagl For the end
1-10 gm Above the Bottom Surface beads !
H (um) 1 3 5 7 10
vi (um/s) 2.4 7.2 12.0 16.8 24 FSPD = PSPl = P (5)
ti (min) 19.8 6.6 6.6 5.0 3.3

) . o ) The diffusion tensobj; describes the effect of HI on beadhduced
vertical position. The time interval required for new molecules to by a force acting on beafl From the fluctuationdissipation

move into each image is determined by the flow velocity ata given theorem, the weighting facter; in eq 3 must satisfy the condition
vertical position. At the distancé$ = 1—10um above the surface,

the flow velocity v, and the time intervat; required to acquire N
100 images are all given in Table 2. D, = Z 0'”-0']?:— (6)
At H = 1 um, the flow velocity is very low, which results in a =

19.8-min total time interval needed to obtain 100 images. This is

too crude to demonstrate the time dependence of concentration and For BD simulations in bulk solutions, HI is usually described

polymer stretch. In addition, because of the migration away from by the Rotne-Prager-Yamakawa (RPY) tensé#:*2However, the

the surface, there are not enough DNA moleculed & 1 um in RPY tensor does not include the wall HI effect which has been

only 100 images to be able to measure accurately the mean polymeishown to be the cause of the shear-induced migration of polymers.

stretch. Therefore, in this paper, we only consider the measurementd hus, to correctly simulate the DNA migration phenomenon, the

for H = 3—10 um. wall HI effect must be either estimated numerically or represented
The stage was moved to the reference horizontal position, which analytically by an MRPY tensor. Fortunately, such a tensor for the

we designate (0, 300@m), and the marker particles were imaged case of a semiinfinite domain bounded by one flat wall has been

to determine the vertical location of the bottom surface. Then the developed by Bossis et &l.and can be rewritten as

objective was raised to the desired vertical focal position. Rotation

of the top plate began at time zero. 100 images were taken in eachQMRPY =

time interval. To avoid artificially elongating the molecules due to RPY, RPY,. ., RPYWall,. o :

image blurring under flow, the exposure time was limited to 40 % (ff) = €7 (ryr) + AQ (rpr) if ry = rjl = 2a (7)

ms atH = 3 um and then decreased gradually to 20 msHo= ] ] ) )

10 um, which is much smaller than the time for DNA molecules Whererj is the image ofr; relative to the wall. The detailed

to diffuse out of the um depth of focus. expression of each term, as W_eII as the relationship be_tween the
The offline software MetaVue version 4.6r1 (Universal Imaging 2aPove HI tensor and the diffusion tendoy can be found in the

Corporation) was used to analyze the images. In our analysis, weAPpendix. This formula for the MRPY tensor is only positive

included only molecules that were sharply focused, estimated from definite when two beads are not overlapped and another formula

the experiments to be withie:0.5 um of the focal plane. The is needed to describe the interactions when the beads overlap. We

number of DNA molecules in each image was manually counted. notice that the overlap of spheres is actually unphysical, and the

The number density of DNA molecules at each vertical position RPY tensor for overlapping spheres is ad hoc. Therefore, little is

for each time period during the shear flow was normalized by the l0st if we use a different ad hoc form in case of overlapping spheres,

DNA number density in the static solution. We used the contour N which the HI corresponds to spheres that are just touching, and

length of labeled.-phage DNA, namelyl. = 19 zm, to normalize not overlapping, namely
the mean stretch of DNA molecules averaged over more than 300 VIRPY
molecules for each data point. Q=

Simulation Method. As mentioned earlier, the phenomenon of QRPY(F F)— QRPY(T
shear-induced polymer migration has been modeled both in a vl
channet®!®and in a slit?82°by BD simulations with the beal ot r=r;
spring model including full HI, where a finite element method was =
used to obtain the hydrodynamic tensor with the wall effect
included. While this method is successful, the hydrodynamic tensor
must be recomputed numerically for different channel geometries.
Here, we used a simple formula for describing the HI between two
spheres near a single flat solid boundary that can be easily applie
in BD simulations. We followed the simulation technique described
by Hsieh et aP® with a modified Rotne-Prager-Yamakawa
(MRPY) tensor to describe the HI between beads in a bspdng
polymer chain with the presence of a nearby flat stationary
boundary. We only briefly describe the method of BD simulations
here and leave the details for readers to find in the reference.

The force balance equation on tith bead with HI can be
described as

DT+ AQRFRIE Y, i I -1y < 2a
M, =,
a , T,= —a

Iry—rl" ! 2 Iri —

®

To test the proposed MRPY tensor given by egs 7 and 8, we
carried out BD simulations with a beadpring model using the
dabove MRPY tensor in the bulk, and find that the resulting center

of mass diffusion coefficient differs by less than 0.2% from that
obtained using the usual RotnPrager tensor. The relaxation times
obtained using the two methods are also nearly identical. Although
this approach for overlapping spheres works well for simulating
DNA in water with excluded volume effect, the diffusion tensor
could still become non-positive-definite for some configurations
when excluded volume force is turned off. Therefore, use of the
MRPY tensor for overlapping spheres is not yet a universal solution.
We use a slightly smaller bead radias= 0.07 um instead of
d N N 0.077um used by Jendrejack et#lsince the former gives a longest
i [ p o [6\¥2 relaxation time in better agreement with the measured one for
e ket + JZ 3_I'j‘Dij t JZ Dy-Fy + At ,Z o (3) A-phage DNA. The intramolecular excluded volume potenti# is

-3Ir —
wherex = VT is the transpose of the velocity gradient tensor, Uﬁ” = % kaTNk,SZ( 3 2) ex;{ " 3 'l] 9)
is the number of beads; is a random vector uniformly distributed ATS 4

in each of three directions over the interval [-1/1]s the coordinate N ) )
vector of bead, and F] is the total of the spring and excluded ~Wherer; andr; are the position vector of beadsand j; ks is

volume forces acting on beadFor interior beads the total spring ~ Boltzmann’s constan; is the excluded volume parametél;;sis
force F5™ is the number of Kuhn steps per sprir§? = Ny sb?/6 andby is the
J

Kuhn step length. We note that a more detailed model of DNA by
spb o s Harnau et af® requires a much smaller bead radius (1.35 nm) to
F=F"=F5 4) obtain good predictions of dynamic structure factor over a wide



Macromolecules, Vol. 40, No. 23, 2007 Shear-Induced Polymer Migration8493

1.2 T T 1.0 T T
s S
2 1o 0 ——0-ooo0g ] % osl ]
-— [
§ 0.8F '\-\-‘l'_“_. 1 §
S S 06} ]
< 0.6F E <
=z 4
[a) —o— 3um 0 o4fF ]
o 04f ] =
] —O0—5um Q
S oF —=7um 2
2 02 Toum g o2} ]
o <]
Z 00 . . z
1 10 100 0.0 . :
Time (min) 1 10 100 1000
Time (min)
Figure 1. Normalized DNA concentration df-phage DNA molecules  Figure 3. Normalized DNA concentration df-phage DNA molecules
ﬁ] time a"; = 3—10tﬂmd at:jove the bottom surface akdi = 10.3. vs time atH = 3 um and varioudVi. The error bars are standard errors.
e error bars are standard errors.
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Figure 2. Same as in Figure 1, except for mean fractional stretch,

rather than normalized DNA concentration.

Table 3. Parameters Used in the BD Simulation
L (um) no.ofbeads a(um) tisim(S) bk(m) v umd) #5s(cP)

210 11 0.07 4.46 0.106  0.0012 46.0
10.5 6 0.07 1.49 0.106  0.0012 46.0
5.25 3 0.07 0.47 0.106  0.0012 46.0

range of wavenumbers. Here, however, our interest is only in the
diffusion of the molecule as a whole, and for this purpose, coarse-
grained models with few, and large, beads have been found to be
adequaté? Standard

In addition to the intramolecular excluded volume force, another 3 )
excluded volume force is applied between the wall and the beadsFigure 5. Gel-electrophoresis of DNA samples (10% polyacrylamide

to prevent the beads from moving into the wall. This wall potential 9€)- Sample 1: stained-phage DNA in TE buffer~0.01 ugjuL.
s34 Sample 2: stained-phage DNA in a sucrose solution concentrated

using a Microcon YM-30 (Millipore Co.). DNA standard ladder
sequence: 1001600 bps.

U"(h) = —Ayaldy Oar (= Oy)® (10)
and observed in previous studfe&>18.1921Under static, no-

whereAq = 25kgT/3 is the wall excluded volume parameter; and  fiow, conditions (at time zero), there is a thin depletion layer

his the shortest distance between the wall and the center of a bead; : : L : :
Owal = 0.236um is the truncated distance of this potential. The around 1um thick, owing to the finite radius of gyration of the

wall potential is set to zero whdn> d,4. Since this wall excluded DNA polymer, as mentioned in earlier wofland not shown

volume force is short-ranged, the thickness of the depletion layer in Figurg L i
is not affected. The parameters used in our BD simulation are BY Using a beagspring dumbbell model of the polymer

summarized in Table 3. above a single surface, Ma and GraRapredicted the temporal
development of the concentration profile in uniform shear flow
Results and Discussion above a single wall at a variety of Weissenberg numbers,

Intact A-Phage DNA at Wi = 10.3. To compare the including Wi = 10. Applying their predictions with the stress
concentration and polymer stretch profiles under different relaxation timey = 4.3 sec, and the length unjtksT/H, =
conditions, we plot in Figures 1 and 2 the average concentration«fZRg ~ lum (Hs is the dumbbell spring constant; is the
and stretch against the center point of the time interval over absolute temperaturg; is the radius of gyration) corresponding
which each set of 100 images was collected. Figures 1 and 2to our DNA solution, we find from Figure 5 of Ma and Graham
show that atwi = 10.3 with a solvent viscosity of 46.0 cP, thatthe concentration profile is not even close to being at steady-
after about 70 min, both normalized concentration and mean state even at a time of 10 000 tim&s, which is 12 h for our
fractional stretch reach steady state. The formation of a depletionsolution, for whichAiy = 4.3 s. This is much greater than the
layer is driven by the migration of DNA molecules induced by time of around 70 min that we observed. Moreover, the depletion
HI between the surface and the molecular chain, as predictedlayer thickness, measured by the distance from the wall at which



8494 Fang et al. Macromolecules, Vol. 40, No. 23, 2007

the concentration reaches 50% of the bulk value, is predicted Thus, migration front; = 3.1 x 103mtor, = 3.0 x 103m
to be around 50 timeg'ks T/H, at steady state, which is around ~ takesAt = 300 min. This means that 300 min are required for
50 um, much greater than the value o observed for our ~ molecules close to the imaging poimt< 0.003 m) to migrate
solution. 100um, which is the size of the imaging window and which is
The measured diffusivity of-phage DNA in water at 24C much smaller than the plate radius. Therefore, during the first
is 0.47um?/s 3¢ Since the diffusivity is inversely proportional 300 min of our experiments, the radial migration effect can be
to the solvent viscosity, we estimate the DNA diffusivity@s  neglected.
= 0.01um?/s in our solvent of viscosity 46.0 cP, and therefore  Our experimental results are the first that allow an investiga-
predict that the chain density profile should reach steady statetion of the conformation of molecules during their migration
over a time scalé.¢?/D = 40 min for the observed depletion  away from the bottom surface. Although the steady-state mean
layer thicknesd 4 = 5 um, which is reasonably close to our fractional stretch as a function of distance from the surface is
experimental transition time of 70 min. Thus, the very long time consistent with our previous experimental restif&theoretical
predicted by Ma and Graha#rfor the concentration profile to  work?! implies that the presence of the nearby surface should
reach a steady state is associated with the very thick depletionnot affect the stretch of the molecule at a giwaf Also, in
layer predicted, and if the thinner layer that we actually observe start-up of shear flow, it only takes about 100 strain units for
could be explained, then the time required to obtain this thinner the average polymer stretch in the bulk to reach its plateau
boundary layer would be explained as well. While it was earlier value3® Therefore, at a shear rate of 2.4'safter 1 min, the
suggested by Chen et@ihat the thinner depletion layer might  stretch should reach its steady state, whether or not migration
be the result of polymerpolymer interactions, this cannot be s still occurring, because the DNA molecules are too dilute to
the case for our very dilute samples, which show a deviation affect each other’s stretch. From Figure 2, however, it is obvious
from theory similar to that shown for the more concentrated that the mean fractional stretch continues to change over a time
samples. scale much larger than needed for the stretch of a single
The use of a dumbbell model is a likely contributor to the molecule to reach its steady-state value, and in fact, it is the
discrepancy between the theory of Ma and Graham and oursame time scale over which migration occurs.

experiments. In a shear flow, the FENE-P dumbbell is able to Wi Dependence of DNA Migration.To see howWi affects
reach nearly 100% extension at higfi, which is not observed e migraton and stretch, we also conducted experime at

in either experiments or in more sophisticated multiple-spring — 5 g and 20.4 atd = 3 um. The results given in Figure 3
models, wh|p2r16 g)4nly achieve around 50% extension at asymptoti- ghoyy that the plateau value of the concentration decreases with
cally highWi.2>=*This difference is significant, since the nearly  icreasingwi, presumably because of the stronger HI between
complete extension possible for the dumbbell model means thatiha gyrface and the polymer chain at highék The results

the normal stresses, which diverge at full spring extension, arejngjcate that the depletion layer thickness increases at increased
unlimited in magnitude for the dumbbell model. Since the \y; with an increase ofVi from 5.0 to 20.4, the time for the
normal stress, or spring tension, drives the polymer migration, gretch to reach its steady-state value increases from 40 min to
this implies that for the dumbbell model, the depletion layer 100 min. Remember that the chain density profile should reach
thickness should grow unboundedly thick for very hiflh And,  steady state over a time scalg?/D. In our experiments, the
indeed, Figure 4 of Ma and Graham shows that the depletion ypserved depletion layer thicknessincreases with increasing

layer thickness grows as ti# power of Wi at highWi, the Wi, and the increasedi is created by increasing the viscosity
same power law with which the first normal stress difference 4 the solution. which leads to a decrease in the diffusitzity

grows with Wi for the FENE-P dumbbell modéf.Thus, not  hys | 2/D should increase with increasimi, in agreement
surprisingly, the dumbbell model is too crude to give even \ih our experimental results.
qualitatively accurate predictions for the depletion layer thick-
ness at highwi.

In the torsional flow, due to the curvature of the streamlines,
there is also a radial migration, whose rate can be estimated
from the approximate expressiéh,

Figure 4 indicates that faii ranging from 5.0 to 20.4, over
the time scale of migration, the mean fractional stretch decreases
with time and reaches a plateau value, which is probably due
to the selective migration of longer chains away from the
surface, as will be discussed below. At early time, the mean
2 fractional stretch increases with increasMd, which agrees
= s (r) R/ (11) with the results in the bulk. However, after about 30 min, the
' rkgT mean fractional stretch decreases with increa¥ifigwhich is
presumably related to the stronger HI between the surface and

Substituting eq 1 into 11, we obtain the polymer chain at highawi.
y 5 s Molecular-Weight Dependence of DNA Migration. The
m_ ATomR, 5 above results imply that there is a coupling between the
r kBT—hgzr (12) concentration and the stretch, because they both change over
ap the same time scale. Given that the solution is dilute, and the

molecules should migrate independently of each other, the only
reasonable explanation seems to be that there are broken chains
in the DNA sample, which remain near the surface as the
unbroken chains selectively diffuse away, thus leading to a slow
decrease in apparent mean fractional stretch near the surface.
The degradation leading to broken chains might occur during
the preparation and handling by the manufacturer or the user,
o dr and might be aggravated by the presence of low ionic strength
At= j;l — = 5.29x 10°(In r,—1Inry) (13) of Na*.4% In principle, one could carry out gel electrophoresis
Ur to detect the fragments, but in practice ordinary gels do not

In our experiments, with rotational rate= 6.36 x 10 2 rev/s,
solvent viscosity;s = 4.6 x 102 Pas, radius of gyratioiRy =
7.6 x 1077 m, absolute room temperatufe= 298 K, gap size
hgap= 5.0 x 1074 m, kg = 1.381x 1002 m? kg s2 K™%, the
time for molecules to migrate radically from to r, can be
calculated in seconds as
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Figure 6. Normalized DNA concentration vs time aftphage DNA Figure 8. Normalized DNA concentration near an isolated surface as
moleculesA-phage DNA Hind Ill digest, and mixtures of them kit a function of time from BD simulations of 24m-long DNA atWi =
= 3 um andWi = 10.3. The error bars are standard errors. 10 using a beadspring model with 11 beads.
020 ' ' significant change in the concentration or the stretch profiles,
although during the first 30 min, the migration rate is lower in
S 015p ] the mixed sample than in the intact one. When the concentration
5 of the Hind Il digest is increased to 30% of the total DNA
S o010l ] mass, we observed a significant increase of the concentration
2 and decrease of the stretch near the surface. For the sample
£ _D_m containing only DNA Hind Il digest, only about 20% of the
§ 005 o 919 1-DNA+9% Hind Il digest ] chains migrate away from the surface regith< 3 um) at
= —0—70% 2-DNA+30% Hind Il digest steady state, and the stretch also decreases slightly due to
0.00 L2 100% Hind Il digest | migration. The above results imply that the presence of DNA
10 100 fragments decreases the stretch and increases the concentration
Time (min) near the surface, which could be the cause of the decrease of
Figure 7. Same as in Figure 6, except for mean fractional stretch, the mean fractional stretch in the intact DNA solution. Because
rather than normalized DNA concentration. the shorter chains migrate more weakly than the long chains,

. o . the flow selectively drives the longer chains away from the
provide enough sensitivity to detect molecules which have a gyrface resulting in a lower mean fractional stretch near the
wide range of lengths at low concentration. We performed gel- g rface.
electrophoresis of DNA samples after staining with YOYO-1  comparison of Experimental Results with BD Simulation
and diluting with the sucrose solution in a 10% polyacrylamide predictions. The dumbbell theory of Ma and Grah&hshows
gel (see Figure 5), which shows only a single band for each that the time scale over which migration occurs is remarkably
sample, corresponding to the original unbroken DNA chains. |arge; even after orelaxation times, the steady state of the

Since our samples are in the very dilute regime, other concentration profile has not been reachetVat= 10. In our
techniques are not applicable to directly detect the broken chains.experiments, however, steady state is attained after arotind 10
Thus, to investigate how the DNA fragments might affect the relaxation times fowi = 10. In addition, the mod&! predicts
migration and stretch, we mixed nominally intdephage DNA an overshoot in concentration near the surface as a function of
molecules with fragments deliberately introduced using a time, which we do not see in our measurements, possibly due
A-phage DNA Hind IIl digest. Remember that primarily only to the average of data over a discrete time interval. (We note
the two largest fragments, which are around 50% and 20% of that a spatial overshoot was observed in an earlier study from
the length of the intaci-phage DNA can be clearly distin-  our lab in the slit flow geometry, consistent qualitatively with
guished as DNA molecules in the microscope. We performed theory#) Moreover, the dumbbell theory also predicts a much
the experiments atl = 3 um with a solvent viscosity)s = thicker steady-state depletion layer of aroundus0 than we
46.0 cP and the prescribed shear rate of 2:4 svhich see in our experiments. As some of the discrepancies between
corresponds t®i = 10.3 for 19um long DNA molecules. For  our experimental results and the theory of Ma and Graham are
a given solvent viscosity, the relaxation time is proportional to likely due to their use of an oversimplified dumbbell model,
the polymer contour length to a power of around“.@erefore, we performed beadspring BD simulations (see Table 3 for
the shorter chains possess a shorter relaxation time, which resultshe parameters used in the simulation) of DNA molecules in
in a smallerWi for these molecules, and hence they should shear flow near a single surface by using an MRPY tensor (see
stretch less and migrate less. the Appendix for the derivation). To compare the simulation

Figures 6 and 7 point out that the normalized concentration predictions with our experimental results, we calculate the
and mean fractional stretch of the mixtures decrease over thenormalized concentration as the number density of DNA
same time scale, which again indicates the coupling betweenmolecules for each data point normalized by the bulk number
the concentration and the stretch. With an increase in the density.
concentration of the shorter chains, the migration rate is Figure 8 predicts that the depletion-layer thickness (defined
weakened due to the weaker HI between the surface and theagain as the position at which the concentration is half that of
shorter chains, which agrees well with theoretical predic- the bulk) atwWi= 10 is about 1:m, which is roughly twice as
tions!819and the mean fractional stretch (normalizedLby= thick as found in our experimental data and is therefore in much
19 um) decreases due to the higher concentration of fragments.closer agreement with the experiments than is the dumbbell
Surprisingly, the addition of 9%-phage DNA Hind Il digest theory?! However, the BD simulations predict that it takes at
to a nominally purel-phage DNA solution does not produce a leag 8 h (~8000 relaxation times of DNA) for the concentration
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0.30 . T T T dependence of the DNA concentration profile, which suggests

i ] _that some aspects of polymer migration near surfa_lces is missing
F j . T in models developed thus far. In the accompanying paper, the
B 0.20f L=21pm (sim.) ] effect of the finite DNA concentration is considered, where it
= fti;ggtm:m is confirmed that the concentration of DNA used here is too
F015¢ —o— 97% (wi%) L=2Tum+ ] low for finite concentration effects to influence migration. Since
E 0.10 uﬁ'll‘(u.(u.l.(.ﬂ.a'm_l_au.uuctr"u‘l we saw that at hlgWI the dumbbell model greaﬂy ove r—predicts
= : ® L=19um (exp) (by a factor of 10) the width of the wall depletion layer\&fi
2005F ] = 10, while simulations of chains with 10 springs reduce the

discrepancy to a factor of 2, it is possible that if we could carry
0.00 : . L L . : . . ) .
0 10 20 30 40 50 out simulations of chains with dozens of springs, with full wall-

Distance from the wall (um) influenced HlI, that the wall depletion thickness might gradually
Figure 9. Comparison of steady-state mean fractional stretch in BD diminish and finally come close to the experimental value. In
simulations of DNA molecules of various lengths and with a mixture pulk flow, high-Wi shear-flow simulations with 10 springs
experimontal rosults of e solutions of nominally inact D P1edIct somewhat more stretching (around 10% more o
= 10.3. In the simulations, the stretch lengths of all DNA molecules, a"er‘f"ge) thar_m 1S Obtame_d Wlth hlghly refined bemld models
including the short ones, are normalized by= 21 um. and in experiment® While this discrepancy is quite modest

for bulk shear, possibly the difference is larger for the wall

12 migration effect. At any rate, it seems clear that shear-induced
I polymer migration and chain stretch are extremely sensitive not
S only to physical parameters such as shear rate and a slight
g 0.8f polydispersity in polymer chain length but also to how well
§ i _ ] the polymer is modeled. Hence, further efforts to predict wall
S Ke ztift‘;ﬁ"‘ i) hydrodynamic effects quantitatively may lead to more accurate
3 Byl il | deling.
N 04 ° L=5.25um (sim.) polymer modeling
E 0.2 : _U_:?c}?ﬁe?vg:}rtﬁ?l)_:ggglrrr(siml .
S Uk & Ldgimien). Conclusions
0 = 30 40 B0 Optical imaging ofA-phage DNA molecules was used to
Distance from the wall (um) measure the time-dependent polymer concentration and stretch
near a non-adsorbing solid surface in a torsional shear flow.

Figure 10. Same as in Figure 9, except for normalized concentration, i . .
rather than mean fractional stretch. We found, as observed in other geometries, that polymer chains

migrate away from the surface in dilute solutions. The migration

of A-DNA molecules to reach the steady state, which is still an 1S €nhanced near surfaces with a larger depletion layer created
order of magnitude longer than measured in the experiments.at highetWi, in qualitative, but not quantitative, agreement with
Similar, but smaller discrepancies in the thickness of the the predictions of the FENE-P dumbbell moéeThe experi-
depletion layer and the time to reach the steady state betweerinental depletion layer avi = 10 is an order of magnitude
experiments and BD simulations have also been reported bythinner than eXpeCted from those pl’edictions, which results in
Chen et af for T2 DNA in a microchannel with an oscillatory ~ & shorter time (by more than an order of magnitude) for the
pressure-driven flow. concentration to reach steady state in the experiments. The time

The simulations also predict in Figure 9 that the steady-state Sc@le for migration in the experiments is roughly the time for
mean fractional stretch of the molecules with the same length Molecules to diffuse over the depletion layer, which is consistent
does not change at different distances above the bottom surfaceVith the theory, given the thinner experimental depletion layer.
but that shorter chains have a smaller mean stretch due to the/Vith an increase dVifrom 5.0 t0 20.4, this time scale increases
decrease of the reWi. Figure 10 indicates that with an increase Tom around 40 min to around 100 min, as expected qualitatively
of DNA length, the thickness of the depletion layer increases from the theory. Simulations with 10-spring chains are in closer
at steady state. By assuming 3% (Wt%) of theu21-long DNA agreement with the experiments than are the dumbbell predic-
molecules are broken, each into four 528-long fragments, tions, but the_ simulated depletion Iayer remains tW|c_e as thlc_k
the simulation is able to match the experimental mean fractional @8 the experimental one, and the simulated migration time is
stretch (shown in Figure 9); however, with 3% fragments, the Still an order of magnitude larger than observed. The discrep-
predicted depletion layer thickness is still greater than in the @ncies indicate that further study of migration effects of
steady-state experimental results (shown in Figure 10). p_olyme_rs unde_zr shear near surfaces is warranted, including more

The simulation results imply that the decrease of the stretch simulations with more refined polymer models.
with time observed in the experiments is caused by the presence Over the time scale of migration, the experimental mean
of shorter chains in nominally “intact-phage DNA solutions, fractional stretch decreases with time near the surface after the
and that a small percentage of the chains is probably broken.startup of steady shear. Addition of DNA fragments leads to a
We note that in other experiments with solutionsiephage net decrease in the migration rate, and a decrease in the stretch
DNA molecules reported in the literature, the presence of a small near the surface. This suggests that the presence of a small
percentage of broken chains would likely have been completely percentage of fragmented DNA might be responsible for the
undetected. The DNA migration effect near a wall is exquisitely observed low stretch near the surface.
sensitive to such short chains, as full-length chains are almost
entirely pushed away from the wall, and the length of the  Acknowledgment. We are grateful for financial support from
remaining chains is revealed by their stretch. Nevertheless, everthe NASA microgravity research division (Grant NAG3-2708)
allowing for the presence of shorter chains in the simulations, and from the National Science Foundation (Grant NSF-NSEC
we are still unable to explain quantitatively the observed time EEC-0425626).
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r{x.y,z) Blake*2 derived the velocity and the pressure fields for Stokes’
flow due to a point force in the vicinity of a stationary plane
boundary by solving egs A1l and A2 with the boundary condition
V'(Xi, Vi, z= 0) = 0. The Blake-Oseen-Burgers (BOB) tensor
can be expressed as

QPP = Q%%(r.r) — Q°(r,r) + AQ%%(r, 1)

= 06Yi2), 1= 06.Y,8), 1= 0.y, —3) (A7)

no-slip boundary

,, wherer; is the image of; relative to the wall (see Figure 11),
AQOB(ri,rj') is defined by Blaké! which is the first term of
ASERPY(ri,rj’), given below in eq A17. Thu€; in eq A4 in this
case is given by

17(%i.¥i,-Zi)

Figure 11. lllustration of the vector system. For the modified RPY
tensor and the BlakeOseen-Burgers tensor, the spheres reduce to
points.

Q; = (1—6,)Q°%rr) — Q%%(r.r) + AQOB(ri,rj’)(AS)
Appendix: Modified Rotne-Prager-Yamakawa Tensor Equation A8 is different from eq A6 because the presence of
To describe the HI between two spheres, the simplest the wall affects the self-diffusivity of spheje
approach is to assume that the spheres have negligible volume Although the BOB tensor includes the wall effect, like the
and thus can be considered as two points (i.e., their radius isOB tensor it fails to account for the finite volume of the spheres,
small compared to their separation). In this way, the perturbed and thus is only accurate when the separation between two
flow v' induced by a forcé; acting on sphergatri(x;, ¥, z) spheres is large relative to their diameters. Moreover, both
(see Figure 11) has an effect on another sphete;(x, Vi, z) tensors become non-positive-definite when the separation
that can be obtained by solving the Stokes equation along with between centers of the spheres is smaller than the diameter of
the equation of continuity: the spheres. The above problems are overcome by the Rotne
Prager (RP) tensor, which includes the effect of the finite volume
of the spheres and furthermore separates the calculation of the
hydrodynamic tensor into two parts, one for the separation
between the centers of spheres larger than twice the radius of
wherep is the pressureys is the fluid viscosity, and is the the sphere_s, the other for separations smaller than twice the
Dirac delta function. The solution to egs Al and A2, including SPhere radius. Yamakawaon the other hand, used the Taylor

the effect of the boundary conditions, can be expressed in a&xpansion to derive a first order correction to the OB tensor
general form as for the HI between two spheres. Since the tensor given by

Yamakawa is identical to the RP tensor for non-overlapping
spheresR; > 2a), the RP tensor is often called the RPY tensor.

(A1)
(A2)

0=—Vp+nVV +Fo(r;, — 1)
Vv =0

V' =QF, (A3)

where®; is the HI tensor which will be defined in detail later. 9$PY= QRPY(ri,rj) =

From the HI tensor, we can construct the diffusion teri3pr 1 I r, =) — r-)'
for use in BD simulations: —|c)+c,— 1~
8andr; —r| |t 2 =2 |
st j i — T
1 ) i . —
D; = kBT[Gﬂ—@mij + QU] (A4) if[r —r;| =2a
1 (r, = 1), — )]
wherea is the hydrodynamic radius of the spheres. = m Gyl + C4% ’
The best known HI tensor is the OseeBurgers (OB) tensor s Iri =1yl o
QOE(r; r)) obtained by solving eqs A1 and A2 with the no-slip if[r—rj| <2a
boundary condition applied on the surface infinitely far from (A9)
r;. Therefore, the OB tensor represents the HI in the bulk flow Where
where the wall effect is absent. The OB tensor can be written 5 )
as _ 2a _ 2a
c=1+—"7—, C,=1—-———
=0~ 1) Lo =
OB _ OB _ 1 i TN
S 8m73|fi—rjll T STk NP k1
D (s 3 32a ' 4 32

wherel is the unit tensor. And2; in eq A4 is defined by
Q= (1-06)Q® (A6)

For the OB tensorD; equalsD;, implying that the HI is only

Because of the lack of a wall effe®®;; is defined the same as
in eq A6

Q =(1-06)Q"" (A10)

a function of the relative position between spheres, not their In the following discussion, by “RPY tensor” we mean the Hl
absolute positions. However, if a boundary is nearby, the abovetensor for non-overlapping spheres.
symmetry is broken and a new HI tensor is needed to include To include wall effect into the HI tensor, Bossis et3al.

the wall effect.

combined multipole expansions of the velocity field and Faxen’s
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equations to relate the fluid velocity to the bead velocity. The
very general HI tensor given by Bossis et?aincludes the
lubrication force and higher order terms that become important
when the bead-wall separation is comparable to the-bbadd
separation. However, one can also modify the BOB tensor to
include the finite volume effect and obtain the same expression
of Bossis et aP3 except for the lubrication force. Yamakawa
first demonstrated that the velocity perturbation around a sphere
can be represented by the velocity perturbation induced by point
forces equal to the frictional force of the sphere uniformly
distributed on the surface of the sphere. In other words, if a
sphere of radius; atr; exerts a forcé; on the fluid, the induced
velocity perturbation/’ atr; can be approximated by

v =@%r. r + o

ot + 0)CF, (A11)

where O0indicates average over all possible orientations of
radius vectore;. Equation A1l can be expanded in a Taylor
series. Usindd; = 0 andléjo; = Y40;2, and discarding higher
order terms, one obtains

2
(o]
v = QOB(ri,rj)+—évj29°B(ri,rj) F(A12)

Equation A12 describes the perturbed flow by a fdfgacting

on a sphere with its center gt Using the same method, one
can obtain the perturbed flow acting on a sphere with its center
atr; by a forceF; acting on another sphere with its center;at

v =%, + 0,1, + 0)FF, = @Y1, r))F,
(A13)

whereg; andoj are the radii of spherieandj, respectively, the
radii vectors ares; and ¢;, and here the average is over all
orientations of both vectors.

To derive the modified RotnePrager-Yamakawa (MRPY)
tensor for non-overlapping spheres in the vicinity of a wall, in
eq A13, we replac®©8(ri,r)) with QB r;), given by eq A7:

v =01 + 0,1, + 0)BF, = @ (r, r)-F,
(A14)

Therefore, the MRPY tensor can be expressed as

QMRPY(riyr]‘) = mBOB(rl + 0'|,rJ + 0'J)E|
2 2
— QBOB 9i 20808 9 20808
= ri,rj) + 6 Vi ri,r]-) + 3 \Y (r

,rj)—l—...

rr

= QRPYri"'j) - Q"r, s AQRF)Y(ri'rJ' (A15)

Thus,

Q, = (1-6)Q%(r,r) — Q% (r,r) + AQ™(r,r)
(A16)

By taking oi = 0 = a into the MRPY tensor, we obtain the
detailed expression fcztsS!RF’Y(ri,rj') as follows,
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RPY _

o
1 3% + 28z + z)?

81, AQ
5(x — X)°
R7

[ 1
T =
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—2z7 R%_ 3

8, AQL, =
1@+’
R R
8, AQY " = 8y, AQST =

6235 00— y) 108°(z + 2)%(4 — %)% — ¥)

8, AQ
v — y,)z

R

+ 280z + z)° Ris

5 + 2]

—3
_ + R7

R

2z,

z +2a(z +z)°

R5 R7
RPY _ N 2z(z + 2) B
8 ARy, "= 2(x xj)’ =5 3—R5 3.
2(z+1z) 5(@z+z)
S e
8y, AQY =
O T TRt ) N RN
20 = X) 5+ 35 ] 2804 = %))~
8y, AQ = 2(y; — yj)’% —3 zizi(ij Zj)] _
22+32) 5@ +32)°
2a2(yi — yJ) RS ZJ _ R7 Z]
8y, AQY Y =
i z5(zt Z) 5(z + z2)°
e
(A17)

whereR = |rj — rj]

We notice that ifo; = oj one can obtain the HI between
spheres of two different sizes. This newly derived MRPY tensor
obeys the reciprocity relation:

—_oT
Q(ri,r) = (r;,ry) (A18)
which follows from the self-adjointness of the Stokes operator.
In some studies, the reciprocity relation was violatet;*3and
the average of(ri,r;)) andQ(r;,ri) was used to replac®(ri,r;)
and Q'(rj,ri) to enforce the reciprocity relation. The MRPY
tensor reduces to the BOB tensor as the sphere radius approaches

zero, and reduces to the RPY tensor if the spheres are far from
the wall.
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