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The effect of confinement on the dynamics of polymers was studied by observing the trans
extension and relaxation of single DNA molecules as they interacted with obstacles in a spec
designed thin slit. Viscous drag was found to increase with the degree of confinement, which
interpret in terms of hydrodynamic screening by the planar surfaces of the slit. Since the DNA
driven by an electrophoretic force, the experimental data support the notion that an electric field ac
a tethered polyelectrolyte equivalently to a hydrodynamic flow. [S0031-9007(98)05566-5]

PACS numbers: 87.15.He, 82.45.+z, 83.10.Nn, 83.20.Di
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The dynamics of polymers in confined environments
a fundamental problem of considerable technological im
portance. A sound understanding of their behavior wou
be advantageous in numerous practical situations, inclu
ing the extraction of oil from porous media and the sep
ration of biological macromolecules by electrophoresi
One needs to comprehend both the Brownian motion
the polymer molecules and their response to forces a
plied either locally or globally via a hydrodynamic flow.
Recent direct observations of single DNA molecules elo
gated in a moving fluid [1–4] have provided us with a
deeper understanding of the static and dynamic prop
ties of single polymer chains. They have also promote
the development of new theoretical models that descri
how tethered polymers get stretched by a hydrodynam
flow [5–7]. These previous experiments were concerne
with molecules in free solution, and have not address
the effect of confinement. In this Letter we present dire
evidence that the dynamics is altered when a polymer
confined in a thin slit between planar surfaces, and sho
that this is a consequence of the screening of hydrod
namic interactions between distant parts of the molecu
by the walls of the slit. By using electrophoresis to forc
the molecules to move, rather than a laminar flow, we al
test the proposition of Longet al. [8] that an electric force
acts on a tethered polyelectrolyte in the same way as
hydrodynamic flow.

In order to conduct a carefully controlled study, we
used specially constructed microfabricated chambe
(Fig. 1). Widely spaced rows of cylindrical posts were
etched from a silicon wafer by optical lithography. The
posts had uniform height, which could be varied ove
the range0.1 10 mm, and the resulting structure was
sealed with a glass cover slip to make a thin slit. Th
posts had two functions. First, they acted as space
between the walls, ensuring that the slit depth was know
with precision. Second, they provided obstacles to th
motion of DNA molecules introduced into the chamber
Fluorescently stained DNA was propelled through th
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chamber by an electric field, directed orthogonally to th
rows of posts, and observed by optical video microscop
Individual molecules which impinged on a post would ge
hooked on it and stretch out into a U-shaped conform
tion, like a ribbon caught on a lamp post in the wind. In
a matter of seconds, these molecules would slither arou
the obstacle and free themselves. Once disengaged, t
would immediately start to contract, gradually relaxing
towards their equilibrium, randomly coiled state. This
transient extension and relaxation of individual molecule
was the subject of our study. We examined how th
degree of elongation and the time scale of relaxation we
affected by the depth of the slit.

Considering that hydrodynamics at low Reynolds num
bers is governed by long-range velocity profiles, it is ex
pected that a thin slit geometry has a significant effe
on the dynamics of a long polymer molecule [9]. Non
slip boundary conditions at the walls cause the screeni
of hydrodynamic interactions at scales longer than the s
depth. Thus the polymer, which is opaque to the flow
in an unbounded fluid, becomes completely free drainin

FIG. 1. Scanning electron micrograph of the microfabricate
obstacle array used in the experiments. A cartoon DN
molecule is shown hooked over a post in a symmetric U
shape—the configuration in which extension was measured.
© 1998 The American Physical Society 2737
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(i.e., the flow penetrates the coil) when the slit depth a
proaches the persistence length. The primary motivati
for our study was to quantify this effect. A second was t
test theoretical concepts about the simultaneous appli
tion of electric and nonelectric forces to polyelectrolyte
[8], which we summarize here. When a charged DN
molecule migrates freely under the influence of an electr
field E, the electrostatic forces acting on the molecule an
on the surrounding cloud of counterions combine in suc
a way that hydrodynamic interactions are screened on
scale longer than the Debye length [10]. As a cons
quence, DNA molecules of different lengths migrate at
unique velocity,y ­ mE, wherem is the electrophoretic
mobility. However, if a contact force is applied locally
to the DNA alone, without acting on the counterions
an effect is transmitted to the rest of the molecule via
hydrodynamic interaction. This has some surprising co
sequences. For instance, a uniformly charged polyele
trolyte held immobile by one end in an electric field
extends as though it were in a hydrodynamic flow o
uniform velocityy ­ mE, and not, as one might naively
suppose [11], as if it experiences a constant electrosta
force per unit length. Our experiment in a thin slit permit
a clear distinction between these two situations. If, at
given field strength, the extension of a hooked DNA mole
cule depends on the slit depth, then the hydrodynam
interaction must be present and the proposition of Lon
et al. is corroborated [12].

The thin slits were fabricated using standard optic
lithography techniques. Cylindrical posts, with diamete
of 2 mm and a gap of2 mm between them, were
disposed in rows at90 mm intervals. Large square
support columns, of side20 mm, were included in the
design of the chamber in order to prevent the structu
from collapsing. Three different arrays were etched, wi
depths 0.09, 0.3, and5.0 mm, and sealed with glass
coverslips using a spun-on optical adhesive (Norland 8
T4 DNA molecules (167 000 base pairs) were chosen f
our experiments, since they are commercially availab
molecules of a uniform size that is suitable for imagin
[13]. The DNA was stained with5 mM TOTO-1 dye
in a 1y2 Tris-borate-EDTA (TBE) buffer containing 2%
mercaptoethanol. At the concentration of DNA used
the DNA molecules were saturated with dye molecule
After the solution penetrated into an array, the DNA
was imaged using epifluorescence techniques. An elec
field, which varied in magnitude from 1 to 50 Vycm,
was applied in the direction perpendicular to the row
Elongation and relaxation of single DNA molecule
interacting with the obstacles were observed with a603

oil-immersion objective (NA ­ 1.4) and recorded using a
silicon intensified target camera (SIT, Hamamatsu 2400

In order to obtain reproducible measurements, elo
gation data were collected using only those molecul
which happened to form symmetric U-shaped configur
tions when they got hooked on a post (see Fig. 1). T
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end-to-end length was accurately measured by followi
the polymer contour, using an ARGUS-10 image proce
sor. The electrophoretic flow velocity was determined b
tracking undeformed molecules in the obstacle-free
gion. Figure 2 shows the dependence of the molecu
extension on the migration velocity in the three differe
slits. A clear effect of confinement is apparent: At th
same velocity (i.e., at the same electric field strength),
extension is greater the shallower the slit.

A molecule which is hooked symmetrically over
post is momentarily stationary and thus at equilibriu
in the electrohydrodynamic flow. Accordingly, it shoul
be stretched as though it were held immobile at
midpoint in a hydrodynamic flowy ­ mE [8]. The
degree of extension is determined by a balance of
elastic restoring force and the hydrodynamic drag
all points along the chain. The former is now we
characterized: the wormlike chain model has been sho
to describe the entropic elasticity of DNA with precisio
[6]. When a molecule of lengthL and persistence length
A is uniformly extended, so that its end-to-end separati
is z, the tensionF in the chain is

FA
kT

­

(
3
2

z
L , z ø L ,

1
4 s1 2

z
L d22, L 2 z ø L .

(1)

The viscous drag is more complicated to evaluate, sin
the long-range hydrodynamic interactions between diffe
ent parts of the molecule mean that the overall hydr
dynamic drag force depends on the detailed molecu
conformation. Moreover, in a narrow slit the drag
modified by the walls, which screen these hydrodynam

FIG. 2. Extension as a function of flow velocity in three slit
of different depth. The error in the data is approximately 10
in y and61 mm in z (due to limited screen resolution and th
short depth of field of the objective, which affected focusin
in the deeper arrays). The curves are the theoretical predic
of the extension in an unbounded fluid (dotted line), and t
scaling function for the case where hydrodynamic interactio
are completely screened (solid line). The inset shows h
the extended length scales ass1ynd1y2 as predicted by Eqs. (1)
and (2).
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interactions. To understand these effects, we shall st
with the crudest approximation and then proceed to mo
sophisticated models.

Consider first the case of a DNA molecule, held sta
tionary by its end, in a moving fluidwith no boundaries.
The viscous drag can readily be calculated in the tw
limiting cases of weak and strong extension. In the fo
mer situation, the molecule is hardly deformed from a ra
dom coil, and its friction coefficient is given by the Zimm
model [14]. In the latter case, the DNA is stretched a
most to its full lengthL and makes lateral fluctuations of
size D , s kT

hy d1y2, and so may be modeled as a cylinde
of length L and diameterD. Hence the overall friction
coefficientz is [14]

z ­

8<: s3pd3y2

4 hsLAd1y2, z ø L ,
2phL

lnsLyDd , L 2 z ø L ,
(2)

whereh is the viscosity of the solvent. The difference
in scaling of z with L at high and low flow rates
means that there is no universal scaling of the extensi
as a function of the molecular size. Equations (1) an
(2), however, indicate that in the strong stretching limi
L 2 z ~ y21y2. This dependence is borne out by th
three sets of data (inset of Fig. 2), with a constant
proportionality that depends on the etch depth (to b
discussed later). Extrapolation of each curve toz ­ 0
permits an evaluation of the molecular contour leng
L. The valueL ­ 74 6 1 mm obtained is 30% longer
than an unstained T4 DNA molecule. Similar figure
for the elongation of the DNA backbone by intercalatin
fluorescent dyes have been reported previously [1,3].

To understand the behavior at intermediate extensio
a more detailed model is required, in which the tensio
and drag are balanced locally at all points on the cha
Brochard-Wyart suggested that a tethered polymer is b
pictured as a “stem and flower” [5]. The tension ha
a maximum value at the tethered end and decreases
zero at the free end; as a result, the polymer appears
a highly stretched “stem,” surmounted by a “flower” o
increasingly disordered random coils. The flower ma
be modeled as a sequence of Pincus blobs [15]—ea
of which has a Zimm-like drag—which increase in siz
until the terminal blob of diameterD , s kT

hy d1y2. We
have developed a more accurate version of the ste
and flower model which incorporates wormlike chai
elasticity and hydrodynamic interactions between blob
[16]. Numerical evaluation of the model, which contain
no adjustable parameters, gives results that are in go
quantitative agreement with both the static and dynam
data of Perkinset al. [2,3]. The extension curve predicted
for T4 DNA (L ­ 74 mm), held by its midpoint in an
unbounded fluid, is plotted in Fig. 2 [17]. Note that al
of the data lie above this curve: the DNA extends mo
readily in a thin slit than in free solution.
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Why does confinement produce this effect? In a narro
slit, the hydrodynamic interactions are diminished a
distancesr greater than the slit depthh (the Oseen tensor
is proportional tohyr2 rather than1yr). As confinement
increases, three classes of modified hydrodynamics m
be distinguished. (1) First, whenh , L, the long-range
interactions between the flower and the stem, and tho
between blobs in the flower, are screened. Effectivel
the stretched polymer has the drag of a cylinder confin
between parallel walls. This modifies the term in th
denominator of Eq. (2), changing it from lnsLyDd to
lns4hypDd, and the friction is augmented. (2) When
h , D, interactions within individual blobs in the flower
are also reduced, the structure of the flower is modifie
and the drag increases further. (3) Finally, whenh , A,
the motion of each statistical segment of the polyme
is hydrodynamically decoupled from that of the others
In this case, the DNA is effectively free draining, and
the molecule has a uniform friction per unit lengthj ­
ch, where c is a numerical constant that depends o
the slit depth. This means that the total drag forc
is independent of the molecular conformation, and th
extension, in this case,doesobey a scaling relation of
the form zyL , g shyLAykTd. The total screening of
hydrodynamic interactions means that each blob has
Rouse-like friction [14], which leads to a more evenly
stretched chain with a smaller flower than occurs in a
unbounded fluid: the terminal blob has sizeD , s kTA

hy d1y3.
The three data sets at decreasing etch depth fall roug

into each of these three classes. In the thinnest slit, h
drodynamic screening is almost complete, and the fre
draining scaling function fits the data when the numeric
constantc is treated as an adjustable parameter. A the
retical value of this constant can be estimated by assum
that, when the slit depth is of order the persistence leng
the DNA is confined in the two-dimensional plane mid
way between the walls. The friction coefficient per uni
length is thenj ­ 2phy lns4hypdd, whered ­ 2.5 nm
is the diameter of the DNA molecule. This yields the valu
c ­ 1.6 when h ­ 0.09 mm, in fair agreement with the
valuec ­ 1.4 used to fit the data [18].

Confirmation that the varying extension in the thre
different slits is due to differing viscous drag was obtaine
by examining the dynamics of the DNA molecules
Visually, it was obvious that the thermal motion was leas
agitated in the shallowest slit, but to obtain quantitativ
data we followed the entropic relaxation of stretche
molecules (Fig. 3). Different field strengths were applie
in the three arrays to ensure the same initial degree
extension of a hooked molecule. Then the contractio
of individual DNA molecules, immediately subsequen
to their detachment from an obstacle, was observe
Figure 4 clearly shows that the relaxation rate decreas
as the arrays get shallower: There is a factor of
difference between the5 mm and the0.3 mm slit, and
another factor of 2 between the0.3 mm and the0.09 mm
2739
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FIG. 3. Video captures of a T4 DNA molecule relaxing in
three slits of different depth (the molecule is migrating from le
to right). The Brownian dynamics is clearly slower in thinne
slits. Higher monomer density in the “flower” is apparent as
luminous blob at the chain end, but note that this is less visib
in the shallow array (see text).

slit. This is consistent with the ratios of the viscous drag
as evidenced by the relative magnitudes of electrophore
drift velocity required to produce a given extension in th
three arrays (see Fig. 2).

The ability to vary the dynamical time scales of a poly
mer by altering the degree of confinement could pro
to be useful. Various strategies have been proposed
the electrophoretic separation of DNA molecules in micr
fabricated structures [19]; some work better when relax
tion is rapid, others require the DNA molecules to rema
stretched for long periods. For example, in methods bas
on collisions with obstacles [20,21], fast relaxation ensur
that molecules quickly regain randomly coiled configura
tions, thereby providing a maximal collision cross sectio
which improves separation. By contrast, pulsed-field ele
trophoresis techniques rely on the molecules being ma
tained in an almost fully stretched state [22], and so slo
relaxation is favorable for the process of fractionation. W
have demonstrated that the etch depth of the microfa
ricated array is a useful control parameter by which th

FIG. 4. Relaxation of the extension of a molecule, subsequ
to disengagement from a post (at timet ­ 0) in the three slits
of different depth. Data were collected from three differen
molecules in each array. All molecules were initially stretche
by the same amount (z ­ 44 mm).
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Brownian relaxation rate may be adjusted, without alte
ing the electrophoretic migration velocity, to enhance th
separation.
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