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ABSTRACT: We present an experimental study of double-stranded DNA diffusion in slitlike channels. The
channel heights span the regime from moderate confinement (heipbtk radius of gyration of the DNA) to

strong confinement (height persistence length). Scalings of diffusivity with channel height differ from blob
model predictions. The diffusivity scales inversely with molecular weight when the channel height is smaller
than the bulk radius of gyration. This scaling is indicative of hydrodynamic screening. A scaling analysis shows
that the screening of hydrodynamic interactions arises from a combination of two mechanisms. After using a
Zimm preaverage approximation, the unique symmetry of the thin-slit disturbance velocity and the isotropic
nature of the polymer conformation together cause a cancellation of hydrodynamic interactions due to symmetry.
We also find that the algebraic decay of the far-field velocity magnitude is sufficient to eliminate large-length
scale hydrodynamic cooperativity in diffusion of quasi-two-dimensional polymers in good solvents.

1. Introduction approximately 140 nm square to a conformational change from
a “blob-like” statd®?'to the conceptual “reflecting chain” of
Odijk?® (Figure 1). The dynamics differ greatly when the
geometry is a slit, especially under strong confinement condi-
tions. In the limiting case, a square channel or tube constricts
polymer motion to a reptation mechanism, however, in a slit
there is a finite lateral mobilityx—y plane in Figure 1). Bakajin

et all8 studied the extension of DNA around posts in slitlike
channels. They were able to prove electrohydrodynamic equiva-
lence and showed that intramolecular HI was negligible in the
smallest channel used (90 nm). However, the study only

as well as the polymer dynamics through modulation of qualitatively reported changes to transport properties (longest
hydrodynamic interactions (HI). These effects manifest them- relaxation time). Maier et 2626 studied DNA confined to a

selves by changing molecular transport properties such as the ~ """~ 7 - . .
diffusivity, relaxation times, and mobility. cationic lipid bilayer and found that 2-dimensional scaling laws

. . . . . held for both static and dynamic quantities. They also found
_ Theoretical and experimental studies of polymeric behavior 4t intramolecular HI does not affect DNA behavior due to
in confinement extend well into the pd8t2* Studies performed

. k-etch . he diffusi | the strong coupling between the DNA and the bilayer. Simula-
in track-etched membranes examined the diffusion of polymers 4o have recently investigated polymer behavior in confine-
into and through well-defined cylindrical pores (see ref 22 for

. . .~ ment. Jenderjack et &l.used a Brownian dynamics simulation
areview). These studies attempted to deconvolute the partition-,¢ we holymer dynamics coupled with a numerical solver for
Ing into the pore and the dlffu3|on 'ns'de. it, but the range of yhe solvent motion. In square channels, the scalings obtained
pore-sizes studied was ultimately restricted by the use of yiy ot match theoretical predictions. The authors attributed this
diffusion to force the polymer into the pore. Today, microfab-

o A : -~ to the importance of a length scale associated with polymer
rication allows the application of electric and hydrodynamic P d hoym

- wall interactions which was unaccounted for in blob theory.
forces to transport molecules and greater control over the SizéThe same simulations performed in sfithave shown closer
ar_1d shape of the confining environment, Th'_s adva_ntage, CouDIeolagreement with blob theory, but there still exist slight deviations.
wnh_the use of large molecules,_dramatlcally increases the Usta et aP® used Lattice Boltzmann simulations to study
confmemenf[ parameter space available for study. .Furthermore,conﬁned polymer diffusion and obtained good (visual) agree-
the use of biological macromolecules makes possible the study oo« with blob theory. However, their experiments did not
of monodisperse samples, and epiflouresence microscopy allows,gnsiger gap height scalings in detail, as evidenced by the
onekto g'ﬁfﬂy obsg_rvg dsmgtl)tle DNA rgo{ljecdule%’\,blxxsbtmhan_d €O~ imited data for a given molecular weight in Figure 11 of ref
wor Ifr ' ave48t61 ied dou e-strr1an el (_??1 i de avior 'g 28. In simulations, as well as experiments, theoretical scalings
sma (35 to~ 'nm) square channels. They find expected polymer properties with gap height have been difficult to
scalings of extension with molecular weight, but scalings with confirm
channel height are slightly different from proposed theory. Also, '

they attribute a drastic change of relaxation behavior in channels  Recently, we studied DNA diffusion in slitlike channels made
of PDMS and glas¥! but the mechanical integrity of the PDMS

did not allow for study of chains confined much beyond the

Advances in microfabrication technologies have allowed the
fabrication of fluidic channels with a characteristic dimension
on the order of tens of nanometérsThe potential for the use
of small-channel devices in DNA mappig and separatiofr,13
single biomolecule manipulatiod,and even ion separati&i®
has inspired interest in the static and dynamic response of
individual molecules to confineme#t.18 The proximity of the
bounding walls offers a very powerful method to change the
polymer equilibrium conformation through steric interactions
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lengths themselves to follow the high molecular weight con-
formational scalings developed by Flory (Figure 1b). These
segments are termed “blobs” and contain~ (h/Lp)™#)
monomers (there amdyops= N/g blobs per chain). For stronger
confinement f < L), the chain cannot double back on itself
and attains a “reflecting” conformation (Figure 1c) as described
by Odijk.2® In this case, we take the polymer segment to be a
rod with length equal to the Odijk length scaléogij ~
Lp3n?/3)23:31.32and diameted (there areNgs ~ N/Aogik rods

(d) ’h per chain). In the development of these theories, it is assumed
Figure 1. (2) SEM imlass channel cross section with a sli that cooperative motion of the segments due to Hl is negligible
hegight of 100 nm. Also s%own arge schematics of polymer conformations be_cause HI is screened over d_|stances larger than the channel
in a slitlike channel for (bRypuk>> h > L, (blob regime) and (ch < height. The drag on the chain is then solely dependent on the
L, (Odijk regime). A top view (d) shows the polymer attains a 2-D drag on a polymer segment and the number of those segments
random wal_k and is free to di_ffuse laterally. This motion is readily in the chain Echain™~ xsegme,msegmer)_ The drag on an individual
observed with fluorescence microscopy. segment is taken to b&op ~ n921 gnd Erod ~ iouijkﬂog(h/

, ) o ) d)3323for the blobs and rods, respectively. Taking into account
be shown that independent investigation of these two variablesysin the conformation and the hydrodynamics, scaling expres-
yields separate information about the conformation of the gjons for the in-plane diffusivity® ~ 1/&cnai) in good solvent
polymer and the hydrodynamics of the system, information that 46 the following
is lost when viewed on a single, normalized plot. While present

theory relies on using the channel height as an intuitive scale 1 1l{ n®3

for hydrodynamic screenif@?3and nearly complete hydrody- Diiob ~ £ N ~1h 53 1)
namic screening has been shown to occur when the gap height blob’ “blobs Mubp

is on the order of a Kuhn length of the polyniérthe effects 1 In(hd )] [%ouix

of hydrodynamic interactions on diffusion in channels with gap Dok ~ N~ [ Z ( = ij ) (2)
heights near the radius of gyration of the polymer has yet to be EroNrods Odijk w

experimentally studied. Indeed, the algebraic decay of the in-
plane component of point-force disturbances in quasi-two-
dimension® calls into question the use of a particular “screen-
ing” length scale, which is normally used to describe an
exponential decay.

The study of polymer physics at these length scales is very
important from an engineering perspective. The channel heights
used here (75550 nm), while easily fabricated with standard
techniques, are small enough to alter the behavior of biologica
macromolecules substantially and in potentially very useful
waysl2 The sizes of the DNA used in this study are comparable
to those of interest in genome mapping, especially mapping
based on single-molecule technig@dhe purpose of this paper
is to test applicable scaling theories for this important region

of parameter space. The results of these extensive experiment: : . .
b P P through disturbances of the solvent, the velocity of which must

also serve as a basis of comparison for current and future tisfy Stokes’ tions at low Reviolds numbers. For th
mesoscale computer simulations. We also present a scaling-Sa sfy Stokes’ equations at low Reynolds numbers. For the case

level analysis for the mechanisms of hydrodynamic screening of the far-field velogity of a _point forge between two parallel
in quasi-two-dimensional (Q2D) environments. The physics at plznes,dtrtle expression obtained by Liron and Moéhoan be
these length scales is crucial to understand and these result§®duced 1o

The equations are left expanded to emphasize the contribution

of the drag on an individual segment (square brackets), the

number of segments defined by the conformation between the

planes (parentheses), and the screened HI (unity exponent on

the term in parentheses). Note that scalin® afith M,, isolates

the effect of hydrodynamic interactions. The scalingofvith

his a combined effect of hydrodynamics, the conformation of

| & segment, and the drag on that segment. Also, since hydrody-

namics are assumed to be screened regardless of the shape of

the polymer, we can expett~ M,,~* even for channel heights

between the ranges of applicability of the two equations above.
While making the assumption of screened hydrodynamic

interaction simplifies the analysis, a closer examination calls
e assumption into question. Hydrodynamic interaction occurs

will be important in the design of future devices to map, 1/.. 1

separate, and generally control single biomolecules for analysis. u(r) ~ |—|2(r r— EI)'f 3)
r

2. Overview

. _ . _ . wherel is the unit tensor and is the in-plane velocity at a
First, we briefly review the scaling predictions for polymers point defined by the vectar (f = r/|r|) due to a point forcé
in. confinement. We consider a linear ponmerN)fnonomgrs at the origin. This expression is valid farl > h and decays
with a persistence length, diameterd, and molecular weight oy slightly faster than in bulk (17]). The rate of this algebraic
Mw ~ N in a slit of heighth. In bulk, the polymer attains @  gecay alone has never been tested (to our knowledge) to be
coiled configuration with a radius of gyratidRy puk ~ LpN", able to dampen the disturbance enough to eliminate cooperative
where v is the Flory-Edwards exponentx{’/s for a good  motion between polymer segments, although its orientational

solvent)®® In confinement, the polymer can be described as a gffects have been studied in the HI between colldfdd’
chain of shorter “segments” with a characteristic length scale

nearh. The nature of these segments is defined by the static 3. Experimental Section

conformation the polymer can attain between the two planes. 3 1 channel Fabrication.We experimentally observe double-

In effect, the polymer is coarse-grained near the length scale ofgyranded DNA using single molecule epifluorescence microscopy
the channel height. De Gennes and co-workeé¥sdeveloped  in slitlike nanochannels with gap heights between 75 and 545 nm
a theory for moderate confinement whéye< h < Ry puxand and a width of 15Qim. The glass nanochannels used in this study

the “segments” of the polymer contain enough persistence were fabricated as described in Mao and R#nschematic of theCDV
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Table 1. Molecular Weight Dependent Properties of Stained DNA

DNA basepairs< 1073 Dpuik (um/&) Ry bulk (um)
M13mpl8 7.2 1.32-0.1 0.24+ 0.02
1/24 24.44+0.2 0.65+ 0.06 0.45+ 0.04
A 48.5 0.464+ 0.03 0.69+ 0.05
21 97.0 0.28+ 0.07 1.15+ 0.03
T4 165.6 0.22+ 0.03 1.46+ 0.2

aBulk diffusivity and radius of gyration data for T4 DNA was obtained
through interpolation of data in Smith et®lsince we could not obtain

significantly long enough traces where the entire molecule was in focus

for the bulk measurement. Radii of gyration are obtained from the bulk
diffusivity via Rypuk = 0.203,T/(~/61Dpui)-

geometry and an SEM image of a channel is given in Figure 1.

The channels are found to have low surface roughness without

appreciable saggingWe observe the DNA at least 16n away
from the side of the channel to minimize any hydrodynamic effects
related to the sides of the channel. Diffusivities calculated in
channels as narrow as &0n wide do not vary appreciably from
the data reported here.

3.2. DNA Preparation. 2-DNA (48.5 kbp) and M13mp18 (7.2
kbp) DNA were purchased from New England Biolabs (NEB) and
TAGT7 (165.6 kbp) DNA from Nippon Gene. An Xbal (NEB)

digestion was used to linearize the M13mp18 DNA and cleave the

A-DNA at the 24 508th basepair, resulting in tiDNA halfmers
(2/2 1) (& 250 bp).A-DNA dimers (2) were made using an oligo-
protected ligatio?? (DNA oligomers from Sigma Genosys). The

results of the biomolecular techniques were tested by staining and
then combing the DNA onto a polystyrene-coated coverslip and

measuring their contour length relative tal.&DNA control. This
collection of DNA gaveRy i values, smallest to largest, of 0.23,
0.49, 0.69, 1.15, and 1.48m as calculated from bulk diffusion
measurements Vi&ypuk = O.203<bT/(«/6_nDbu|k).17v39 The DNA
properties are summarized in Table 1.

Experimental runs were carried out in <5TBE (0.045 M Tris-
Borate, 1 mM EDTA, OmniPur) and 4 vol %-mercaptoethanol
(BME) (CabioChem). The viscosity of this buffer was 1.1 cP,
measured through a diffusion analysis of 0.5118 (diameter)
spherical beads. The Debye length in this systerads nm, much
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displacement as a function of the time elapsed between the frames
in which the displacement was measured (lagtim)e,The gap-
averaged, in-plane diffusion coefficieri2)l was obtained from the
slope of the mean-square displacement (MSD) of the ensemble vs
lagtime!” To obtain an estimate for the error in our study, we di-
vide our experiments into smaller ensembles each consisting of a
single DNA molecule. The diffusivity calculated for each individ-
ual molecule is an averaged property of the many displacements
and lagtimes in each trajectory. The problem, then, is finding the
standard deviation of all of our measurements from the means of
a number of samples. The standard deviation in the average
diffusivity over many DNA molecules can be calculated g
+/Npya Whereop is the standard deviation of the diffusivities of
individual DNA molecules and\pna is the number of DNA
molecules (tracked for a constant amount of tiffe)his result

is found to be consistent with the difference between diffusiv-
ities calculated in the independextand y dimensions and is on
the same order as the value found through error propagation of
the uncertainty in the variance of the displacements. We calculated
the probability density functions of the displacement at all lagtimes
(van Hove correlation functions) to ensure the absence of ap-
preciable flow effects (see Figure 2). Also, the probability density
functions were normally distributed and the mean-square dis-
placement plots were linear, implying a lack of adsorption to the
channel walls and/or obstruction in the channels over observable
time scale$? In addition, the conformation of the DNA during
loading and unloading into the visualization area did not show
evidence of stretching or deformation due to interactions with the
surface.

4, Results and Discussion

4.1. Nanoslit Experimental Results.Experimental results
of confined behavior are plotted on a master curve to test the
applicability of blob theory. If blob theory holds, a plot of the
in-plane diffusivity in the confined slitl¥) normalized by the
diffusivity in bulk (Dpui) Vs Rypurh yields a universal curve
with a slope of-2/317-21Figure 3 shows this plot for all of the
data collected in this study compared with results from Chen
et all” Comparison with simulation and prior experiment is very

less than the smallest channel height used. Repulsive electrostatiG,yorable. Most of the information we can extract from this

interactions with the channel surfaces are not expected to play aplot comes in the form of the data collapse. Here, the collapse
large role in processes other than to confine the DNA to the channel.: d. alth h th d of the band i tside of th
Since the ligation and digestion reactions were carried out in IS good, althoug € spread of the band IS outside ot the error

different buffers (NEB), exchange to the TBE buffer took place in Pars (1 standard deviation). Without separately analyzing the
Centricon (Millipore) filters. We found we could not use TBE buffer ~ trends with channel height and molecular weight, it is impossible
directly in the Centricons, presumably due to an interaction between to know if the spread is due to experimental scatter or systematic
the borate ion, the cellulose filter, and the DM®so the exchange  deviation. By independently examining scalings of diffusivity
was first to TE buffer [0.09 M Tris (Promega), 2 mM EDTA  with molecular weight and gap height, we are able to determine
(OmniPur)] and then diluted with equal parts in 0.09 M boric acid which assumptions used in scaling theories hold for this system
Probes) at a 4:1 b_ase pair to dye molecule ratio (saturation) and Figure 4 shows diffusivity as a function of channel height
allowed to sit overnight. Directly before use, the channel was Ioadedf diff t DNA lecul iahts. F let
with the TBE/BME buffer (without DNA) and an electric field was or different molecular weignts. or complete curve
applied to induce electroosmotic flow and equilibrate the channel. collapse in Figure 3, the slopes in Figure 4 must be constant.
DNA-containing buffer was then placed at the cathodic reservoir [N Figure 4 we see that the slopes systematically increase with
and loaded (typical field~ 100 V/cm) into the channel for  increasing molecular weight. For the two largest DNiAafd
observation. Bulk measurements were obtained in a custom 21), the slopes are 0.5% 0.05 and 0.55t 0.06, respectively.
diffusion cell consisting of two glass slides separated by1#€0 These slopes should be compared to the blob theory scaling of
um Parafilm spacer and sealed with epoxy. 0.67. This difference is shown more clearly in Figure 5. Here,
3.3. Observation and Analysis.Epifluorescence microscopy  we compare the diffusivity divided by the gap height raised to
was used to observe the DNA using a set up described previdusly. powers predicted by blob theory (Figure 5a) and found through
Images of the stamegl DNA were collected with a Hamatsw-EB  the fit in Figure 4 (Figure 5b), both normalized by the value
gr%%s?izmv?/?s (rgggglr'm Zégcfsli)ngt SSSIL?]T\?VSHE; ngggdgma?& found in the 545 nm channel. We see small but systematic
software. In each frame, the background noise level was subtracteddefwat'on. fr.om unity when cqmpgrlng to. blob theory, and t.hat
this deviation decreases with increasing molecular weight.

from the image and then the DNA center of mass (inxthg plane) L
was calculated as the first moment of the intensity distribéith Indeed, for the 2 DNA, the deviations are of the same order

(see Figure 2). The centers of mass of more than 20 DNA were in the two plots, but the residuals in Figure 5a are systematically
tracked for an average of 10 s each for every channel height andpositive. To better understand this we must consider the
molecular weight condition. We calculated the center of mass limitations of blob theory. The bounds of the applicabilityebv
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(a)

Number of Events

-1.0 0.0 1.0

Displacement (um)

Macromolecules, Vol. 39, No. 18, 2006

1 | L ] 1 |
0.0 1.0 2.0 3.0

Lagtime (s)

Figure 2. Summary of image analysis folZDNA in a 545 nm tall channel. (a) Time-series images from camera over four secthes] s)

of a DNA movie (scale ba= 5.0um). (b) Center of mass trajectories for 2BRNA molecules. (c) Probability density functions (not normalized)

for the trajectories at a lagtime of 0.33), 0.66 €), and 1.23 %) s with accompanying fits to a Gaussian curve (solid lines). (d) Mean-squared
displacement (MSD)<¢) and the variance of the probability density functia) &s a function of lagtime. The two are identical in the limit of no

net flow in the system. The MSD is fit to a line between lagtimes of 0.5 and 1.5 s (with a data point every 1/30 s), where short-time error associated
with small displacements and the long time error associated with poor statistical information are minimized. The yronieerept of the fit to

the MSD (solid line) is related to the image signal-to-néise.
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Figure 3. Curve collapse for all data plotted on normalized axes.
Diffusivity is normalized by the bulk diffusivity, and the channel height
by the bulk radius of gyration of the DNA. Also included is the

simulation (<) and experimentald) data from Chen et &f.

blob theory are set by the ability of the polymer to form blobs
on the length scale set Ihy(which sets a lower limit o) and
having sufficient confinement of the polymer (which sets a lower
limit on My, and an upper limit om). Experimentally, Reisner

1 .-_I T T T T T T I1
8E =
st ]
4= -
.A 2k
/2]
N
= 0'13:_ =
= ]
o Jf ]
o T \BlobScaling 4
(2/3)
001 _l 1 1 I 1 1 1 1 |_
7 89 2 3 4 5 6
0.1
h (um)

Figure 4. Diffusivity vs channel height for different molecular weights.
Solid lines are fits to the data, the dotted line is the slope expected for
blob theory, and the error is less than the size of the symbols. The
symbols correspond as follows: solid triangle pointing left, M13mp18
DNA; v, 1/21-DNA; @, DNA; a, 24-DNA. The respective slopes are
0.45+ 0.03, 0.45+ 0.04, 0.55+ 0.05, and 0.55t 0.06.

et al® found that there was a drastic change in scalings of
extension and relaxation times in channels approximately 140
nm square. They attribute the change in scalings to the onset
of the Odijk regime, effectively setting the lowest conceivable
bound on the channel heights to which blob theory can be
applied for ds-DNA.. Strikingly, this distance is only about tWié?)V
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9 o 0.1 F %
e 12 — - 3
= C ]
Q { [ Rouse Scaling (-1.0) ]
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0.1 0.2 0.3 0.4 0.5 06 Figure 6. Diffusivity vs molecular weight M) relative to that of

h ( m) A-DNA (Mu,2-pna). Solid lines are fits to the data, the dotted line is
(b) H the scaling expected for Zimm hydrodynamics, the dadiit line is
the scaling expected for Rouse hydrodynamics. The symbols correspond

T T T T T T as follows: @, bulk; B, 545 nm;a, 280 nm;v, 190 nm; solid triangle
pointing left, 100 nm; solid triangle pointing right, 75 nm. The
16 4 M13mp18 DNA _ respective slopes are the following0.57+ 0.01,—0.854 0.04,—0.93
v 1/22-DNA + 0.05,—0.93+ 0.06,—0.95+ 0.07, and—0.94 £ 0.07.
ON 14 ® -DNA ]
2A-DNA i i
!‘:a A Incorporation of these short chain effects on EV causes an
£ 12 — increase in the theoretical slope of |IB)(against logli), which
()] does not agree with our data. Setting= 0.5 in the scaling of
= 10k i i | relaxation times and extensions with channel height, however,
' brings the theoretical scalings closer to the experimental results
of Reisner et al. We propose that there is a rather large
08~ | [ | | | n parameter space between the blob and Odijk regimes. This

transition regime is practically important because channels in
this region are both easily fabricated and can confine DNA
h (um) molecules with sizes of interest for genomic mapping technolo-

Figure 5. Tests of power law fits. (a) Diffusivity divided by the gap gies. . .
height to the 2/3, normalized by the value obtained in the 545 nm  The other bound on the applicability of blob theory ensures
channel Cy). If blob theory holds, these values should be constant that the polymer is moderately confined by setting the ratio of

at unity. However, we see small but systematic deviations. (b) maximum channel height to minimum molecular weight. Hsu

Diffusivity divided by the gap height raised to the power found in the 46 : : : “ N
fits in Figure 4 (), normalized by the value obtained in the 545 nm et al: shqwed us!ng Monte Carlo simulations that th.e blob
channel C). conformation scalings cannot be expected to hold @til,/h

2z 2. We find, then, that the data collected in this study only
brushes blob theory parameter space. The remaining assumption
the persistence length, which, when combined with the observedthat the walls do not increase the drag on individual blobs should
scalings for larger channels in ref 3, brings into question whether be examined if future experimental results cannot be brought
the polymer is in a true blob-like conformation. In channels into line with the theory®’#7 Also important to note, in both
slightly larger than this bound, the blobs may be too small to Figures 3 and 4, there is no dramatic change in trend at smaller
contain enough chain to follow the long-chain scalings of blob channel heights even though our channels are in the range
size with the number of monomers due to excluded volume (EV) predicted for the onset of the Odijk regirhdhis implies the
effects?*4% In this regime, the number density of monomers transition to the Odijk regime is smooth for diffusion in slitlike
within each blob is small enough that the free energy increase channels (unlike relaxation in square channgls).
due to internal repulsions of the chain is less than the thermal  Shown in Figure 6 is diffusivity vs molecular weight for
energy. Hence, thg dependenceN dependence in a coil) of  varying channel heights and bulk measurements. The bulk data
the second-virial term accounting for these interactions in Flory and trend agree well with previous measureméhig.The
scaling theory is overestimated and scalings of the blob size molecular weight is normalized with that d-DNA as a
with g appear to be closer ©-solvent scaling4® The concept convenient scaling factor and sindeDNA has become a
of the “thermal blob**is used to define the polymer size where standard in single-molecule DNA studies. The scaling of
the effects of EV can be considered to be in the long chain diffusivity with molecular weight approaches Rouse scaling
limit. For ds-DNA in our buffer conditions, this length scale (—1.0) as the channel height is decreased, indicating hydrody-
(in terms of the radius of gyration of the thermal blob) is namic screening over the coil length of the polymer, in
approximatelyir = 4Lp2/\/5d ~ 0.8um where we usé, ~ 50 agreement with scaling theory (i.e., the exponentd/grin eq
nm andd ~ 5 nm (twice the Debye length for our buffer 1 and eq 2 are indeed unity). This is the first experimental
conditions)*445This distance is larger than the channel heights evidence showing that the effects of HI are negligible in
investigated here, and may lead to different experimental describing coil behavior at channel heights only slightly smaller
scalings due to the fact that the internal structure of a blob is than the bulk radius of gyration of the polymer.
not correctly described in the theory (i.&3 < v(g) < ¥s and To investigate the crossover to Rouse-like behavior further,
not ~3s as assumed) especially in the smaller channels. we chose a channel with a gap heigit{ 545 nm) intermediat%DV

01 02 03 04 05 086
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to the radii of gyration of available DNA and extended the

molecular weight range with T4 DNA (see Figure 7). We

compare the diffusion of DNA to an expression for the gap-
averaged, in-plane diffusivity of a sphere between two plane
walls#8

D _
Dy
. 1+ 1%(?) In (?) - 1'19355(?) ’
0.4285(2%%)3 - 0.3192(2%&)4 " 0'08425(2?)5 4
= @

whereR;, is the hydrodynamic radius of the DNA defined by
setting the StokesEinstein diffusivity equal to the Zimm

diffusivity: Dpuk = (keT)/(677Ry) = (0.203T)/(v/65Rg puik)-

This expression has been shown to be in excellent agreemen

with experimental results of spherical colloids in slit confine-
ment, even in highly confining environments (i.eRsh =
0.8)#8 We compare to the diffusivity of a sphere because, in
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Figure 7. Diffusivity vs relative molecular weight in a 545 nm channel

(points). The relative molecular weight whéRgnux = h is Myw/My,i—pna

~ 0.7. Included are expressions for the gap-averaged, in-plane diffusion

of a sphere in a slit pore (eq 4, dotted line), the local, in-plane diffusion

of a sphere at the centerline of the channel (eq 5, dashed line), and

Rouse scalings (solid line). The diffusivity at the centerline is plotted

to the relative molecular weight wher&gz2h ~ 1, which already pushes

he applicability of the theory, but after which there is a nonphysical
pturn. DNA behavior smoothly transitions to free-draining behavior

when Ry puk ~ h.

4.2. Hydrodynamic Screening Scaling AnalysisRecently,

the large-channel limit, the hydrodynamic disturbance caused colloidal experiments on the hydrodynamics in confined envi-

by the moving DNA molecule can be assumed to be in the far-
field limit at the channel walls. In this case, information about
the local structure of the DNA is lost and the disturbance is
that of a sphere of radiug,. Here, we can view the DNA as an

ronments have yielded surprising resdf8’ The HI was found

to have an inverse (or anti-drag) coupling in the transverse
direction, originating from the far-field dipolar flow incurred
by a point force in slit confinemen®. Pair interactions were

effective sphere (i.e., coarse-grained to a single bead), andalso found to be measurable over distances as far as an order
examine the increased drag on that sphere due to the presencgf magnitude larger than the particle radius when the particle
of the walls. However, we see in Figure 7 that the expression sjze was a substantial fraction of the channel heigptit has

falls well below the observed diffusivity of DNA. This

also been shown in Q2D environmeiitghat the average

underestimation could be due to the fact that the steric length hydrodynamic force on a particle due to interparticle HI vanishes

scale of the polymer is greater than its hydrodynamic length
scale Ry > Ry). This would tend to locate the DNA closer to

if the suspension is isotropically distributed. The complex and
long-ranged interactions between colloids in slit confinement

the center of the channel than accounted for in eq 4. To checkseem paradoxical when compared with the evidence of hydro-

this, we compare the diffusion of the DNA to the diffusivity of
a sphere midway between the two planes with the Raxe

centerline approximation. This expression yields an upper bound

for the diffusivity of a sphere in a slit channl.

D 2R, E(2F<h)3
=1-1.004—"+0418—"| +
Dbulk h h

0.214?)4 - 0.165(?)5 (5)

Since the derivation of this equation assumes far-field hydro-
dynamics, its applicability at high confinement is limited. For
the smallest DNA in our studyR/h ~ 0.5 is still in the range

dynamic screening presented here, and it is worthwhile to bring
the two results into line.

We now present an argument for the scaling of the long-
range hydrodynamic interactions with molecular weight. Our
goal in this derivation is a general expression that can be used
to determine whether hydrodynamic interaction is important at
the length scale of the coil of a given polymer. The parameters
in the expression are the rate of the algebraic velocity decay of
the solvent due to a point force disturbance as well as the density
of hydrodynamic interactions (i.e., the monomer distribution in
space). These parameters are governed by both the geometry
and the solvent quality. The final equation has been presented
before in relation to electrophoresfsput the details of the

where the centerline approximation is expected to hold, but the derivation that provide its applicability to a variety of systems

diffusivity is still slightly greater than predicted by eq 5.
However, at low molecular weight, the overall trend tends
toward spherelike behavior.

of interest are given below. The analysis will compare the drag
on the chain induced by HI between chain segments and the
single body effect of the drag on each segment. We evaluate

As the molecular weight is increased and the DNA becomes the expression at the coil radius to determine whether HI effects

more confined, diffusion follows Rouse scalings for polymers
larger thanA-DNA. Using scaling arguments (i.eRy buik ~
M,,2-9), the relative molecular weight where the channel height
is equal to the bulk radius of gyration M,/My,,—pna ~ 0.7.

To the precision afforded by the DNA used here, we find that
for all chains wherdxy puk > h, diffusivity scales linearly with
molecular weight for a fixed value df. This scaling directly
confirms that intramolecular hydrodynamic interactions do not

can be neglected at that length scale. If so, center of mass
diffusion is expected to follow Rouse scalims.

In the derivation that follows we will first consider, for the
sake of an example, a beaspring model of a Gaussian chain
at equilibrium in Q2D. We assume the confined dimension is
small enough that the conformation of the coarse-grained chain
is strictly two-dimensional, and we use the HI interaction tensor
for a Q2D geometry. This can be simulated, for instance, with

give rise to cooperative behavior over length scales governing modified spring forces that take into account the restricted phase

molecular diffusion.

space of the polymer and the pertinent length scale&ér{/
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confinemen®253We will use the convention where a tensor is We continue with this analysis, however, noting the fact that
denoted by an upper case letter in bold face font and a vectorthe instantaneous conformation of the polymer is not isotro-
by a lower case letter in bold face font. For a coarse-grained pic.55%¢ However, above we have ensemble averaged many
model, the motion of the chain is described by the Langevin anisotropic configurations and used the isotropy of the resulting
equatiof? distribution to cancel hydrodynamic interactions by symmetry.
In the low-Reynolds number limit, the solvent velocity field
N B T E forms instantaneously compared to the rearrangement (relax-

= ZH o (Fn + fn 1) (6) ation) time of the polymer. Therefore, this instantaneous

m= anisotropy may be important in the hydrodynamic interaction
of the system. The argument for hydrodynamic screening can
be made stronger if it can be shown that the decay of the velocity
magnitudes sufficient to screen hydrodynamic interactions. In
this way, we can relax the preaveraging assumptions somewhat
without losing analytical tractability. In the following, we will
assume that the interactions have no orientational dependence.
Now, the direction of the resultant velocity of beadue to Hl
with beadm is the same as the direction of the force on bead
m. We examine the scenario with the highest possible amount
of directional cooperativity between monomer units. The
preaveraged interaction tensor becomes

ar

n
ot

wherer, is the position of bead, tis time,N is the total number

of beadsHnm is the hydrodynamic interaction tensor, alr,ﬁj

f1, and f- are the Brownian, tension, and external forces,
respectively, on beaah. The tensoH,m propagates those forces
through the solvent and into a velocity of bead\s mentioned
above, since the interaction occurs through disturbances in the
solvent, at far enough distances from the disturbance the form
of the interaction must follow the far-field flow solutions for a
point force. Here, we consider a Q2D geometry, where the third
dimension is small compared to the radius of gyration of the
polymer and can be coarse-grained into the begmling model.
The form of the interaction tensor over distances greater than Hnm,eq(r) -~

the channel height is of the form 1 3 )
1 1 0°°—2 2) exr{ ' 2)r drl(1—96,,+
Hom ™~ 2 (fnm Fom — 2 I)(l — O T A0 (7) r*\2zin-m Lp 2in—m| Lp
|rnm| Anénm (10)
wherernn is the vector from bead to beadm, f,m is a unit wherer = [T ml- Since we are concerned main|y with |arge

vector in the direction ofm, dnmis the Kronecker delta function,  |ength scale behavior, the local behavior described in the detailed
andl IS the |dent|ty tenSOrAn IS the Se|f-m0bl|lty tensor Of a form of An |S not Of |mp0rtance For Slmp“Clty, we tam to

single bead and would presumably depend on the position of g isotropic (i.e.A, = Adl). Equation 10 then simplifies to
the bead relative to the walls and the gap hef§th eq 6, we

implicity use the linearity of the Stokes’ equations to add the H

o nmeq = Hnmed =
effects of the velocity disturbances from all of the other beads,

resulting in a set of nonlinear and coupled equations. We [ﬂj HOW(n—mi, r)dr (1 = 0y + Adpyl (11)

therefore use a Zimm preaveraging approximafidi,, =

Hnmeq Where whereH(r) is the magnitude dependence of the interaction tensor
Ham and W(In — m|, r) is still the same Gaussian bead

Homeq = fo“’ oZT H, (1 O®(n—ml, |r,J,0) dir,,| do distribution function, but it is stressed that there is no angular

dependence. We now insert eq 11 into eq 6 in the place of the
nonpreaveraged interaction tensor, and average over all beads
andW is the two-dimensional Gaussian probability distribution n to obtain a center of mass velocity
function for the distance between two beads separatgd by

m| beads along the chain. We write the expression in polar 1 N, 1M N 5T LE
coordinates to emphasize the orientational dependence of the 4 2 =~ Venlt) ~ N Z ZHnmeq(r)'(fm +fn )
tensor. After splitting the integral into the magnitude and n= n=Lm= (12)

orientational parts, we obtain
Taking the equilibrium average of eq 12 causes the Brownian

Himeq ™ and tension forces to vanish. Calling upon the isotropy of the
o 1 3 - |rnm|2 modified interaction tensor (eq 11), the dot product can be
ﬂ) P p 5|l dIFppl < canceled and the surviving terms are the following
|rnm| 2.7T|n - m“_p 2|n - m||_p
o 1 1 N N c
Jo [Fomfam =51 0 (1= ) + Adm (9) Den(®ldy~ Z W;Hnmeq(r)fm (13)

V\f/eﬂr:ott_a ihat t?e inf[egral ov@:jvazﬂishestdue to ;hﬁsygme”y By analogy to the expression for the drag on the chain,
of the interaction tensor and the isotropy of the Gaussian . 5" \(E e can write?

distribution. Tlusty* followed a similar derivation to attain this
result and extended the analysis to slits where the floor and 1

ceiling are not perfectly parallel planes. Physically, the cancel- —— ~

lation amounts to a many-body cancellation effect in an isotropic &chain

system, yielding a system with no net force due to>HWe 1 NN

note that there may be interesting conformational repercussions  — Z Z(j; HN)WY(n—mf,r)dr (1 —96,,) + Al
due to incomplete cancellations at the outer “edge” of the N? =2 =

polymer coil under a steady external force. (14) CDV
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Table 2. Summary of Scaling Results

condition v H(r) g(r) ~ N/rd SH(r)g(r) dr Echairldq model type o
3d ideal chain 1/2 1/ 1r N1/2 NL/2 nonlocal o>2
Q2d ideal chain 1/2 7 const InN) N/In(N) nonlocal o> 2
3d (SAW) 3/5 u 1/r43 N2/5 N3/5 nonlocal o> 5/3
Q2d(SAW) 3/4 2 1/r23 N-172 N local o> 4/3
3d rod 1 1f 1?2 In(N) N/In(N) nonlocal o> 2

ay is the Flory exponentl is the dimensionality (2 or 3), and describes the range of the applicability of a local model at I&tgeH(r) ~ 1/r .

The second term can be written in terms of an average (scalar)the importance of long-range intrachain HI. In polymer physics,
mobility of a single bead. We note that the first term in the screening is typically said to take place if the chain can be
expression is not explicitly dependent on eith@r m, but only replaced by a series of non-hydrodynamically interacting
on their difference. In the long-chain limit, end effects are not segments such th&tnain ~ N. For this to occur, the integral
important and the expression is not dependent on the positionevaluated at the upper limit must ¥1) or vanish in the limit

of beadn along the chain. We can then write the double sum N— . For the three-dimensional cases, our results are in accord
as a single sunyh_,3N . = Ny .. Exchanging the order  with known scalings. For example, for an ideal polymer (theta
of summation and integration, we obtain a direct sum of the conditions) in 3d (unconfined) the upper limit of the integral in
pair probability distribution function over all beads, which is eq 15 is the dominant contribution to the drag and we recover
the pair correlation functioP® The expression for the drag the well-known result that drag scales %2 and not asN.

becomes The Q2D results point to the fact that HI are dependent not
only on the form of the velocity decay but also on the monomer

1 1, distribution. It is often cited that a velocity decay alone is

Echan N (fp H(Ng(r) ar + A (15) sufficient information to qualify a system as hydrodynamically

screened, but we see in Table 2 that this is not the case. The
whereg(r) is the pairwise correlation between monomers and distribution of the monomers (dependent on the solvent quality)
v is the Flory-Edwards exponent. We have altered the limits plays a large role in the resulting dynamics of the chain. For
of integration to reflect the fact that we are most concerned example, consider two polymers in Q2D (i.e., with the same
with HI effects at the length scale of the coil. Algygr) is known rate of velocity decay(r)) which differ only in their solvent
to decay sharply to zero fargreater than the coil dimensiéh, quality. For a polymer in ®-solvent in Q2D, the velocity decay
so to within a scaling approximation, the majority of the is not sufficient to prevent cooperative behavior (though the
interactions are accounted for within the integral. We take the effect is only logarithmic), while for a polymer in good solvent
lower limit of the integral to be the smallest statistically in the same geometry the decay alone does suffice. We have
independent step length of the polymer (a persistence length).shown that the magnitude decay of the velocity field alone is
This limit describes the effects of HI at the local level and does sufficient to cause hydrodynamic screening over equilibrium
not appear (except as a prefactor) in the scaling analysis. Theconformations of polymers in good solvents in Q2D environ-
integral represents all of the pair-interactions between monomersments.
through the solvent (i.e., the off-diagonal elements of the  We should note that hydrodynamic screening in confinement
interaction tensor) from local effects (lower limit) to coil-length has been shown before. Bakajin et&showed hydrodynamic
effects (upper limit). The second term represents the drag onscreening by comparison to a model based on a hydrodynamic
an individual bead (i.e., the diagonal components of the screening length on the order of the persistence length of the
interaction tensor). Equation 15 has been obtained by Long etpolymer. Raller et al?® showed hydrodynamic screening of
al %% though details were not given which allow one to follow DNA confined to two dimensions in a cationic bilayer directly
the assumptions leading to this expression. Since we arenext to a solid surface. In short, previous experiments have
concerned with long length scale and far field effects, we are focused on the screening of hydrodynamics at length scales
concerned primarily with the behavior in the limit of larte comparable to the persistence length. While information at these
If the integral evaluated at the upper limit dominates in the limit small scales is important, applications concerned with the use
of largeN, the motion is cooperative and HI is not screened. If of confinement to control the dynamics of a single molecule
the integral evaluated at the upper limit vanishes in the limit of require information at the scale of the coil as well. We have
largeN, then the motion of polymer segments can be treated asshown that a significant coil-scale behavioral change to free-
independent at a length scale smaller tRgriTherefore, a model ~ draining occurs in slit confinements that are very close to the
can be devised using onlgcal effects (i.e. £cnairr~N) by coarse- bulk radius of gyration of the coil.
graining the chain at a length scale larger than this hydrodynamic )
screening length and smaller than that of the coil. We can now - €onclusion

use scaling assumptictigo express the dependenceglif) on We use the precision and control of microfabrication tech-
r, and then insert this into eq 15 to find the effect of the long- niques, biological macromolecules, and single molecule mi-
ranged HI. croscopy to perform systematic experiments of DNA diffusion

The application of eq 15 for several case studies of solvent in slit confinement. Separate analysis of the trends with channel
quality and dimensionality are summarized in Table 2. For each height and molecular weight allows interogation of different
condition, there are two important pieces of required informa- portions of confinement theories. Scalings of diffusivity with
tion: the rate of velocity decayH(r)) and the pairwise  channel height do not agree well with existing theories, but the
correlation function of the polymeg(r)). For the geometries  polymers here may be too short (and therefore must be confined
at hand, these scalings are readily available or calcufdfe.  to gaps that are too small compared to the persistence length
Evaluation of the integral in eq 15 determines the strength of and the thermal blob size) to allow a full comparison to the
the hydrodynamic interactions between the beads. In particular,theory. Scalings with molecular weight directly show intramo-
the value of this integral evaluated at the upper limit reflects lecular hydrodynamic interactions in DNA solutions are screeegt{/
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when the channel height is smaller than the bulk radius of
gyration. A scaling theory shows that both an orientational

average and sole consideration of the algebraic decay of the

hydrodynamic interactions can lead to free-draining like be-
havior in Q2D systems. The derivation also shows that informa-

tion about the decay of the solvent velocity due to a disturbance

is not sufficient to determine whether HI can be neglected at
the coil’s length scale, information about the spatial distribution
of the hydrodynamic centers (i.e., solvent quality and spatial
geometry) is needed as well.

Experimental studies of fundamental polymer physics require
a significant level of detail in the results, even to test scaling
predictions. Here, the use of DNA eliminates uncertainty due
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