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Intramolecular dynamics of dsDNA confined to a quasi-one-dimensional nanochannel

Indresh Yadav, William Rosencrans, Rajib Basak, Jeroen A. van Kan®, and Johan R. C. van der Maarel
Department of Physics, National University of Singapore, Singapore 117542, Singapore

® (Received 8 November 2019; accepted 20 February 2020; published 11 March 2020)

The intramolecular dynamics of double-stranded DNA confined to a long, straight, and rectangular channel
with a cross-sectional diameter of 125 nm (two times the persistence length) is measured with fluorescence
microscopy. The derived intermediate dynamic structure factors show predominant odd modes associated with
end-to-end fluctuation and typical stretched exponential relaxation behavior pertaining to Rouse dynamics. Major
confinement-induced slowing down of intramolecular fluctuation is observed, which may have important impli-
cations in biology and biotechnology. As predicted for free-draining in a quasi-one-dimensional conformation,
the Rouse times show a cube rather than the classical, blob model predicted square dependence on the molecular

weight.

DOLI: 10.1103/PhysRevResearch.2.013294

I. INTRODUCTION

Stretching of double-stranded DNA (dsDNA) by con-
finement to a quasi-one-dimensional nanochannel with a
cross-sectional diameter on the order of tens to hundreds of
nanometers in conjunction with fluorescence imaging is an
emerging technology with diverse (bio)technological applica-
tions [1-5]. It also serves as a platform for the investigation of
the physical properties of single polymers [6—8]. Most of the
work reported before concerns the molecular conformation,
that is, how the equilibrated stretch responds to confinement
and/or other environmental conditions. Investigations of the
dynamical properties of confined polymers have focused on
translocation, diffusivity, and segmental fluctuations [9-20].
Intramolecular fluctuations are thought to be important in
DNA metabolism and gene expression regulation [21-23].
They also play a pivotal role in DNA motion control and
sequence readout using nanopore or nanochannel devices
[24,25].

In early work on DNA confined to quasi-one-dimensional
channels, Reisner et al. investigated the fluctuation in overall
stretch [26]. The confined DNA was modeled as two beads
joined by a spring with local hydrodynamic friction. This
model is essentially a Rouse model but in one dimension and
with neglect of higher order modes. A more detailed model
including all modes was presented by Riehn and co-workers
[27,28]. A key element is that intramolecular hydrodynamic
interaction is screened beyond a distance scale on the order
of the cross-sectional diameter of the channel. Indeed, for
DNA confined to slitlike channels, Jones et al. showed that
the screening length is proportional to channel height and
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that the autocorrelation matches a stretched exponential with
stretching exponent 1/2 pertaining to Rouse dynamics [15].

The task at hand is to map the Rouse model of a string of
beads joined by springs to the real polymer chain confined
to the quasi-one-dimensional channel. In the classical blob
model proposed by Brochard and de Gennes, the beads are
identified as blobs of channel diameter D [29]. The longest
relaxation (Rouse) time then becomes proportional to the
square of the overall stretch R, that is, tg DR?. Without
any specific assumptions regarding the conformation of the
molecule, the Rouse time can be expressed as

R = & R*/(wkgT), (1)

with total chain friction &7, mean square end-to-end distance
R?, and thermal energy kT (see Appendix A) [30]. It is
reasonable to assume that the total friction is proportional to
the stretch, that is, &7 o¢ R, because hydrodynamic interaction
is screened beyond the diameter of the channel. In this confor-
mation model-free approach, one obtains the markedly differ-
ent result 7z o R, For a homogeneous density of segments
along the channel, the stretch is extensive in the molecular
weight M [31]. The blob versus model-free implementation
of the Rouse model can then be discerned by the z oc M?
vs Tz o« M? dependence, respectively. Here, this will be done
by measuring the Rouse time pertaining to bacteriophage
A-DNA and its dimeric and trimeric concatemers confined to
a nanochannel through analysis of the fluctuation in segment
density with fluorescence microscopy [32].

II. METHODS
A. Chip fabrication

Rectangular-shaped nanochannels with a length of 90 pm,
a depth of 130£5 nm, and a width of 120+ 5 nm
(125-nm channel system) were fabricated by replication in
polydimethylsiloxane with enhanced elasticity modulus (X-
PDMS) of a patterned master stamp [33-35]. The nanochan-
nel part of the stamp was made in hydrogen silsesquiox-
ane resist (Dow Corning, Midland, MI) using a lithography
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process with proton beam writing. An array of nanochannels
is connected to two loading reservoirs through a superposing
set of microchannels made in mr-DWL photoresist (Micro
Resist Technology, Berlin, Germany) with a laser writer
(Heidelberg micro PG 101). The heights and widths of the
ridges in the master stamp were measured with atomic force
microscopy (Dimension 3000, Veeco, Woodbury, NY) and
scanning electron microscopy (JEOL JSM6700F), respec-
tively. The master stamp was copied in the inorganic-organic
hybrid polymer OrmoStamp (Micro Resist Technology) and
coated with a 5-nm-thick teflon layer for perfect release of
the replicated chips. The stamp was replicated in X-PDMS
followed by curing at 333 K for 24 h. Following plasma
oxidation (Harrick, Ossining, NY), the X-PDMS replica was
sealed with a glass coverslip.

B. Sample preparation

Bacteriophage A-DNA (48.5 kbp, contour length of
16.5 um) was purchased from New England Biolabs, Ip-
swich, MA. As received from the manufacturer the A—phage
DNA stock solution has a concentration of 0.5 g of DNA/L
The solvent was TE buffer, which is composed of 10 mM
Tris-HCl, pH 8.0, and 1 mM EDTA. In order to remove
naturally formed concatemers of A-DNA, the stock solution
was heated to 333 K for 10 min, then rapidly cooled to
295 K by immersion in a water bath. Covalently bonded
concatemers (dimers and trimers) of A-DNA were prepared by
joining the cohesive ends through phosphodiester bonds and
enzymatic ligation with T4 DNA ligase (Promega, Madison,
WI) [36]. The appropriate amounts of DNA and enzyme were
mixed and ligation was carried out overnight at 277 K. The
reaction was inactivated by heating the sample to 338 K for
10 min. Finally, the sample was dialyzed in a microdialyzer
to remove excess salts and enzyme before redispersing in
TE buffer. YOYO-1 fluorescence staining dye was purchased
from Invitrogen, Carlsbad, CA. Prior to fluorescence imaging,
DNA was stained with intercalating dye YOYO-1 at a ratio of
one dye molecule for each four base pairs and kept overnight.
One hour before the measurement, the oxygen scavenger S-
mercaptoethanol (Sigma-Aldrich, St. Louis, MO) was added
(4% vIv) to prevent photobleaching.

C. Fluorescence imaging

The solution of the stained DNA molecules was pipetted
into the two loading reservoirs connected by the array of
nanochannels. The DNA molecules were subsequently driven
into the channels by electrophoresis. For this purpose, two
platinum electrodes were immersed in the reservoirs and
connected to a power supply with a voltage in the range 0.1—
10 V (Keithley, Cleveland, OH). Once the DNA molecules
were brought inside the nanochannels, the electric field was
switched off and the molecules were allowed to relax to their
equilibrium state for 2-5 min. The stained DNA molecules
were visualized with a Nikon Eclipse Ti inverted fluores-
cence microscope equipped with a 200-mW /488-nm laser and
a 100x oil immersion objective (numerical aperture 1.49).
Movie clips capturing the fluctuations of individual molecules
were recorded with an electron-multiplying charged coupled

device camera (Andor iXon X3). The image pixel size of
0.16 x 0.16 um? was calibrated with the help of a metric
ruler. Single molecules of the appropriate stretch (mono, di-,
or trimers) were selected. The video clips were analyzed using
home-developed scripts in MATLAB, R2019b (MathWorks,
Natick, MA).

III. RESULTS AND DISCUSSION

Nanofluidic devices featuring rectangular-shaped channels
with a length of 90 pum, a depth of 1305 nm, and a
width of 120 £ 5 nm were made of polydimethylsiloxane
with enhanced elasticity modulus (X-PDMS) as described
in the Methods section [33-35]. The average cross-sectional
diameter of 125 nm is about two times the stained DNA
persistence length of 60 nm [37]. Covalently bonded con-
catemers (A-DNA, dimers and A-DNAj trimers) of A-DNA
were prepared by enzymatic ligation [36]. The molecules were
dispersed in TE buffer to a concentration of 0.3 mg of DNA/1
and brought into the array of nanochannels by electrophoresis.
After switching off the electric field, the molecules relax to
their equilibrium state within 120 s. Video recording was
started 2—-5 min after the molecules were brought into the
channels and the clips lasted for another 3—7 min. The frame
rate was 50 or 20 fps, with the lower frame rate and longer clip
duration for A-DNAj. Overexposure was avoided by careful
adjustment of camera gain and exposure time. DNAs with a
stretch being the mean value minus two times the standard
deviation were ignored. We selected and further analyzed
a pool of 80, 60, and 60 A-DNA, A-DNA,, and A-DNA;
molecules, respectively. A fresh chip was used for every
20 molecules. No sticking of DNA to the X-PDMS surface
was observed. Typical fluorescence images of single A-DNA,
A-DNA,, and A-DNA3 molecules are shown in Fig. 1(a).

The video clips were analyzed by obtaining the z-axis
projected intensity profile p(z, ¢) along the channel for each
frame. Effects of photobleaching were corrected by normal-
ization of each frame’s intensity profile to its total intensity.
The time-averaged profile p(z) was obtained by averaging
over the duration of the clip. A profile of the fluctuation
in intensity was then obtained by subtraction of the time-
averaged intensity profile from the temporal profile, that is,
3p(z,t) = p(z,t) — p(z). An example of a thus obtained ky-
mograph pertaining to A-DNA is shown in Fig. 1(b). With the
assumption that the intensity is proportional to DNA density,
such a kymograph represents density fluctuation §p(z,t).
Notice that the molecules are entropically trapped and that
there is no appreciable net drift of the center of mass.

Segment density correlations are analyzed through evalua-
tion of the Van Hove correlation function

Gz, 1) = (8p(Z', 1) 8p(Z +z,t + T))/N, @

where the chevrons denote an average over 7' and ¢ [38].
G(z, t) is normalized to the total number of segments N =
ffooo dz p(z). An example based on the evaluation of the ky-
mographs pertaining to A-DNA is shown in Fig. 1(c) (average
of 80 molecules). Correlations in space and time are more
conveniently discussed in terms of the intermediate dynamic
structure factor F (k, t). The dynamic structure factor can be
obtained through one-dimensional Fourier transformation of
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FIG. 1. (a) Fluorescence images of A-DNA, dimeric A-DNA,
concatemer, and trimeric A-DNAj; concatemer. (b) Kymograph
of density fluctuation 8p(z,t) for A-DNA confined to a 125-nm
channel. The total duration of the clip is 2 min. (c) The corre-
sponding Van Hove correlation function G(z, t) (average of 80
molecules).
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G(z, 7) along the channel z coordinate according to

Fk,1)= / dz exp(—ikz) G(z, T) 3)

oo

(see Appendix B). The results pertaining to an average of
80, 60, and 60 A-DNA, A-DNA,, and A-DNA3 molecules,
respectively, are displayed in Fig. 2. Notice the decrease in
time decay with increasing molecular weight. The singularity
at k = 0 is suppressed, because the time-averaged profile has
been subtracted from the temporal profiles. Furthermore, the
k axis has been scaled by multiplication with stretch R as
obtained from the half wavelength of the fundamental (see
below).

Intramolecular hydrodynamic interaction is screened be-
yond a distance scale of around the channel diameter (125 nm)
[15]. Accordingly, the confined polymer can be considered a
sequence of freely drained beads joined by springs packed in a
linear array [27,28]. This model is essentially the Rouse model
for polymer dynamics but in one dimension. The pertinent
equations are summarized in Appendix A. Irrespective of
molecular weight, the predominant features of F(k, ) are
the odd Rouse modes associated with end-to-end fluctuation
[30]. The positions of these modes are at k, = p/(2R) with
mode number p and half wavelength of the fundamental
R. Measured values of k, vs p are shown in Fig. 3(a).
Linear least-squares fits intersecting the origin confirm that
the predominant features in F(k, t) are indeed odd modes.
The values of R and their standard deviations resulting from

(c)
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FIG. 2. (a) Surface (top) and contour (bottom) plots of the intermediate dynamic structure factor F (k, ) of A-DNA confined to a 125-nm
channel. (b) As in panel (a), but for dimeric A-DNA, concatemer. (c) As in panel (a), but for trimeric A-DNA; concatemer. Notice that the k

axis has been scaled by multiplication with stretch R.
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FIG. 3. (a) Positions of the maxima k, vs mode number p for
A-DNA (A, red), A-DNA; (O, green), and A-DNA; (V/, blue).
The solid lines denote linear fits giving the half wavelength of the
fundamental R. (b) As in panel (a), but for the decay constants Iy vs
k?R? resulting from a fit of a stretched exponential to the initial decay
of F (k, t). The solid lines represent a linear fit with optimized Rouse
times. (c) Rouse time tz vs molecular weight M in units of 48.5 kbp.
The solid blue and dashed red lines represent Tz &x M 3 and 1 x M?
variation, respectively.

the regression analysis are collected in Table 1. R values for
the concatemers are in reasonable agreement with the relevant
multiples of the value of R for the A-DNA monomer. Notice
that the stretch is about half the contour length, which implies
that the molecules are still coiled but close to the transition
from the blob to the deflection regime as indicated by Monte
Carlo simulation [8].

F(k,t) shows a relatively slow relaxation on a
timescale from seconds to tens of seconds with the longer
timescale for the larger molecular weight (see Fig. 2). The
lag time dependence of F'(k, ) depends on the particulars of
the dynamics (see Appendix C) [30]. For long times, F'(k, 7)
is determined by diffusion of the center of mass, that is,
F(k,0)exp (=k% D¢y t) with diffusion constant D.n. In the
case of Rouse dynamics at shorter times, F(k, 7) takes the
form of a stretched exponential, that is,

F(k,7) = F (k. 0)exp(~T7'/?), “)
with decay constant

Ty = K2R/ (73 0y?), 5)

TABLE I. Molecular weight M, dye-corrected contour length L,
half wavelength of the fundamental R, and Rouse time tz for A-DNA
and its di- and trimeric concatemers confined to a 125-nm channel.

M L R T
(kbp) (m) (um) (ms)
A-DNA 48.5 21.4 11.340.1 60+5
A-DNA, 97 42.8 22.740.2 56060
A-DNA; 145.5 64.2 29.940.6 1800300
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FIG. 4. (a) log[F (k, t)/F (k,0)] vs t!/> for A-DNA and kR =
0.6, 0.7, 0.8, 1.0, 1.1, and 1.3 from top to bottom. The solid lines
denote a stretched exponential fit. (b) As in panel (a), but for A-DNA;
(V, blue), A-DNA,; (O, green), and A-DNA (A, red), and kR = 1.0
from top to bottom

and Rouse time 7z [15,30,39]. A stretched exponential was
fitted to the initial decay for kR values in the range 0.6 <
kR < 1.6 with nonlinear least-squares regression. For larger
values of kR, the fits become unreliable due to poorer statis-
tics. F (k, T) shows a very fast decay over a few lag times due
to camera noise. The corresponding data points were excluded
from the fits. Results of the fits pertaining to A-DNA for a
range of values of kR are shown in Fig. 4(a). The results for
A-DNA and its di- and trimeric concatemers but for a single
value of kR = 1.0 are displayed in Fig. 4(b). Perfect stretched
exponential behavior with a stretched exponent of 1/2 is ob-
served. The fitted values of ', vs k>R? are set out in Fig. 3(b).
Irrespective of molecular weight, an origin intersecting, linear
dependence is observed. The Rouse times and their standard
deviations resulting from least-squares regression according
to Eq. (5) are also collected in Table I.

For A-DNA confined to the 125-nm channel, the value of
r (~60 ms) is comparable to those obtained for reptating
DNA in the semidilute regime (30-100 ms) [40]. Following
a threefold increase in molecular weight and, hence, stretch,
intramolecular dynamics is slowed down considerably with
a two orders of magnitude increase in value of 7z (~2 s).
As predicted for Rouse dynamics in a quasi-one-dimensional,
straight channel, the Rouse time shows g o« M 3 variation [see
Fig. 3(c)]. This confirms a total chain friction proportional
to the stretch (screening of intramolecular hydrodynamic in-
teraction) and a stretch proportional to the molecular weight
(homogeneous segment distribution).

IV. SUMMARY

The dynamics of DNA confined to a channel with a di-
ameter of about two times the persistence length was mea-
sured with fluorescence microscopy. From the fluctuation
in intensity, we derived the intermediate dynamic structure
factor. Irrespective of DNA molecular weight, the structure
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factor shows predominant odd order modes associated with
end-to-end fluctuation. The stretched exponential decay for
shorter times with stretching exponent 1/2 is a hallmark of
Rouse dynamics. Contrary to the prediction based on the blob
model, the experimentally derived Rouse times agree with a
cube dependence on the molecular weight. Note that the Tz o
M? dependence is unique for free draining in a quasi-one-
dimensional conformation. For a self-avoiding sequence in
two dimensions (R o« M3/4), the model-free implementation
implies Tz o« M>/2. In the case of Rouse dynamics in the three-
dimensional semidilute regime (R o« M 172y one recovers the
classical result tg o< M2. It should also be noted that the g
M? dependence has been derived without any specific assump-
tions regarding the conformation of the molecule. However,
the scaling law will no longer hold for any inhomogeneous
distribution of segments along the channel with a position-
dependent friction and/or elasticity constant. We surmise that
the major slowing down of intramolecular thermal fluctua-
tions by confinement to an elongated nanospace has important
implications in DNA metabolism and gene expression reg-
ulation as well as motion control in DNA sequence readout
devices.
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APPENDIX A: ONE-DIMENSIONAL ROUSE MODEL

The chain confined to the channel is modeled as a sequence
of N beads connected by springs. We follow the formalism
of Doi and Edwards, but modified for fluctuation in one
dimension [30]. In the Rouse model, hydrodynamic interac-
tion among the beads is neglected. The Langevin equation
becomes a linear equation for bead position z,, that is,

dz,

§—r = ~kQa =z = 2= + fo

(AD)

with spring constant k = kgT /b, friction per bead &, and
random force f,,. Bead position z, can be expressed in terms
of the Rouse modes X, according to

0
. =X0+2p2:]:X,, cos(%), (A2)
where X represents the position of the center of mass
1 [V
Xo= /0 dnz,. (A3)

The correlation of the Rouse modes (in one dimension) is
given by

Nb?
X,(1)X,(0)) = 8,) ——— —p? , A4
(Xp(1)X4(0)) P12 exp(—pt/tr) (Ad)
with Rouse relaxation time tz. The Rouse time reads
EN’D? (AS5)
TR = .
k 7T2kBT

According to Eq. (A2), the temporal end-to-end stretch
R(t) = zy(t) — zo(t) can be expressed in terms of a sum of
odd Rouse modes

R(t) = =4 Xoi1 (1),

(A6)
k=0
with time correlation
(RCOR(0)) =16 Y~ (Xoi41(0)Xose11 (7))
k=0
8ND? & 1 5
=— ; T exp[—(k + 1)°t/tz]. (A7)

For 7 = 0, we obtain the mean square end-to-end distance
R? = Nb?. In terms of model-free parameters, the Rouse time
takes the form

ErR?
7T2kBT ’

with total friction of the chain & = N&.

(A8)

TR =

APPENDIX B: SPACE AND TIME CORRELATION

The DNA molecule is confined to a quasi-one-dimensional
channel with a z-axis projected and time-dependent density of
the segments

N
p(z,1) = 23[2 — Zm(1)].

m=1

B

Here, z,,(¢) is the z coordinate along the channel of the mth
segment at time ¢ and the summation runs over the total
number of segments N. The latter follows from integration
of the density along the channel
o0
V= [ dzpe (B2)
—00
In order to remove the singularity at k = 0, we will consider
the density fluctuation, that is, §p(z, ) = p(z, t) — p(z) with
p(2) the time-averaged density profile.
The intermediate dynamic structure factor reads

1
F(k,7)= ﬁ(ﬂk([)pfk([ + 1)), (B3)

with spatial Fourier transform of the segment density
fluctuation

pu(t) = / dz exp(ik2)p(z. 1), (B4)

o0

The intermediate dynamic structure factor can be expressed
in terms of segment density correlation in space and time
according to

1 o0 o0
F(k, 1) = ]V/ dz”/ dz7 exp[—ik(z — 7))

x (8p(", )8p(Z, 1 4+ 1)).
Withz =7 — 7/,

(B5)

F(k,7)= /oo dz exp(—ikz)G(z, 1), (B6)

oo
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where G(z, t) denotes the Van Hove correlation function

G(z, 1) = ]iv(rS,o(z/, 08 +z,t +1)) (B7)

and the chevrons denote an average over 7’ and .

APPENDIX C: INTERMEDIATE DYNAMIC
STRUCTURE FACTOR

For Gaussian fluctuation, the intermediate dynamic struc-
ture factor takes the form [30]
N

Fer) =5 3 en(-Rom/d. (€D

m,n=1

with ¢,,, = ([zn(T) — zn(O)]z). In the limit of long times, T >
T, the intermediate dynamic structure factor is determined by

diffusion of the center of mass, that is,
Gmn = ([Xo(r) — Xo(0)]*) = 2DemT, (€2)
so that,
F(k,7) = N exp(—k*DenT)
= F(k, 0)exp(—k’Dem ). (C3)

For shorter times, Rouse dynamics is observed and the time
dependence of the dynamic structure factor takes the form of
a stretched exponential [30,39]

F(k,t) = F(k,0)exp(—T;7'/), (C4)
with decay constant
k2R?
I, = 713/2—4/2 (C5)
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