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Manipulating and measuring single-molecule dynamics and reactions in nanofluidics is a rapidly growing
field with broad applications in developing new biotechnologies, understanding nanoconfinement
effects in vivo, and exploring new phenomena in confinement. In this work, we investigate the kinetics
of DNA collapse in nanoslits using single T4-DNA (165.6 kbp) and A-DNA (48.5 kbp), with particular
focus on the measurement of the nucleation and annealing times. Fixing the ethanol concentration at
35% and varying the slit height from 2000 to 31 nm, the nucleation time dramatically decreases from
more than 1 hour to a few minutes or less. The increased collapsed rate results from the larger free
energy experienced by coiled DNA in confinement relative to compacted DNA. Our results also shed
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1. Introduction

Nanofluidics provides a platform to explore new phenomena in
nanoconfinement,"™ develop biotechnologies to manipulate
and measure biomolecules,”® as well as understand nano-
confinement effects by membranes and cytoskeleton in vivo.°
The effects of nanoconfinement are usually caused by spatial
constraint,”® high surface-volume ratio," and altered hydro-
dynamics as well as transport properties." Nanoconfinement may
greatly affect conformation,'® dynamics'® and reactions'"'* of
molecules, or provide conveniences in observing conformations
and reactions™ through molecular stretching.

DNA molecules in nanofluidic devices have been extensively
investigated to develop genome mapping technology, explore
new scaling regimes of confined polymers,"*™” and discover
novel ways of manipulating single DNA molecules.”'*° Quanti-
tative data for the equilibrium conformation and dynamics of DNA
in nanofluidics with well-defined geometries has led to great
successes in critical examinations of classic theories about con-
fined polymers and the improvement of those theories.'***>>*
In this work, we attempt to extend such quantitative analysis
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light on other conformational transitions in confinement, such as protein folding.

from DNA equilibrium properties to non-equilibrium properties;
more specifically, toward describing DNA collapse in nano-
fluidics. We note that other non-equilibrium DNA behaviors in
nano-confinement have also been investigated previously.”>
The DNA collapse we investigate here is a kinetic process, the
effect of nanoconfinement on DNA collapse can provide more
general insights about how confinement affects reaction rates.
In addition, DNA collapse can be used to reversibly control gene
expression.”” In vivo, DNA collapse is necessary for dense
packaging of the genome.

DNA collapse in confinement has been explored in several
experiments. In these experiments, the DNA size rapidly
decreases after adding condensing agents (e.g. crowders,’
proteins,®®*? and cationic surfactant'®). While these studies
used nanofluidic confinement to visualize the collapse process,
they did not study the nucleation and annealing processes,
which will be described shortly, and the effect of nanoconfinement
on these processes.

In this work, we subject DNA to poor solvent conditions,
using a buffer based on a 35% ethanol solution, which is
marginally sufficient to initiate DNA collapse in bulk and allows
us to study the process in detail. Accordingly, the nucleation
can take more than 1 hour®® and the change in nucleation time
in nanoconfinement can be readily measured.

2. Materials and methods

2.1 Overview of our experimental setup

Fig. 1 shows the overview of our experimental system to study DNA
collapse. We drive a DNA molecule into a nanoslit, i.e. a shallow
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Fig. 1 Overview of our experimental system to study DNA collapse in slits.
DNA molecules are driven into a nanoslit (two parallel walls with a gap in
z-direction) by an electric field. The electric field is turned off once a DNA
molecule enters a nanoslit. The DNA conformation projected on the x—y
plane (R)) is recorded by fluorescent microscopy with a camera.

region confined by two parallel walls, by an electric field, and then
turn off the electric field immediately after the DNA enters the slit.
The DNA molecules are initially stretched by the electric field
gradient at the entrance to the slit, which will be discussed in more
detail below. A DNA molecule eventually collapses from an
extended to a compact conformation due to the concentration of
ethanol in the buffer. To obtain quantitative information about the
collapse kinetics, we use fluorescent microscopy to record the DNA
conformation in the nanoslits. The fluorescence intensity profile is
used to calculate the in-plane radius of gyration R). In addition, we
also calculate the apparent aspect ratio Ry/R;, of every conforma-
tion, where Ry and R, are the major and minor principal axes of
DNA conformations, respectively. Here, we define Ry = 2v/4|
and Ry = 2v/A,, where Z; and A, are the large and small
eigenvalues of the radius of gyration tensor,*" respectively. To
obtain the relaxation time of a DNA molecule, we calculate the
self-correlation time 7,¢jax for the direction of the major principal
axis of the gyration tensor.’’ We use an exponential function
to fit the self-correlation C(¢) starting from C(¢) ~ 0.3. We
calculate the relaxation time only for coiled conformations, not
for globular conformations. See the ESI{ for more details about
the calculation of R and t,c1.x Via image analysis.

2.2 Nanoslit fabrication and DNA sample preparation

The nanoslits are fabricated from fused-silica wafers (Mark Optics)
using two layers of contact photolithography and reactive ion
etching (CHF3/02). The detail of nanoslit fabrication was
described previously.®* The slit height 4 is 31, 89, 250, 549, or
2000 nm. We also perform DNA collapse experiments in bulk
using a channel with the height of 100 pm.

In our experiments, A-DNA (48.502 kbp, New England Biolabs)
or T4 DNA (165.6 kbp, Nippon gene) suspended at a concentration
of 0.69 pg mL ™" is stained with YOYO-1 (Invitrogen) intercalating
dye at a base pair to dye ratio of 4:1 and allowed to sit overnight.
YOYO-1 staining significant increases DNA length,*® yielding
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A-DNA with a length ~22 pm and T4-DNA with a length of
~75 pum. Immediately before experiments, DNA samples are
diluted to produce workable concentrations of DNA. The ethanol
concentration is always 35% for slit experiments, but varies for
the bulk experiments as shown in Fig. 4. The experimental buffer
consisted of 1.5 x TBE (134 mM Tris base, 134 mM boric acid,
and 3 mM EDTA), 4 vol% B-mercaptoethanol (BME, Cabiochem)
and ethanol. The ionic strength is approximately 57 mM.**

2.3 Data acquisition and analysis

In order to avoid photobleaching over the experiment’s duration,
we turn on the fluorescent lamp and record 15-30 seconds of
video every few minutes until a molecule has fully collapsed. Note
that the slit confinement restricts DNA motion in the z-direction,
and hence DNA molecules stay in focus during the imaging
period. Sample experimental videos are included in the ESLf
For the bulk/free space experiments, DNA molecules move out of
focus in a few seconds as indicated by the decrease of the total
fluorescence intensity of an individual DNA. Accordingly, for the
bulk experiments, we measure the hydrodynamic size of DNA
based on the in-plane (X-Y) diffusivity as described below.

Fig. 2 shows examples of the time evolution of R for a
T4-DNA molecule at different time intervals. We analyze about
20-30 different molecules for each channel height % at various
times Tseare. We find that the variance of R; among these
molecules is small (Fig. 3). We further average R for these
molecules with the same 7 and Ti,,. Eventually, we obtain the
time evolution of R for each slit height as shown in Fig. 5.
Similar data analysis is also applied to obtain the apparent
aspect ratio Ry/Ry,.

Direct calculation of the DNA size from the intensity profile
is limited in resolution and accuracy due to the point-spread
function of the microscope.®' This problem is more profound
when DNA assumes a highly compact conformation. As a result,
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Fig. 2 The time evolution of R for T4-DNA in a nanoslit with h = 89 nm
and 35% ethanol. The top image shows a stretched DNA molecule induced
by the electric field that drives the DNA into a nanoslit. In order to avoid
photobleaching over the long-time experiments, we turn on the fluorescent
lamp and take 15-30 s video every few minutes until a molecule has fully
collapsed. The green, blue, and red curves correspond to videos taken at the
times Ty = 0, 6, 30 min, respectively. The scale bars are 2 pm.
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Fig. 3 Comparison of R| for different T4-DNA molecules. (top) Three
curves correspond to videos taken for three different DNA molecules with
h = 250 nm and 35% ethanol at T« = 2 min. (bottom) Each data point
correspond to R for a T4-DNA molecule averaged over 15-30 s. Different
symbols correspond to different slit heights. All data points are measured
at the same Tgart = 2 Min.

we also measure the DNA diffusion coefficient D, and then
calculate the DNA hydrodynamic radius through Ry, = kgT/(6mnD).
The viscosity # for different ethanol concentrations are determined
by measuring the mean squared displacement of polystyrene
beads of known radius. We use this method for our measurement
of DNA size in bulk, ie. free space.

It is worth mentioning that a given DNA molecule is
stretched by the electric field when driven into a nanoslit as
shown by the top-left image in Fig. 2. The green curve in Fig. 2
indicates that the effect of initial stretching in T4-DNA vanishes
after about 20 seconds for the slit height of 89 nm. Our previous
experiments®* systematically measured the duration 7, for a
stretched DNA molecule to reach its equilibrium conformation
in a nanoslit and found the empirical formula g, ~ Lpna>2h .
We estimate that the effect of initial stretching by the electric
field will vanish in less than 1 minute for all slit heights used in
the current study.

The electric field that is used to drive DNA into a nanoslit
may introduce concentration polarization at the microchannel-
nanochannel-microchannel interfaces wherein the concentra-
tions of ions in the buffer do not distribute homogenously.*
Prior work has shown that concentration polarization primarily
depends on an inverse Dukhin number Fhzc/o, where F is
Faraday’s constant, 4 is the slit height, z is the valence of the
ion, ¢ is the concentration of the ion, and o is the surface charge
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density of slit walls.>® Substituting z = 1, ¢ & 57 mM, and
¢ ~ 60 mC m >>® we obtain the inverse Dukhin numbers of
approximately 183, 50, 23, 8.2 and 2.8 for & = 2000, 549, 250, 89
and 31 nm, respectively. These inverse Dukhin numbers are
greater than unity, which suggests that concentration polariza-
tion is not significant in our experiments.

3. Results and discussions
3.1 DNA collapse in free space

We first present our experimental results of DNA collapse in
free space. The free-space experiments are used to estimate the
critical ethanol concentration for DNA collapse, and later we pick
an ethanol concentration in the vicinity of the critical concen-
tration so that the duration of DNA collapse is sufficiently long
and we can measure the effect of confinement on DNA collapse
more conveniently.

Fig. 4a shows the time evolution of the hydrodynamic
radius, Ry, of T4-DNA for a range of ethanol concentration
Cethanol from 0% to 60%. FOr Cethanol S 30%, T4-DNA molecules
always assume coiled conformations in 24 hours and show
significant conformational fluctuations (Fig. 4b). Accordingly,
we consider that T4-DNA or A-DNA collapse do not take place
for Cethanol < 30%. Note that the typical relaxation time of DNA
conformations is on the order of seconds and our maximal
observation time 24 hours is many orders of magnitude longer
than the relaxation time. For 30% < Cethanol S 45%, T4-DNA
molecules collapse towards globular conformations (Fig. 4b).
For globular conformations, we can still observe conforma-
tional fluctuations, such as a short DNA fragment occasionally
stretching out from a globular conformation (see experimental
videos in ESI). FOI Cehanol = 45%, T4-DNA molecules eventually
reach more compact conformations with little conformational
fluctuations (Fig. 4b). These compact conformations are expected
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Fig. 4 (a) Time evolution of hydrodynamic size Ry, (based on a diffusivity
measurement) of T4 DNA in solution with different ethanol concentra-
tions. (b) Experimental images of T4-DNA molecules in three states: a coil,
a globule and a toroid.
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to be toroidal based on previous experimental®’*® and
simulation®***° studies of condensed DNA. The duration until
DNA collapse depends on the ethanol concentration. For
30% < Cethanol < 50%, DNA collapse takes hours.

Single-molecule DNA collapse under a wide range of ethanol
concentration has also been investigated using magnetic
tweezers and Atomic Force Microscopy (AFM) by Wang et al.>”
They found that A-DNA collapse occurs within a few hours
incubation time for cehanol = 30%, and the condensed A-DNA
structures become more compact with the increasing ethanol
concentration. At Cethanot = 50%, they found that DNA reaches
condensed states between two and three hours. All of these
observations are in agreement with our results.

Based on these results for DNA in bulk, we pick the ethanol
concentration of 35% for nanoslit experiments. With 35%
ethanol, T4-DNA is fully collapsed after about 220 minutes
and eventually reaches globular conformations.

3.2 DNA collapse in nanoslits

Now, we move to the experimental results of DNA collapse
in nanoslits using the fixed ethanol concentration of 35%. To
monitor the conformation change during DNA collapse, we
calculate both the average in-plane radius of gyration (R) and
the apparent aspect ratio (Ry/R,,) of single DNA conformations
based on the DNA intensity profiles, as shown in Fig. 5. Recall
that Ry and R, are the major and minor principal axes of DNA
conformation.*’ The observations of (R)) (two top plots in
Fig. 5) and (Ru/Ry) (two bottom plots in Fig. 5) are consistent
with each other. During DNA collapse, the DNA size becomes
smaller and the apparent aspect ratio decreases towards unity,
which indicates nearly isotropic conformations.

With the decrease of the slit height from 2 = 2000 nm to
h =31 nm, the collapse time decreases from more than one hour
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Fig. 5 In-plane radius of gyration (R,) (top) and apparent aspect ratio
of conformation (Ru/Ri) (bottom) as a function of the incubation time in
35% ethanol for T4 DNA (left) and A-DNA (right) confined to different slit
channels. We calculate (R) and (Ru/Rm) based on the DNA intensity profile.
The error bars indicate the standard deviations among the (R|)intervat Of
20-30 DNA molecules under a certain condition, where (R|)interval is the
average size of a given DNA over an interval of 15-30 seconds.
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to about 10 minutes. To elaborate the process of DNA collapse,
we re-plot the time evolution of (R;) for T4-DNA in Fig. 6 but
with a linear time-scale for 2 = 2000 nm, z = 250 nm, and
h =31 nm. For & = 2000 nm, the collapse process exhibits three
stages: a nucleation state where (Rj) remains approximately
constant, an annealing stage where (R|) rapidly decreases, and
a final stage where the DNA is collapsed. These stages are similar
to those observed in previous experiments of single-DNA
collapse.®® The nucleation in our experiments is reasonable
considering that the DNA-DNA attraction induced by 35%
ethanol is marginally larger than the critical attraction and the
condensed state is stable only when its size exceeds a certain
value, i.e. the nucleation size. We define the nucleation time t,,,¢
for the first stage and the annealing time 7,,neq for the second
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Fig. 6 Plot of (R) for T4-DNA in (same as in Fig. 5), but with a linear
scale for the incubation time for (a) h = 2000 nm, (b) h = 250 nm, and
(c) h = 31 nm. For (a), the collapse process exhibits three stages. The
intersection of the two green lines is used to determine the nucleation time.
Three inset images in (b) show one T4-DNA molecule at t = 10, 25 and
70 min. The error bars indicate the standard deviations among the (R )interval
of 20—-30 DNA molecules under a certain condition, where (R)intervat is the
average size of a given DNA over an interval of 15-30 seconds.
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stage as shown in Fig. 6a. We also define the collapse time
Teollapse = Tnucl + Tanneal fOT the entire process.

Now we proceed to more quantitative analysis of the time
scales Tnycly Tannealy a0 Teoliapse fOr DNA collapse. We determine
Teollapse S follows. We calculate the average value and standard
deviation of R over the time interval that the DNA is clearly
in the collapsed stage 3; e.g. ¢ > 230 minutes for T4-DNA with
h =2000 nm, and ¢ > 14 minutes for T4-DNA with z = 31 nm.
We refer the average value as (R;) and the standard deviation as
03. Then, teopapse is defined as the earliest time that R is less
than (R;) + g3. The collapse times are listed in Table 1 and
plotted in Fig. 7. We determine 7, as follows. We approximate
that the evolution of R in stage 1 and stage 2 can be fit by two
straight lines, respectively, and the intersection of these two
straight lines correspond to 7. We adjust the lines to minimize
the error in the fit (details provided in the ESIt). This method
yields Ty = 70 min for 2 = 2000 nm, T, = 35 min for
h =549 nm, and T,,q = 10 min for z = 250 nm in the case of
T4-DNA. We stress that this is an approximate method to
estimate the time at which the DNA transitions from stage 1
to stage 2 that we define as t,yc. For T4-DNA with 7 = 89 nm
and %z = 31 nm, there is no clear distinction between stages 1
and 2, which can be caused by three possible reasons: (i) no
nucleation exists for these two slit heights (see more discussion
in Section 3.3); (ii) the nucleation is less than a few minutes,
which cannot be resolved by our data sampling rate; (iii) the
nucleation is less than a few minutes, and the plateau in the
evolution of (R;) is convoluted with the initial DNA stretching
due to the electric field (see Fig. 2 for an example). The third
possible reason is unlikely, because the effect of the initial DNA
stretching vanishes in less than one minute as discussed in the
methods section. It is worth pointing out that the data in Fig. 6
show a clear trend that the nucleation time is shorter for a
smaller slit height from 4 = 2000 nm to 89 nm, and the transition
from stage 2 to 3 is clearly seen. The speeds of DNA collapse for
h =89 nm and % = 31 nm are close and so it is unclear which one
is faster. Note that it is also difficult to precisely identify the
spatial location of the nucleation core directly from image
analysis, because the high-intensity spots seen in nucleation
cores are hard to distinguish from similar spots caused by
thermal fluctuations in the projected DNA conformation (see
an example of the coil in Fig. 4b and more images in the ESIT).
Only in a few experiments are we able to observe the nucleation
process as shown by the imaging of Fig. 6b. In the previous AFM
experiments by Wang et al,>” DNA collapse sometimes starts
from non-local contacts of DNA segments, which are separated

Table1 The time scales for the collapse of T4-DNA and A-DNA. The data
for A-DNA are shown in square brackets. A nucleation time of 0 min is
assigned if there is no clear transition from stage 1 to stage 2

Tcollapse (mln) Tnucl (mln) Tanneal (mln)
h =2000 nm 220 [95] 70 [35] 150 [60]
h =549 nm 80 [45] 35 [24] 45 [21]
h =250 nm 45 [21] 10 [9] 35 [12]
h =89 nm 16 [12] 0 [0] 16 [12]
h=31nm 12 [9] 0 [0] 12 [9]
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Fig. 7 The collapse time, annealing time and rotational relaxation time as
a function of the slit height for T4 DNA and A-DNA.

by a big loop that assumes a loose conformation. If the nuclea-
tion occurs due to non-local contacts, it is even more difficult to
identify the nucleation core location from the image analysis.
The five slit heights in our experiments vary from 7z = 2000 nm
to 4 = 31 nm. To evaluate the strength of confinement by these
slits, we compare the slit height with the DNA persistence length
in 35% ethanol and the DNA size in bulk. The DNA persistence
length decreases from L, ~ 50 nm to L, ~ 22 nm after adding
35% ethanol, which was determined by previous experiments
by Wang et al.*” The smallest slit height 2 = 31 nm is close
to L, ~ 22 nm. To calculate the size of DNA coils in bulk, we
first analyze the effective DNA diameter w in 35% ethanol. The
value of w should be close to zero, because 35% ethanol
concentration is close to the critical value for DNA collapse,
and the solvent quality is close to the 6-condition. As such, we
approximate YOYO-1 stained DNA in 35% ethanol as a worm-
like chain with L, ~ 22 nm and w ~ 0 nm. We obtain A-DNA
size (R ball) & 0.33 pm and T4-DNA size (R]Hon") &~ 0.61 um
after using L*°™* ~ 22 pm, L™PN* x 75 um and applying the

theoretical formula (R puk) = \/LLy/3 x \/2/3, where \/2/3

is used for the in-plane rather than three dimensional radius of
gyration. The largest slit height 2 = 2000 nm is about six times
of (RTHalt) &~ 0.33 um, and hence A-DNA experiences negligible
confinement, and the initial A-DNA size for 42 =2000 nm is (R) =~

0.30 pm, which is close to (R} haik). For T4-DNA, The largest slit
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height = 2000 nm is about three times of (R[ i) ~ 0.61 um,
and T4-DNA experiences weak confinement. The initial T4-DNA
size for 1 = 2000 nm is (R;) &~ 0.72 um, which is larger than
(RI5o™ due to DNA compression by slit walls. Note that our
previous experiment’’ obtained the A-DNA size (R|pmt) =
0.52 pm in the absence of ethanol, which is larger than 0.33 um
in the current study.

Our experiments employ two types of DNA molecules:
T4-DNA with L ~ 75 pm and A-DNA with L ~ 22 um. Despite
of the difference in the contour length by a factor of 3.41, both
DNA molecules exhibit the same trend in confinement. Quanti-
tatively, the difference in the contour length leads to the differ-
ences in confinement free energy and the relaxation time 7ejay,
and then the difference in time scales of DNA collapse. Based
on the blob-model scaling T,ex ~ L~ > in confinement,’! the
relaxation of T4-DNA is expected to be slower than A-DNA by a
factor of 21, which is close to TEADNA I ADNA 24 observed in
our experimental measurement of rotational relaxation time
over the range from z = 31 nm to 549 nm. The relaxation time of
T4-DNA appears to follow a scaling T ejax ~ 2 %° from 2 = 31 to
2000 nm, while the relaxation time of A-DNA significantly
deviates from this scaling at # = 2000 nm, because A-DNA
experiences negligible confinement at z = 2000 nm due to the
insufficiency in the contour length. Although T4-DNA and
A-DNA differ in the relaxation time by a factor of about 24,
the difference in the collapse time is only by a factor of about
1.8, and the difference in the annealing times is by a factor of
about 2.1 (see ESIT). As previously investigated by Yoshinaga,*>
the annealing speed may be determined by the motion of the
collapsed domain or the coil domain depending on the stage
of collapse process. If it is the former, the annealing time is
insensitive to the chain length, while if it is the latter, the
annealing time is related to the relaxation time of the entire
length. The mixture of both motions in the collapse process
may result in a weak dependence of the annealing time or
collapse time on the chain length.

3.3 Discussion about how confinement speeds up DNA
collapse

Now we proceed to the theoretical explanation for the effect
of confinement on DNA collapse. We highlight that as the slit
becomes shallower, the relaxation dramatically slows down, but
conversely the collapse kinetics greatly speeds up (Fig. 7). These
two trends indicate that the faster collapse in confinement is
driven by the effect of confinement on the free energy land-
scape and not by hydrodynamic effects. Fig. 8 illustrates
the effect of confinement on the free energy landscape with
respect to the compactness of DNA conformations. DNA col-
lapse corresponds to a transition from a coiled conformation to
a globular conformation. The confinement free energy experi-
enced by the coiled conformation Shit is larger than the one by
the globular conformation Fg'ligbu,e, because the coiled confor-
mation is larger and more likely to be restricted by slit walls.
The difference AFg;, = Fouf — lef(fbule reshapes the free energy
landscape and thermodynamically promotes the coil-globule
transition in confinement. In our previous simulation study,**
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Fig. 8 Illustration of the effect of confinement on the free energy land-
scape with respect to the compactness of DNA conformation. DNA
collapse corresponds to the transition from the left to the right with the
increase of the compactness of DNA conformations. Because confine-
ment significantly increases the free energy of the coiled conformation,
the energy barrier separating the coil and globule shape is reduced in the
shallow slit.

we have calculated the free energy landscape for the coil-
globule transition in slit confinement using computer simula-
tions and obtained similar curves as shown in Fig. 8. More
generally, confinement promotes any reaction or conformation
change that compacts the polymer conformation, such as
protein folding”***> and knot formation in confinement."®

Due to the existence of plateaus in the time evolution of
(R)), we expect that there is a free energy barrier along the path
of DNA collapse. The free energy barrier is akin to that found in
typical crystallization of small molecules, namely that the small
nuclei are unstable due to a relatively large surface energy.
Here, the surface energy refers to an energy increase because
the surface monomers have a smaller number of attractive
neighbors than the monomers in the core. The dependence
of confinement free energy on the compactness of DNA con-
formation also reduces the free energy barrier for DNA collapse.
The reduction of free energy barrier by confinement can explain
our observation that the nucleation process becomes shorter or
disappears in shallower slits.

Our experimental data can be understood quantitatively to
a certain extent. We focus on the data of T4-DNA rather than
A-DNA, because T4-DNA is longer and it suffers less finite-
length effects when applying scaling relationships. We estimate
the confinement free energy per unit length fionfine by the
scaling relationship™®

fconfmez 75_2 i 72L (1)
ks T 3)\L,) L,

where kg is the Boltzmann constant, and 7 is the temperature.
Substituting L, ~ 22 nm and % = 31, 89, 250, 549 and 2000 nm,
we have the confinement free energy per unit length as 75, 9.1,
1.2, 0.24, and 0.018kT um . To proceed with the quantitative
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estimation using limited data points, we adopt a crude approxi-
mation for the nucleation time

Thnuel ™~ Trelax eXp(Fls)lzitrrier/kBT)y [2)

slit _ pbulk
Fbarrier - Fbarrier +fconfineLnucl (3)

where FPUK .. is the barrier in bulk, and L, is the DNA contour

length inside the nucleation core and is assumed to be unchanged
with confinement. From 4 = 2000 nm to 4 = 549 nm, the relaxation
time increases from 2.15 to 4.97 seconds by a factor of 2.31, and
the nucleation time decreases from 70 to 35 min by a factor of 2.
Accordingly, we have ( fiogonm — fr2000mm) 10~ In(2 x 2.31)kgT.
Eventually, we obtain L, ~ 6.9 um. Due to the confinement free
energy experienced by the DNA fragment with a length of
6.9 pm, the free energy barrier of nucleation is lowered by
tontine Lot & 0.1k5T for h=2000 nm, and by ftonfine Lnucl ¥
1.65kgT for h = 549 nm. The nucleation size of 6.9 pum is
reasonable considering that the nucleation is a fraction of
A-DNA length of 22 pm. For example, the first image of
Fig. 6b contains a nucleation core with DNA contour length
of about 8.6 um based on the analysis of the intensity profile.
We also adopt a crude approximation to quantitatively
analyze the annealing time. We assume the annealing speed
is proportional to the slope of free energy landscape as labeled
in Fig. 8:

Tanneal ™~ Trelax/sslit; (4)
Eatie = eouk + (T°/3)A "Ly (5)

where &g; is the decrease of the free energy during DNA
collapse after crossing the free energy barrier. This formula is
similar with the one proposed by Yoshinaga:** T.nnear ~ 7/,
while we replace 1 by T,e1ax. This model views DNA collapse as a
ball moving downhill with the resistance produced by the
solvent. We assume that &g, is much smaller than the second
term in eqn (5) and is dropped, because we use an ethanol
concentration close to the critical value for DNA collapse.
Hence, we further simplify the annealing time to

Tanneal ™~ 7:relax/]'172- (6)

Using the de Gennes scaling treax ~ 7 7'°, we obtain
Tanneal ~ h°'°. Considering that many assumptions are made,
the predicted exponent of 5/6 agrees fairly well with the
exponent 0.6 £ 0.2 obtained by the fit to our experiment results
Of Tannear- In particular, we ignore ey in eqn (5). The mixture
of eépuix ~ h° and (n*/3)h°L, would result in an apparent
scaling exponent larger than —2, and then an exponent in
Tanneal 1€SS than 5/6.

Previous simulations by Das and Chakraborty have also
quantitatively investigated the effect of slit confinement on
polymer collapse, however, only for short flexible chains.” After
including hydrodynamic interactions, the slit confinement can
speed up polymer collapse by a factor from 2.5 to 4 for the chain
length from 80 to 200. If we extrapolate the confinement effect
to longer chains, it may explain our experimental observation
that the slit confinement speeds up DNA collapse by 18 times.

This journal is © The Royal Society of Chemistry 2017
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Recall that T4-DNA used in our experiments has a contour
length ~75 pm, which is about 3400 times of DNA the
persistence length ~22 nm in 35% ethanol.

3.4 Discussion about the surface charge of the slit walls

In addition to the steric repulsion, the slit walls also affect DNA
behavior through the surface charge.*® The silica nanoslits
used here have negative surface charges. The electrostatic
repulsion between slit walls and DNA makes the accessible
height by DNA less than the actual slit height, i.e. Aactyal = 2 — 20,
where 0 is the effective thickness of the surface layer inaccessible
by DNA. The calculation of J is rather complicated, but ¢
depends on the Debye length and is on the order of nanometres
in our studies.>*® Accordingly, we expect the difference between
Nactual @and A is small in our studies and does not affect our
overall conclusions.

The counterions (more specifically, H' in the current study)
of surface charge also change the pH value of the buffer in
nanoslits. Previous experiments by Bottenus et al.** measured
the change in the pH value in nanochannels over a range
of buffer conditions. In a channel with a cross-section of
100 nm x 400 nm, the pH value shift is about 0.2 at an ionic
strength of 57 mM.*° This prior work suggests that the changes
in pH value for 4 = 2000, 549, 250 and 89 nm are smaller than or
around 0.2. Such a small change in pH value should not change
DNA properties, such as charge density.

4. Conclusions

In summary, single molecule experiments show that nano-
confinement greatly speeds up the nucleation and the annealing
of single-DNA collapse, despite the fact that DNA dynamics is
slowed down by confinement. If we view DNA collapse as a
reaction from a metastable coiled state to a globule state, then
nanoconfinement can be considered as a catalyst to accelerate
this reaction by reshaping the free energy landscape and
promoting smaller conformations. What is different from a
traditional catalyst is that the relative free energy between the
coil (reactant) and the globule (product) is also altered by
confinement. However, if DNA is driven into confinement
before reaction and driven out of confinement after reaction,
then confinement essentially acts as a catalyst by changing the
free energy barrier. Such catalysis by confinement may be used
by cells to speed up protein folding. Experiments***° and
simulations”® suggest that the nanocage-confinement by chaperonin
may be a key factor, among others,”" facilitating protein folding.
Confinement is also suggested to affect other conformation
transitions, e.g. DNA denaturation,”> polymer looping® and
protein dimerization.>* The direct visualization of long DNA in
our experiment allows for quantitative measurements and sheds
light on conformation transitions in confinement.
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