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Abstract

We study the diffusion of T4 GT7 deoxyribonucleic acid (DNA) molecules confined
in nanochannels with an effective size of 307 nm before and after knot formation.
The measured DNA chain diffusivity is 0.0243 + 0.0009 pum?/s for unknotted DNA
molecules, and 0.014 & 0.001 um? /s for the DNA containing knots with an estimated
knot contour length of 9+ 2 pm. The reduced diffusivity in the presence of large knots
indicates that the DNA-wall friction, rather than the shortening of the non-draining
molecule, dominates the friction of knotted DNA in the extended de Gennes regime of

nanochannel confinement.
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1 Introduction

Long polymers such as deoxyribonucleic acid (DNA) are likely to self-entangle into knots. !
This topological object affects the mechanical and dynamical properties of the polymers;3*
in particular, the presence of knots increases the mobility of the polymer chain in free
solution.® " The corresponding effect of knot formation on diffusion of DNA confined in
nanochannels, however, remains an open question.

Unknotted DNA under the weak confinement conditions considered here is described by
blob theory,® with a friction that is proportional to the extension of the polymer along the
channel axis.? In other words, the confined DNA is a non-draining object. Two competing
factors are expected to change the DNA friction, which is inverse to the diffusivity, due to
the presence of a knot. The formation of a knot in a DNA molecule decreases the extension
of the confined molecule as illustrated in Figure 1, thus decreasing the friction of the non-
draining object by reducing its size. A potential counteracting effect is the increased friction
between the knotted part of the DNA chain and the nanochannel surface. The DNA knot
fills the hydrodynamic screening volume in a more compact way, giving rise to the DNA
chain closer to the channel wall as shown in Figure 1b and increases DNA-wall friction. It
is not obvious, a priori, which of these competing mechanisms is more important.

Here we measured the center-of-mass diffusivity of T4 DNA molecules confined in nanochan-
nels with an effective size of 307 nm before and after knot formation to address which of
these competing effects dominates knotted DNA diffusion in the extended de Gennes regime,
i.e., for channel sizes that lie between the Kuhn length and thermal blob size of the DNA. 0
The diffusivity scaling of semiflexible polymers under the extended de Gennes regime in
nanochannel confinement is described by a modified blob theory which incorporates the ef-
fect of local chain stiffness.''™' In this confinement regime, the polymer chain remains a
non-draining object with a small correction due to the stiffness of the chain. 2 We use a
nanofluidic “knot factory” device introduced by Amin et al.'* for efficient large knot gen-

eration. The knot factory device consists of nanochannels with nanoslits that enables us



Figure 1: Schematic illustration of a cross-sectional view of a DNA molecule confined in
a nanochannel (340 nm deep) with a 32 nm deep nanoslit (not to scale) before and after
knot formation in the chain. (a) A single DNA chain (blue curve) confined in a nanochannel
before being compressed against a nanoslit for knot generation. (b) A knot shown in red is
formed along the DNA chain (blue curve). The black dashed line represents the screening
volume of hydrodynamic interactions.

to use a pressure-driven flow to compress the DNA against the nanoslits to generate knots
efficiently. T4 DNA molecules are chosen as the model system due to their higher molecular
weight relative to the other standard model system, A-DNA. Such long T4 DNA chains lead

15,16 and a longer diffusion time of knots along the

to a higher probability of knot formation
DNA chains,™!® which allows us to have sufficient time to investigate the knotted DNA dif-
fusion before the knots unravel at the end of the chains. Our results show that the presence
of knots decreases the DNA chain diffusivity in nanochannels, which demonstrates that the

increase in DNA-wall friction dominates the reduction in chain extension for the knotted

DNA chain diffusion under the extended de Gennes regime in nanochannel confinement.



2 Experimental Methods

2.1 Device fabrication

The nanochannel devices designed based on the concept of the knot factory !4 were fabricated
on fused silica substrates (University Wafers) by a combination of electron beam lithogra-
phy and photolithography followed by a fluorine (CF4:CHF3) reactive ion etching step as
described in Ref. 18. The nanofluidic device consists of two U-shaped microchannels (50 pm
wide, 0.8 wm deep) with an arm length of 8 mm adjoining the reservoirs and the nanochannles
with height, Dy, of 340 nm and width, D, of 304 nm. The nanochannels are 450 um long
with nanoslits (500 nm wide, 32 nm deep) in the channel centers. A cross-sectional view of
a nanochannel at the device center with a nanoslit is shown in Figure 1. Additional details

of the device fabrication and design are reported in Ref. 18.

2.2 DNA diffusion experiments

The nanofluidic device was filled with a DNA sample solution by capillary action. The
solution contains 0.25x TBE buffer, f-mercaptoethanol (Sigma-Aldrich, 4% v/v) to suppress
photobleaching, and T4 GT7 DNA molecules (166 kilobase pairs, Nippon Gene) stained with
YOYO-1 fluorescent dye (Invitrogen) at a dye to DNA base pair ratio of 1:10, resulting in
a contour length, L, of 65 um.?° The ionic strength of this solution is 18 mM, calculated
following a previous approach.?!?? The wet device was assembled into a chuck with inlets
that allow for applying pressure.?%?3 The pressure was controlled using a microfluidic flow
control system (Fluigent MFCS-EZ). Following the loading of the DNA solution, 6 uL of
buffer solution with the same ionic strength as the DNA sample solution was subsequently
added to each port of the chuck, linked to the reservoirs on the nanofluidic device, to prevent
fluid flow through channels. The chuck was then mounted on an inverted epifluorescene
microscope (Olympus 1X73) with a 100x (1.4 N.A.) oil immersion objective. Imaging of

DNA diffusion before and after compression was performed using a blue laser (Coherent



OBIS, 473 nm) with a power of 1 mW and an EMCCD camera (Photometrics, Cascade
[1:512) at 2 fps with a 200 ms exposure time for 1000 s. The compression step for knot
generation was conducted using the method described in Ref. 18. After the experiment, the

device was cleaned and dried to allow it to be reused for the next experiment. '

2.3 Data processing

The movies of DNA molecules in nanochannels were analyzed using a custom-written MAT-
LAB program.?* The positions of the edges of the DNA molecules, z; () and zo(t), were
extracted by fitting the intensity profile, I(z,t), to a convolution of a box function with
a Gaussian point-spread function.? The intensity-weighted center of mass of the DNA

molecules, %0 .., (), was then calculated as

fm(t) xl(x,t) do

71(1)

Ig(t)
fxl(t) I(x,t) dx

(1)

Teom(t) =

In the experiment, we measured the center of mass motion for individual DNA molecules
over a relatively short time due to unknotting of DNA molecules, stage drift and photocleav-
age of YOYO-stained DNA in long exposure times.?” The motion of a single DNA molecule
provides a measurement of the time-averaged mean-squared displacement (MSD) with local-
ization errors under a particular configuration, which does not provide sufficient statistics to
obtain the long-time chain diffusivity. To sample molecules with diverse configurations, an
ensemble of DNA molecules is required to calculate the ensemble-averaged MSD with stan-
dard errors as measured over the ensemble of molecules. The time evolution of the center of

mass, Teom(t), was used to compute the ensemble-averaged MSD
MSD(6t) = {[Zcom(t) — Teom (t — 68)]7), (2)

where (...), , denotes an average over all times ¢ and the ensemble of n DNA molecules, and



t is the time lag between images.'? A time-averaged MSD was also calculated using Eq. 2
without averaging over n to show each DNA molecule’s trajectory.

In the experiment, the DNA molecules are susceptible to drift towards one direction
caused by a pressure drop from unequal fluid levels in reservoirs.'?26 To ensure that mea-
surements are free of this artifact, we performed an analysis to detect the systematic errors
due to DNA drift in nanochannels. First, we computed the scaling exponent [ of the
ensemble-averaged MSD for DNA molecules in each video by fitting the logarithm of the

data with a linear function

following the method from York,?® where c; is a fitted constant. We also calculated the cross

correlation coefficient, C4 g between DNA molecules A and B in a given video

<[xcom,A(t) - <xcom7A<t)>t][xcom,B(t) - <xcom,B(t)>t]>t

O-Xcom,A O-Xcom,B

(4)

Cap =

where Zeom,a(t) and zeom p(t) are the centers of mass of different DNA molecules at time ¢,

and oy, and oy, are their standard deviations. We then define an overall correlation

B
coefficient for an ensemble of molecules in each movie, denoted as C', that is computed as the
average of U4 p obtained for all possible molecules in the movie; if each molecule is highly
cross-correlated with every other molecule in its movie, this is indicative of a fluid flow. A
k-means clustering analysis partitioned the data for § and C' into three clusters as shown
in Figure S1. The cluster with high 5 and C values are highly correlated DNA molecules
with superdiffusive behavior, consistent with the effect of fluid flow. These molecules were

excluded from the subsequent analysis.

The DNA chain diffusivity, D, was then obtained by fitting the ensemble-averaged MSD



data of the non-drifting DNA molecules with a linear function

MSD(6t) = 2D6t + cp (5)

using the least-squares fitting method from York,?® where cp is a fitted constant. The
ensemble-averaged MSD of unknotted DNA molecules was fit from 50 to 227 s to extract
the diffusivity of DNA before compression. For the knotted DNA molecules, their ensemble-
averaged MSD data was fit from 200 to 418 s. The lower and upper bounds for fitting the
data were determined using the method described previously.'® The details of determination

of the bounds are shown in Figure S2.

3 Results

The modified blob theory applies to the polymer chains under the extended de Gennes
regime in nanochannel confinement.'? A necessary step before the analysis of T4 DNA
diffusion in nanochannels is to confirm that our experiments of confined DNA are located in

the extended de Gennes regime. We thus calculate the effective channel size Dqg, using the

equation Deg = /(D1 — 6)(Dy — 0). The wall depletion length, 4, is an offset to account for

12:29.30 which is computed to

the DNA-wall excluded volume and electrostatic interactions,
be 14 nm in our experiments using the model developed by Bhandari et al.?° The effective
channel size of our nanochannels is 307 nm, which is in the extended de Gennes regime
boundaries of 241 and 694 nm as determined by simulations.*' We also confirm that our
measured average extension of stained T4 DNA molecules is consistent with the theoretically
predicted extension of nanochannel confined T4 DNA in the extended de Gennes regime. The
fractional extension of semiflexible polymers in the extended de Gennes regime is predicted

32 corresponding to an extension of 15 um for intact,

to be 0.23 for our effective channel size,
stained T4 DNA molecules with a contour length of 65 pum.'?° The measured average

extension estimated from uncorrelated measurements of the extensions of T4 DNA molecules



before knotting is 14.8 um with a standard error of 0.3 um, within experimental error of the
predicted value of 15 um.

The stained T4 DNA with a contour length of about 65 um!?2?° are long DNA molecules.
Thus, the molecules are susceptible to breakage by hydrodynamic forces when being com-
pressed against nanoslits for knot generation.®? To confirm that the shortening of knotted
DNA is due to knot formation, we examine T4 DNA molecules without knot generation
from the compression process to study whether T4 DNA are sheared after being compressed
against nanoslits. An unpaired two-sample t-test at a 5% significance level was used to
compare the average extension of 10 molecules that do not form knots before and after the
compression step. The test results show that three molecules are rejected in the hypothe-
sis test, but the change in average extension of those rejected molecules is 0.4 um with a
standard error of 0.03 wm. This small value relative to the average extension of T4 DNA sug-
gests that the T4 DNA molecules are not significantly shortened after the compression step,
consistent with the experimental result from our previous work.'® As a consequence, our
experimental results lead to a conclusion that the measured T4 DNA molecules for diffusion
analysis are intact. The observed shortening of 2 um, with a standard error of 0.5 pwm, for
the knotted DNA after being compressed against nanoslits is thus due to knot formation, not
any shearing due to the compression process. The knot contour length is estimated to be 9
um with a standard error of 2 pm, computed from the reduced extension and a theoretically
predicted fractional extension of 0.23.32

Figure 2 provides an example of a single T4 DNA diffusing in a nanochannel before
and after a knot, observed as a bright spot in Figure 2c, is formed in the chain. In the
kymograph of the knotted DNA as seen in Figure 2¢, the bright streak is the trajectory
of the knot moving along the DNA chain. Such a bright feature is associated with a knot
because knots are persistent and can only unravel at the end of a chain, which is different
from other topological events such as folds.417:18:34736 Folded configurations also occur in

our experiments during injection of the DNA into the nanochannels, "3 but the molecules
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Figure 2: Trajectory of a single T4 DNA confined in a nanochannel before and after a
knot was generated in the DNA chain. (a, ¢) Kymograph and (b, d) time evolution of the
intensity-weighted center of mass for an unknotted T4 DNA (a, b) and a T4 knotted DNA
(¢, d) confined in a nanochannel. In the kymographs, the vertical axis is the intensity along
the nanochannel and the horizontal axis is the time. The knot is identified as a bright spot.
Black dots superimposed on the ends of the DNA are produced by the imaging processing
code to locate the DNA.



unfold before the start of image acquisition. In addition, we produce the time evolution
of the intensity-weighted center of mass for the unknotted (Figure 2b) and knotted DNA

molecule (Figure 2d) by processing the kymographs.
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Figure 3: A log-log plot of mean-squared displacement (MSD) of 20 T4 DNA confined in
nanochannels as a function of time lag. (a) The time-averaged MSDs (gray lines) and the
ensemble-averaged MSD (black dots) of T4 DNA molecules before compression as a function
of time lag. The scaling exponent, (3, extracted by fitting the ensemble-averaged MSD data
for 6t € [50 s, 227 s] is 1.00 + 0.03. (b) T4 DNA molecules with knots, same type of plot as
in panel a. The /3 value obtained by fitting the ensemble-averaged MSD curve for 6t € [200
s, 418 s] is 1.0 £+ 0.1. The errors are calculated using 95% confidence interval.

Figure 3 shows the time-averaged MSDs computed from the time evolution of center of
mass of 20 molecules along with the ensemble-averaged MSD as a function of time lag for the
measured T4 DNA molecules before and after knot formation. The ensemble-averaged MSD
allows us to obtain the diffusivity of DNA chain confined in nanochannels. One potential
systematic error in the measurement of DNA diffusivity is anomalous diffusive behavior
of DNA molecules due to induced motion of DNA by fluid flow or adsorption of DNA
onto nanochannel surface.?> We already performed a k-means clustering analysis to identify
correlated, superdiffusive molecules due to flow. To confirm that our data set is indeed free of
this artifact, we computed the scaling exponent [ of the ensemble-averaged MSD before and

after knotting for the molecules that were not removed by the k-means clustering. Fitting
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of the linear function Eq. 3 to the logarithm of the ensemble-averaged MSD yields a scaling
exponent of 1.00 4+ 0.03 for DNA molecules before compression and a scaling exponent of
1.040.1 for the DNA with knots after being compressed against nanoslits at a 95% confidence
level. Both values of the scaling exponent at 95% confidence indicate a normal diffusive
behavior of the observed DNA molecules before and after knot generation.

We thus proceed to investigate the effect of knots on the DNA chain diffusion by com-
paring the diffusivity of DNA molecules before and after knots are formed along the DNA
chains. Figure 4 shows the ensemble-averaged MSD as a function of time lag and the linear
fits to the data for observed DNA molecules before and after knot generation. The diffusivity
for the unknotted DNA chains is 0.0243 4 0.0009 um?/s by fitting the ensemble-averaged
MSD curve between 50 and 227 s. For the DNA containing knots, the ensemble-averaged
MSD was fit from 200 to 418 s to extract the diffusivity value which is 0.014 +0.001 pm?/s.
Note that the errors are calculated using a 95% confidence interval. The diffusion constant
of the knotted DNA molecules is smaller than the value of the DNA without knots. The
result indicates that the formation of knots decreases the diffusivity of DNA chain in the
extended de Gennes regime.

Two potential sources of systematic error in the measurement of knotted DNA diffusivity
in nanochannels are that (i) the knot factory device produces knots with varying sizes and (ii)
multiple knots can be generated along a T4 DNA chain. Examples of both effects are shown
in Figure 5. Figure 6 illustrates the relationship between knotted DNA chain diffusivity and
knot contour length for the 20 measured knotted T4 DNA molecules. The knotted DNA
chain diffusivity decreases as the knot contour length increases. This result supports our
claim that the presence of knots decreases the DNA chain diffusivity in nanochannels in the
extended de Gennes regime. The number of knots in a DNA molecule may also affect the
knotted DNA chain diffusivity. We observed that two of the 20 measured T4 DNA molecules
formed two knots. The chain diffusivity of one molecule containing two knots with a contour

length of 4.7 4+ 0.6 pm is 0.0224 4+ 0.0002 wm? /s, which is larger than the averaged chain
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Figure 4: Ensemble-averaged MSDs of 20 measured T4 DNA molecules before and after knot
formation as a function of time lag. (a) The ensemble-averaged MSD of unknotted DNA
molecules was fit to a linear line (solid red line) for 0t € [50 s, 227 s| to extract the diffusivity
which is 0.0243 £ 0.0009 pm?/s. (b) A linear fit (solid red line) to the ensemble-averaged
MSD data of knotted DNA in nanochannels for §t € [200 s, 418 s] yields a diffusivity value of
0.0144-0.001 wm? /s. The errors in the linear regression are estimated using a 95% confidence
interval. Error on the ensemble-averaged MSD for a given time lag is the standard error.
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Figure 5: Examples of kymographs for (a) a knotted T4 DNA molecule with a smaller knot
compared with the molecule in Figure 2¢ and (b) a knotted T4 DNA molecule with two
knots formed in the chain. The intensity along the nanochannel (vertical axis) is plotted
versus time (horizontal axis). Knots are visualized as bright spots along the DNA chains.
Black dots at the ends of DNA chains are created by the image processing code to locate
the DNA molecule.
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Figure 6: The knotted DNA chain diffusivity as a function of knot contour length. The N
value represents the ensemble size of knotted T4 DNA molecules for calculating the knotted
DNA chain diffusivity. Errors on the knotted DNA chain diffusivity are calculated using
95% confidence interval. Error bar on the knot contour length represents the standard error
as measured over multiple knotted DNA molecules. The uncertainty is not estimated for
the point with N = 1 due to insufficient number of molecules with such large knot contour
length of 34 pum.

diffusivity of 0.0163 4 0.0003 pum?/s for molecules containing a single knot with a contour
length of 5.2 4£0.3 pum. However, the chain diffusivity of 0.0127 4-0.0002 um? /s for the other
molecule involving two knots with a contour length of 9.9 4 0.7 wm is within the uncertainty
of the DNA chain diffusivity of 0.015 #+ 0.003 um?/s for molecules containing a single knot
with a knot contour length of 10.3 + 0.5 um. The experimental result is inconclusive for
the effect of knot number on knotted DNA chain diffusivity due to insufficient data because,
even though the center-of-mass errors are small, adequate sampling of the full configuration

space requires observing more molecules since long tracks are not possible.

4 Discussion

We observed the T4 DNA diffusion in nanochannels before and after knot formation to
study the effect of knots on the DNA chain diffusion under the extended de Genne regime in

nanochannel confinement. The DNA chain diffusivity is found to be 0.0243 4+ 0.0009 um?/s
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for T4 DNA molecules without knots. The measured unknotted T4 DNA chain diffusivity is
in good agreement with the value predicted by the modified blob theory that incorporates the
effect of local stiffness of chains on semiflexible polymer diffusion in nanochannels. *'''2 Gupta

1.12 measured the diffusivity of A-DNA in nanochannels with effective sizes from 117 to

et a
260 nm and obtained the coefficients of the modified blob theory model by fitting the experi-
mental data. The value of T4 DNA diffusivity in nanochannels predicted using the modified
blob theory model from Gupta et al.'? is 0.023 £ 0.006 um?/s. Companion simulations of
the Kirkwood diffusivity of nanochannel confined, long semiflexible chains suggest that the
diffusivity of T4 DNA chain confined in our nanochannels is 0.022 £ 0.003 pm?/s.2 Note
that these values are computed using a fractional extension of 0.23 predicted by a model for
semiflexible polymers in the extended de Gennes regime?®? and a Rouse diffusivity of 0.00377
um? /s for T4 DNA with a contour length of 65 pwm in water at room temperature of 25 °C.12
Our experimentally measured diffusivity of unknotted T4 DNA in nanochannels is close to
the predicted values from both previous experiments and simulations.

The T4 DNA chain diffusivity is decreased to 0.014 & 0.001 um?/s after knots are gen-
erated in the molecules. The decrease in the chain diffusivity of nanochannel confined DNA
molecules after knot formation reveals that the DNA-wall friction dominates the knotted
DNA diffusion in the extended de Gennes regime. The presence of knots decreases the size
of DNA molecules in nanochannel confinement, thus decreasing the friction of the DNA
chains. The knots, however, fill the screening volume of hydrodynamic interactions more
densely, leading parts of the DNA chain to be closer to the channel surface. Thus, the
friction between the DNA chain and channel wall is increased, more than counteracting the
effect of decreased DNA size.

The formation of a knot, on average, increases the DNA friction by a factor of 1.7. To
determine if this increase is consistent with increased DNA-wall friction due the knot, let
us consider a simple model where the total friction consists of the sum of two components:

(i) the friction due to the unknotted portion of the confined DNA molecule and (ii) the
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friction due to a tight knot.?” For the first contribution, we assume that the friction due
to the unknotted part of the DNA is proportional to the knotted DNA extension X} in
the channel, consistent with the non-draining hydrodynamics in the extended de Gennes
regime.!'! This assumption requires that the knotted part of the DNA chain is small so that
it does not contribute to the total extension of the knotted DNA chain. For the second
contribution, we model the hydrodynamics of the knot as a solid object of radius a confined
in a cylindrical channel of diameter R = /D;D,/2, corresponding to a channel radius of
161 nm. While this is a crude approximation for the hydrodynamics, it permits a closed
form solution. Explicitly, for a closely fitting sphere, the average friction is approximately
6mna(R/a — 1)~/ where = 0.89 cP is the viscosity of water at room temperature.® The

sum of these two frictions, which is the total friction of knotted DNA, is thus
& = & Xi + 6mna(R/a — 1)~/ (6)

where & = 11.4 ¢P is the friction per unit length of unknotted DNA, obtained from the
diffusion data in Figure 4 using X, = 14.8 um as the average extension of an unknotted
chain. The corresponding friction of an unknotted molecule is &, = éoXu. As a result, the

ratio of the friction coeflicients is

@ B ﬁ 6mna
S Xu X (R/a—1)5/?2

(7)

The first term in Eq. 7, Xx/X, = 0.86, quantifies the reduction in friction due to the
shortening of the DNA molecule to X, = 12.8 wm, while the second term in Eq. 7 quantifies
the increase in friction due to knot formation. To be consistent with the experimental result
&r/& = 1.7, the hydrodynamic size of the knot needs to be a = 135 nm, i.e. the knot fills
84% of the channel volume. The knot in this model is small, which justifies the assumption
that the friction due to the unknotted part of the DNA molecule is proportional to Xj.

Clearly this model is very simplistic in its treatment of the hydrodynamics. First, de-
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coupling the two contributions to the friction is partially justified by the screening of hydro-
dynamic interactions at the length scale of the channel,® but the friction of the knot itself
is not quantitatively equivalent to that of a solid sphere. Nevertheless, the arguments made
in the context of Eq. 7 support the key point of our argument; the formation of a tight
knot that fills a significant fraction of the channel size can easily reduce the overall friction
two-fold. Second, it is unlikely that the knot can be actually as tight as predicted from
this hydrodynamic model (even after accounting for the differences between the radius of
gyration and hydrodynamic radius); if the knot were completely dry, its radius R, ~ bN 1/3
is around 400 nm based on a Kuhn length b = 100 nm and the estimated knot contour length
of 9 um. It is more plausible that the confined knot is an anisotropic, extended object® that
does not fill the channel as densely as anticipated by our simple model. The details of the
knot conformation do not undermine our key idea; this extended knot configuration would
still increase DNA friction because the friction increases quickly as the size of the object
increases.®® A detailed understanding of the hydrodynamics of confined knots that lever-

ages tools for computing DNA-wall hydrodynamics, 404!

is a promising avenue for future
computational work.

Our hypothesis for the knotted DNA diffusion in nanochannels is that the dominant
contribution to the DNA motion in nanochannels is the moving DNA with a fixed knot ball
in the chain which provides extra friction between the knot and channel wall. The model does
not consider knot transport as significant contribution to the knotted DNA chain diffusion.
An alternative hypothesis is that the motion of knotted DNA in nanochannels is driven by
knot self-reptation along the DNA chain without any superimposed motion of the whole
polymer. We thus performed two analyses, one investigating the correlation between center
of mass motion of DNA and the motion of the knot within the molecule and the other
measuring the magnitude of the knot contribution to the center of mass motion of DNA

molecules, to test this hypothesis. The first analysis we performed was to calculate the

Pearson correlation coefficient between knot motion relative to one of the DNA chain ends
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Figure 7: Scatter plot of Pearson correlation coefficient between knot motion relative to one
of DNA chain ends and center of mass motion of DNA for 18 observed T4 DNA molecules
that each contain a single knot. The negative correlation coefficient indicates that the knot
moves along the DNA chain in an opposite direction of DNA motion in a nanochannel.
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Figure 8: A log-log plot of ensemble averaged mean-squared displacement (MSD) as a func-
tion of time lag for 20 knotted T4 DNA molecules in nanochannels after shift of positions.
The inset shows an example of a kymograph for a knotted DNA in Figure 2c after the posi-
tion of the molecule in each frame is shifted to keep a constant center. The vertical axis is
the intensity along the nanochannel with a scale bar of 5 um and the horizontal axis is the
time with a scale bar of 90 s.
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and center of mass motion of DNA for 18 knotted DNA molecules that contain a single knot
each. Figure 7 shows that the knot motion and DNA center of mass motion are negatively
correlated for 13 of the knotted DNA molecules, consistent with the knot self-reptation
model that the knot tends to move in an opposite direction of the DNA motion, but there
is no strong correlation between the motion of knot and center of mass motion of knotted
DNA molecules. We then measured the magnitude of the knot contribution to the center of
mass motion of knotted DNA molecules. To do so, we centered each knotted DNA molecule
in each frame within the same movie. An example of a centered DNA molecule is shown
in Figure 8. Then, we calculated the intensity weighted center of mass of each fixed DNA
molecules. Figure 8 shows the ensemble-averaged MSD as a function of time lag of the 20
knotted T4 DNA molecules using the center of mass of fixed knotted DNA chains. The
ensemble-averaged MSD caused by motion of the knot along the chain contour is two orders
of magnitude smaller than the ensemble-averaged MSD of moving DNA molecules with knots
shown in Figure 3b. The results from two analyses indicate that the knot contributes to the
knotted DNA in a manner consistent with self-reptation, but the contribution from knot
movement to the knotted DNA diffusion in nanochannels is not significant compared with
that from the whole chain motion.

The results of decreased chain diffusivity of knotted DNA confined in nanochannels con-
trast with the free solution data of Kanaeda and Deguchi,® who found that the ratio of
diffusion constants for knotted ring polymers and a linear polymer with the same molecular
weight in good solvent increases linearly with the average crossing number of knots, thus
suggesting polymers with knots move faster. This discrepancy is plausibly due to the differ-
ence in the knot size and topological complexity of knots. They studied simpler small knots
with seven crossings and fewer.® The topology of knots generated in our experiments cannot
be identified through images, but the knots contain a contour length of 94+2 wm, which is an
order of magnitude larger than the size of simple knots with several hundreds nanometers of

length.3® The inconsistency may also be attributed to the absence of polymer-wall friction
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in free solution. The presence of knots simply reduces the size of the non-draining objects,
giving rise to a decreased friction of the object and a resulting increased mobility of the

knotted ring polymers in a good solvent.

5 Conclusion

We have examined the diffusion of T4 DNA molecules in nanochannels before and after
knot formation. The chain diffusivity of knotted T4 DNA molecules confined in nanochan-
nels is found to be 0.014 & 0.001 um?/s, which is smaller than the measured diffusivity of
0.0243 4+ 0.0009 wm?/s for the T4 DNA molecules before knot generation. Our experimental
results reveal that the presence of knots decreases the chain diffusivity of DNA molecules
in nanochannels, indicating that the DNA-wall friction dominates knotted DNA diffusion
under the extedned de Gennes regime in nanochannel confinement.

While our observation of diffusion of DNA with large knots with an estimated contour
length of 9 + 2 pum indicates that the knots decrease the DNA chain diffusivity in the
extended de Gennes regime, a complete understanding of the effect of knot formation on
DNA chain diffusion requires a study of diffusion of DNA chain with small knots as well
in the confinement regime. Such experiments for probing the diffusion of DNA with small
knots are challenging, in terms of identification of small knots using fluorescence microscopy
and long duration of image acquisition of small knots, which will move faster along DNA
chains.3® Computational studies, alternatively, could provide insight into the effect of small
knots on the DNA chain diffusivity in the extended de Gennes regime because it should be
relatively straightforward to precondition the system to a particular knot size. The effect of
knot type on DNA chain diffusion is also an intriguing question for theoretical studies because
identifying the topology of knots is considerably more straightforward in a simulation than
in experiments.*?*® Other open questions related with the effect of knots on DNA chain

diffusivity in nanochannels also remain, particularly the effect of multiple knots, a more
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complex and intriguing phenomenon.
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k-means clustering analysis
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Figure S1: k-means clustering result for the data of scaling exponent, 5, and average cross
correlation coefficient, C, for an ensemble of T4 DNA molecules in each movie. The k-
means clustering analysis partition the data into three clusters that molecules are highly
correlated and superdiffusive, relatively uncorrelated, and very uncorrelated. The cluster 1
(black x) is the data set of DNA molecules with high 5 and C values. These molecules are
highly correlated with all of the other molecules within the same movie and exhibit strongly
superdiffusive behavior, and were excluded from the subsequent DNA diffusion analysis.
Clusters 2 (blue O) is the data set of very uncorrelated molecules with relatively small beta
values. The molecules in cluster 3 (red +) are relatively uncorrelated DNA molecules with
beta values between 0.8 and 1.4. The intact T4 DNA molecules with knots formed after the
compression process in cluster 2 and cluster 3 are used for DNA diffusion analysis.
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Determination of upper and lower bounds
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Figure S2: Determination of upper and lower bounds of the time lag used for fitting the
T4 DNA chain diffusivity in nanochannels before and after knotting. (a, ¢) The dynamic
diffusion coefficient, MSD/24t, as a function of time lag and (b, d) the correlation coefficient,
R2, of the linear fit line Eq. 5 with different upper bounds and a fixed lower bound for
unknotted DNA (a, b) and knotted DNA molecules (¢, d). The MSD/26t curve decays
continuously until the time lag of 50 s for unknotted DNA molecules and 200 s for DNA
with knots. The initial decay is due to a dynamical error from the DNA motion during finite
exposure time.! The lower bound thus is 50 s for the DNA before knotting and 200 s for
the knotted DNA molecules. The upper bound for fitting the ensemble-averaged MSD data
to obtain the DNA chain diffusivity, D, is determined by calculating the R? of the linear fit
function Eq. 5 with different upper bounds and a fixed lower bound of 50 s for unknotted
DNA and 200 s for knotted DNA. The R? curve of unknotted DNA starts to decay at the
time lag of 227 s which is determined to be the upper bound for the unknotted DNA. For
DNA with knots, the upper bound is 418 s, which is the point with the largest value of R2.
The lower and upper bounds are indicated by the black vertical dashed lines.
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