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Abstract

Knots are intriguing topological objects and ubiquitous in biopolymers such as DNA
molecules. The occurrence of knots in DNA confounds the accuracy of genomics tech-
nologies, such as nanochannel-based genome mapping and nanopore sequencing, that
require uniformly stretching the DNA molecules. Knots existing in vivo also influence
biological processes, such as DNA replication, and hence leads to cellular malfunction.
The control of DNA knots is, thus, significant for genomics technologies and cell sur-
vival, which require first understanding the fundamental properties of knotted DNA
in a crowded environment. The aim of this thesis is to address fundamental questions
related to knot transport in nanochannel-confined DNA molecules, particularly the
knot diffusion mechanism, the effect of knots on DNA diffusion in nanochannels and
the interactions between two knots.

We first determined the knot diffusive behavior along DNA confined in nanochan-
nels to distinguish between two predicted knot diffusion mechanisms, self-reptation
and knot region breathing. With a recently developed nanofluidic “knot factory” de-
vice, we generated knots in DNA molecules with a formation probability of 48 4+ 20%.
The experimental results of knot motion along DNA chains show that knots undergo

subdiffusion, i.e. their mean-squared displacement grows sublinearly with time, which
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supports the knot diffusion mechanism of self-reptation.

We then investigated the effects of knots on DNA center-of-mass diffusion in
nanochannels, thus resolving the open question which of these competing effects,
the shortening of DNA chains or the increased DNA-wall friction, dominates knotted
DNA diffusion in nanochannels. To address this question, we measured the diffu-
sivity of DNA molecules before and after knot formation via a combination of the
nanofluidic knot factory device for knot generation and laser-induced fluorescence mi-
croscopy for DNA observation. The experimental results show that the presence of
knots decreases the diffusivity of DNA chains confined in nanochannels. The reduced
diffusivity indicates that the DNA-wall friction, rather than the shortening of the
confined chain size, dominates the friction of knotted DNA in nanochannels.

Our previous work focused on the dynamical properties of single knots. Long DNA
molecules are susceptible to form multiple knots in the chains. In the third research
project, we investigated the interactions between two knots in nanochannel-confined
DNA by analyzing the motion of the two knots along DNA chains. The free energy
profiles of knot-knot interactions show that the separated knot state is more stable
than the intertwined knot state, with dynamics in the separated knot state that are
consistent with independent diffusion of the two knots.

The thesis work provides deep insights into the dynamical properties of DNA
knots under nanochannel confinement. We hope such fundamental knowledge gained
in this dissertation could prescribe avenues for suppression and removal of knots
under nanofluidic systems and crowded environments, thereby improving the genomic

technologies and controlling knots in living cells.

v



Contents

[Acknowledgements| i
[Abstract] iii
[List of Figures| vi
[1__Introductionl 1
I Knotd . . . . . . 1
(1.2 DNA Knots in Genomic Technologies| . . . . . . .. ... ... ... . 3
[1.2.1  Genome Mapping in Nanochannels| . . . . . ... .. ... .. )

[1.2.2  Nanopore Sequencing|. . . . . . . . . . . ... ... .. .... 8

(1.3 DNA knots in biological systems|. . . . . . ... ... ... .. .... 10
(1.4 Thesis Organization|. . . . . . . . . .. .. ... ... ... ...... 11

2 Background| 14
[2.1 Polymer Physics|. . . . . . ... ... oo 14
[2.1.1 Physical Properties of DNA| . . . . ... ... .. ... .... 15

2.1.2  DNA in Nanochannel Confinement! . . . . . ... .. ... .. 19

2 RKNOtd . . . o 22
2.2.1 Knot Types| . . . . . . . ... 22

[2.2.2  Experimental Techniques of DNA Knot Generation & Analysis| 24

(3  Diffusion of Knots along DNA Confined in Nanochannels| 30
BI TIntroductionl . . . . . . . . . . ... 30
[3.2  Experimental Methods| . . . . . ... ... ... ... 0. 34
B.2.1  Device fabricationl. . . . . ... ... 0oL 34

[3.2.2  DNA preparation| . . . . . . ... ... 35

[3.2.3  Knot diffusion experiments|. . . . . . . . ... ... L. 36

[3.2.4  Data processing| . . . . . . . .. ..o 37




B4 Discussionl . . . . . . .. 47
3.5 Conclusion|. . . . . . . . . . 50

[  tended de Gennes Regime)| 52
M1 Tntroduction] . . . . . . . . . . . . . 52
4.2 Experimental Methods| . . . . . . ... ... ... ... ... 54
M21 Device fabricationl. . . . . . . ... ... oL 54

[4.2.2  DNA diffusion experiments|. . . . . . . . . . . ... ... ... 55

[4.2.3  Data processing| . . . . . . . .. ... 56

B3 Resulfsl. . . . . v oo 59
4.4 Discussionl . . . . . ..o 67
4.5 Conclusionl. . . . . . . . . 74

5 __Interactions between Two Knots in Nanochannel-confined DNAI 76
[Hb.1 Introductionl . . . . . . . . .. 76
[>.2  Experimental Methods| . . . . . . . .. ... ... 00 79
[H.2.1  Device fabrication|. . . . . . . . . . ... . 79

[5.2.2  Two-knot interaction experiments| . . . . . . . . . .. ... .. 80

[5.2.3  Data processing| . . . . . . . ... 81

B3 Resulfsd. . . . . . . 82
[H.4  Discussionl . . . . ... 91
b.5  Conclusion|. . . . . . . . . 98
6 Conclusions and Outlookl 100
(6.1 Summary| . . . . ... 100
6.2  Future Directions . . . . . . . . . .. .. ... ... ... 101
(Bibliography| 106
[A Supporting Information to Chapter 4| 106
(B Supporting Information to Chapter 5| 109
IC_Protocols| 112
[C.1 Device Fabrication| . . . . .. . ... ... . ... ... ........ 112
[C.2  Nanochannel Experiments . . . ... ... ... ... .. ....... 120

vi



List of Figures

(1.1 An electron microscopy image of knotted single-stranded DNA molecules. |
| Reproduced from Ref. [4].| . . . . .. ... . o o o 2
(1.2 Schematic illustration of workflow of geonme mapping in nanochannels
| for creating a genomic map from single DNA molecules and for detect-
| ing structural variations of genome. A fluorescent sequence-specific
| labeled long DNA molecules is injected into a nanochannel and 1s then
| linearized by confinement along the channel axis. The DNA molecule
| and the labeled sites are imaged using laser-induce fluorescence mi-
I
I
I
I
I

croscopy. L'he Huorescence intensity of the DNA molecule along the
channel obtained from the image is then analyzed to provide the dis-
tance between each of the labeled sites. The distance 1s then converted

to genomic distance which can be used to assemble genome map by
aligning onto the genome and detect structural variations by compar-
| ing with a reference genome. Reproduced from Ref. [52].| . . . . . . . 6
[1.3" Schematics of the effects of knot formation on nanochannel-based genome |
mapping. The schematics illustrate a DNA chain (blue line) with
sequence-specific labels (green dot) confined in a nanochannel and a
genomic map corresponding to the position ot labels along the DNA
molecule. (a) The unknotted DNA generates a reference genomic map.
(b) The knot mimics a deletion in the genomic map by pulling the two
labels “2” and “3” closer. Adapted from Ref. [8]|. . . . . ... .. .. 7

vil



I

Schematics of the effect ot knots on current blockage in nanopore se-

quencing. (a) Simplified schematic illustration of nanopore-based DNA

sequencing principle. The changes in the ionic current are detected

when individual single-stranded DNA molecules are driven through

nanopores by applying an electric field. The red, purple, blue and

green lines represent the signals of the four different bases of DNA

which are adenine (A), guanine (G), cytosine (C), and thymine (T),

respectively. (b) Current trace of an unknotted DNA (top) and a DNA

with a trefoil knot (bottom). The knot produces a current blockage

with 2/; amplitude higher than the current blockage of I; generated

by the linear chain. Reproduced from Ref. [58] and Ref. [12]. | . . . .

P

oSchematic illustration of a single linear DNA chain with physical pa-

rameters including end-to-end length (R.), persistence length (/,), ef-

fective width (w), and DNA-wall depletion length (0). Reproduced

from Ref. [65]. | . . . . . . ...

15

R2

Schematic illustration of DNA confined in nanochannels in (a) the

Odijk regime, (b) the backfolded Odijk regime, (c) the extended de

Gennes, and (d) the de Gennes regimes. Reproduced from Ref. |65]. .

20

B3

Knot diagrams for prime and composite knots. (a) Knot diagrams for

prime knots with crossings up to 6. Mirror images are not shown here.

The nc and u represent crossing number and unknotting number, re-

spectively. (b) Schematic illustration of a composite knot (4, # 4,)

which is formed by the connection of two figure eight knots (41). Re-

produced from Ref. [1]| . . . . . ... ... o oo

R4

Experimental techniques to study DNA knots. (a) The process of knot

generation using optical tweezers. The trefoil knot 1s mechanically tied

using beads at the ends as handles for optical tweezers [95]. The scale

bar is 10 pm. (b) A schematic illustration of application of AC electric

fields to introduce a knot. An AC electric field is applied to compress a

[ DNA molecule and induce a knot in the molecule. The knotted DNA1s |

stretched by an elongational field |96]. (c) A schematic illustration of a

knotted DNA translocating through a nanopore by applying an electric

field gradient [12]. (d) Schematics of the center of the nanofluidic knot

factory device with nanochannels and slit barriers. The DNA molecules

(red curves) are loading from microchannels to nanochannels. Inset:

an SEM image of the nanochannels and nanoslits. The scare bar is 3

pm. Reproduced from |11, (12, 95,196]. | . . . . . . ... ... ... ..

viil



P5

Schematics of knot generation process in the nanofluidic knot factory |

device. Initially, a DNA molecule confined in a nanochannel is in its |

equilibrium state. The DNA molecule 1s then compressed against a |

silt-barrier with a free end away from the barrier. After pressure is

released, the DNA is relaxed with a knot (yellow) formed in the DNA

molecule. The arrow indicates the direction of fuid flow. Reproduced

from [11].| . . . . .. 28

.6

Schematic of a trefoil knot (left) and a fold (right) with their DNA-

intensity profiles (bottom). The schematic illustrates a DNA chain (a

thick blue line) confined in a nanochannel. Both the knots and the

folds show the same DNA-intensity profiles. Reproduced from Ref. [45[| 29

B

Knot factory device design [11]. (a) Schematic layout of the nanofluidic

device with a magnified view of the nanochannels and nanoslits (not to

scale). (b) SEM image of the nanochannel pattern in the nanofluidic

device for knot generation. Nanochannels (black lines) are connected

by slit barriers.| . . . . . . ... 35

B2

Determination of lower and upper bounds of the time lag used for fit-

ting the scaling exponent 5. (a) Dynamic diffusion coefficient, MSD /2)t,

as a function of time lag. The MSD /20t decays continuously to a con-

stant value of around 0.4 um?/s at the time lag of 60 s, indicated by the

vertical black dashed line. (b) Time-averaged MSDs as a function of

time lag for individual knots. The figure shows the large fluctuations ot |

the time-averaged MSDs for individual knots at time lags larger than |

| s T TTok Dochiod Tie oo Tt ] = |

upper bound of 255 s for estimating the random error. The shaded |

region corresponds to the second choice of the range of upper bounds |

from 150 s to 325 s for estimating the systematic error.| . . . . . . . . 39

Average extension for unknotted T4 DNA molecules from uncorrelated |

measurements of their extension before and after compressed against |

[ the nanoslits. The error bars are the standard error of the mean. The |

shaded region represents the 7 rejected molecules, which are 1.1 + 0.1 |

um shorter after being compressed against the nanoshits. |. . . . . . . 41

Histogram of the extension distribution of the T4 DNA before knot |

generation. The mean value of the extensions is 14.6 wm with a stan- |

dard error of 0.2 um, corresponding to a fractional extension of (.22 |

based on a contour length ot 65 wm. | . . . . . .. ... ... ... .. 42

1X



3.5 Trajectory of a knot along the DNA molecule. (a) Kymograph of a |
| TI DNA of oot T B e TI T |
intensity along the nanochannel and the horizontal axis is time. The
knot 1s observed as a bright spot that diffuses along the less bright
background of the unknotted portion of DNA chain. Black boxes at
the ends of the DNA 1images are created by the imaging processing code
to locate the DNA molecule. (b) Time trace of the knot in (a) diffusing
along the DNA chain confined in a nanochannel. The dimensionless
knot position, rxnoT, 18 defined as the ratio of the knot’s distance from
DNA left end to the DNA extension in Eq. [3.1] as illustrated in the

inset of a knotted DNA molecule image. The scale bar is b um.| . . . 44
[3.6  Mean-squared displacements as a function of time lag. The gray solid
lines, which also appear in Figure [3.2b, are time-averaged MSDs for
individual knots. The black dots are the ensemble-averaged MSD of
the ensemble of knots as a function of time lag. The linear fit to the
logarithm of ensemble-averaged MSD and time lag data between 60 s
and 255 s yields a scaling exponent of 0.82 + 0.01, as illustrated in
the inset. The error is estimated using a 95% confidence interval. The
determinations of lower and upper bounds of the time lag used in the
L inset for fitting were described in Figure[3.2[] . . . . . . . ... .. .. 45
[3.7  Scatter plot of the knot dynamic diffusion constants, defined as MSD /20t,
at a time lag of 60 s and knot fractions for an ensemble of measured
knots. The knot fraction 1s defined as a ratio of extension difterence |
between unknotted and knotted DNA chain to the unknotted DNA |
chain extension. The inset shows the images of nanochannel confined
knotted T4 DNA (top) and the DNA before knot generation (bottom).
[ Thescalebarsare b m.) . . . . . . .. 46
[3.8 Scatter plot of the time-averaged MSDs at a time lag of 60 s and initial |
| positions relative to the chain ends for the observed knots. The initial |
| dimensionless knot position is defined as the ratio ot the knot’s distance |

| from either of the chain ends to the DNA extensionat 0sl . . . . .. 47

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. | . 55




12

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 (c, 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
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the DNA are produced by the imaging processing code to locate the

DNAL T -

62

n3

A log-log plot of mean-squared displacement (MSD) of 20 T4 DNA con-

fined 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 scal-

ing exponent, 5, extracted by fitting the ensemble-averaged MSD data

for ot € [50 s, 227 s| is 1.00 £+ 0.03. (b) T4 DNA molecules with knots,

same type of plot as in panel a. The 5 value obtained by fitting the

ensemble-averaged MSD curve for ot € [200 s, 418 s| is 1.0 £ 0.1. The

errors are calculated using 95% confidence interval. |. . . . . . . . ..

63

A

Ensemble-averaged M5SDs of 20 measured 14 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 dt € [50 s, 227 s| to extract the diffusivity which

is 0.0243 + 0.0009 um*/s. (b) A linear fit (solid red line) to the

ensemble-averaged MSD data of knotted DNA in nanochannels for ot

€ [200 s, 418 s] yields a diffusivity value of 0.014 + 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. |. . . . . . . ..o

65

E5

Examples of kymographs for (a) a knotted T4 DNA molecule with

a smaller knot compared with the molecule in Figure [4.2c 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. | . . . . . .. ... ...

x1



4.6

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 knot-

ted 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 um. . . . . . ..

[4.7 Scatter plot of Pearson correlation coefficient between knot motion

| ] DNA ] ] : . DN |

tor 18 observed T4 DNA molecules that each contain a single knot. The

negative correlation coeflicient indicates that the knot moves along the

DNA chain in an opposite direction of DNA motion in a nanochannel.

s

A log-log plot of ensemble averaged mean-squared displacement (MSD)

as a function of time lag for 20 knotted T4 DNA molecules in nanochan-

nels after shift ot positions. The inset shows an example of a ky-

mograph for a knotted DNA in Figure |[4.2c atter the position of the

molecule in each frame is shifted to keep a constant center. The ver-

tical 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.|. . . .

B

Schematic illustration of a DNA molecule containing two knots in a

nanochannel (340 nm deep) with a 32 nm deep nanoslit at the device

center (not to scale). (a) Two knots shown in red are separated in the

DNA chain (blue curve). (b) The knots are in an intertwined state in

which they are in close proximity.| . . . . . . ... .. ... ... ...

xii

79



B2

Interactions between two knots in nanochannel-confined DNA. (a, c)

Kymographs of DNA molecules with two knots in nanochannels. The

intensity of knotted DNA 1s plotted versus time. The bright streak

corresponds to the trajectory of a knot moving along the DNA chain.

The black dots on the edges of the DN A molecules are the results of the

image processing code to locate the DNA. (b, d) Corresponding time

evolution of dimensionless positions of the two knots obtained from

(a) and (c), respectively. The dimensionless knot position, xkxnor, 1S

calculated as ratio of the distance between the left end of the DNA

chain and the knot position to the extension of the DNA as shown in

the inset of the two-knotted DNA 1mage. The scale bar is 5 um. The

left end of the chain in the inset image corresponds to the upper end
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sionless positions of the knot on the right over time, corresponding to
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(a) Normalized histogram of the dimensionless distances between two

knots. (b) Corresponding free energy profile obtained from the nor-

malized probability distribution in (a). The energy barrier F, is the

energy difference between the separated knot state, which i1s the local

minimum at knot separation of 0.19, and the transition state, which

18 the local maximum at the knot separation ot 0.05. The energy bar-
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Interactions of two knots for 40 DNA molecules computed using win-

dow sizes of 0.6, 0.8 and 1 for the range of separation distances between

two knots that are both inside the window. (a) Free energy profiles

with window size of 0.6 (red solid line), 0.8 (blue solid line) and 1 (black

solid line). The window size is defined as a fraction of the knotted DNA

molecule, as illustrated in the inset of the knotted DNA image. For

example, the energy profile with window size of 0.8 excludes the knot

separation data when either of the knots has a dimensionless position

outside the window of 0.1 - 0.9. The scale bar is 5 um. The error

in the free energy is estimated by propagating the uncertainty of the

histogram bin. (b) Plots of the energy barriers, F; (blue dashed line)

and F, (black solid line), as a function of window size. The energy

barrier F, 1s the energy difference between the local maximum at the

transition state and the local minimum where the knots are close to

the transition state. The energy barrier F; is the energy difference
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Knot-knot interactions in nanochannel-confined DNA for quartiles of

40 knot pairs with size of 1.8 um, 3.0 pm, 4.0 pm and 6.0 um. (a) Free

energy profiles for ensemble of knots with size knot of 1.8 um (black

line), 3.0 pm (blue line), 4.0 um (red line) and 6.0 pm (yellow line).

[ The knot size is estimated as the extension difference between knotted |

and unknotted DNA molecules. (b) Plots of the energy barriers F, as

a function of knot sizel . . . . . . ...,
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Dynamics of knots as a function of knot separation distance. (a) Prob-

ability of attraction as a function of dimensionless of knot separation

distance obtained from experimental data of knot-knot interactions in

40 DNA molecules. The probability of attraction is estimated as the

probability that the knot-knot distance decreases over 5 s. The inset

with the axis labels identical to the main plot shows the probability

of attraction at small knot separation distances between 0 and 0.25.

(b) Simulated probability of attraction as a function of dimensionless

of knot separation distance. The plot was obtained by considering

knots as two independent Gaussian random walkers with addition of

a reflecting boundary condition when the knots come together and an

adsorbing boundary when either ot knots reaches the chain end. The

errors on the probability are calculated using a Clopper-Pearson inter-

val with a 95% confidence interval [123]. The error bar on the knot

separation represents the standard error as binned the results with a

bin width of 0.02. . . . . . . . . .,
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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 su-

perdiffusive, relatively uncorrelated, and very uncorrelated. The clus-

ter 1 (black x) is the data set of DNA molecules with high § 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 anal-

ysis. 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 mntact T4 DNA molecules with knots formed after

the compression process in cluster 2 and cluster 3 are used tor DNA
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Determination of upper and lower bounds of the time lag used for

fitting the T4 DNA chain diffusivity in nanochannels before and af-

ter knotting. (a, ¢) The dynamic diffusion coeflicient, MSD /26¢, as a

function of time lag and (b, d) the correlation coefficient, R*, of the

linear fit line Eq. 5 with difterent upper bounds and a fixed lower

bound for unknotted DNA (a, b) and knotted DNA molecules (c, d).

The MSD /20t curve decays continuously until the time lag of 50 s for

unknotted DNA molecules and 200 s for DNA with knots. The initial

decay 1s due to a dynamical error from the DNA motion during finite

exposure time [122|. 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
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tion kiq. 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 1s deter-

mined 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 R*. The lower and upper bounds are indicated by the black

vertical dashed lines. |. . . . . . . . . . ..
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Chapter 1

Introduction

1.1 Knots

Knots are topological objects that consist of a set of continuous circles embedded
together in a three-dimensional space |1]. These topological objects have a plethora
of applications in daily activities of humankind, from tying shoelaces to creation of
fishing knots; from boating to camping; from weaving cloth to decorative construction
of wall-hangings.

Due to the practical and ornamental usage of knots, knots have sparked interest
of scientists to develop the topological knot theory for centuries [2]. The knot theory
was first developed by Vandermode, who specifically described knots in the subject of
the geometry of position in 1771. A mathematical study of knots probably was first
identified in the early part of the 19th century by Gauss, who defined the concept
of linking numbers in topology. By 1900, there were published tables listing knots
with up to 11 crossings which establish a basis for the development of a formalized

knot theory in the 20th century [3]. The mathematical knot theory provides basic



Figure 1.1: An electron microscopy image of knotted single-stranded DNA molecules.
Reproduced from Ref. Eﬂ

concepts, terminology and knot diagrams which guided scientists in the studies of
physical knots.

Physical knots such as deoxyribonucleic acid (DNA) knots have been the focus
of significant study in fields as diverse as polymer physics, topology, biology, fluid
mechanics and nanotechnology from the late 20th century. The first DNA knots were
identified in 1976 as shown in the electron microscopy image of knotted DNA rings in
Figure[L.1][4]. With the development of simulations and experimental techniques, the
equilibrium properties of DNA knots, such as knot formation probability and
knot tightness , have been extensively investigated by simulations, and some-
what by experimental studies. The dynamical properties of knotted DNA, however,
remain relatively unexplored and are primarily studied by simulations and theoretical

work [18-21]. Understanding the dynamics of knotted DNA is an intriguing question



that spans multiple scientific disciplines including polymer physics, topology, biology,
and fluid mechanics.

Besides the scientific interest in studying the dynamics of DNA knots, the funda-
mental knowledge about dynamical properties of DNA knots under confinement will
permit developing rational strategies to improve genomic technologies, nanochannel-
based genome mapping and nanopore sequencing, in which knots play a confounding
effect on the genomic data. From a biological perspective, the fundamental under-
standing of DNA knots in crowded environments will also help to control DNA knot-

ting in vivo, which is essential for cell survival.

1.2 DNA Knots in Genomic Technologies

Decoding of DNA that comprises the human genome is of great significance for ex-
plaining human evolution and diseases such as cancers [22, 23]. In 1990, a 15-year
Human Genome Project (HGP) was launched to sequence around 3 billion base pairs
(bp) of the euchromatic human genome [22]. Sanger sequencing [24], the major se-
quencing technique used in the HGP, was successful in reading encoded base pair
sequences of single DNA molecules up to 900 bp in length [25]. With the increas-
ing demand to quickly and accurately sequence genomes in large quantities, it was no
more practicable to use the time-consuming and expensive Sanger sequencing technol-
ogy [26]. On the other hand, the development of next-generation sequencing (NGS)
technologies showed very promising results |27, [28] by sequencing the human genome
at a cost of around $1000 in 24 hours [29, [30].

Despite the ultra-high throughput of NGS technologies, NGS can only read DNA

molecules that are limited to lengths ranging from 50 to 150 bp |31} |32]. As a result,



it is very challenging for NGS to identify genomic structural variations that comprise
of deletions, inversions, insertions, duplications and translocations, which generally
span from 1 kbp to 1 Mbp in the human genome. These structural variations are
responsible for human diseases such as autism and schizophrenia [33]. Additionally,
nearly half of human genome have repetitive genomes which cause technical challenges
in de novo genome assembly [34-36]. These challenges are being tackled by long-read
genomic technologies such as nanochannel-based genome mapping [37, 38|, nanopore
sequencing [39-42] and linked-read sequencing [43| |44]. DNA knots, however, were
observed in the nanofluidic systems, nanochannels [45] and nanopores [12]. The
detected DNA knots have been shown to affect the accuracy of the two genomic

technologies, genome mapping in nanochannels [45] and nanopore sequencing [12]

46-149].

1.2.1 Genome Mapping in Nanochannels

Nanochannel-based genome mapping is a genomic technology that can create a ge-
nomic map of DNA molecules up to Mbp in length, thus detecting genomic structural
variations and also improving genome assemblies by scaffolding the genomic map with
sequencing data from NGS [37, 38, 50, 51]. In the genome mapping technique (Figure
, a fluorescent sequence-specific labeled long DNA molecule is linearized via con-
finement in a nanochannel. Images of the labeling barcodes along the DNA backbone
are produced using laser-induced fluorescence microscopy. The fluorescence intensity
of the DNA molecule along the nanochannel obtained from the image is then ana-
lyzed to provide the genomic distance between each of the labeled sites. The genomic

distance between the labels on the DNA molecule and the position of label patterns



can be used to detect structural variations by comparing the experimental data with
a reference genome. The genomic distances also provide the DNA barcode, which are
then aligned onto the genome to assemble the genomic map [3§].

While the nanochannel-based genome mapping requires uniformly stretching DNA
molecules in nanochannels by confinement, the presence of knots along the long DNA
molecules detected as bright spots challenges the accuracy of genome mapping data
because such a topological event could be misinterpreted as a deletion, one of the
major structural variation types, as illustrated in Figure [45]. Here, the occur-
rence of a knot reduces the genomic distance between label “2” and “3” by pulling
the two labels closer, giving rise to a misinterpretation of deletion [8]. To reduce
the confounding effect of knots on the resulting genome map, two currently available
methods in the nanochannel-based genome mapping technique are (i) to remove the
bright spots through expensive image processing and (ii) to work at very high cov-
erage [45]. The nanochannel array technology from Bionano Genomics is capable of
obtaining genomic maps of thousands of molecules per loading cycle. However, knots
also affect the accuracy of other genome mapping methods based on stretching DNA
in a nanofluidic system by an elongational flow [53, [54] and formation of DNA dumb-
bells within nanoslits to stretch DNA [55] |56]. The throughput of such approaches is
not high enough to obtain sufficient coverage. It is thus highly desirable to develop
new strategies to suppress knot formation or to remove knots in DNA molecules,
which requires the understanding of dynamical properties of knotted DNA molecules

in nanochannels.
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Figure 1.2: Schematic illustration of workflow of geonme mapping in nanochannels for
creating a genomic map from single DNA molecules and for detecting structural variations
of genome. A fluorescent sequence-specific labeled long DNA molecules is injected into
a nanochannel and is then linearized by confinement along the channel axis. The DNA
molecule and the labeled sites are imaged using laser-induce fluorescence microscopy. The
fluorescence intensity of the DNA molecule along the channel obtained from the image is
then analyzed to provide the distance between each of the labeled sites. The distance is
then converted to genomic distance which can be used to assemble genome map by aligning
onto the genome and detect structural variations by comparing with a reference genome.
Reproduced from Ref. .
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Figure 1.3: Schematics of the effects of knot formation on nanochannel-based genome
mapping. The schematics illustrate a DNA chain (blue line) with sequence-specific labels
(green dot) confined in a nanochannel and a genomic map corresponding to the position
of labels along the DNA molecule. (a) The unknotted DNA generates a reference genomic
map. (b) The knot mimics a deletion in the genomic map by pulling the two labels “2” and
“3” closer. Adapted from Ref. [§]

1.2.2 Nanopore Sequencing

Nanopore-based DNA sequencing is the long-read genomic sequencing technology
that could read nucleotides, one-by-one, of single-stranded DNA molecules up to
Mbp in length [39-42, 57]. With the real-time individual base detection of long
DNA molecules, the sequencing technology allows detecting DNA base modifications
directly and capturing structural variations in genomes [39]. In nanopore sequenc-
ing, single DNA molecules are translocated through a narrow pore, typically several
nanometer in size, by applying an electric field [42]. The ionic current changes as the
single-stranded DNA pass through the pore due to the differences in electrical resis-
tances of the four nucleotides, adenine (A), thymine (T), guanine (G) and cytosine
(C). The changes in the electrical current are measured and then decoded to provide

the specific DNA sequence as shown in Figure

39, 57).
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Figure 1.4: Schematics of the effect of knots on current blockage in nanopore sequencing.
(a) Simplified schematic illustration of nanopore-based DNA sequencing principle. The
changes in the ionic current are detected when individual single-stranded DNA molecules
are driven through nanopores by applying an electric field. The red, purple, blue and green
lines represent the signals of the four different bases of DNA which are adenine (A), guanine
(G), cytosine (C), and thymine (T), respectively. (b) Current trace of an unknotted DNA
(top) and a DNA with a trefoil knot (bottom). The knot produces a current blockage
with 27; amplitude higher than the current blockage of I; generated by the linear chain.

Reproduced from Ref. and Ref. .

The formation of knots in DNA chains, however, affects the changes in the ionic
current when DNA molecules are passing through the nanopores as shown in Figure
46/149). When a linear unknotted DNA chain is translocating through a
nanopore, the molecule produces an ionic current blockage of I;. A DNA molecule
with a trefoil knot, however, generates a higher ionic current blockage with an addi-
tional amplitude of 2/; compared with the unknotted part of the linear DNA chain.

Such blockage of the nanopore due to the formation of knots with a higher electric



resistance compared with the unknotted DNA chain confounds the accuracy of DNA
sequencing data produced from the changes in the ionic current. In nanopore sequenc-
ing, knots may even impede DNA translocation through the narrow pore, which might
block the nanopores for future usage of DNA sequencing 12 47-49]. Thus, rational
strategies are highly desirable to be developed to suppress knot formation or remove
knots in DNA molecules in the nanopore-based sequencing which first requires the

understanding of the dynamics of knotted DNA under confinement.

1.3 DNA knots in biological systems

In biological systems, DNA molecules are likely to form knots by passing the free
chain ends through loops within the same DNA chain [59]. Random cyclization of
linear DNA molecules with cohesive ends illustrates the knotting mechanism. The
free ends in linear DNA first pass through loops within the same molecule to form
pseudo-knots and then the closed knotted rings arise from joining the cohesive ends
during the cyclization process [60]. The knotting process of DNA in vivo can also
be regulated by enzymes such as topoisomerases and recombinases which operate by
breaking and rejoining of single or double strands of DNA chains [59).

DNA knotting in vivo, however, affects the biological processes such as DNA
replication, and hence the cell survival. DNA molecules within bacteriophage capsids,
typically 50 - 80 nm in size, exemplify the problems caused by knotting. The DNA
inside the capsids of bacteriophage P2 are likely to self-entangle into knots which
hinder the viral DNA ejection into an infected bacterial cell. The affected infection
efficiency of bacteriophages plays a significant role in replication of bacteriophages,

and hence survival of the host bacterial cell [61, 62]. Nanochannel-confined DNA



molecules provide ideal model systems to explore DNA knots in crowded environments
which are relevant for DNA packing in cells. The fundamental knowledge gained in
the study of dynamics of knotted DNA under confinement will permit understanding
of DNA knots in living cells, hence paving a way to manipulate DNA knotting in

biological systems which is important for cell survival.

1.4 Thesis Organization

Knots are topological objects that are of special interests for centuries due to their
practical and decorative usage in our everyday life. Knots are also ubiquitous in bio-
logical systems such as DNA molecules. The occurrence of knots along DNA molecules
confounds the accuracy of genomics technologies, such as nanochannel-based genome
mapping and nanopore sequencing. Understanding the dynamical properties of DNA
knots could prescribe avenues for suppression and removal of knots in the techniques,
thereby improving the genomics technologies. More broadly, the knotted DNA under
confinement provides an ideal model to study DNA knotting in living cells, which
is significant for cell survival. Additionally, knotting dynamics in confinement is
an intriguing topic that confluences various scientific disciplines including polymer
physics, biology, fluid mechanics, topology and nanotechnology. As such, my disser-
tation research focuses on fundamental questions related to the dynamics of knotted
DNA molecules in nanochannel confinement.

In line with above goals, Chapter 2 provides background information for the
research focusing on dynamical properties of DNA knots under nanochannel confine-
ment. The chapter starts to introduce the physical properties of DNA molecules

and the physcial regimes in nanochannel confinement, particularly focusing on the
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extended de Gennes regime which is relevant to the dissertation research. Then,
the chapter reviews the DNA knots including the knot types and the experimental
techniques for DNA knot generation.

Chapter 3 describes the determination of knot diffusive behavior along nanochannel-
confined DNA molecules. To study DNA knot diffusion, we take advantage of the
nanofluidic “knot factory” devices described in Chapter 2 to generate knots in DNA
molecules under nanochannel confinement and laser-induced fluorescence microscopy
to detect DNA knots. With the knot factory device and fluorescence microscopy, we
determined the knot diffusive behavior, and thus the knot diffusion mechanism by
analyzing the single knot motion along nanochannel-confined DNA chains.

Chapter 4 explores the effect of knots on DNA center-of-mass diffusion confined
in nanochannels in the extended de Gennes regime. We compare the diffusivity of
DNA molecules before and after knot formation and show that the formation of
knots decreases the knotted DNA center-of-mass diffusion in nanochannels which
indicates that the DNA-wall friction, rather than the shortening of the confined chain,
dominates the friction of knotted DNA in nanochannels in the extended de Gennes
regime.

Chapter 5 investigates the interactions between two knots in nanochannel-confined
DNA molecules. We image the movement of two knots in DNA molecules and analyze
the interactions between two knots by obtaining the free energy profiles of knot-knot
separations. The experimental results show that the separated knot state is more
stable than the intertwined knot state which contradicts the experimental results
of long-range attraction between two knots in DNA under elongational flow. This

inconsistency is postulated to result from a weaker transverse fluctuations-induced
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attraction force between knots in DNA under confinement compared with DNA un-
der flow.

Chapter 6 summarizes the conclusions of this dissertation research and presents
an outlook on future directions related to knot formation and knot transport. We
propose the experimental methods for the exploration of knot formation mechanisms
under confinement and also several topics related to dynamical properties of knotted
DNA in different-sized nanochannels and different ionic strengths of buffer solution

that may be interest for the future study.
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Chapter 2

Background

The important part of this chapter is an introduction to fundamental physical proper-
ties of DNA in nanochannels and DNA knots, which helps to understand the studies
of knotted DNA under nanochannel confinement presented in the following chapters.
Section provides background on physical properties of DNA molecules and equili-
birum and dynamical properties of DNA in different physical regimes in nanochannel
confinement with a focus on the extended de Gennes regime. Section presents
an overview of knots and then introduces various experimental techniques to study
DNA knots, particularly the nanofluidic knot factory device for efficient DNA knot

formation in nanochannels, which is the technique used in the thesis work.

2.1 Polymer Physics

Polymers are macromolecules that are composed of chains of repeat units [63]. DNA
molecules are biopolymers and the repeat unit for DNA is a nucleotide which consists

of a sugar-phosphate backbone and a nitrogenuous base. The nitrogen-containing
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Figure 2.1: Schematic illustration of a single linear DNA chain with physical parameters
including end-to-end length (R.), persistence length (I,,), effective width (w), and DNA-wall
depletion length (J). Reproduced from Ref. .

bases for DNA are adenine, guanine, cytosine, and thymine. Long polymers such as
DNA molecules are susceptible to self-entangle into knots , , . Understanding
the dynamical properties of knotted DNA in nanochannels which is the focus of
the dissertation research requires the fundamental knowledge of physical properties
of DNA and the equilibrium and dynamical properties of DNA under nanochannel

confinement.

2.1.1 Physical Properties of DNA

The fundamental physical properties characterizing DNA include contour length (L),
persistence length (1), effective width (w), and DNA-wall depletion length (¢). Figure
[2.1]shows a typical conformation of a linear DNA molecule and a schematic illustration
of the persistence length, effective width, and DNA-wall depletion length. Below, we

provide an overview of the four physical parameters.

14



Contour Length (L)

The contour length (L) is the maximum end-to-end length (R.) of a DNA chain when
the DNA is stretched without thermal fluctuations. The contour length of a DNA
molecule can be calculated as the product of the total number of base pairs in the
DNA and the average height of a base pair. The average height of a base pair is
approximately to be 0.34 nm for B-state DNA [66]. For T4 GT7 DNA molecules
with 166 kilobase pairs (kbp) used in this dissertation research, the contour length is
calculated to be 56 um. These contour lengths are for unstained DNA molecules. To
image DNA using fluorescence microscopy, the DNA molecules are typically stained
with fluorescent dyes such as YOYO-1 due to its large signal enhancement upon
binding. When DNA are stained with fluorescent dyes, the contour length of DNA
is increased due to the intercalation of the dyes in DNA molecules [67, [68]. The
increased length is assumed to be 0.51 nm per bound dye molecule |68, 69]. Let us
take T4 GT7 DNA again as an example, the stained T4 GT7 DNA with a dye-to-DNA

base pair ratio of 1:10 is estimated to be 65 um.

Persistence Length (/,)

DNA molecules are semiflexible chains which have random configurations due to ther-
mal fluctuations. The persistence length (I,), which quantifies the rigidity of DNA
chains, is a distance along the backbone over which the DNA has to go before the
orientation changes appreciably as shown in Figure [63, 65]. The persistence
length of DNA can be obtained experimentally using single molecules in elasticity
studies [70, [71]. In the studies, DNA is stretched between two polystyrene beads in

an optical tweezers apparatus and the force-extension measurements are conducted

15



by measuring the force on the trapped bead while moving the other bead with a
known distance. An estimation of the persistence length is then obtained by fitting
the force-extension curve with the worm-like chain elastic behavior model [70-72].
The persistence length of DNA obtained from the single molecules elasticity study
increases from 46 to 59 nm as the sodium ion concentration decreases from 1000 to
2.57 mM [70]. The persistence length of DNA molecules strongly depends on the
ionic strength of buffer solution 70} |71} |73} 74].

Classic theory suggests that the persistence length is the sum of bare persistence
length (I,0), which can be estimated as the persistence length of DNA in high ionic
strength buffer solution, and the electrostatic persistence length [73-75]. In the clas-
sical theory, the electrostatic contribution to I, ~ A%, where Ap is the Debye length
which is affected by the ionic strength of buffer solution [73, 74]. Other theories,
however, argue that the electrostatic contribution to I, ~ Ap instead of ~ A3, [75]

76]. Dobrynin [75] [76] suggests an empirical formula

607
I, ~ 461 + —— (2.1)

Vi

where [, has the unit of Angstrom and [ is the ionic strength of buffer solution in unit
of mM. The equation is obtained by fitting of available DNA persistence length data
at different ionic strength of buffer solutions. In our experimental work described in
the dissertation research, we use Eq. to estimate the persistence length of DNA

molecules which is 60 nm, in buffer solution with an ionic strength of 18 mM.
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Effective Width (w)

The effective width (w) is used to account for the repulsive interactions between
DNA chain segments as shown in Figure 2.1 The quantity can be estimated using
a theoretical model of interactions between two charged cylinders in salt solutions.
The idea to predict the effective width is first to calculate the effective interaction
potentials between the two charged cylinders using Poisson-Boltzmann theory. With
the calculated interaction potentials, the excluded volume between the two cylinders
is then evaluated to obtain the effective with [77]. The theoretically predictions of the
effective width are consistent with the values obtained using experimental techniques
such as light scattering 78|, sedimentation |79] and studies of the probability of DNA
trefoil knot formation during cyclization [60]. The experiments and theory suggest
that the effective width depends on the ionic strength of buffer solution. In the thesis
work, the effective width of DNA in a buffer with an ionic strength of 18 mM is

estimated to be 12 nm based on the formula by Stiger [77].

DNA-wall Depletion Length (0)

The DNA-wall depletion length (J) is a quantity that account for the DNA-wall
excluded volume and electrostatic interactions as shown in Figure [80-82]. When
DNA are confined in nanochannels, the depletion length characterizes the reduction
in the region of the nanochannels that is inaccessible to the DNA molecules. An
accurate estimation of DNA-wall depletion length is important for approximating the

effective channel size which is the actual space available to DNA inside nanochannels.
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The effective channel size is estimated as D.g, using the equation

Do = /(D1 — 6)(Dy — 0) (2.2)

where Dy and Dy are the height and width of the nanochannels. Many studies
estimate the DNA-wall depletion length as the effective width of DNA molecules [82]
83]. The approximation, however, is not an accurate estimation. A study has shown
that there is typically a 10% error between simulation and experimental results using
the approximation [84]. A model was developed by Bhandari et al. [80] to estimate the
DNA-wall depletion length based on more than 5 million experimental measurements
of the DNA fractional extension in square nanochannels with size of 38 nm. The DNA-
wall depletion length in our experimental work presented in the following chapters
is computed to be 14 nm for DNA in nanochannels at buffer solutions with an ionic

strength of 18 mM using the recently developed model [80].

2.1.2 DNA in Nanochannel Confinement

DNA as a polymer model has been the focus of significant study in polymer physics.
Nanochannel confinement is emerging as an important technique to study the static
and dynamical properties of DNA for single molecule genomics. When DNA molecules
are confined in nanochannels whose size are smaller than the radius of gyration of
DNA molecules (R,) in the bulk, the DNA chain extends along the channel axis which
allows to access the genomic information contained in the single DNA molecules.

In nanochannel confinement, there are four physical regimes to a polymer confined

in nanochannels with geometric average channel size D, as shown in Figure 2.2 As

18



b G =
| [ RS |

isolated hairpins \ / anisometric blobs H

de Gennes

i . : Transition
Classical Odijk \,\ to bulk

Extension

Ip D*= 2|p D** Rg
a X Channel Width d

deflection segments

< X >

Figure 2.2: Schematic illustration of DNA confined in nanochannels in (a) the Odijk
regime, (b) the backfolded Odijk regime, (c) the extended de Gennes, and (d) the de Gennes
regimes. Reproduced from Ref. .

the channel size D, decreases, the polymer chains feel a stronger effect of confinement
and the chains change from weakly compressed coils to strongly elongated filaments.
De Gennes developed the blob theory to describe the properties of polymers
confined in the classic de Gennes regime where D, > [,. In the regime as shown
in Figure 2.2, the polymer chain is envisioned as being a series of isometric blobs
with dimension proportional to D.. The DNA chains on length scales less than D,
are unaware of the channel compression and each blob has the conformation of self-

avoiding random walk in a good solvent. The extension, X, of the chain parallel to

—2/3

the channel axis scales as X ~ D

. For channel sizes between Kuhn length of

21, and thermal blob size lg /w of DNA molecules, corresponding to the extended de
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Gennes regime, the conformation of DNA chains consist of a series of linearly ordered
anisometric blobs with length of H = (D.l,)*3w™'/3 as shown in Figure 187,
88]. The blob theory developed by de Gennes [85, |86] can also be applied to the
extended de Gennes regime. The extension of the DNA chain scales exactly like the
scaling in the classic de Gennes regime [65, 89]. As the channel size decreases to
approximately Kuhn length, the polymer chain enters the backfolded Odijk regime,
where the polymer chain forms isolated hairpins with a global persistence length G as
shown in Figure [88]. When the channel size is less than the persistence length ,,,

the polymer chain feels a stronger confinement and the confined chain forms deflection

segments with length of A instead of hairpins and coils as shown in Figure 90].

The experimental data in the dissertation work fall in the extended de Gennes
regime. The effective channel size, D.g, of our knot factory device is calculated to be
307 nm using the equation described in the previous section. The effective channel
size is in the extended de Gennes regime boundaries of 241 and 694 nm as determined
by simulations [91]. The focus of the dissertation work is the dynamical properties
of knotted DNA chains in the regime, in particular the diffusion of knotted DNA in
the extended de Gennes regime as described in Chapter [d The diffusion coefficient,

Dy, of a linear unknotted polymer chain confined in the extended de Gennes regime

is estimated as

Dy ~ D [cl e, (f) _1] (2.3)

based on the modified blob theory that incorporates the effect of local chain stiffness
on semiflexible polymer diffusion in nanochannels [81,|92]. Dy is the Rouse diffusivity
of a freely draining chain and is calculated as Dg = kgT'/(67nL), where kg is the

Boltzmann constant, T is the absolute temperature, 7 is the solvent viscosity and L
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is the contour length of polymer chains. Gupta et al. [81] measured the diffusivity of
A-DNA in nanochannels with effective sizes ranging from 117 to 260 nm and obtained
the coefficients ¢; = 0.86 4+ 0.79 and ¢, = 1.2 £+ 0.19 of the modified blob theory
model by fitting the experimental data at 95% confidence interval. They also fit Eq.
to the simulation data of Kirkwood diffusivity of a discrete wormlike chain model

and obtained the coefficients to be ¢; = 1.4 £+ 0.4 and ¢; = 1.0 £ 0.1 |81} |92].

2.2 Knots

To understand the experimental study of dynamical properties of DNA pseudo-knots
in this dissertation research, the basic issues are what knots and knot types are
and how to generate DNA knots experimentally. In the section, we will provide
background on the concepts of knots and knot types and experimental techniques to

study DNA knots.

2.2.1 Knot Types

In mathematics, a knot is defined to be a set of continuous circles that are embedded
together in a three-dimensional space [1]. Strictly speaking, the mathematical defini-
tion of a knot can only be applied on a closed chain. Linear DNA chains, however, can
form pseudo-knots, which can be mapped to the mathematical knots by connecting
the two chain ends together to form closed loops |1, 93]. Knots can form diverse types
and the corresponding complexity of knots is illustrated in Figure[2.3] The character-
ization of such knot types is significant in understanding the effect of knot complexity

on the dynamical properties of knotted DNA. One useful description for the type of
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Figure 2.3: Knot diagrams for prime and composite knots. (a) Knot diagrams for prime
knots with crossings up to 6. Mirror images are not shown here. The nc and u represent
crossing number and unknotting number, respectively. (b) Schematic illustration of a com-
posite knot (41 # 41) which is formed by the connection of two figure eight knots (4;).
Reproduced from Ref. [1]

a knot is the crossing number (nc) of a knot in a knot diagram. A knot diagram is
a planar representation of a knot in a three-dimensional space when projected onto
a plane. Typical prime knot types with six crossings or fewer are shown in Figure
2.3k, where nc denotes the crossing number and u represents the unknotting number,
namely the minimal number of crossing changes that a knot in the knot diagram is
turned into an unknot. The knot type with nc = 0 is the unknot (UN), also called
the trivial knot. The trefoil knot (3;) with three crossings is the simplest non-trivial
knot. The 4; represents the figure eight knot. The 5; and 5, are two knot types with
nc = 5. For nc = 6, there are three prime knots, 6;, 65 and 63 [1]. All the knots shown
in the Figure are prime knots, which are not the combination of two non-trivial
knots. A knot which is the connected sum of two non-trivial knots is defined as a

composite knot [94]. An example of a composite knot which is the composition of

two figure eight knots is shown in Figure [2.3b.
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2.2.2 Experimental Techniques of DNA Knot Generation &
Analysis

A number of techniques for DNA knot generation and analysis have been developed,
including alternating current (AC) electric field [96-99], optical tweezers [95, (100],
and solid-state nanopores [12]. Examples of the techniques studying DNA knots are
shown in Figure 2.4p-c. Each of the techniques has advantages and disadvantages.
The technique using AC electric field to introduce knots allows to generate knots
efficiently and study DNA knots in stretched molecules as shown in Figure [2.4h.
The imposed tension used to stretch DNA molecules in the technique, however, may
confound the dynamical properties of knotted DNA. In the optical tweezer technique
as illustrated in Figure [2.4p, knots can be formed with known type using optical
tweezers to mechanically tie single DNA molecules with beads at the ends as handles
for optical tweezers [95, [100]. Although the experimental technique can generate
knots with known topology, the experimental method for knotting is not efficient
to acquire enough single knotted DNA molecules for the dynamics of knotted DNA
study. The solid-state nanopore shown in Figure provides an efficient method to
detect knots by measuring the ionic current when knotted DNA translocate through
the nanopore [12]. This solid-state nanopore techniques allow to study the equilibrium
properties of DNA knots, such as knot size and knotting probability [12], and also
the dynamics of knotted DNA translocating through the narrow pore [46]. In this
nanopore confinement, the DNA molecules are pulled by electric field gradient outside
the nanopore. The dynamical properties of knotted DNA may be confounded by the

external force to linearize the knotted DNA molecules in the solid-state nanopore.
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Figure 2.4: Experimental techniques to study DNA knots. (a) The process of knot gener-
ation using optical tweezers. The trefoil knot is mechanically tied using beads at the ends
as handles for optical tweezers [95]. The scale bar is 10 pm. (b) A schematic illustration of
application of AC electric fields to introduce a knot. An AC electric field is applied to com-
press a DNA molecule and induce a knot in the molecule. The knotted DNA is stretched
by an elongational field [96]. (c) A schematic illustration of a knotted DNA translocating
through a nanopore by applying an electric field gradient [12]. (d) Schematics of the cen-
ter of the nanofluidic knot factory device with nanochannels and slit barriers. The DNA
molecules (red curves) are loading from microchannels to nanochannels. Inset: an SEM
image of the nanochannels and nanoslits. The scare bar is 3 pm. Reproduced from |11} {12}
95, 96| .
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All the previous introduced experimental techniques, AC electric fields, optical
tweezers, and solid-state nanopores, use external forces to stretch DNA which may
confound the dynamical properties of knotted DNA. Thus, it is desirable to develop a
technique which can generate and detect knots efficiently and stretch DNA molecules
without imposing tension. A nanofluidic knot factory device shown in Figure [2.4d
was recently developed by Amin et al. [11]. In this techniques, knots can be generated
and detected efficiently in nanochannels which linearize DNA by confinement without
imposing tension [101], enabling investigation of dynamical properties of knotted DNA
molecules.

The knot factory device is composed of nanochannel arrays with slit-barriers in
the center of nanochannels as shown in Figure [2.4d, and it has been demonstrated to
produce knots using pressure driven flow to compress a single DNA molecule against
the slit-barrier in a nanochannel. The schematic of DNA knot generation process is
illustrated in Figure 2.5] Initially, single DNA molecules are confined in nanochan-
nels. Then, a pressure driven flow is applied to compress the DNA molecules against
slit-barriers. In the compression process, DNA segments adjacent to the barriers
first become concentrated with unconstrained free DNA ends away from the barriers.
Then, the DNA chain undergo transient compression. After the pressure is released,
the DNA molecule begin to relax and eventually reach equilibrium state with the pres-
ence of knots in the DNA chains. In the knot factory, the knot formation probability
can be controlled by adjusting the applied pressure and the waiting time during the
compression process. The working principle of the system to generate knots and the
dynamics of knot generation, however, are still not well understood. Three possible

knot-formation mechanisms were proposed for the knot factory. One of the possi-
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bilities is that the chain ends are forced to pass through loops to generate knots in
the compression process. The other two possible mechanisms are that hydrodynamic
flows near the slit-barrier which show curving streamlines or thermal fluctuations
drive chain ends to form knots along single DNA molecules [11]. To understand the
knot formation mechanism in the nanofluidic systems, we propose an experimental
study of knotting in the knot factory device which is described in detail in Chapter

0.
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Figure 2.5: Schematics of knot generation process in the nanofluidic knot factory device.
Initially, a DNA molecule confined in a nanochannel is in its equilibrium state. The DNA
molecule is then compressed against a silt-barrier with a free end away from the barrier.
After pressure is released, the DNA is relaxed with a knot (yellow) formed in the DNA
molecule. The arrow indicates the direction of fluid flow. Reproduced from .

The knot factory device allows to generate knots with high probability in the
nanochannel-confined DNA molecules. The formed knots can also be detected effi-
ciently in the devices using fluorescence microscopy. In the knot factory device, knots
are identified as bright spots in DNA images and spikes in intensity profiles of DNA
backbones. Such bright spots could also be associated with a folded configuration as

both of the folds and knots show spikes in the DNA intensity profiles as shown in
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Figure . The differences in the unravelling process of knots and folds, however,
allow us to distinguish between knots and folds. In the nanofluidic knot factory, knots
are observed to be persistent as well as localized, and can only be destroyed by dif-
fusing to the chain ends . In contrast, folds unravel spontaneously via an entropic
force . The typical unfolding time is about 30 s for a folded configuration with
an initial length of about 8 um . Thus, the argument that the bright features can
be determined as knots in the knot factory is strongly supported by the differences
between knots and folds in their unravelling processes. Although the knot type can
not be detected in the nanofluidic knot factory device, the complexity of knots can be
correlated with knot size, which can be estimated as the difference in the extension
of nanochannel-confined DNA molecules before and after knot formation. Such an
efficient technique for DNA knot generation and detection in nanochannels allows
us to study the dynamical properties of knotted DNA molecules under nanochannel

confinement which are presented in the following chapters.
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Figure 2.6: Schematic of a trefoil knot (left) and a fold (right) with their DNA-intensity
profiles (bottom). The schematic illustrates a DNA chain (a thick blue line) confined
in a nanochannel. Both the knots and the folds show the same DNA-intensity profiles.
Reproduced from Ref.
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Chapter 3

Diffusion of Knots along DNA

Confined in Nanochannels

This chapter is based on the publication
Z. Ma and K. D. Dorfman, “Diffusion of knots along DNA confined in nanochannels,”

Macromolecules 53, 6461-6468 (2020). [103]

3.1 Introduction

Knots are intriguing topological objects, ubiquitous in vivo for polymeric materials
such as DNA and proteins |59} |64, 104], and the subject of considerable work in
the context of polymer physics [1]. In particular, knot diffusion was first studied by
simulations in linear DNA under tension [105] and nanochannel confinement [19]. Our
study addresses the mechanism of knot diffusion, which remains an open question.
Two diffusion mechanisms for knots in polymers have been proposed. The first is self-

reptation [13, |106], where the diffusion of a knot originates from a snakelike motion
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of the polymer chain. Meltzer et al. [18], however, proposed an additional knot
diffusion mechanism: knot region breathing. This second mechanism posits that the
diffusive motion of a knot is due to knot size fluctuations, locally exchanging DNA
chain inside the knot region with its neighborhood. In their analysis of knot diffusion,
Meltzer et al. [18] predicted the time-scales of a knot moving along a polymer chain
for these two mechanisms. The knot diffusion time for the self-reptation mechanism
scales as L?, where L is the contour length of the polymer. In contrast, knot region
breathing gives an L? scaling. As a consequence, this scaling argument predicts that,
for long chains, the diffusion time for knot region breathing dominates self-reptation.
Simulations, which provide a more detailed model of the knot diffusion, indicated
that the diffusion mechanism of knots is a mix of the two mechanisms [107], and are
thus inconclusive.

While measuring knot diffusion as a function of polymer molecular weight is one
possible way to distinguish between the two diffusion mechanisms, this is a challeng-
ing approach because a wide range of molecular weights are needed. A less technically
difficult option is to examine the nature of the diffusion process. Knot region breath-
ing is suggested to show normal diffusion [1§]. Self-reptation, however, is thought to
be subdiffusive in long polymers owing to an analogy between the reptation of the
polymer through the knotted region and the translocation of a polymer through a
narrow pore [18]. In the latter case, simulations [108, 109] of a long polymer translo-
cating through a narrow pore exhibit subdiffusive behavior with an exponent of 0.92
arising from the aggregate motion of the long polymer constraining the translocation
process [109].

Ultimately, it is desirable to resolve the question of the dynamical properties of
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knots in unconfined polymers experimentally, but this is challenging because the poly-
mers in free solutions undergo a random walk in three dimensions, giving rise to a
difficulty detecting knots and tracking knot motion along single polymers. This chal-
lenge has been tackled by using optical tweezers [100] or by entraining the polymers
in an extensional flow where polymers are trapped at the stagnation point to keep
the knot within the focal plane and linearize the polymer [97, (98] [110-112]. Bao et al.
[100] have examined the motion of knots along DNA linearized by optical tweezers
and indicated that the knot diffusion mechanism is self-reptation. The self-reptation
mechanism also agrees with the study of knot motion in DNA stretched by an ex-
tensional flow field [98]. The subdiffusive behavior of the knot, however, may be
confounded by the external force used to linearize polymers. Thus, it is desirable to
perform similar measurements on relaxed DNA.

Nanochannel confinement provides an approach to linearize DNA by compression
instead of tension [101], leading to relaxed DNA ends. While confinement affects
the friction opposing DNA motion [92], the increased resistance to motion would
only affect the time-scale for knot diffusion and not the underlying mechanism. It
is possible that confinement could also affect the knots, but this is unlikely due to
the tightness of the knots [13-17]. Our experiments take advantage of the knot
factory device developed by Amin et al. [11], composed of nanochannel arrays with
slit barriers in the center of the nanochannels. This device produces knots when
a pressure-driven flow compresses a single DNA molecule against the slit barrier,
where the applied pressure and waiting time can be adjusted to control the knotting
probability.

Here we use T4 DNA confined in nanochannels to determine whether knot diffusion
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is dominated by self-reptation or knot region breathing. There are two reasons for
using this molecule. First, T4 DNA, which has higher molecular weight compared
with A-DNA, was chosen to provide a high knotting probability [113],|114]. Second, in
the theory of Meltzer et al. [18], the knot diffusion time for self-reptation is predicted
to be an order of magnitude larger than that of the knot region breathing mechanism
for this molecular weight [18]. Such a large difference in predicted knot diffusion times
permits an unambiguous test of the knot diffusion mechanism by inspection of the
exponent governing the growth of the ensemble-averaged mean-squared displacement
of the knots on time lag, where normal diffusion indicates a knot region breathing

mode and subdiffusion indicates a self-reptation mode.

3.2 Experimental Methods

3.2.1 Device fabrication

The nanofluidic device shown in Figure , consisting of 89 nanochannels (450 pm
long) with 1 um breaks in the channel centers and adjoining nanoslits, was designed
based on the knot factory concept |11]. The arm length and the width of the two
U-shaped microchannels are 8 mm and 50 pwm, respectively. The devices were fabri-
cated on fused silica substrates (University Wafers) using two steps of electron beam
lithography to create first the nanochannels and then the slit barriers, and subse-
quent photolithography to fabricate two parallel U-shaped microchannels connecting
the ends of the nanochannel array to inlet and outlet reservoirs. The connecting
slits were wider than the nanochannels to simplify the alignment process during the

second step of electron beam lithography. Each patterning step was followed by a
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Figure 3.1: Knot factory device design [11]. (a) Schematic layout of the nanofluidic device
with a magnified view of the nanochannels and nanoslits (not to scale). (b) SEM image of
the nanochannel pattern in the nanofluidic device for knot generation. Nanochannels (black
lines) are connected by slit barriers.

fluorine (CF4:CHF3) reactive ion etching (RIE) step to transfer the pattern into the
substrate. Scanning electron microscopy (SEM) imaging of the nanofluidic device
(Figure [3.1p) reveals that the nanochannels are 304 nm wide and nanoslits are 500
nm wide. The depths of microchannels, nanochannels and nanoslits were measured
to be 0.8 um, 340 nm and 32 nm, respectively, using a KLA Tensor P-7 profilometer.
After a standard RCA clean, the device with sand-blasted holes for sample loading

was sealed with a 170 pm thick fused silica coverslip (University Wafers) via fusion

bonding.

3.2.2 DNA preparation

The T4 GT7 DNA molecules (166 kilobase pairs, Nippon Gene) were stained with
YOYO-1 fluorescent dye (Invitrogen) at a dye to DNA base pair ratio of 1:10 in
a bx TBE buffer solution and subsequently diluted to 0.25x TBE. The contour

length, L, of the stained T4 GT7 DNA was estimated to be 65 wm by assuming
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an increase in the rise of 0.51 nm per intercalated YOYO-1 molecule [68, 69]. The
stained solution was heated at 50 °C for three hours to accelerate the equilibration of
YOYO-1 binding to DNA molecules and melt any annealed DNA sticky ends [115}-
117]. S-mercaptoethanol (Sigma-Aldrich, 4% v/v) was added to the solution before
the start of the knot diffusion experiments to suppress photobleaching of YOYO-1.
The ionic strength of the final DNA sample solution is 18 mM, calculated following

a previous approach [84} |118].

3.2.3 Knot diffusion experiments

At the start of the experiment, one microchannel of the nanofluidic device shown
in Figure was filled by capillary action with a buffer solution containing S-
mercaptoethanol (Sigma-Aldrich, 4% v/v) with the same ionic strength as the DNA
sample solution. The DNA sample solution was then loaded to the other microchannel
using a pipette. The wet device was assembled into a chuck that allows pressure
actuation [84} (119]. T4 DNA molecules in the microchannel were drawn into the
nanochannels by applying 35 kPa pressure for around 10 s and then reducing the
pressure to 10 kPa until the DNA reach the slit barriers. The DNA were then imaged
prior to compression using a blue laser (Coherent OBIS, 473 nm) with a power of
2.5 mW and a 100x (1.4 N.A.) oil immersion objective on an inverted epifluorescene
microscope (Olympus IX73). The images of the DNA were recorded by an EMCCD
camera (Photometrics, Cascade 11:512) at 20 fps with a 50 ms exposure time for
60 s to measure the DNA extension prior to compression. The T4 DNA were then
compressed against the nanoslits by applying 5 kPa pressure for 60 s. Subsequently,

the DNA were moved away from the nanoslit by imposing 10 kPa pressure in the
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opposite direction and then relaxed in the absence of any imposed pressure for 120 s
before imaging. To obtain data for knot diffusion, the DNA with knots were imaged
at 5 fps with a 200 ms exposure time for 8 minutes in a quiescent fluid. After video
acquisition, the DNA were driven out of the nanochannels by applying 10 kPa pressure
for 120 s and new DNA were loaded into the nanochannels.

After each experiment, which consists of multiple loading and compression cycles,
the device was cleaned and dried to be reused for the next experiment. First, the
device was immersed in DI water overnight to reduce the ionic strength of the solution
in the channels. Then, the device was submerged in base piranha solution heated at

80 °C for 40 minutes to remove organic residues. The cleaned device was subsequently

heated at 1000 °C for 6 hours for drying.

3.2.4 Data processing

The videos were processed using a custom-written MATLAB script [120] that outputs
the time evolution of each DNA molecule’s intensity profile. The location of left end,
ZTend, and the total extension, X, of the DNA molecule are identified by fitting the
intensity profile to a dual error-function algorithm, which is the result of a Gaussian
point-spread function convolved with a box function |121]. The longest relaxtion
time is computed by fitting the extension autocorrelation function with an exponential
function, following a previous method [84]. The longest relaxation times of unknotted
DNA and knotted DNA are 2.7 + 0.3 s and 4.6 + 0.4 s, respectively. The average
extension of the DNA is then determined from uncorrelated measurements of its
extension by using a time sampling of 5 s for unknotted DNA and 10 s for knotted
DNA.
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When a molecule with a knot is produced from the first image processing program,
the knot position, Ty, is located by using a second custom-written MATLAB pro-
gram following the method described in Ref. [45]. The dimensionless knot position,

TKNOT, 18 defined as

. $knot(t) - <$end(t)>1s
mxort) = TR, .

where (...),, operation is a moving average with a window length of one second to
reduce the impact of chain end fluctuations.

The time evolution of independent measurements of the dimensionless knot posi-
tion with a time sampling of 5 s, xxnoT, is used to compute the ensemble-averaged

mean-squared displacement (MSD)

MSD(5t) = L* ([ziexor(t) — zxvor(t — 8))%) (3.2)

)

where (.. .>t7n is an average over time ¢ and the ensemble of n DNA molecules and 4t is
the time lag between images [81]. When useful, we will also refer to a time-averaged
MSD, which corresponds to applying Eq. to a single knot’s trajectory without
averaging over n.

To analyze the diffusive behavior of the ensemble of knots, we computed the scaling
exponent [ of the ensemble-averaged data for the MSD by fitting the logarithm of

the data with a linear function
log,o MSD(6t) = Slogy, 0t + ¢ (3.3)

where both § and c¢ are fitted constants. At short time lags, the dynamic diffusion

coefficient, MSD /26, decays continuously until the time lag of 60 s, as shown in Figure
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Figure 3.2: Determination of lower and upper bounds of the time lag used for fitting the
scaling exponent 8. (a) Dynamic diffusion coefficient, MSD/24t, as a function of time lag.
The MSD/26t decays continuously to a constant value of around 0.4 um? /s at the time lag
of 60 s, indicated by the vertical black dashed line. (b) Time-averaged MSDs as a function
of time lag for individual knots. The figure shows the large fluctuations of the time-averaged
MSDs for individual knots at time lags larger than 150 s. The vertical black dashed line
indicates the first choice of the upper bound of 255 s for estimating the random error. The
shaded region corresponds to the second choice of the range of upper bounds from 150 s to
325 s for estimating the systematic error.

32k, due to a dynamic error in the MSD [122]. Thus, the lower bound for the time
lag used for the calculation of the exponent S is determined to be 60 s. The choice
of upper bounds requires a quantitative approach. We first calculated the correlation
coefficient, R?, of the linear fit line with different upper bounds and a fixed lower
bound of 60 s. We then performed two analyses, by considering the random error and
the systematic error caused by the choice of the upper bound separately. The upper
bound determined from the first analysis is 255 s, which is the point with the highest
R? value. For the second analysis, the upper bounds larger than 150 s are selected

where R? value is greater than 0.99. Thus, the upper bound has a range [150 s, 325

s] for estimation of systematic errors. The minimum upper bound is determined to
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be 150 s because the time-averaged MSDs of the various knots fluctuate significantly
when time lags are greater than 150 s, as shown in Figure [3.2b. This fluctuation
is mainly caused by limited statistics [81]. As a result, two choices of the upper
bound are 255 s for estimating the random error and [150 s, 325 s| for estimating the

systematic error.

3.3 Results

Our device was designed based on the nanofluidic knot factory device developed by
Amin et al. [11] to generate knots with high probability. The effective size of our
nanochannels, corresponding to the geometric mean of channel sizes after correcting
for the DNA-wall excluded volume and electrostatic interactions, is 308 nm [80-82].
This effective size is close to the knot factory device effective channel size of 346
nm from Amin et al. [11], which we computed from their reported channel sizes
and the ionic strength of their buffer solution. With this effective channel size, the
knotting probability of our device is expected to be close to prior work [11] because
the knotting probability is presumed to be a function of channel size [8-10]. For the
applied pressure and waiting time used in our experiments, we anticipated a knotting
probability of around 60% based on the model for the probability of forming a single
knot from Amin et al. [11]. The probability of knot generation in our experiments on
42 molecules was 48 + 20% calculated using a Clopper-Pearson interval with a 95%
confidence interval [123]. Our knotting probability is consistent with the prediction
from previous work [11].

The T4 DNA molecules with an estimated contour length of 65 wm [68, 69] are

susceptible to shear cleavage by hydrodynamic forces during the compression required
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to generate knots [124]. We thus performed two control analyses, one measuring the
effect of the compression step and the other checking the quality of the DNA initially
loaded into the device, to confirm that shear cleavage was sufficiently small that it

would not affect the knot diffusion mechanism, which is expected to be a function of

the polymer chain length .
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Figure 3.3: Average extension for unknotted T4 DNA molecules from uncorrelated mea-
surements of their extension before and after compressed against the nanoslits. The error
bars are the standard error of the mean. The shaded region represents the 7 rejected
molecules, which are 1.1 4+ 0.1 pm shorter after being compressed against the nanoslits.

The first test we performed was to analyze the change in DNA length after com-
pression against the slit barrier. Since only half of our molecules are knotted, we can
examine whether T4 DNA molecules are sheared significantly by compression against
the nanoslits by examining those DNA molecules that do not form knots during the
compression. To this end, Figure compares the average extension for 22 unknot-
ted T4 DNA molecules before and after being compressed against the nanoslits. An

unpaired two-sample t test with 5% significance level was used to determine if the

two-measurement means are equal. The test result shows that 15 molecules passed the
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hypothesis test. The rejected 7 molecules are 1.1 £+ 0.1 wm shorter after compressed

against the nanoslits. This is a relatively small effect on the DNA size.

12 14 16 18
T4 DNA Extension (um)

Figure 3.4: Histogram of the extension distribution of the T4 DNA before knot generation.
The mean value of the extensions is 14.6 um with a standard error of 0.2 um, corresponding
to a fractional extension of 0.22 based on a contour length of 65 pum.

In addition to the average extension of unknotted DNA before and after com-
pression, we also measured the chain extension distribution of the T4 DNA molecules
before knots are formed in those DNA. The extension of long DNA molecules is linear
in chain length [125]. Figure provides the distribution of T4 DNA extension in
nanochannels from uncorrelated measurements of their extension, showing that the
T4 DNA extension values are spread around the mean value 14.6 pm with a stan-
dard error of 0.2 um. Our effective channel size of 308 nm is in the extended de
Gennes regime, which corresponds to effective channel sizes ranging from 241 nm to
694 nm estimated based on simulations . Theory for confined polymers in the
extended de Gennes regime predicts a fractional extension of 0.23 for our channel

size [126]. The corresponding average contour length of these observed T4 DNA
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molecules is estimated to be 63.5 + 0.9 um based on the measured average exten-
sion and the theory-based prediction of fractional extension, remarkably close to the
expected value for intact, stained T4 DNA [126]. While the theory of knot diffu-
sion mechanisms suggests a strong scaling of knot diffusion time with polymer chain
length [18], this narrow range of observed T4 DNA chain length in Figure and
the small amount of shear cleavage during compression observed in Figure lead us
to conclude that variations in molecular weight between different molecules are not
expected to affect the mechanism of knot diffusion.

Figure [3.5h shows an example of knot diffusion along a DNA chain confined in a
nanochannel; the knot is visualized as a bright spot that moves along the less bright
background of the unknotted portion of the DNA chain with time, and the white
streak is the knot trajectory. Such a bright feature could also be associated with a
fold [45,127]. A folded configuration, however, unfolds spontaneously via an entropic
force |102]. The typical unfolding time is about 30 s for a fold with an initial length
of about 8 um [127]. Such folds were also observed in our experiments after the
compression process, but they were unfolded before the knot diffusion measurements.
Knots, on the other hand, are persistent, localized and only unravel at the chain end
[11, 98, |100]. Thus, the argument that the bright feature is a knot in our device is
strongly supported by the differences between knots and folds in their unravelling
processes. Figure [3.5p illustrates a time trace of position of the knot produced by
processing the kymograph shown in Figure [3.5h.

The evolution of the dimensionless single knot positions in time allows us to com-
pute the time-averaged mean-squared displacement (MSD) of each knot. Figure

shows the time-averaged MSDs for individual knots along with the ensemble-averaged
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Figure 3.5: Trajectory of a knot along the DNA molecule. (a) Kymograph of a T4 DNA
after a knot is formed in our device. The vertical axis is intensity along the nanochannel
and the horizontal axis is time. The knot is observed as a bright spot that diffuses along the
less bright background of the unknotted portion of DNA chain. Black boxes at the ends of
the DNA images are created by the imaging processing code to locate the DNA molecule.
(b) Time trace of the knot in (a) diffusing along the DNA chain confined in a nanochannel.
The dimensionless knot position, xxNoT, is defined as the ratio of the knot’s distance from
DNA left end to the DNA extension in Eq. as illustrated in the inset of a knotted DNA
molecule image. The scale bar is 5 um.

MSD as a function of time lag; time-averaged MSDs reveal greater statistical uncer-
tainty than the ensemble-averaged MSD. Thus, knot diffusive behavior is quantified
by using the ensemble-averaged MSD to improve the estimation of the scaling expo-
nent characterizing the knot diffusive behavior . The apparent scaling exponent
extracted by fitting the ensemble-averaged MSD data between 60 s and 255 s in Figure
is 0.82 £ 0.01, where the error refers to a 95% confidence interval from the linear
regression. For upper bounds from 150 s to 325 s, the range of the scaling exponent
is [0.79, 0.88], where the range indicates the systematic error due to the choice of the
upper bound for the linear regression. Both results indicate a subdiffusive behavior
of knots along T4 DNA chains confined in nanochannels.

Two potential sources of systematic error are that each knot generated in the
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Figure 3.6: Mean-squared displacements as a function of time lag. The gray solid lines,
which also appear in Figure [3.2p, are time-averaged MSDs for individual knots. The black
dots are the ensemble-averaged MSD of the ensemble of knots as a function of time lag.
The linear fit to the logarithm of ensemble-averaged MSD and time lag data between 60 s
and 255 s yields a scaling exponent of 0.82 + 0.01, as illustrated in the inset. The error is
estimated using a 95% confidence interval. The determinations of lower and upper bounds
of the time lag used in the inset for fitting were described in Figure @

knot factory device may have (i) a different topology [60], 129] and (ii) a different
initial position relative to the chain ends. While we expect the scaling exponent,
which characterizes the knot diffusive behavior, is insensitive to the type of knot [100),
130], checking the topological complexity of analyzed knots could further verify the
accuracy of the scaling exponent of the ensemble-averaged MSD. We cannot directly
ascertain the knot complexity from the images, but we can create a proxy for the knot
complexity by comparing the knot dynamic diffusion constants in Figure [3.7| because
the dynamic diffusion constant is suggested to decrease with complexity of knots,
consistent with slower diffusion for larger knots |100]. The dynamic diffusion constant
is calculated as MSD /24t at a fixed time lag of 60 s to avoid tracking noise and limited

statistics [98, 131]. The scatter plot illustrates no apparent correlation between knot
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Figure 3.7: Scatter plot of the knot dynamic diffusion constants, defined as MSD/24t, at
a time lag of 60 s and knot fractions for an ensemble of measured knots. The knot fraction
is defined as a ratio of extension difference between unknotted and knotted DNA chain to
the unknotted DNA chain extension. The inset shows the images of nanochannel confined
knotted T4 DNA (top) and the DNA before knot generation (bottom). The scale bars are
5 pm.

dynamic diffusion constant and knot fraction for the ensemble of observed knots,
suggesting that the knots we observe are of similar (but unknown) complexity. The
position of a knot relative to the chain ends, however, is expected to affect the scaling
exponent of knot diffusion. The knot mobility is thought to increase when a knot
moves towards one of the chain ends 18| [98]. Figure shows that there is no
apparent relationship between the MSD at a time lag of 60 s and the initial knot
position relative to the chain ends for the ensemble measured knots. The experimental

result of our observed knots is inconclusive for the effect of initial knot positions on

knot diffusion due to insufficient data.
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Figure 3.8: Scatter plot of the time-averaged MSDs at a time lag of 60 s and initial
positions relative to the chain ends for the observed knots. The initial dimensionless knot
position is defined as the ratio of the knot’s distance from either of the chain ends to the
DNA extension at 0 s.

3.4 Discussion

Our observations of knot movement along T4 DNA chains reveal that the motion of
knots is subdiffusive with an apparent scaling exponent of 0.82 £ 0.01 at the range of
time lags between 60 s and 255 s, where the uncertainty is an estimate of the random
error, and a scaling exponent range [0.79, 0.88] produced by the possible systematic
errors from the choice of the upper bound for the exponent. Those values are not the
same as the predicted value of 0.92 from simulations of long self-avoiding polymers
translocating through a narrow pore [108]. The translocation process is analogous to
the knot self-reptation mechanism 108, |109], but it is difficult to rigorously compare
the two scaling exponents due to the differences between the two systems. In our
experiment, DNA knots translate along extended chains under nanochannel confine-

ment. The pore translocation, however, is a process that polymers move through a
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narrow pore in a membrane with infinite space on both sides of the membrane.

The subdiffusive behavior of knots observed in our experiments contradicts the
theory proposed by Meltzer et al. [18] for the diffusion of DNA knots in nanochannels.
At the contour length of T4 DNA, the rate of knot region breathing prediction by
Meltzer et al. |18] is about an order of magnitude faster than self-reptation, implying
that knot region breathing should dominate knot diffusion along T4 DNA. Based on
their theory, the knot movement along T4 DNA should be regular diffusion, incon-
sistent with our results of knot subdiffusive behavior. The inconsistency is plausibly
due to the assumption of Brownian diffusion by Meltzer et al. [1§] for both diffusion
mechanisms when predicting the scaling of knot diffusion time with polymer chain
length, a point which is noted in their analysis. Another factor accounting for this
discrepancy might be the narrow range of the measured knot diffusion due to ex-
perimental limitations. Surmounting these limitations is non-trivial, requiring very
even longer DNA molecules (e.g., yeast choromosomes), very high stability of the
stage, and the use of stroboscopic imaging to provide adequate coverage over the full
range of time lags. The knot diffusive behavior at later time lags larger than the
upper bound dt = 325 s from our experiments is thus inconclusive due to the lack of
sufficient data at such long time lags.

Our observation of subdiffusion of knots agrees with the results from experimental
[98] and theoretical [21] studies of dynamics of knots along polymers under tension.
Klotz et al.|98] found anomalous behavior of knots in T4 DNA stretched by an elon-
gational field in a microfluidic device. The MSD of the knot position measured in
their experiments [98] shows subdiffusive behavior at short time lags and superdif-

fusion at long time lags. The superdiffusive behavior agrees with a prediction from
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an asymmetric self-reptation mechanism, where knots are expected to move faster
towards one of the chain ends [18, 98]. Their observation [98] of knot subdiffusive
behavior in T4 DNA at short time lags less than around 50 s is consistent with our
experimental results. Our experimental results are also supported by simulations by
Matthews et al. [21], who found subdiffusive motion of knots along strected polymer
chains at short times.

The observed subdiffusive behavior of knots, however, is not consistent with the
simulation results of Matthews et al. [21] at larger times and computational studies
on knot diffusion along stretched DNA chain under tension [105], which show normal
diffusive behavior. This discrepancy may be due to the difference between stretched
chains under tension and nanochannel confined chains in the extended de Gennes
regime. In stretched chains, the knot moves along the polymer contour, which is
aligned along the observed axis. A confined polymer in the extended de Gennes
regime, however, corresponds to a series of anisometric blobs with a tortuous chain
[126]. Our experiments measure the knot diffusion projected onto the channel axis,
which is not necessarily the same as the knot diffusion along the chain contour. A
study of more extended DNA chains in Odijk regime is a potential method to reduce
the difference of measured knot diffusion track between stretched and confined chains,
since the chain tortuosity would be largely eliminated [132].

Our experimental results also suggest directions in modeling DNA knot diffusion
for further theoretical studies. One issue is the low effective ionic strength of the
buffer solution of 18 mM in our experiment, lower than the salt condition of 100 mM
assumed in previous simulations |19} [21} |105]. The effect of electrostatics might need

to be incorporated into simulation models for DNA knot diffusion, which typically
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treat the polymer as neutral with an increased persistence length (and, where appli-
cable, effective width) due to electrostatic repulsion. However, the more important
consideration is that the analysis of simulation data likely do not discriminate be-
tween small and large knots. Indeed, the identification of small knots is relatively
straightforward in simulations but challenging for experiments [5, 19, 21, [105, 130,
133] |134]. The knots generated in our experiment are estimated to contain several
microns of contour length. Simulations with complex and large knots are needed to
make a thorough comparison to our experimental data. At the same time, if compu-
tational studies of small knots indicate a measurable difference in diffusive behavior
between small and large knots, they could motivate developing experimental methods

to visualize those small knots.

3.5 Conclusion

We have examined the diffusion of knots along DNA molecules confined in nanochan-
nels by using a nanofluidic device to generate knots and fluorescence microscopy to
observe knot movement. The knot diffusive behavior was quantified by a scaling ex-
ponent of ensemble-averaged mean-squared displacement on time lag. The apparent
scaling exponent and the range of scaling exponents were found to be 0.82 + 0.01,
where the uncertainty refers to the random error, and [0.79, 0.88], where the range
indicates the systematic error, both indicating a subdiffusive behavior of knots along
DNA molecules. Our finding contradicts the theory [18] that knot diffusion is dom-
inated by knot region breathing, but agrees with observations of the short-time dy-
namics of knots on DNA under tension 21}, 98]. Our experimental work also provides

guidelines to model knot diffusion along DNA for future simulation studies.
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While the observation of knot subdiffusive behavior supports the self-reptation
mechanism, it is desirable in the future to measure diffusion time of knots along DNA
molecules with different contour length to test definitively the two knot diffusion
models; it may be the case that the crossover between knot region breathing and
self-reptation takes place at a higher molecular weight than predicted by Meltzer
et al. [18]. Other open questions related to knot dynamics still remain, particularly
the details surrounding the effect of confinement, which is controlled by channel size
and the ionic strength of buffer solution, on knot diffusion. The effect of knots on
DNA chain diffusion in different confinement regimes [88, 91] is also a particularly

intriguing question.
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Chapter 4

Diffusion of Knotted DN A
Molecules in Nanochannels in the

Extended de Gennes Regime

This chapter is based on the publication
Z. Ma and K. D. Dorfman, “Diffusion of knotted DNA molecules in nanochannels in

the extended de Gennes regime,” Macromolecules 54, 4211-4218 (2021). [135]

4.1 Introduction

Long polymers such as deoxyribonucleic acid (DNA) are likely to self-entangle into
knots [59, 60, 64]. This topological object affects the mechanical and dynamical
properties of the polymers [1, 59]; in particular, the presence of knots increases the
mobility of the polymer chain in free solution [136/138]. The corresponding effect of

knot formation on diffusion of DNA confined in nanochannels, however, remains an

49



open question.

Unknotted DNA under the weak confinement conditions considered here is de-
scribed by blob theory [139], with a friction that is proportional to the extension of
the polymer along the channel axis [140]. In other words, the confined DNA is a
non-draining object. Two competing factors are expected to change the DNA fric-
tion, 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 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 nanochannels 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 [87]. 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 effect of local chain stiffness |81} 92,
141]. In this confinement regime, the polymer chain remains a non-draining object
with a small correction due to the stiffness of the chain [81, 92]. We use a nanofluidic
knot factory device introduced by Amin et al. [11] for efficient large knot generation.

The knot factory device consists of nanochannels with nanoslits that enables us to
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Figure 4.1: 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.

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 to a higher probability of knot formation , and
a longer diffusion time of knots along the DNA chains [98, [103], which allows us to
have sufficient time to investigate the knotted DNA diffusion 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.
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4.2 Experimental Methods

4.2.1 Device fabrication

The nanochannel devices designed based on the concept of the knot factory |11] were
fabricated on fused silica substrates (University Wafers) by a combination of electron
beam lithography and photolithography followed by a fluorine (CF,:CHF}3) reactive
ion etching step as described in Ref. |103]. 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,
Dy, 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 4.1} Additional details of the device

fabrication and design are reported in Ref. [103].

4.2.2 DNA diffusion experiments

The nanofluidic device was filled with a DNA sample solution by capillary action. The
solution contains 0.25x TBE buffer, S-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 [68, 69]. The ionic strength of
this solution is 18 mM, calculated following a previous approach [84} [118]. The wet
device was assembled into a chuck with inlets that allow for applying pressure [84,

119]. The pressure was controlled using a microfluidic flow control system (Fluigent
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MFCS-EZ). Following the loading of the DNA solution, 6 puL 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 [X73) with a 100x (1.4 N.A.) oil immersion objective. Imaging
of DNA diffusion before and after compression was performed using a blue laser (Co-
herent OBIS, 473 nm) with a power of 1 mW and an EMCCD camera (Photometrics,
Cascade 11:512) 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. [103].
After the experiment, the device was cleaned and dried to allow it to be reused for

the next experiment [103].

4.2.3 Data processing

The movies of DNA molecules in nanochannels were analyzed using a custom-written
MATLAB program [120]. The positions of the edges of the DNA molecules, z(t) and
x9(t), were extracted by fitting the intensity profile, I(z,t), to a convolution of a box
function with a Gaussian point-spread function [121]. The intensity-weighted center

of mass of the DNA molecules [81], [142], xcom(t), was then calculated as

fmz(gt)) xl(x,t) dx

Z1

f”((tt)) I(z,t) dzx

1

(4.1)

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 photocleavage of YOYO-stained DNA in long exposure times [143]. The
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motion of a single DNA molecule provides a measurement of the time-averaged mean-
squared displacement (MSD) with localization 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 standard errors as measured
over the ensemble of molecules. The time evolution of the center of mass, xeom(t),
was used to compute the ensemble-averaged MSD

MSD(6t) = ([eom(t) = Teom(t — 6t)]%) (4.2)

t,n

where (...), , denotes an average over all times ¢ and the ensemble of n DNA molecules,
and 0t is the time lag between images [81]. A time-averaged MSD was also calculated
using Eq. without averaging over n to show each DNA molecule’s trajectory.

In the experiment, the DNA molecules are susceptible to drift towards one direc-
tion caused by a pressure drop from unequal fluid levels in reservoirs [81] 142]. To
ensure that measurements 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 (3 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 |144], where ¢4 is a fitted constant. We also calculated

the cross correlation coefficient, C'y p between DNA molecules A and B in a given
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video
<[$com,A(t) - <xcom,A(t)>t][$com7B(t) - <xcom7B(t)>t]>

UXcom,A OXcom,B

Cap= ! (4.4)

where Zeoma(t) and Zeomp(t) are the centers of mass of different DNA molecules at
time ¢, and o, and oy . are their standard deviations. We then define an overall
correlation coefficient for an ensemble of molecules in each movie, denoted as C, that
is computed as the average of C4 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
B and C into three clusters as shown in Figure The cluster with high g 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(8t) = 2Dét + ep (4.5)

using the least-squares fitting method from York [144], where ¢p 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

[103]. The details of determination of the bounds are shown in Figure
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4.3 Results

The modified blob theory applies to the polymer chains under the extended de Gennes
regime in nanochannel confinement [81, 92]. 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 D.g, using the equation Deg = \/ (D1 —9)(Dy — 6). The wall depletion
length, 0, is an offset to account for the DNA-wall excluded volume and electrostatic
interactions [80H82|, which is computed to be 14 nm in our experiments using the
model developed by Bhandari et al. [80] 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 [91]. 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
to be 0.23 for our effective channel size [126], corresponding to an extension of 15
um for intact, stained T4 DNA molecules with a contour length of 65 um [68, (69].
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 wm [68, 69] are long
DNA molecules. Thus, the molecules are susceptible to breakage by hydrodynamic
forces when being compressed against nanoslits for knot generation [124]. To confirm

that the shortening of knotted DNA is due to knot formation, we examine T4 DNA

o6



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 hypothesis test, but the change
in average extension of those rejected molecules is 0.4 wm with a standard error of
0.03 wm. This small value relative to the average extension of T4 DNA suggests
that the T4 DNA molecules are not significantly shortened after the compression
step, consistent with the experimental result from our previous work [103]. 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 pm,
with a standard error of 0.5 um, 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 um, computed from the reduced extension and a theoretically predicted fractional
extension of 0.23 [126].

Figure 4.2| provides an example of a single T4 DNA diffusing in a nanochannel
before and after a knot, observed as a bright spot in Figure .2, 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 [11, |98, |100),
102,103, 127]. Folded configurations also occur in our experiments during injection of

the DNA into the nanochannels [102, 127], but the molecules unfold before the start
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Figure 4.2: 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
(c, 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.
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Figure 4.3: 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 ot € [50 s, 227 s] is 1.00 £ 0.03. (b) T4 DNA molecules with knots, same
type of plot as in panel a. The S value obtained by fitting the ensemble-averaged MSD
curve for dt € [200 s, 418 s] is 1.0 £ 0.1. The errors are calculated using 95% confidence
interval.

of image acquisition. In addition, we produce the time evolution of the intensity-
weighted center of mass for the unknotted (Figure [4.2b) and knotted DNA molecule
(Figure [4.2) by processing the kymographs.

Figure 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 [81]. We already performed
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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 of the linear
function Eq. to the logarithm of the ensemble-averaged MSD yields a scaling
exponent of 1.00 + 0.03 for DNA molecules before compression and a scaling exponent
of 1.0 £+ 0.1 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 comparing 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 + 0.0009
um? /s by fitting the ensemble-averaged MSD curve between 50 and 227 s. For the
DNA molecules that contain knots, the ensemble-averaged MSD was fit from 200 to
418 s to extract the diffusivity value which is 0.014 + 0.001 um?/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
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Figure 4.4: 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 ot € [50 s, 227 s] to extract
the diffusivity which is 0.0243 + 0.0009 um?/s. (b) A linear fit (solid red line) to the
ensemble-averaged MSD data of knotted DNA in nanochannels for 6t € [200 s, 418 s| yields
a diffusivity value of 0.014 4 0.001 um?/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.

varying sizes and (ii) multiple knots can be generated along a T4 DNA chain. Ex-
amples of both effects are shown in Figure Figure |4.0| 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 um is 0.0224 4 0.0002 pum? /s, which is larger than the averaged
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Figure 4.5: Examples of kymographs for (a) a knotted T4 DNA molecule with a smaller
knot compared with the molecule in Figure 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.

chain diffusivity of 0.0163 + 0.0003 pm? /s for molecules containing a single knot with
a contour length of 5.2 £ 0.3 um. However, the chain diffusivity of 0.0127 + 0.0002
um? /s for the other molecule involving two knots with a contour length of 9.9 + 0.7
um 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 pum.
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 er-
rors are small, adequate sampling of the full configuration space requires observing

more molecules since long tracks are not possible.
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Figure 4.6: 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 pm.

4.4 Discussion

We observed the T4 DNA diffusion in nanochannels before and after knot forma-
tion 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 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 [81, 92]. Gupta et al. [81] measured
the diffusivity of A-DNA in nanochannels with effective sizes from 117 to 260 nm

and obtained the coefficients of the modified blob theory model by fitting the exper-
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imental data. The value of T4 DNA diffusivity in nanochannels predicted using the
modified blob theory model from Gupta et al. [81] is 0.023 £ 0.006 um?/s. Compan-
ion 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 um?/s [81,92]. 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 [126] and a Rouse diffusivity of 0.00377 wm?/s for T4 DNA with a
contour length of 65 wm in water at room temperature of 25 °C [81]. Our experi-
mentally 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 pm?/s after knots
are generated in the molecules. The decrease in the chain diffusivity of nanochan-
nel confined DNA molecules after knot formation reveals that the DNA-wall friction
dominates the knotted DNA diffusion in the extended de Gennes regime. The pres-
ence 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 friction due to a tight knot [13]. For the first contribution,
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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 [92]. 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)7%/2 where n = 0.89 cP is the viscosity of water at room temperature
[145]. The sum of these two frictions, which is the total friction of knotted DNA, is
thus

& = &0 Xy + 6mna(R/a — 1)~ (4.6)

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 coefficients is

& Xk 6mna
Su Xu goXu(R/CL— 1)5/2.

(4.7)

The first term in Eq. , X1/ X, = 0.86, quantifies the reduction in friction due
to the shortening of the DNA molecule to X}, = 12.8 um, while the second term in
Eq. quantifies the increase in friction due to knot formation. To be consistent

with the experimental result &/, = 1.7, the hydrodynamic size of the knot needs to

65



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,
decoupling the two contributions to the friction is partially justified by the screening of
hydrodynamic interactions at the length scale of the channel [140], 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. 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 wm. It is more
plausible that the confined knot is an anisotropic, extended object [16] 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 [145]. A detailed understanding of the hydrodynamics of confined
knots that leverages tools for computing DNA-wall hydrodynamics [89, 92, |146], is a
promising avenue for future computational work.

Our hypothesis for the knotted DNA diffusion in nanochannels is that the dom-
inant 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 chan-
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Figure 4.7: 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.

nel 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 mag-
nitude 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 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
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Figure 4.8: A log-log plot of ensemble averaged mean-squared displacement (MSD) as
a function 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
after the position 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.

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 4.8, Then, we
calculated the intensity weighted center of mass of each fixed DNA molecules. Figure
[4.8 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 [L.3b. The results from two analyses indicate that the knot
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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
contrast with the free solution data of Kanaeda and Deguchi [136], 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 difference in the knot size and topological complexity of knots.
They studied simpler small knots with seven crossings and fewer [136]. The topology
of knots generated in our experiments cannot be identified through images, but the
knots contain a contour length of 9 + 2 pum, which is an order of magnitude larger
than the size of simple knots with several hundreds nanometers of length [100]. The
inconsistency may also be attributed to the absence of polymer-wall friction 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.

4.5 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 nanochannels is found to be 0.014 £ 0.001 pwm?/s, which is smaller than the
measured diffusivity of 0.0243 £ 0.0009 pum?/s for the T4 DNA molecules before

knot generation. Our experimental results reveal that the presence of knots decreases
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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 pm indicates that the knots decrease the DNA chain dif-
fusivity 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 [100]. 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 straight-
forward 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 [5, 19, 21}, 105, 130, |133},|134]. 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 complex and intriguing phenomenon.
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Chapter 5

Interactions between Two Knots in

Nanochannel-confined DNA

This chapter is based on the publication
Z. Ma and K. D. Dorfman, “Interactions between two knots in nanochannel-confined

DNA molecules,” J. Chem. Phys. 155, 154901 (2021). [147]

5.1 Introduction

Sufficiently long polymers such as deoxyribonucleic acid (DNA) molecules are suscep-
tible to form knots in the chains [59, |60, (64} 148]. DNA knots have sparked interest
in the context of polymer physics [1]. The dynamical properties of individual knots,
such as the motion of isolated single knots along polymer chains, have been exten-
sively studied in theoretical and experimental work [18, 19, 98, (100, (103, [105-H107].
Composite knots also exist in DNA molecules [64} [149]. The probability of forming

multiple simple knots has been predicted to be higher than the knotting probability
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of a single complex knot in long DNA chains by a simulation study of DNA knot
formation [150]. The physics of composite knots in polymers has recently received
attention, in particular regarding the dynamics of knot pairs [151H155]. The knots in
a polymer chain can either remain separated or experience an attractive interaction
and then be intertwined as shown in Figure 5.1} The interaction between two knots
remains an open question: Do the two knots attract one another or remain separated
in a polymer chain?

The interaction between two knots in a stretched polymer chain under tension
has been studied by simulations |[151-154] and experiments [155]. The simulations
predict that the knots attract one another with a global minimum free energy in the
intertwined knot state [151H154]. One simulation study from Trefz et al. [151] fur-
ther suggested a mechanism that the knots can pass through each other and switch
positions after the knots are intertwined. Experimental observations of two-knot in-
teractions in T4 DNA stretched by elongational fields supported the simulation-based
predictions that knots in a polymer under tension feel an attractive interaction [155].
Klotz et al. [155] also observed that the two knots in stretched DNA under tension
can remain close to each other for several minutes after the knots merge together.
The two-knot attraction in stretched DNA under tension may be associated with
a Casimir, or fluctuation-induced, interaction effect between two knots owing to an
analogy between knots and rings along semiflexible polymers |[155H157]. Theoretical
studies predict that the rings in semiflexible polymers under tension experience an
attractive fluctuation-induced force, arising from the restriction of the chain fluctua-
tions in transverse directions by the presence of rings [156, [157].

The mechanism of knot-knot attraction in these studies, however, may be con-
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founded by the externally imposed tension used to stretch polymers, thereby lineariz-
ing the DNA and enabling measurement of the knot dynamics in experiments. Here
we study the interaction between two knots in T4 DNA molecules under nanochannel
confinement, which provides an alternative approach to linearize DNA via compres-
sion rather than tension [101], resulting in relaxed polymer chains. The nanofluidic
knot factory device developed by Amin et al. [11] was used to generate multiple
knots with high probability in DNA molecules confined in nanochannels. Our exper-
imental results show that (i) widely separated knots in nanochannel-confined DNA
feel an attractive interaction, but the knots only stay in close proximity for several
seconds and (ii) knots tend to remain separated until one of the knots unravels at the
chain end. The interaction between two knots in T4 DNA under nanochannel con-
finement was quantitatively investigated by analyzing the free energy profile inferred
from the separation distances between knots for an ensemble of DNA molecules. The
free energy exhibits a global minimum when the knots are separated, indicating that
the separated knot state is more stable than the intertwined knot state for knots in

nanochannel-confined DNA molecules.

5.2 Experimental Methods

5.2.1 Device fabrication

Our nanofluidic device [103, |135], designed based on the knot factory device devel-
oped by Amin et al. [11], consists of two U-shaped microchannels (50 pum wide, 0.8
um deep) connecting 89 nanochannels (304 nm wide, 340 nm deep) to the reservoirs.

The nanochannels are 450 um long with a 32 nm deep slit in the center of each
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Figure 5.1: Schematic illustration of a DNA molecule containing two knots in a nanochan-
nel (340 nm deep) with a 32 nm deep nanoslit at the device center (not to scale). (a) Two
knots shown in red are separated in the DNA chain (blue curve). (b) The knots are in an
intertwined state in which they are in close proximity.

nanochannel. A magnified cross-sectional schematic of a nanochannel with a slit bar-
rier is illustrated in Figure [5.1] The devices were fabricated on fused silica substrates
(University Wafers) by a combination of two steps of electron beam lithography to
define first the nanochannels and then the nanoslits and photolithography to create
the microchannels. Each lithography step was subsequently followed by a fluorine
(CF4/CHF}3) reactive ion etching step to transfer the patterns to the substrates. The

devices were then sealed via fusion bonding to 170 pm thick fused silica coverslips

(University Wafers). Additional details of the nanofluidic device fabrication are de-

scribed in Ref. [103].
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5.2.2 Two-knot interaction experiments

The two microchannels on the nanofluidic device were filled by capillary action with
a DNA loading solution containing 0.25x TBE buffer, S-mercaptoethanol (Sigma-
Aldrich, 4% v/v) to suppress photobleaching and T4 GT7 DNA (166 kilobase pairs,
Nippon Gene) with a contour length of 65 um when stained with YOYO-1 fluorescent
dye (Invitrogen) at an intercalation ratio of 10 base pairs per 1 dye molecule [68,
69]. The ionic strength of the DNA loading solution is estimated to be 18 mM [84,
118]. The DNA molecules in the microchannels were driven into the nanochannels by
applying pressure. The pressure was controlled by a microfluidic flow control system
(Fluigent MFCS-EZ). The details of loading DNA into nanochannels were described
in Ref. [103]. The T4 DNA molecules were then compressed against slit barriers by
applying a pressure of 3 kPa for 120 s to generate knots. The DNA molecules before
and after the compression step were observed using a blue laser (Coherent OBIS, 473
nm) with a power of 1 mW and a 100x (1.4 N.A.) oil immersion objective on an
inverted epifluorescene microscope (Olympus IX73). The images were acquired by
an EMCCD camera (Photometrics, Cascade 11:512) at 20 fps with a 50 ms exposure
time for 60 s for unknotted DNA and at 2 fps with a 200 ms exposure time for DNA
containing two knots with the experiment ending when one of the knots unravels at
the chain end. After the experiments with multiple cycles of loading, compression

and imaging, the device was cleaned and dried for reuse in the next experiment |103].
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5.2.3 Data processing

The movies of 16 T4 DNA molecules containing two knots from our previous reports
[103];[135] and additional data for 24 two-knotted DNA molecules obtained specifically
for this report were processed using custom-written MATLAB codes that output the
intensity data of DNA molecules [120]. The intensity profile for each frame was fitted
to a convolution of a Gaussian point-spread function with a box function to extract
the position of DNA left end, xenq, and the extension of DNA, X, in each frame [121].
The position of the knots, x,0, Wwas identified as the brightest pixel using a second
custom-written MATLAB code. The dimensionless knot position, xxnoT, was then

calculated as

~ Tinot (t) — (Tena(t)) 5
mevor(t) = T

(5.1)

where (...).; operation is a moving average with a window length of five frames to
diminish the effect of chain end fluctuations on the DNA left end position and the
extension of DNA [103].

With the dimensionless knot positions, the interaction between two knots was
then analyzed by estimating the free energy of the two-knot separations following a
previously reported approach [151] |155]. The free energy for knot-knot interactions,

F(zy), is defined as
F(SL’kk)
kT

= —log(P(zxk)) (5.2)

where zy, is the dimensionless separation distance between two knots and P(xyy) is

the probability of observing two knots with a dimensionless separation distance of

Txk-
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5.3 Results

In our nanofluidic devices, knots were generated efficiently via compression of T4
DNA molecules against nanoslits using a pressure driven flow. The knot formation
probability of DNA in nanochannels is a function of channel size, pressure and com-

pression time [8-11]. The effective channel size of our device, D.g, is estimated to be

307 nm using D.g = \/(D1 —0)(Dy — 6), where Dy and D, are the height and width
of the nanochannels, and ¢ is the wall depletion length that accounts for the DNA-
wall excluded volume and electrostatic interactions [80-82]. Note that § is estimated
to be 14 nm using a model from Bhandari et al. [80]. Our effective channel size is
close to the effective size of 346 nm for the original knot factory device |11]. The
two-knot formation probability in our nanofluidic devices thus can be predicted using
the model developed by Amin et al. [11] for knot formation in the knot factory device.
The predicted probability of generating two knots is about 20% for the compression
time and applied pressure in our knot-knot interaction experiments. The observed
two-knot formation probability in our devices on 159 T4 DNA molecules is 16 + 6%
using a Clopper-Pearson interval with a 95% confidence interval [123], which agrees
with the model to within experimental uncertainty.

We observed two particular behaviors of knot pairs in nanochannel-confined DNA
molecules. Examples of these typical interactions are shown in Figure 5.2 Additional
six examples of two-knot interactions are shown in Figure Figure and
Figure are the kymographs of two knots, identified as bright spots, moving
along the T4 DNA molecules over time. The bright streak is the trajectory of the

knot. When the knots are in close contact, they appear as a larger bright spot as
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Figure 5.2: Interactions between two knots in nanochannel-confined DNA. (a, ¢) Kymo-
graphs of DNA molecules with two knots in nanochannels. The intensity of knotted DNA
is plotted versus time. The bright streak corresponds to the trajectory of a knot moving
along the DNA chain. The black dots on the edges of the DNA molecules are the results
of the image processing code to locate the DNA. (b, d) Corresponding time evolution of
dimensionless positions of the two knots obtained from (a) and (c), respectively. The di-
mensionless knot position, xxNoT, is calculated as ratio of the distance between the left end
of the DNA chain and the knot position to the extension of the DNA as shown in the inset
of the two-knotted DNA image. The scale bar is 5 um. The left end of the chain in the
inset image corresponds to the upper end of the knotted DNA chain in the kymographs.
The black solid line with circles shows the time trace of the knot close to the left end of
the chain as illustrated in the inset, corresponding to the top knot in the kymographs. The
blue solid line with squares indicates the dimensionless positions of the knot on the right
over time, corresponding to the bottom knot in the kymographs.
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shown in Figure and are considered to be in an intertwined state. Note that
the intertwined knot state is defined in our experiments as the state in which the
dimensionless separation distance between two knots is in the range of 0 - 0.02, and
one knot may, in principle, include part of the other knot as shown in Figure [5.1b.
The definition of the intertwined knot state in our experiments is different from the
state defined in the simulation studies, i.e.,that knots are nested [151-154]. The
nested knots result in a larger size compared with the knot size in a separated state
due to the expansion of a knot that allows the other knot to be inside the expanded
knot [151, 152]. The variation of the knot sizes predicted in the simulation studies
(151}, |152] is inconsistent with our observation that the extension of DNA molecules
is independent of the intertwined and separated knot states, which supports that the
knots in our experiments only become close to each other rather than become nested
together.

Figure and Figure illustrate the corresponding time evolution of dimen-
sionless knot positions obtained by processing the kymographs in Figure and
Figure [5.2c, respectively. In the upper example of Figure [5.2] the knots move to-
wards each other, but only remain in close proximity for several seconds. We did
not observe that two knots pass through each other and interchange positions; there
always appears to be a small region of low fluorescence intensity between the two
knots. This observation contradicts the prediction of knot passage from the simula-
tion study of simple knots in semiflexible polymers with ends fixed to walls [151], but
is consistent with the observation in the experimental study of two-knot interactions
in DNA stretched by elongational fields |155]. The contradiction is probably due

to the difference in the topological complexity of knots. Trefz et al. [151] studied
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Figure 5.3: Separation between two knots for 40 two-knotted DNA molecules. (a) Nor-
malized histogram of the dimensionless distances between two knots. (b) Corresponding
free energy profile obtained from the normalized probability distribution in (a). The energy
barrier E; is the energy difference between the separated knot state, which is the local
minimum at knot separation of 0.19, and the transition state, which is the local maximum
at the knot separation of 0.05. The energy barrier F; is the energy difference between the
transition state and the intertwined knot state in which the knots have separation distances
of about zero. The errors on free energy are estimated by propagating the uncertainties of
the histogram bins.

simple trefoil knots in the simulation. The knot topology cannot be identified in
our experiments, but our previous studies of single knots have shown that the knots
generated in the nanofluidic devices are complex and large , . The complex
knots need to expand more to allow the other complex and large knot to pass through
when compared to the simple trefoil knots. The other type of two-knot interactions
is illustrated in the lower example of Figure [5.2l The knots stay separated until one
of the knots unravels at the chain end, in agreement with the observation from the
experiments of knot-knot interactions in stretched DNA under tension that the knots
untie when the knots are initially far apart [155].

The interaction between two knots is quantitatively analyzed by estimating the
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free energy from the normalized probability distribution of the dimensionless sepa-
ration distances between the two knots [151H154]. Figure shows the normalized
distribution of dimensionless knot-knot separation distances (Figure [5.3p) and the
corresponding free energy profile (Figure ) for 40 DNA molecules containing two
knots. At a knot-knot separation distance of about 0.33, there is a global maximum
in the two-knot interaction distribution, corresponding to a global minimum in the
free energy. This global minimum of the free energy indicates that the most probable
state is the separated knot state, and the separated state is more stable than the
local minimum corresponding to the intertwined knot state in which the knots have
separation distances of approximately zero. When knots are in the stable separated
state, the knots need to first overcome the barrier £, = 2.0 + 0.1 kg7, illustrated
in Figure to reach the transition state, and then become intertwined as the knot
separation decreases further. Note that the energy barrier E is defined as the last
barrier that the knots need to overcome to reach the transition state, which is the
energy difference between the local maximum at the transition state and the local
minimum where the knots are close to the transition state. Conversely, when the
knots are in the intertwined state, the knots only need to overcome the smaller en-
ergy barrier E; = 0.3 £ 0.1 kgT, shown in Figure [5.3b, to move back to the more
stable separated state.

Two potential sources of systematic errors in measuring the short-range interaction
free energy profile are that (i) the knots tend to unravel when they are close to the
chain ends and (ii) knots generated in the knot factory device may have diverse
topologies. We thus performed two analyses, one measuring the effect of chain ends

and the other examining the knot size, which is a proxy for the knot complexity, on
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Figure 5.4: Interactions of two knots for 40 DNA molecules computed using window sizes
of 0.6, 0.8 and 1 for the range of separation distances between two knots that are both
inside the window. (a) Free energy profiles with window size of 0.6 (red solid line), 0.8 (blue
solid line) and 1 (black solid line). The window size is defined as a fraction of the knotted
DNA molecule, as illustrated in the inset of the knotted DNA image. For example, the
energy profile with window size of 0.8 excludes the knot separation data when either of the
knots has a dimensionless position outside the window of 0.1 - 0.9. The scale bar is 5 pwm.
The error in the free energy is estimated by propagating the uncertainty of the histogram
bin. (b) Plots of the energy barriers, E; (blue dashed line) and E; (black solid line), as a
function of window size. The energy barrier E; is the energy difference between the local
maximum at the transition state and the local minimum where the knots are close to the
transition state. The energy barrier E; is the energy difference between the transition state
and the intertwined knot state.

the free energy profiles.

The chain edges might affect the short-range interaction between two knots when
either of the knots is close to the chain end. To test whether this effect is indeed
important for establishing the short-range interaction free energy, Figure shows
the free energy profiles with different window sizes of 0.6, 0.8 and 1. As illustrated
in Figure [5.4h, the window is defined as the central region of the DNA molecule.
If either of the knots is outside that region, the knot separation data are excluded.

As such, the free energy landscapes with window sizes less than 1 exclude the knot
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Figure 5.5: Knot-knot interactions in nanochannel-confined DNA for quartiles of 40 knot
pairs with size of 1.8 um, 3.0 pum, 4.0 um and 6.0 um. (a) Free energy profiles for ensemble
of knots with size knot of 1.8 um (black line), 3.0 um (blue line), 4.0 pm (red line) and 6.0
pm (yellow line). The knot size is estimated as the extension difference between knotted
and unknotted DNA molecules. (b) Plots of the energy barriers F, as a function of knot
size.

separation distance data when either of the knots is close to a chain end. The different
longer-range free energy profiles with knot-knot separation distances larger than 0.4
for window sizes of 0.6, 0.8 and 1 are due to the exclusion of the knot separation data
outside the window. For example, the free energy at a knot separation of 0.55 for
the window size of 0.6 is larger than the free energy values for a window size of 0.8
and 1 because the free energy profile with the window size of 0.6 excludes the data
of knot separation distance of 0.55 when either of the knots is outside the window of
0.2 - 0.8. The important point of Figure [5.4]is that the shorter-range sections of the
energy profiles and the energy barriers, Fy and F;, are independent of the window
size. These results indicate that the short-range knot interaction is insensitive to the
unravelling of knots near the chain edges.

The knots with different topologies may affect the short-range interactions between
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knots. The complexity of knots cannot be directly determined from the knotted DNA
images, but we can use the extension difference between unknotted and knotted DNA
molecules as a proxy, which is correlated with the knot size, to distinguish between
knots with different complexity. To determine whether the knot size affects the short-
range interactions between knots, we thus performed an analysis to compare the free
energy profiles for quartiles of knot size. Figure [5.5| shows the interactions between
knots with averaged size of 1.8 + 0.1 um, 3.0 £+ 0.1 um, 4.0 £+ 0.2 um, and 6.0 &+ 0.3
um. The qualitative feature of the free energy profiles is independent of the knot size.
Each free energy landscape shows the overall same feature as illustrated in Figure[5.5h:
a global minimum when the knots are well separated and a local maximum at a small
knot separation distance. One possible qualitative difference with respect to knot
size is the existence (or not) of a local minimum at the knot separation distance of
approximately zero. In the free energy profiles for knots with size of 1.8 4+ 0.1 um and
4.0 + 0.2 um (Figure and Figure [B.1k), a local minimum of free energy exists
at a knot separation distance of approximately zero. In contrast, for Figure B.Ib
and Figure [B.I[, there is an overlap between the uncertainties on free energy at
knot separation distances of 0.01, 0.03 and 0.05, which indicates that there is no
statistically significant minimum at the knot separation distance of approximately
zero for knots with size of 3.0 4+ 0.1 wm and 6.0 £ 0.3 um. A local minimum of
free energy might exist at the short knot separation distance for knots with size of
3.0 £ 0.1 pym and 6.0 £ 0.3 wm, but there are not sufficient data to reduce the
error. Quantitatively, the free energy barrier E shows a variation for different knot
sizes as shown in Figure [5.5p, but there is no apparent relationship between knot size

and energy barrier F,. The experimental result is thus inconclusive about the effect
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of knot size on the knot-knot interactions due to insufficient data.

5.4 Discussion

Our free energy profile of two-knot interactions in nanochannel-confined DNA exhibits
a global minimum for separated knots with a smaller energy barrier F; = 0.3 + 0.1
kT from the intertwined knot state to the transition state between separated and
intertwined knots when compared to the energy barrier £, = 2.0 + 0.1 kgT from
the separated knot state to the transition state. The overall free energy landscape
qualitatively agrees with the results from simulation studies on two-knot interactions
in semiflexible polymers stretched between walls separated by a large distance [152,
154]. Explicitly, Najafi et al. [152] studied the role of bending rigidity of polymer
chains on interactions between knots and presented free energy profiles of knot-knot
interactions for polymers with bending rigidity, «, from 5 to 20 kgT'. Their free energy
profiles only show a global minimum when the bending rigidity is less than 10 kT
[152]. The bending rigidity of 5 kgT corresponds to a polymer persistence length
of 60 nm [151]. Note that the persistence length is computed using [, ~ ko /kgT
[151], where o is the effective diameter of the chain, estimated to be ¢ = 12 nm for
DNA in a buffer solution with an ionic strength of 18 mM in our experiments [77].
The persistence length for polymers with bending rigidity of 5 kg7 is remarkably
close to the calculated DNA persistence length of 60 nm based on the model from
Dobrynin [75] in our experiments. The free energy obtained in our experiments using
a persistence length of 60 nm shows qualitative agreement with the simulation-based
prediction for a bending rigidity of 5 kgT', both of which produce a global minimum

when the knots are separated. Another computational study was that of Richard et
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al. |154], who presented free energy profiles for knot-knot interactions in polymers
with chain ends fixed to walls of varying distances. Their free energy profiles show
that the separated knot state becomes more likely when the wall distance is larger,
consistent with a stronger stretching of polymer chains. Since simulated free energy
profile for knots in polymers with the bending rigidity of 5 kg1 corresponding to
the DNA in our experiments is not available in the work of Richard et al. [154], we
instead compared our experimental result to their free energy profile for polymers
with bending rigidity of 10 kgT'. The free energy for knots in polymers with bending
rigidity of 10 kT stretched between walls with a large distance also exhibits a global
minimum for separated knots, which is qualitatively consistent to our experimental
result.

While the qualitative agreement between our experiments and the aforementioned
simulations [152], [154] is good, the magnitudes of the two energy barriers, E; and E;,
obtained from our free energy profile, however, are smaller than the energy barriers
obtained from the simulations of Najafi et al. [152] and Richard et al. [154] for
strongly stretched chains. Explicitly, the energy barriers Es and FE; predicted in
the computational study from Najafi et al. [152] are about 7 kgT and 1.5 kgT,
respectively, while Richard et al. [154] found that the two energy barriers E, and E;
are about 3.5 kgT" and 3 kT, respectively. The inconsistency in the energy barriers
between these simulations and our experiments is probably due to the large distance
between the walls in the simulation studies [152, 154]. The increased wall distance
increases the energy barriers due to tension; the knots need to overcome a larger
energy barrier to reach the transition state when the polymer chain is under stronger

stretching [151}, [154]. In contrast, our DNA is compressed and there is no additional
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contribution due to tension that prevents knot motion along the chain.

Our energy barrier E for knots to transition from the separated state is, however,
in agreement with the results from theoretical studies of interactions between knots in
polymers stretched between walls with a small distance [151], [154], where the tension
is not very high, and experimental studies of two-knot interactions in polymers under
tension induced by an extensional flow [155]. In the former case, Trefz et al. [151]
simulated interactions between knots in polymers with a bending rigidity from 0 to 20
kgT stretched between two walls kept at a small distance. The free energy barrier Ej
obtained from their study [151] is about 2 kg7 for knots in stretched polymers with
bending rigidity of 5 kgT'. Similarly, Richard et al. [154] found the energy barrier Ej is
about 1 - 2 kgT for knots in polymers with bending rigidity of 10 kg7 when stretched
between walls with a small distance, which is closer to our experiments than their
results cited previously for large wall-wall distances. The magnitude of our energy
barrier Fy is also close to some of the experimental data of Klotz et al. [155], who
studied the interaction between two knots in T4 DNA stretched by elongational fields
with varied strength in microfludic devices. The fractional extension of the stretched
T4 DNA chains by elongational fields is between 0.44 and 0.74, corresponding to
the tension of 0.07 - 0.31 pN [98]. The polymer chains under the lower tension are
analogous to simulated polymer chains stretched between walls with small distances
when the ratio of wall distance to polymer length is between 0.2 and 0.6 [151, 154].
The experimental results from Klotz et al. |155] are thus expected to be close to the
simulation results for a small wall separation distance [151, [154]. The energy barriers
E, measured in their experiments are between 1 and 3 kg7 [155], consistent with the

simulation-based predictions [151], [154] and our experimental results for the energy
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barrier E, for knots in nanochannel-confined T4 DNA.

While the magnitude of our energy barrier E; is consistent with the results from
previous simulations [151], [154] and experiments [155], our experimental observations
on behaviors of knot pairs in nanochannel-confined DNA molecules contradict the
attractive interaction between knots observed in polymers under tension that leads
to the global minimum being the intertwined knot state [151} [154) [155]. Rather,
the free energy profile obtained in our experiments exhibits a global minimum for
separated knots. The energy barrier £; = 0.3 &+ 0.1 kg7 from intertwined knot state
to the transition state obtained in our experiments is also smaller than the results of
the simulations |151} [154] and experiments [155], which show free energy barriers E;
of about 2 to 3 kgT'. In the experiments from Klotz et al. [155], they also observed
that the two knots attract each other and can stay in close proximity for several
minutes, which is connected to the magnitude of the barrier FE;.

A potential explanation for the observation that knots remain in close for a long
time under tension is that the knots may move slower along polymers under tension
when compared to knots in nanochannel confinement. The knot mobility is about
0.2 - 3 um?/s for single knots along DNA molecules under tension with values in
the range of 0.07 - 0.31 pN [98]. The knot mobility in nanochannel confinement of
about 0.4 pm?/s is within the range of the mobility for knots under tension [103].
The long-time attraction between knots under tension is thus not due to the result
of knot mobility along DNA chains.

Rather, we suspect that the tendency for knots to stay close for long times in
prior work [98] and the absence of such behavior here is due to the discrepancy in

the magnitude of energy barrier F; between our experimental results and previous
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simulation-based [151} |154] and experimental [155] results. Prior work [155] specu-
lated that the long residence time for two proximate knots in an elongational field
was due to a Casimir force arising from the transverse fluctuations of the polymer
[156], 157]. Inasmuch as we do not observe a similar residence time, we are forced
to conclude that, if the Casimir force is the origin of this attraction in flow, it must
be much weaker in nanochannel-confined DNA compared with the knots in DNA un-
der tension. This hypothesis is supported by prior work [101] on the magnitude of
transverse fluctuations, for stretched DNA and nanochannel-confined DNA, wherein
the transverse fluctuations of stretched T4 DNA under tension with values in the
range of 0.001 - 0.1 pN are estimated approximately two orders of magnitude greater
than the fluctuations of T4 DNA in confinement with an effective channel size of 307
nm. If the Casimir force is indeed the origin of the strong attraction observed for
two knots in flow, then the cutoff in transverse fluctuations by the channel walls, and
the corresponding reduction in the Casimir force, is consistent with the observation
that nanochannel-confined knots do not stay in close proximity for a long time and a
smaller free energy barrier E; from the intertwined knot state to the transition state
when compared to knots in polymers under tension.

We can go further in our understanding of the knot-knot interactions, including the
importance of a Casimir force, by measuring the probability that two knots attract
one another over a short time interval (5 s) as a function of the knot separation
distance. If the knots are undergoing uncorrelated random walks along the polymer,
we would anticipate an equal probability of moving towards or away from one another
over short time intervals. In contrast, if there is a Casimir force between the knots,

we would anticipate that the tendency to move towards one another would increase
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with decreasing separation distance, since the Casimir force scales like kgT'/d for
a separation distance d [156]. Figure shows the experimental results for the
probability of knot attraction as a function of knot separation distance. Knots that
are widely separated have a roughly equal probability of attraction or repulsion over
short times, consistent with them performing independent random walks. However, at
short distances, the knots tend to repel one another over short times. This behavior
is inconsistent with a Casimir force, which would cause the knots to be attractive
at short distances. At large separation distances, there is a tendency for the knots
to move towards one another because, if one of the knots is close to the chain end,
increasing the separation distance by moving that knot would cause it to unravel and
no longer remain part of the ensemble of data with two knots.

The boundary layer for the reduction in knot-knot attraction in Figure |5.6h ex-
tends out to knot separation distances of approximately d ~ 0.2. If the knots cannot
pass through one another, which is the observation from our experiments, then there
is a reflecting boundary condition at d = 0. To see if this decrease in the knot attrac-
tion is simply an artifact of that boundary condition, we also performed a numerical
simulation of a pair of Gaussian random walkers with a reflecting boundary condition
at d = 0. Since the knots unravel at the chain ends, we also put adsorbing boundary
conditions at DNA chain ends, which is a simplified model for knots unraveling. Fig-
ure reveals that thickness of the boundary layer due to the reflecting barrier is
very narrow, extending out to d ~ 0.05. Thus, we conclude that the drop in knot-knot
attraction in the experimental data in Figure [5.6p, which extends to d ~ 0.2, results
from the knot interaction energy rather than the boundary condition.

Our qualitative analysis of difference in transverse fluctuations between DNA un-
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Figure 5.6: Dynamics of knots as a function of knot separation distance. (a) Probabil-
ity of attraction as a function of dimensionless of knot separation distance obtained from
experimental data of knot-knot interactions in 40 DNA molecules. The probability of at-
traction is estimated as the probability that the knot-knot distance decreases over 5 s. The
inset with the axis labels identical to the main plot shows the probability of attraction at
small knot separation distances between 0 and 0.25. (b) Simulated probability of attrac-
tion as a function of dimensionless of knot separation distance. The plot was obtained by
considering knots as two independent Gaussian random walkers with addition of a reflect-
ing boundary condition when the knots come together and an adsorbing boundary when
either of knots reaches the chain end. The errors on the probability are calculated using a
Clopper-Pearson interval with a 95% confidence interval . The error bar on the knot
separation represents the standard error as binned the results with a bin width of 0.02.

der tension and confinement and the quantitative analysis of dynamics of knots at
small knot separation distances suggest that the knots in nanochannel-confined DNA
experience a much weaker Casimir force compared with knots in DNA under tension,
and that there must be some stronger force governing proximate knot-knot inter-
actions because the probability of attraction is inconsistent with a Casimir force.
A theory of Casimir interactions in semiflexible polymers under confinement would

provide a more detailed quantitative analysis of the Casimir force between knots in

nanochannel confinement. The development of such a theory, however, is beyond the
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scope of this paper, which provides experimental evidence for knot-knot interactions
in polymers under confinement. Our experimental results could motivate theoreti-
cians to develop the new theory of Casimir effect in semiflexible polymers under

confinement.

5.5 Conclusion

We have studied the interaction between two knots in nanochannel-confined DNA
molecules. Two particular cases of knot-knot interactions were observed in our exper-
iments; (i) widely separated knots in nanochannel-confined DNA attract each other,
but the knots only remain in close contact for several seconds and (ii) knots tend to
remain separated until one of the knots unravels at the chain end. The associated free
energy profile of knot-knot interactions shows a global minimum when the knots are
in the separated state and the energy barrier F; from the intertwined knot state to
the transition state is found to be 0.3 £ 0.1 k7. This lower barrier leads to our ex-
perimental results contradicting the mechanism of two-knot interactions in polymers
under tension, where the knots experience an attraction and stay in the intertwined
state for a long time [1514155]. Our experimental work provides an initial set of evi-
dence on the knot-knot interaction along DNA confined in nanochannels. A further
understanding of this complex and intriguing phenomenon is required to study this

for knots with known topology in nanochannels with different channel sizes.
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Chapter 6

Conclusions and Outlook

6.1 Summary

In this thesis, we focused on the fundamental questions related to the dynamical
properties of knotted DNA in nanochannels. Throughout this work, we use a recently
developed nanofluidic knot factory device for efficient DNA knot generation and de-
tection [11]. In the device, the formation of knots utilizes a pressure driven flow to
compress single DNA molecules in nanochannels against nanoslits which allow solvent
to pass while preventing the passage of long DNA molecules. After the compression
process, knots are formed in many of the DNA molecules. The stained knotted DNA
molecules confined in nanochannels are then imaged using laser-induced fluorescence
microscopy. With the advantage of the nanofluidic knot factory devices and fluores-
cence microscopy, we (i) determined the knot diffusive behavior along nanochannel-
confined DNA to distinguish between two predicted knot diffusion mechanisms |103],
(ii) investigated the effect of knots on DNA center-of-mass diffusion in nanochannels

in the extended de Gennes regime [135], and (iii) studied the interactions between
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knots in nanochannel-confined DNA molecules [147].

We addressed three questions related to knot motion along DNA under nanochan-
nel confinement in the extended de Gennes regime. Those experimental results of
dynamical properties of knotted DNA in nanochannels provide deep insights into the
mechanism of knot transport under confinement, which could provide some ratio-
nal strategies based on knot diffusion to remove knots, thus improving the genomic
technologies. The experimental evidence gained in this thesis work can even further
support theoretical advancements of knotted DNA in nanofluidic systems. However,
many intriguing questions still remain in the field of DNA knots, such as the knot
formation mechanism in nanofluidic systems and knot transport in different-sized
nanochannels and in buffer solutions with different ionic strength. Improved fun-
damental understanding of knot formation and transport under different degree of
confinement will lead to continued improvement of genomic technogies, nanochannel-
based genome mapping and nanopore sequencing, as well as manipulation of DNA
knots in living cells. Below, we outline several topics related to knot formation and

knot transport in nanochannels that may be of interest for future explorations.

6.2 Future Directions

Knot formation mechanism in nanofluidic systems

In the dissertation work, we take advantage of the nanofluidic knot factory device to
generate DNA knots in nanochannel confinement. In the device, the knots are gen-
erated by compressing DNA using a hydrodynamic flow. The knotting mechanism

under confinement, however, is still under investigation. In a linear DNA molecule,
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a knot can be generated by passing a free end of DNA through one or several loops
within the same linear chain [11]. The kinetic pathway how DNA ends pass through
loops is unclear for DNA in the nanofluidic system. Amin et al. proposed that
Brownian fluctuations may introduce local agitation of DNA chain ends to drive knot
formation [158]. It is desirable to investigate the DNA knot formation mechanism ex-
perimentally, which could provide deep insights into knotting dynamics of DNA under
confinement, thus paving a way to suppress knot formation in genomics technologies
and biological systems.

Understanding the kinetic pathway of knotting requires to monitor the movement
of DNA backbone and chain ends simultaneously. To do this, we need to stain the
DNA backbone and chain ends with two different fluorescent dyes. The idea to
construct DNA molecules with different-colored chain ends from the backbone is to
attach short DNA fragments labeled with Cy5 fluoresence dyes to the two ends of
a long DNA molecule stained with YOYO-1 dyes based on a developed modular
stitching protocol [159]. A two-color laser-induced fluorescence microscopy is then
used to directly image the movement of DNA ends and backbone simultaneously in
nanochannel confinement.

The observation of the simultaneous motion of DNA chain ends and DNA back-
bone is expected to elucidate the dynamics of chain ends which provides an op-
portunity to understand the mechanism of DNA knot formation under confinement.
Analysis of the experimental data will also explain the process of generating knots
in the nanofluidic knot factory device by developing a detailed fluid flow field model.
We envision that this knot formation study in nanochannel confinement will also pro-

vide an ideal model system for understanding knot formation in crowded biological
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environments such as bacteriophage capsids.

Dynamical properties of knotted DNA in different sized nanochannels and

ionic strengths of buffer solution

The thesis work focuses on DNA knot transport in the extended de Gennes regime.
As described in Chapter [2], the polymers in nanochannel confinement can be roughly
differentiated as four regimes, the Odijk regime, the backfolded Odijk regime, the
extended de Gennes regime and the de Gennes regime. The dynamical properties
of knotted DNA under other regimes of nanochannel confinement still remain unex-
plored experimentally. In particular, the study of DNA knots in the Odijk regime
and the backfolded Odijk regime will be closely related to the genomic technology,
nanochannel-based genome mapping with channel sizes less than 50 nm [160].

In Chapter (3] we found knots undergo subdiffusion based on the experimental
measurement of knot diffusion projected onto the channel axis, which may not the
same as the knot diffusion along the DNA chain contour |[103]. In the Odijk regime,
DNA molecules feel a strong confinement and the confined chains form deflection
segments instead of coils [132]. A study of the more extended DNA chains will
provide a more accurate measurement of knot diffusion along chain contour. The
experimental study of DNA knots in the Odijk regime is challenging due to the low
probability of knot generation [8]. Such challenges could be tackled by using a funnel
in a nanochannel, where the knots could be generated in the larger channel and then
the knotted DNA molecules are moved into the smaller nanochannels to study DNA
knots. It would be also possible to study DNA knots in the Odijk regime using

simulation which provides a way to study the diffusion of DNA knots with diverse
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known types. Another outcome of knot diffusion study in Chapter |3|is the diffusion
rate of knots along DNA molecules in nanochannels with an effective channel size of
308 nm. It would be interesting to further probe the effect of degree of confinement
on knot transport. The degree of confinement is measured by the ratio of the channel
size to the persistence length of DNA molecules. The persistence length can be varied
by changing the ionic strength of buffer solution. It is particularly interesting here
to vary the ionic strength at a fixed effective channel size to investigate how DNA
stiffness affects the knot transport rate. We hypothesized that the transport rate will
increase with decreasing ionic strength of buffer solution which tend to swells the
knot, thus decreasing the intra-chain friction inside the knots.

In Chapter 4} we focus on investigating the effect of knots on DNA center-of-mass
diffusion in nanochannels in the extended de Gennes regime. It would be intriguing
to future probe the effect of knots on DNA center-of-mass diffusion under different
regimes of nanochannel confinement. In the experiments, we also observe that the
knots generated in the knot factory device have diverse sizes and DNA molecules can
form multiple knots on the same chain. Based on the findings in this Chapter {4 we
show that the increased single knot size will decrease knotted DNA chain diffusion in
the extended de Gennes regime due to the increased friction between the channel wall
and the knot region. However, we did not draw a conclusion about the effects of knot
number on knotted DNA center-of-mass diffusion due to the limited experimental
data of DNA containing knots with diverse numbers [135]. It would be worthwhile
to perform a thorough investigation into the effects of numbers of knots on knotted
DNA center-of-mass diffusion.

In Chapter[5] we focus on studying interactions between two knots in nanochannel
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confinement in the extended de Gennes regime. We postulate the discrepancy between
our experimental data under confinement and the results of knot-knot interactions
in DNA under tension is due to the smaller transverse fluctuations on DNA under
confinement compared with DNA molecules under tension [147]. Our experimental
work provides an initial set of evidence on the knot-knot interaction along DNA
confined in nanochannels. A further understanding of this complex and intriguing
phenomenon is required to study this for knots in nanochannels with different effective

channel sizes.
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Appendix A

Supporting Information to Chapter

4

This appendix includes the supporting figures of k-means clustering analysis and
determination of upper and lower bounds for fitting the T4 DNA chain diffusivity

before and after knot generation for Chapter [4l
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Figure A.1: 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 § 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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Figure A.2: 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,
R?, 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 (c, 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 [122]. 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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Appendix B

Supporting Information to Chapter
5

This appendix presents the supporting figures of free energy profiles of two-knot
interactions for knots with diverse sizes and motion of two knots in nanochannel-

confined DNA molecules.
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Figure B.1: Free energy profiles of knot-knot interactions in nanochannel-confined DNA
for quartiles of knots with size of (a) 1.8 um (black line), (b) 3.0 pm (blue line), (c) 4.0
pum (red line) and (d) 6.0 um (yellow line). The knot size is estimated as the extension
difference between knotted and unknotted DNA molecules.
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Figure B.2: Six kymographs of DNA molecules containing two knots. The vertical axis
is the intensity along a nanochannel and the horizontal axis is the time. The knots are
identified as bright spots, moving along the DNA molecules. (a, b, ¢) The widely separated
knots attract each other but only remain in close for several seconds. (d, e, f) The knots
tend to remain separated until one of the knots unravels at the chain end.
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Appendix C

Protocols

In this appendix, we describe details of the steps and tips for the nanofluidic knot
factory device fabrication in Minnesota Nano Center (MNC) cleanroom, T4 GT7

DNA sample preparation and knot experiments presented in the dissertation.

C.1 Device Fabrication

The devices are fabrciated on fused silica substrates using a combination of electron
beam (E-beam) lithography to first create nanochannels and then nanoslits and subse-
quent optical photolithography to fabricate microchannels. The workflow to fabricate

the nanofluidic devices is shown in Figure
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Figure C.1: Schematic illustration of workflow for fabricating nanofluidic knot factory
devices.

Nanochannels and Nanoslits

1. Design of nanochannels and nanoslits

(a) Create nine patterns consisting of 89 nanochannels and 89 nanoslits with
four alignment marks next to each of the patterns using CleWin software
and save the file in GDS format. Note here the nanochannels with align-
ment marks and nanoslits are in separate layers of the design in CleWin.

The GDS file is then transferred to CAD server using FileZilla.

(b) On the CAD server, fracture the nanochannels with algnment marks and
nanoslits separately using LayoutBEAMER. First drag the “Import” box
and select the pattern in the GDS file. Then, connect “Healing” over the

bottom of the “Import” box and then drag “PEC” over the bottom of the
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“Healing” box. Finally, add the “Export” box to ouput the GDS file to

GDF file.

Generate job file using CJOB on the CAD server. First, drag a “Substrate”
object into the work area of CJOB and choose wafer 100 100 0° 32.5 as
the substrate. Then, drag an “Exposure” object under the “Substrate” for
the file with nanochannels. For the file with nanoslits, drag an “Exposure”
object under the “Substrate” and enter the global alignment mark loca-
tions. Next, drag a “Pattern” object under the “Exposure” object and set

the dose and the beam current. Finally, export the file as JOB file.

2. Fabrication of nanochannels using non-aligned writing and nanoslits using aligned

writing of the electron-beam lithography followed by a reactive ion etching

(a)

Clean 4" fused silica wafer and 4" silicon wafer in acid piranha for 1 hour.
Wash the wafers twice using DI water. Then, dry the wafers using Spin

Rinse Dryer equipment.

Prepare PMMA C 6.5 - 950 Resist using resist-thinner rinsed glasswares.
Add 13 ml 950 PMMA C 9 and 5 ml chlorobenzene into a clean bottle and

then mix the solution by moving the bottle up and down.

Dehydration bake of the 4” fused silica wafer at 180°C for 1 - 2 minutes.
Apply the PMMA C 6.5 - 950 resist and imprint the resist uniformly on
the substrate using CEE spinner. Set the spin speed to be 4000 rpm,
acceleration to be 1000 rpm/s and spin time to be 30 s. Before using one
hand to remove the coated wafer from the spinner, wait for 2 minutes.

Then, soft bake the wafer at 180°C for 5 minutes.
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Deposit gold onto the fused silica wafer using Cressigton sputter coater
with a 15 s cyclic process for 90 s. The thickness of the gold layer is about
30 nm.

Create nanochannel pattern using Vistec E-Beam. Load the wafer in the
4" wafer holder. Locate the center of wafer, which is the write location
for creating nanochannel patterns, using the alignment microscope. For
creating nanoslits through aligned writing, written locations are the three
positions where the three global alignment marks are in the approximate
center of the monitor. Load the holder into the system and execute the
JOB file to create the nanochannel pattern using non-aligned writing and
the nanoslit pattern using aligned writing. Unload the wafer holder and

then the wafer.

Etch the gold layer first by immersing the wafer into the diluted gold

etchant containing 40 ml of gold etchant and 40 ml DI water for 2 minutes.

After removing the gold layer, develop the wafer by first submerging the
wafer in isopropyl alcohol (IPA)/methyl isobutyl ketone (MIBK) 3 : 1
Developer for 30 s with gentle string, rinsing with IPA for 30 s, and then
drying with nitrogen. After each developing process, check all the patterns
on the fused silica wafer using the microscope. To inspect the transparent
wafer, a cleaned silicon wafer is placed at the bottom of the fused silica
wafer. If the patterns are not clear, repeat the developing process but for
10 s in each step instead of 30 s. Heat the developed wafer at 90°C for 90

S.
Etch the patterns into the substrate using a plasma etching with a 1 min
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cyclic process. First, etch the wafer using oxygen clean for 10 s and then
etch the wafer using a fluorine reactive ion etching. The parameters used
for the etching step called pjsoxide in MNC cleanroom are 50 sccm argon,
50 scem trifluoromethane and 25 scem tetrafluoromethane at 75 millitorr
pressure with 150 watts. The etching time depends on the etching rate.
To create the nanochannles with 340 nm depth, the etching time is 22
minutes. For nanoslites with 32 nm depth, the etching time is 2 minutes
and 10 seconds. The suggestions to etch channels with a targeted depth

are to measure the etching rate first before etching a new pattern.

(i) After the etching process, lift off the PMMA resist by soaking the etched
wafer into a n-methylpyrrolidone (NMP) solution for 30 - 60 minutes at 180
°C. Then, rinse the wafer using acetone, methanol and then IPA. Finally,

clean the wafer in acid piranha for 1 hour.

(j) Measure the thickness of the nanochannels using a KLA Tensor P-7 pro-

filometer.

(k) After creating the nanochannels, repeat step 2(b - j) in this section to
create the nanoslits pattern.
Microchannels

1. Fabrication of microchannels using optical photolithography

(a) Draw arrows near marks on the back side of the fused silica wafer to locate

wafer alignment marks.

(b) Dehydration bake the wafer at 150 °C for 3 minutes. Then, the wafer

127



is placed into a chamber for hexamethyldisilizane (HMDS) process for 3
minutes. Spin coat AZ 1512 positive photoresist on the wafer at 3000 rpm
speed and 3000 rpm/s acceleration for 30 s. Soft bake the coated wafer
at 100 °C for 60 s. Expose the wafer with the patterned mask to create
microchannels using MA6 mask aligner for 5 s with 25 um align gap and
soft contact mode. Note here the chrome mask is fabricated using the

Heidelberg laser writer.

Post-bake the exposed wafer at 95 °C for 60 s. Then, develop the wafer
in 351 developer with developer to DI water ratio of 1 : 5 for 30 s by
gently shaking the crystallizing dish and rinse the wafer with DI water for

2 minutes. Inspect the microchannel patterns using microscope.

Etch the patterns into the substrate using a plasma etching with a 20 min
cyclic process. The parameters used for the etching step called pjsoxide in
MNC cleanroom are 50 sccm argon, 50 sccm trifluoromethane and 25 scem
tetrafluoromethane at 75 millitorr pressure with 150 watts. The etching
time depends on the etching rate. To create the microchannels with 0.8

um depth, the etching time is 70 minutes.

Strip off the photoresist by soaking the etched wafer into NMP for 30 -
60 minutes at 180 °C. Then, rinse the wafer using acetone, methanol and

then IPA. Finally, clean the wafer in acid piranha for 1 hour.

Measure the thickness of the nanochannels using a KLA Tensor P-7 pro-

filometer.
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Device Bonding

1. Wafer Saw

(a)

(b)

Spin coat the wafer with a photoresist to protect the patterns on the wafer
during the cutting process. Then, mark the cutting line from the top side
of the wafer using a Sharpie marker. Mount the substrate on a blue dicing

tape with thickness of 75 um.

Cut the fused silica wafer using Disco DAC-522 wafer dicing saw.

2. Sandblasting

(a)

()

Denote hole locations using a Sharpie marker on both sides of the cut
device. Place masking tape on both sides of the device. Draw hole locations
again and mark the front side of the device. Cut away squares at the hole
locations with a new razor blade. Note here cut away larger squares on
the back side of the device compared to the squares on the front side of

the chip.

Add sand to a gun reservoir. Start sandblasting at a 90 degree angle with
respect to the backside of the device in 1 - 2 mm away for several minutes.

Check periodically if the hole is sandblasted.

After sandblasting all the holes, wet the chip using acetone and remove

the tapes.

3. Fusion Bonding

(a)

Place a coverslip rack with the devices and coverslips in a crystallizing

dish. First add 660 ml sulfuric acid and then add 220 ml hydrogen peroxide
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slowly. Soak the devices and coverslips for 15 - 20 minutes. Rinse with DI

water and then dry with nitrogen.

Add 700 ml DI water into another crystallizing dish and heat to 85 °C.
Place the devices and coverslips in the container. After the temperature
reaches 85 °C, add 140 ml hydrogen chloride and then 140 ml hydrogen
peroxide. The devices and coverslips are immersed for 20 minutes at about

80 °C. Rinse with DI water and then dry with nitrogen.

Add 750 ml DI water into another crystallizing dish and heat to 75 °C.
Place the devices and coverslips in the container. After the temperature
reaches 75 °C, add 150 ml ammonia hydroxide and then 150 ml hydrogen
peroxide. The devices and coverslips are immersed for 20 minutes at about

70 °C. Rinse with DI water and then dry with nitrogen.

Temporally bond the device with a coverslip by pressing the two pieces of
glasses together using two fingers first and then use a tweezer to remove

access air between the device and the coverslip.

Permanently bond the device by placing it in the Thermo Scientific - Lind-
berg Blue M oven. Program the oven to heat the device according to the

following instructions:

e Start at 25 °C.

Ramp to 1000 °C over 4 hours.

Hold at 1000 °C for 6 hours.

Cool down to 25 °C over 4 hours.

Hold at 25 °C indefinitely.
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(f) The device is ready for the knot experiments.

C.2 Nanochannel Experiments

In this work, T4 GT7 DNA was stained with YOYO-1 fluorescent dye at a dye-to-
DNA base pair ratio of 10:1 in a 5x TBE solution and subsequently diluted to a
0.25x TBE. The detailed workflow for generating DNA knots and imaging knotted

DNA in the fabricated nanofluidic devices is also presented in this section.

DNA Sample Preparation

1. DNA stock solution

(a) Filter out 2 ml of 5x TBE buffer into a microcentrifuge tube using 0.2 pum
pore size filter. Remove 0.01 mM YOYO-1 solution from the freezer to
defrost and heat T4 GT7 DNA with a concentration of 760 pg/ml solution

at 40 °C for 5 minutes in water bath to defrost.

(b) Pipette 73.1 ul of ultrapure water and 100 pl of filtered 5x TBE buffer
into an amber microcentrifuge tube. Then, pipette 2.1 ul of T4 GT7 DNA
using a wide bore pipette tip. Add 24.8 ul 0.01 mM YOYO-1 solution into
the same tube and mix the solution via slow motion of the pipette tip to

avold DNA shear.

(¢) To ensure the uniform staining of DNA molecules with YOYO-1, heat the
solution in water bath at 50 °C for 3 hours. After 3 hours, remove the
centrifuge tube from the water bath, cool it to room temperature and then

store it in 4 °C refrigerator.
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2. DNA loading solution

(a)

The DNA loading solution is prepared before the start of the experiments.
Pipette 86 ul of ultrapure water, 10 ul of DNA stock solution and 4 ul of
B-mercaptoethanol into an amber microcentrifuge tube. Mix the solution

by gently stirring the solution with the pipette tip.

3. Buffer loading solution

(a)

The buffer loading solution is prepared before the start of the experiments.
Pipette 227.5 ul of ultrapure water, 12.5 ul of filtered 5x TBE buffer and
10 ul of B-mercaptoethanol into a microcentrifuge tube. Mix the solution

by vortexing the tube for 1 minute.

Knot experiments

1. Knot generation and detection

(a)

Load one device reservior at a time with 4 pul of the DNA loading solution.
Wait for one microchannel to fill completely before moving onto the next

reservoir of the other microchannel.

Mount the wet nanofluidic device onto the chuck. Then, load 6 pl of buffer
loading solution with the same ionic strength as the DNA loading solution
in each well of the pressure chuck to avoid drying using gel loading pipette

tips. Completely seal the pressure chuck with screws.

Add oil on the 100x objective. Connect air lines from Fluigent, which is
the microfluidic flow control system, to the pressure chuck. Then, mount

the pressure chuck on the laser microscope.
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(d) Image microchannels near the nanochannel to check if there are bubbles
in the microchannels using bright field option of the microscope. If there
are bubbles, use a pulsed 25 psi pressure to remove them. Then, wait for

1 hour for flow inside the device to reach an equilibrium.

(e) Load intact T4 GT7 DNA from one microchannel to nanochannels using 35
kPa pressure. Make sure there is only one DNA per nanochannel and then
drive the DNA molecules using 10 kPa pressure until the DNA are close
to the slit barriers. Compress the DNA molecules using 5 kPa pressure
and wait for 1 minute. The pressure and waiting time can be changed to

modify the probability of knot generation.

(f) After 1 minute of waiting time, move DNA away from the slit barriers
using 5 kPa pressure. Then, stop the pressure, pause the microfluidic flow

control system, and wait for 2 minutes to allow DNA molecules to relax.

(g) Image the DNA molecules after the compression process to check if there
are knots formed in the DNA chains using a 0.5 mW blue class III laser

(Coherent OBIS, 473 nm) with 50 ms exposure time.

(h) Set desired imaging condition, which depends on the application and image

the knotted DNA in nanochannels.

(i) After image acquisition, unload the knotted DNA molecules using 5 kPa
pressure and repeat step 1(e - h) in this section for imaging new DNA

molecules.
2. Device clean with base piranha solution

(a) After the knot experiments, place the device in ultrapure water overnight
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to reduce the ionic strength in channels. Then, dry the surface of the

device with Kim Wipes.

Dry the channels using filtered air. Then, flush the channels with ultrapure
water by pipetting 2 pl of ultrapure water into one reservoir at a time. Wait
for one microchannel to completely wet before adding ultrapure water into

another reservoir.

Repeat step 2(b) in this section two more times. In the third time, wet
the device using base piranha solution (hydrogen peroxide : ammonium
hydroxide = 1 : 2) instead of ultrapure water. Then, submerge the device
in the base piranha solution with the holes of the device facing up at 80

°C for 40 minutes.

Remove the device from the base piranha solution and rinse the device

with ultrapure water. Then, repeat step 2(b) in the section twice.

Dry the device by following the step 3(e) in the section of Device Bonding.

The dried device is ready for the next knot experiments.
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