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Abstract

Nanofluidic structures have over the last two decades emerged as a powerful platform for
detailed analysis of DNA on the kilobase pair length scale. When DNA is confined to a nano-
channel, the combination of excluded volume and DNA stiffness leads to the DNA being
stretched to near its full contour length. Importantly, this stretching takes place at equilibrium,
without any chemical modifications to the DNA. As a result, any DNA can be analyzed, such as
DNA extracted from cells or circular DNA, and it is straight-forward to study reactions on the

ends of linear DNA. In this comprehensive review, we first give a thorough description of the
current understanding of the polymer physics of DNA and how that leads to stretching in nano-
channels. We then describe how the versatility of nanofabrication can be used to design devices
specifically tailored for the problem at hand, either by controlling the degree of confinement or
enabling facile exchange of reagents to measure DNA-protein reaction kinetics. The remainder
of the review focuses on two important applications of confining DNA in nanochannels. The
first is optical DNA mapping, which provides the genomic sequence of intact DNA molecules
in excess of 100 kilobase pairs in size, with kilobase pair resolution, through labeling strategies
that are suitable for fluorescence microscopy. In this section, we highlight solutions to the tech-
nical aspects of genomic mapping, including the use of enzyme-based labeling and affinity-
based labeling to produce the genomic maps, rather than recent applications in human genetics.
The second is DNA-protein interactions, and several recent examples of such studies on DNA
compaction, filamentous protein complexes, and reactions with DNA ends are presented. Taken
together, these two applications demonstrate the power of DNA confinement and nanofluidics
in genomics, molecular biology, and biophysics.
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Introduction

Methods to study single DNA molecules have revolutionized
science across disciplines, ranging from fundamental biophysics
to clinical diagnostics. The possibility to interrogate single DNA
molecules enables information that is intrinsically hidden in
bulk experiments to be obtained in a straight-forward fashion.
Focusing on DNA molecules with a length in the kilobase pair
(kbp) regime, traditional methods include for example optical
(Chaurasiya et al., 2010; Heller et al., 2014) and magnetic (De
Vlaminck and Dekker, 2012) tweezers, where a single DNA mol-
ecule is anchored to two beads or a bead and a surface and then
stretched and analyzed, and DNA curtains, where many DNA
molecules are anchored to a lipid bilayer and stretched using
liquid flow (Collins et al, 2014). For genomic analysis, DNA
can be efficiently stretched on glass surfaces using molecular
combing (Bensimon et al, 1994; Neely et al, 2011), allowing
high-throughput analysis.

The computer industry has pushed a revolution to miniaturize
components, such as transistors, resulting in the development of
methods for efficient nanofabrication on length scales of tens of
nanometers. The same methods have later been applied to a
plethora of other disciplines where miniaturization is desirable,
not the least in microfluidic and nanofluidic applications in the
life sciences. Nanofluidic devices have many appealing features
that make them useful for analyzing single long DNA molecules.
Channels of nanoscale dimensions allow stretching of long DNA
molecules to an extension close to their full contour length.
Importantly, this can be done without anchoring any of the
DNA ends, which for example allows analysis of DNA extracted
from cells, circular DNA, and interactions occurring at DNA
ends.

In this review we will first discuss the basic physics of nano-
confined DNA in detail. We will consider the early theories by
de Gennes and Odijk, describing confined polymers, and how
they have been gradually improved in order to fully cover the con-
finement regimes of importance in experiments. In the next sec-
tion we will discuss how the nanofluidic devices can be fabricated
and tailored for the project of interest, for example to obtain max-
imum stretching of the DNA, vary the degree of stretching, or
monitor the response of the DNA upon addition of a solute in
real time. Finally, we turn to the two main application areas of
studying single DNA molecules in nanofluidic devices: optical
DNA mapping (ODM) and DNA-protein interaction studies.
For ODM we mainly focus on the technical aspects of the
method. Recent years have presented a large increase in literature
using ODM for genetic analysis, but these will only be briefly
mentioned. For DNA-protein interactions, we will present several
different examples that highlight the usefulness of nanofluidic
channels for such studies and at the same time present the biolog-
ical insight they have provided. Figure 1 schematically illustrates
the topics covered by this review.

Theory
Length scales characterizing DNA in free solution

The conformations of DNA are characterized by a cascade of
length scales: the contour length L, representing the total length
of the DNA backbone, the persistence length [, representing
the characteristic length scale for bending that backbone under
thermal energy, and the effective width w, representing the length
scale for excluded volume interactions between distal segments of
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the polymer. These fundamental length scales can be combined to
produce a number of useful derived quantities, in particular the
radius of gyration Ry, which provides a measure of the total size
of the polymer, the thermal blob size (correlation length) I,
which separates the highly correlated, short-range interactions
between local segments of the polymer from the decorrelated,
longer-range interactions, and the excluded volume v,,. All of
these length scales play a role in understanding the thermody-
namics of DNA in confinement.

Fundamental length scales

The smallest of the length scales characterizing the conformations
of DNA is the width of the DNA backbone. While the steric
dimension of the backbone is approximately 2 nm, electrostatic
repulsion arising from the charged phosphate groups makes the
DNA backbone appear thicker than would be expected, were
the DNA a neutral polymer. The standard approach to treat the
electrostatics is to consider an effective width w (Stigter, 1975,
1977), which is obtained from a mapping of the osmotic pressure
produced by a suspension of charged cylinders of diameter d to
that produced by neutral cylinders of ‘effective width® w. For
the high ionic strength buffers sometimes used in experiments
of confined DNA, for example 100 mM of monovalent salt,
Stigter’s theory (Stigter, 1977) produces an effective width of
approximately 5nm. At lower ionic strength, the effective width
is available from Stigter’s theory and numerical results have
been reported, for example, by Hsieh et al. (2008) or Tree et al.
(2013a). When making this mapping, the details of the electro-
static interactions are replaced by an equivalent neutral polymer
model.

At the next level up is the DNA persistence length I,, which
reflects the decay of the correlations between the tangent vectors
along the DNA backbone. A qualitative (but useful) way to think
about the persistence length is that it characterizes the ability of
the DNA to be bent by thermal energy. For high ionic strength
buffers, the persistence length of DNA is approximately 50 nm,
a frequently cited result obtained by Bustamante et al. using mag-
netic tweezers (Bustamante et al., 1994). The persistence length is
also affected by ionic strength, since the ions in solution screen
the charges along the DNA backbone and thus affect its propen-
sity to bend under thermal energy (Odijk, 1977; Skolnick and
Fixman, 1977). Similar to the effective width, it is convenient to
subsume the details of the electrostatic interactions into a persis-
tence length that captures both the intrinsic contributions, arising
from the steric interactions, and an electrostatic contribution.
After the mapping is complete, we now have an equivalent neutral
polymer model for the DNA that is thicker (due to the effective
width) and stiffer (due to the electrostatic contribution to the per-
sistence length) than would be expected based solely on the steric
volume of its constituent atoms.

To account for electrostatic contributions to the persistence
length, Dobrynin (2005) proposed a semi-empirical formula to
correct for the jonic strength dependence, correcting an approxi-
mation in the classic Odijk-Skolnick-Fixman (OSF) theory by
Odijk (1977) and Skolnick and Fixman (1977). Hsieh et al
(2008) showed that the Dobrynin model provides a superior
description of DNA confined to a nanoslit when compared to
the OSF theory. Subsequently, Chuang et al. (2017) extended
Dobrynin’s result to further incorporate sequence effects. Their
analysis of the stretching of human DNA in 45 nm nanochannels,
when combined with Odijk’s theory for strong confinement
(Odijk, 1983; Burkhardt et al, 2010) and Dobrynin’s theory
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Fig. 1. Schematic overview of the topics covered by this review. In the first section a thorough introduction to the polymer physics of DNA is given, including a
presentation of the length scales characterizing DNA conformation in solution and in different regimes of confinement. The following section is focused on the
nanofluidic device and how the device design can be tailored for specific applications. Finally, two major application areas are reviewed: optical DNA mapping,
describing how sequence information can be obtained from long DNA molecules stretched in nanofluidic channels, and DNA-protein interaction studies, showing
examples of how nanofluidic channels can be utilized to investigate and understand the interaction between DNA and various types of proteins.

(Dobrynin, 2005), yielded the useful formula,

1.9195
I, [nm] = (23 + 33y + 267%) + m, e))]

where y is the fraction of G-C base pairs. In the second term,
which is the electrostatic contribution attributed to Dobrynin
(2005), I is the ionic strength of the buffer. The details surround-
ing the role of electrostatics and counterion chemistry on the per-
sistence length remain a subject of investigation (Brunet et al,
2015; Trizac and Shen, 2016; Guilbaud et al.,, 2019), and their
impact on nanochannel DNA confinement is also complicated
(Chuang et al,, 2019). These additional factors affect the quanti-
tative agreement between theory and experiment.

At the longest length scale, at least for problems of interest to us
here, is the DNA contour length L. At first glance, this appears to
be a very straightforward quantity to compute; simply multiply the
number of base pairs by the 0.34 nm/bp rise of B-DNA. However,
fluorescence microscopy experiments typically require labeling of
the DNA backbone with an intercalating dye, such as YOYO-1,
that increases the extension of the DNA (Perkins et al, 1995;
Bakajin et al., 1998; Randall and Doyle, 2005; Jeffet et al., 2016;
Lee et al., 2018b). At full intercalation, the DNA contour length
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can increase by circa 20-30% (Dorfman, 2010; Nyberg et al,
2013). Kundukad et al. (2014) provide a concise review of different
reports for DNA contour length increase upon YOYO-1 intercala-
tion; we have found it convenient to assume that each bound dye
molecule adds 0.51 nm to the DNA rise (Gupta et al., 2018).

Derived length scales

While the trio of the contour length, persistence length, and effec-
tive width describe the length scales of the DNA chain, particular
combinations of these parameters are often more useful for
describing the configurations of a polymer. For a particularly
lucid discussion of polymer conformations in general, consult
the Perspectives article by Wang (2017). For the moment, we
will focus on the relevant parameters for understanding DNA
confinement, adopting typical length scales w=5nm and I,=
50nm for model calculations. We also further focus on the
limit of chains where L >> I, which are coils rather than rods
(Hiemenz and Lodge, 2007). For A-DNA (48.5 kbp), which is a
commonly used model system, the stained contour length at
full intercalation is close to 20 um (Tegenfeldt et al., 2004), corre-
sponding to 400 persistence lengths assuming no effect of the dye
on the persistence length (Gunther et al., 2010; Kundukad et al.,
2014; Dorfman, 2018).
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The size of the coiled chain is characterized by either the
end-to-end distance or the radius of gyration, Ry, of the polymer.
While either metric is suitable for our purposes, we will focus here
on the radius of gyration. For an ideal polymer, the radius of gyra-
tion is given by random walk statistics,

Ri=—, 2

where N is the number of statistical segments and b is the statis-
tical segment length (Hiemenz and Lodge, 2007); it follows that
L = Nb. The exponent characterizing the scaling for the radius of
gyration of an ideal chain is thus N*% For a semiflexible chain
like DNA, the correspondence between the random walk statistics
and the Kratky and Porod (1949) result for the end-to-end distance
of a long wormlike chain gives b = 21,.

When excluded volume is important, the chain obeys self-
avoiding random walk statistics with a radius of gyration

Ry = I*PLPw!/3. ©)

Comparing Egs. (2) and (3), the exponent for the scaling of
the polymer size changes from N'? for an ideal chain to NV in
the presence of excluded volume, where we have made the trivial
conversion between contour length and degree of polymerization,
L~N. The parameter v is known as the Flory exponent, and
accounts for the additional swelling of the polymer coil caused by
the excluded volume between distal segments. In Eq. (3), we have
used the classical value of the Flory exponent v =3/5 to quantify
the scaling for the chain size; the most accurate estimate of the
scaling exponent by Clisby is v=0.587597(7) (Clisby, 2010).

When is excluded volume important? To answer this question,
we first need to understand the excluded volume interactions
between different segments of the DNA. The cross-over is typically
written in terms of an excluded volume parameter (Wang, 2017),

3\%? Ve 1
[ Zex /2 4
=) (e ®
The Onsager excluded volume, v,,, between two cylindrical
rods of width w and length I, is approximately v, = Ew. To
determine the length scale over which excluded volume matters,

we set z = 1. The number of statistical segments required to satisfy
this condition is then b°/v? . Using Eq. (2), the thermal blob size,

b4
lb = — ©)

VEX

is defined as the size of a polymer chain where z= 1, which is
conventionally taken as the point at which excluded volume
becomes important. In the standard polymer physics interpreta-
tion (Wang, 2017), a polymer whose radius of gyration exceeds
the thermal blob size is affected by excluded volume.

While these scaling arguments are useful for establishing the
general phenomena, the neglect of various prefactors makes
them less useful for modeling DNA in nanochannel experiments.
Indeed, Tree et al. (2013a) pointed out that there are several
equally plausible definitions of the thermal blob size and these
definitions give remarkably different results for the onset of
excluded volume for DNA, ranging from 16.8 to 166 kbp. These
values span the range of typical DNA sizes used in experiments.
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To be more quantitative, Tree et al. (2013a) instead computed
the Flory exponent for DNA as a function of the number of base
pairs in the relationship R, ~ N, leveraging the renormalization
group result from Chen and Noolandi (1992). Figure 2 shows that
typical molecular size standards, such as A-DNA, obey neither
Eq. (2) nor Eq. (3). Rather, typical DNA sizes used in the exper-
iments discussed here are in a very broad cross-over between ideal
chain scaling and self-avoiding random walks.
In what follows, we will define the thermal blob size,

2 D

lh%

(6)

as this definition has proven to be very useful for defining the
onset of the de Gennes regime for a confined polymer. For
DNA in a high ionic strength buffer, this definition of the thermal
blob size is approximately 500 nm, corresponding to approxi-
mately 2.5 um of DNA. This length scale will play an important
role in defining the extent of confinement in what follows.

Wall depletion length

When DNA is confined to a nanochannel, there is an additional
length scale characterizing the DNA-wall interactions. Both the
DNA and the walls are negatively charged and therefore repel one
another. In the simplest model, one can capture this effect by intro-
ducing a depletion length & such that the effective channel size is
Deg= D—6. Several models have been proposed for the depletion
length, including using the DNA effective width w (Wang et al.,
2011), a rigid-rod approximation (Reisner ef al., 2012), and a semi-
flexible chain model (Reisner et al., 2012). Bhandari et al. (2018)
measured this depletion length at different ionic strengths using a
high-throughput genome mapping approach and found that their
data were described by the simple phenomenological model §=
6.5 Ap+ 0.64, where Ap, is the Debye length of the buffer solution.

Configuration of DNA in channel confinement

Having reviewed the relevant theory for the configurations of
DNA in free solution, we now consider its configuration when

Rod
09 |
08 | |
v 0.7 F |
0.6 | Swollen |
T i
5 L X
0 7 \ Gaussian
A-DNA T4-DNA
0.4 . ; : ._
10-% 10 102 104 106 108
L/b

Fig. 2. Flory exponent v as a function of the number of statistical segments obtained
from renormalization group calculations (Chen and Noolandi, 1992). The curves cor-
respond to different values of w/b, where the upper (red) dashed line is a typical
value for single-stranded DNA and the lower (blue) dashed line is a typical value
for double-stranded DNA. The locations for A-DNA (48.5kb) and T4-DNA (166 kb)
are denoted by boxes. The asymptotic limits of a rod, random walk (Gaussian
chain), and self-avoiding random walk (swollen chain) are indicated. Reproduced
with permission from (Tree et al., 2013a), © 2013 American Chemical Society.
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confined to a square nanochannel of size D. Much of the litera-
ture, in particular for genomics applications in nanochannels,
describe the confined DNA as being stretched, and this nomen-
clature will be adopted for our review. However, this nomencla-
ture is not quite correct, since ‘stretching’ a polymer implies
that a force is applied to oppose the entropic elasticity, for exam-
ple when using tweezers (Bustamante et al., 1994). It is more pre-
cise to say that the DNA becomes ‘extended’ since it is
compressed from its free solution radius of gyration by the
walls, which causes the DNA to extend along the channel axis.
There are subtle distinctions between compression and stretching
(Dai and Doyle, 2013).

There are two key metrics to consider; the first is the size of the
chain. While we could continue to describe the size of the chain
by its radius of gyration in confinement (or the end-to-end dis-
tance), it is particularly convenient to use the mean span X of
the confined DNA because this size can be directly measured
by fluorescence microscopy. If we denote by x(s) the axial coordi-
nate of the part of the DNA located at s € [0, L], the span of that
configuration is defined as

X = max x(s) — min x(s). )

It is also important to understand the variance about the mean
span,

& =X-X)? ©)]

which measures the effects of thermal fluctuations. Note that the
mean span of a polymer in free solution is zero, since the random
walk has, on average, no net displacement from the origin. (The
radius of gyration is related to the variance in the chain size.)
When a polymer is confined to a nanochannel, excluded volume
effects and its stiffness force it to extend along the channel axis,
producing a non-zero value of the mean span.

We focus here on the span of the confined molecule because it
is experimentally accessible via fluorescence microscopy. For suf-
ficiently long chains, the mean span and end-to-end distance con-
verge to a single value because end effects make a negligible
contribution (Muralidhar et al., 2014b; Smithe et al, 2015).
However, the contour length at which these various metrics con-
verge can be very long and depends on the channel size.

The different regimes of confinement are summarized by
Fig. 3. We discuss each of these models in detail below.

De Gennes regime (weak confinement)

Daoud and De Gennes (1977) developed the classic treatment of
the extension of weakly confined polymers. By weak confinement,
we mean that the channel size is smaller than the radius of gyra-
tion (so that the DNA needs to extend along the channel axis),
but larger than the thermal blob size in Eq. (6). The latter restric-
tion implies that the subchain within a correlation length D is
itself a self-avoiding walk that obeys Eq. (2). The contour length
of the subchain, which is also referred to as a blob and indicated
by the circle in Fig. 3, is given by Lpob 22 D3I, *w=1/3. The
number of blobs is Nyjop = L/Lyep, and the mean span of the
chain is X2 NyopD. Putting these results together gives the de
Gennes scaling for a confined polymer,

1/3
X = L(W—lp> . ©)
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Fig. 3. Schematic illustration of the different regimes of confinement as the channel
size D increases. The approximate boundaries of the channel size relative to the chain
persistence length [, and thermal blob size I, are indicated. The circles, and high-
lighted part of the sketched polymer, indicate the anisotropic and isotropic blobs
in the extended de Gennes regime and de Gennes regime, respectively. As the chan-
nel size increases, the excluded volume (EV) interactions between segments of DNA
become stronger.

The variance in the chain size is 0> 2 NyopD? which gives
(Dai and Doyle, 2013)
o® = L(Dwl,)'>. (10)
While these results are derived in the context of blob theory,
equivalent results are obtained from a modified Flory theory
(Jun et al., 2008; Wang et al., 2011). The prefactors for the scaling
laws can be computed via simulations (see, e.g. Muralidhar et al.,
2014b), but they are expected to be O(1) quantities. For the pur-

pose of understanding experimental data, the exact value of the
prefactor is not particularly important.

Odijk regime (strong confinement)
Odijk (1983) considered the opposite case to Daoud and de
Gennes, where the polymer is strongly confined in a channel
that is much smaller than its persistence length. Here, rather
than forming a series of blobs, Odijk showed that the DNA
instead forms a chain of deflection segments of characteristic
size A 2 D*3)°, which is known as the deflection length. In
essence, the chain performs a persistent random walk due to its
stiffness, but the collisions with the hard wall over distances cor-
responding to the deflection length lead to decorrelations between
different segments of the chain.

In the absence of any hairpin turns, the extension of this chain
of deflection segments is

D\ %3
(X) = L|:1 - 0.18274(l—> i|,
P

where the prefactor for a square channel was computed by
Burkhardt et al. (2010) from an accelerated particle model.

1)
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These authors further computed the variance in the chain exten-
sion, arriving at

D2
o’ = 0.00956I—L. (12)

4

Corrections for rectangular channels (Burkhardt et al., 2010)
and circular channels (Yang et al., 2007) are available, and slightly
different results have been obtained from different calculations
(Chen, 2016).

The statistics for strongly confined chains in the Odijk regime
and weakly confined chains in the de Gennes regime are markedly
different. In the de Gennes regime, the chain is only weakly per-
turbed from its coil shape and the dependence of the chain exten-
sion on channel size is strong. In contrast, the Odijk regime
corresponds to almost completely extended chains, since the ener-
getic cost to form a hairpin is extremely high (Odijk, 2006). The
extension of the chain in the Odijk regime thus has a very weak
dependence on the channel size. The increase in extension as
the channel size decreases in the Odijk regime is driven by align-
ment of the deflection segments along the channel axis, which
increases as the channel size decreases. This orientation effect is
also the reason why the variance in the Odijk regime decreases
with decreasing channel size; as the alignment fluctuations are
suppressed, the fluctuations in the chain extension are also sup-
pressed. The fluctuations in the chain extension also decrease
with decreasing channel size in the de Gennes regime, albeit
more weakly. The reason for the weaker decay in fluctuations is
that these fluctuations are driven by the blobs, not by orientation
of the chain with the channel axis.

Additional scaling regimes at intermediate confinement

While the de Gennes and Odijk regimes possess an aesthetic
beauty as physical models, they are of little use in describing the
extension of DNA in confinement. If we take a thermal blob size
of 500 nm, then a conservative estimate of the start of the de
Gennes regime is a channel that is several microns in size.
However, in order to reach de Gennes statistics, the DNA in such
a large channel needs to comprise several blobs (Muralidhar et al,,
2014b). If we use an aggressive set of bounds and set D =1um
and only one blob, we get a minimum contour length of L =
16 um. In principle, we would like to be at least an order of mag-
nitude away from this boundary, which would imply we need
circa 500 kbp long DNA. While such long molecules have been
used in some physics experiments (Tegenfeldt et al, 2004;
Freitag et al., 2015) and are routinely used for genome mapping
in nanochannels (Miiller and Westerlund, 2017), most physical
experiments use shorter DNA and/or narrower channels.

At the other end of the spectrum, the Odijk regime requires
that the channel size be much smaller than the persistence length.
For high ionic strengths, the requisite channel sizes are below the
20 nm lower bound for injecting DNA (Cao et al., 2002b) and the
smallest channels used for measuring DNA extension (Reisner
et al., 2005). It is possible to work with wider channels and remain
in the Odijk regime by decreasing the ionic strength (Jo et al,
2007; Kim et al., 2011; Kounovsky-Shafer et al., 2017; Lee et al.,
2018b), and Odijk’s theory seems to be a good description
there. However, one does need to be careful in interpreting the
data because the electrostatic double-layers from the walls now
occupy a substantial fraction of the channel cross-section, compli-
cating the mapping from the polyelectrolyte problem to the
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neutral polymer model embodied by Odijk’s theory (Reisner
et al., 2012; Cheong et al., 2017; Chuang et al., 2019; Bhandari
and Dorfman, 2020). From a fundamental perspective, the best
way to probe the Odijk regime using biopolymers is to switch
to stiffer molecules, such as actin (Noding and Koster, 2012) or
RecA filaments (Frykholm et al., 2014).

Using scaling theory, Odijk (2008) identified two additional
regimes that should exist between what are now referred to as the
classic de Gennes regime and the classic Odijk regime. As the
channel size decreases below the thermal blob size (~500 nm)
but remains above the statistical segment length (~100 nm), the
blobs become ellipsoidal, as indicated in Fig. 3, and their statistics
are marginal, i.e. the excluded volume corresponds to z = 1. This
regime of confinement is often referred to as the ‘extended de
Gennes’ regime (Wang et al., 2011) because the scaling for the
extension given by Eq. (9) ‘extends’ to even smaller channel
sizes. However, the variance of the chain extension is markedly
different in the extended de Gennes regime,

o = Ll,. (13)

The latter result, which can be derived using either blob theory
(Dai and Doyle, 2013) or modified Flory theory (Wang et al.,
2011), is remarkable — the fluctuations of the confined, real
chain are equal to those of an unconfined, ideal chain of the
same contour length. The independence of the variance from
the channel size was a key to providing affirmative proof for the
existence of the extended de Gennes regime in simulations (Dai
and Doyle, 2013) and experiments (Gupta et al, 2015; Iarko
et al., 2015). However, the best theoretical evidence in support
of the extended de Gennes regime lies in the excess free energy
of confinement (Dai et al., 2014), which put to rest a lingering
discussion over the existence (or lack thereof) of this regime
(Tree et al., 2013b), but this small change in free energy is not
straightforward to measure via experiments.

The extended de Gennes regime has a strong connection with
the theory of marginal solutions of semiflexible polyelectrolytes
(Schaefer et al., 1980; Dai et al., 2014; Wang, 2017). Werner and
Mehlig (2014) also recognized a connection between the statistics
of the extended de Gennes regime and weakly self-avoiding ran-
dom walks. Leveraging exact results for weakly self-avoiding walks
in the mathematical literature, they were able to provide exact
prefactors for both the extension and variance in the extended de
Gennes regime. Data from subsequent experiments (Gupta et al.,
2015; Iarko et al., 2015) were in good but not quantitative agree-
ment with the theoretical predictions. Subsequently, Schotzinger
et al. (2020) provided conclusive evidence for the extension scaling
in the extended de Gennes regime, explaining previous disagree-
ments between theory and experiment as the result of inadequate
characterization of the channel cross-section that were circum-
vented in their experiments by using a focused-ion beam approach
to channel fabrication (Menard and Ramsey, 2013).

When the channel size is below the statistical segment length
(~100 nm), Odijk (2008) predicted a cross-over from blob statis-
tics to deflection segments. However, unless the channel size is
much smaller than the persistence length, the chain can still
form the hairpins indicated in Fig. 3 because the energy of forma-
tion is not particularly high (Polson, 2018), a phenomenon iden-
tified via simulations by Cifra and Bleha (2012) and Dai et al.
(2012). Odijk (2006) called the length scale for forming a hairpin
the global persistence length g.
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The presence of hairpins within the chain invalidates the
results in Egs. (11) and (12). When the chain can form hairpins,
Odijk showed that its statistics are described by a different scaling
variable (Odijk, 2008; Muralidhar et al., 2014a)

w
&= D3 (14
P

that measures the total excluded volume created by a hairpin to

the spatial volume gD* occupied by that hairpin. Using a Flory

argument, Odijk (2008) then derived the scaling

(X) = L¢P (15)

for the chain extension when L>> g, i.e. when the chain can form

many hairpin folds. The concomitant variance in the chain exten-
sion is

o =gl (16)

Comparing Egs. (16) and (13) shows that the variance in the
extended de Gennes regime and backfolded Odijk regimes is of
the same form, but the persistence length of the polymer needs
to be replaced by the global persistence length to describe the
backfolded Odijk regime.

Muralidhar et al. (Muralidhar et al., 2014a, 2016; Muralidhar
and Dorfman, 2016) undertook systematic studies of the back-
folded Odijk regime via simulations. In addition to providing a
pedagogical introduction (Muralidhar et al., 2014a) to Odijk’s
scaling theory (Odijk, 2008), they confirmed all predictions of
OdijjK’s theory for square, rectangular, and circular channels.
Importantly, the simulation work by Muralidhar et al. (20144)
identified a shortcoming in Odijk’s theory for the global persis-
tence length (Odijk, 2006), which plays a key role in the overall
theory. The disagreement between Odijk (2006) and Muralidhar
et al. (2014a) was resolved by Chen (2017), who provided a com-
plete correction to OdijK’s theory.

Owing to the very large increase in the global persistence
length as the channel size decreases (Odijk, 2006), Eq. (16) pre-
dicts an equally large increase in the fluctuations of the extension
in this regime. These large fluctuations were not realized in exper-
iments with DNA because the DNA was too short to form the
large hairpins predicted by Odijk’s theory (Su et al, 2011).
Indeed, experiments to probe the backfolded Odijk regime
using DNA are infeasible (Muralidhar et al., 2014a).

Telegraph model for intermediate confinement
The schematic illustration of different regimes in Fig. 3 is not
entirely correct; the boundaries are listed as inequalities but, strictly
speaking, correspond to strong inequalities. The relatively good
agreement between theory and experiment for the extended de
Gennes regime (Gupta et al., 2015; larko et al., 2015; Schotzinger
et al., 2020) suggests that those inequalities are not especially
strong. However, there are no experimental data to support the
existence of a backfolded Odijk regime for DNA. While it is pos-
sible to probe the Odijk excluded volume by a non-equilibrium
measurement (Krog et al., 2018; Reifenberger et al, 2018), we
seem to be again stuck in a situation where there is an elegant scal-
ing theory that says little about the problem of DNA confinement.
Werner et al. (2017) recognized that the exact theory for the
extended de Gennes regime (Werner and Mehlig, 2014) applies
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for all confinements below the thermal blob size but outside the
Odijk regime. In other words, there is no reason to distinguish
between the deflection segments in the backfolded Odijk regime
and the blobs in the extended de Gennes regime. Rather, the
key to understanding intermediate confinement is to recognize
the weakness of excluded volume interactions for D < lf, /w.
While the chain can fold back on itself in these smaller channels,
the long distance along the contour length causes the chain to
‘forget’ the previous configurations. As a result, the excluded
volume interactions can be treated in a mean-field sense (Chen,
2018).

Thus, instead of relying on the extended de Gennes or back-
folded Odijk models, the DNA statistics for D < */w can be
described by the weakly-correlated telegraph model. The tele-
graph model describes a random walk that moves at a fixed veloc-
ity with the random changes in direction indicated in Fig. 4. In
the weakly correlated telegraph model, there is a small energy
penalty & when the chain revisits a lattice site. This one-
dimensional model is easily simulated to produce predictions
for X and o”. Importantly, the telegraph model predicts that
these parameters should collapse as a function of the scaling
parameter

17)

where a quantifies the average alignment of the chain backbone
with the channel axis. Remarkably, the limits of large o (narrow
channels) and small a (wide channels), respectively, correspond
to the parameter & for the backfolded Odijk regime in Eq. (14)
and the scaling variable (wlp/DZ) in the extended de Gennes
regime. As a result, the limits of the telegraph model are the back-
folded Odijk and extended de Gennes regime (Werner et al.,
2017).

In addition to proposing the new scaling variable in Eq. (17),
Werner et al. (2017) showed how the confined polymer problem
maps to the correlated telegraph model. Explicitly, the various
quantities appearing in the telegraph model can be computed
from the statistics of an ideal semiflexible chain, i.e. when the
only excluded volume interactions are between the polymer and
the wall, and then the telegraph model provides a way to combine
those statistics to predict the behavior of a real polymer. Figure 5
shows that the resulting predictions of the telegraph model are in
almost exact agreement with three-dimensional simulation data
for a confined wormlike chain (Werner ef al., 2017). The only dis-
agreement between theory and simulation arises deep into the
backfolded Odijk regime at large . Here, where hairpin turns
are rare, the dominant contribution to the variance becomes the
fluctuations in the alignment of the segments with the channel
walls, which are not included in the telegraph model. Simply add-
ing the variance of the telegraph model to the result in Eq. (12)

Fig. 4. Schematic illustration of the weakly correlated telegraph model (Werner et al.,
2017). The chain is replaced by a particle that moves at a constant velocity between
lattice sites with random changes in direction. When a lattice site is revisited, there is
an energy penalty.
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Fig. 5. The telegraph model compared to simulations (a, b) and experiments (c, d), respectively. The dashed lines in (b) (referring to Eq. (10) in the original paper) is
the sum of the variance predicted by the telegraph model and alignment fluctuations from Odijk’s theory (Burkhardt et al., 2010). The pertinent scaling laws are
described by Werner et al., (2017). Experimental data: v (Reisner et al., 2005), [] (Reisner et al., 2007), ® (Thamdrup et al., 2008), O (Zhang et al., 2008), * (Utko et al.,
2011), A (Kim et al., 2011), A (Werner et al., 2012), ¥ (Gupta et al., 2014), ¢ (Reinhart et al., 2015), 4 (Gupta et al., 2015), (3 (larko et al., 2015), and @
(Alizadehheidari et al., 2015). Reproduced from Werner et al. (2017), © Werner et al. (2017) under Creative Commons CC BY 4.0.

for these alignment fluctuations restores the agreement between
the theory and simulation. The collapse of the experimental
data to the theory in Fig. 5 is also satisfying, especially in light
of the possible sources of systematic errors that have been identi-
fied in the context of experimental work (Nyberg et al., 2013;
Gupta et al., 2015; Iarko et al., 2015; Schotzinger et al., 2020).

Chen (2018) arrived at a similar scaling result to Eq. (17) using
the self-consistent field theory solution for the wormlike chain
propagator. Chen’s theoretical approach is more robust and allows
considering polymers that are much stiffer than DNA and inac-
cessible by the simulations needed to compute the parameters
appearing in the telegraph model.

The telegraph model can also be solved exactly (Odman et al.,
2018) in the limit of relevance to genome mapping, where the
channel cross-section is close to the DNA persistence length, pro-
viding a formula for predicting not only the mean span and its
variance, but also the distribution for the chain extension.
Simulations of semiflexible polymers by Bhandari and Dorfman
(2019), including situations that mimic DNA-based experiments,
showed that the asymptotic solution of Odman et al. (2018) is in
quantitative agreement with simulations. Experimental data for
the DNA extension distribution obtained in genome mapping
experiments (Reinhart et al., 2015; Sheats et al., 2015), however,
tend to exhibit increasingly worse agreement with the asymptotic
solution to the telegraph model as the channel size decreases. This
behavior is in contrast to the expectations of the theory of Odman
et al. (2018), that infer improved agreement as the channel size
decreases. Subsequent experiments and theory by Chuang et al.
(2019) suggest that this disagreement is due to the simplified
approach to DNA-wall electrostatic interactions used to model
DNA, not an inherent problem in the telegraph model itself.

Effect of channel geometry

The discussion thus far has focused primarily on square nano-
channels of width D. From a theoretical perspective, there are
only minor differences between a square channel and a circular
channel of diameter D that arise from the entropic depletion of
the DNA from the corners of the square channel (Odijk, 2006).
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While simple to analyze from a theoretical perspective, these
geometries are challenging to fabricate in practice. The most com-
monly encountered situation is rectangular nanochannels with a
width D; and a height D,.

The first question to address is whether a rectangular cross-
section is actually a nanochannel in the sense that we have dis-
cussed so far, or whether it is a slit. To answer this question, let
us assume that D, > D,, which is the easier case to fabricate,
and recall what would happen in the case D; — oo. This situation
corresponds to a nanoslit of height D,. Daoud and De Gennes
(1977) used scaling theory to demonstrate that the in-plane radius
of gyration of a polymer confined to a slit consists of a two-
dimensional, self-avoiding random walk of blobs. For a semiflex-
ible polymer, Eq. (3) for a polymer in free solution becomes

(Hsieh et al., 2008)
lPW 1/2
Ry ~ L2 (3)

when that polymer is confined to a slit. Provided that Ry;;>> D,,
then the system is a nanochannel because the DNA configuration
will be influenced by the presence of the side wall. The latter
inequality thus defines the cross-over between a nanoslit and a
nanochannel.

Once we have confirmed that the system indeed corresponds
to a nanochannel, we need to understand how the results for con-
finement discussed earlier are affected by the aspect ratio. To a
first approximation, the theories for DNA confinement emerge
from the random walk statistics of the confined chain (Chen,
2016). In the random walk statistics, the diffusion in different
directions is decoupled. As a result, one can define the equivalent
square channel size as D* =D, D,. For aspect ratios that are not
too far from unity, this approximation is sufficient. However, as
the aspect ratio grows, additional complications arise because
the way in which the confinement causes the DNA to extend
along the channel axis depends on the channel size. This effect
becomes particularly important for funnel-shaped nanochannels
(Persson et al., 2009). If the length scales D; and D, correspond

(18)
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to different regimes of confinement, a ‘regime mixing’ effect
occurs that complicates the analysis (Gupta et al., 2014). It is pos-
sible to construct scaling theories that account for the regime mix-
ing through the use of superblobs (Werner and Mehlig, 2015).
However, the resulting theory now requires satisfying two strong
inequalities, one for each of the channel dimensions, a situation
that is unlikely to be realized in experiments. For rectangular
channels, the most powerful approach to understanding the
chain statistics is simulation (Gupta et al., 2014; Muralidhar
et al., 2016).

In addition to rectangular channels, there is also a small body
of literature on simulations of DNA confinement in triangular
nanochannels (Manneschi et al., 2013; Reinhart et al, 2013;
Han et al, 2016), which are also relatively easy to fabricate by
anisotropic etching of silicon. The entropic depletion effects of
acute corners can be very significant, and the collapse of the
extension data onto a universal curve is not straightforward
(Reinhart et al., 2013). Ultimately, triangular nanochannels have
found interesting applications as collapsible systems for strongly
extending DNA (Huh et al, 2007) and chromatin (Matsuoka
et al., 2012) rather than as a system for fundamental studies.

Effects of crowding agents

The physics of DNA extension in nanochannels changes in the
presence of crowding agents, a phenomenon that has been
explored experimentally (Zhang et al., 2009, 2012; Jones et al.,
2011; Feng et al., 2019; Scott et al, 2019) and by simulation
(Jones et al., 2011; Liao et al, 2015; Jeon et al, 2016; Chen
et al, 2021). A particularly notable effect of crowding is the
impact of confinement on the concentration required to compact
the DNA by depletion effects induced on the DNA by the crow-
ders. In experiments in the extended de Gennes regime, compac-
tion was only observed in the nanochannels, not in the loading
microchannels (Zhang et al, 2009, 2012), illustrating the pro-
found effect of the channel confinement on compaction. The
effect of crowders is also sensitive to the chemistry of the com-
pacting agent. For dextran, a model system for studying DNA
compaction, the DNA initially extends at low concentrations of
dextran but then compacts (Fig. 6) (Zhang et al., 2009). In con-
trast, addition of bovine serum albumin (BSA) or hemoglobin
to DNA in a nanochannel only produces compaction, with no

initial stage of extension (Zhang et al., 2012). The addition of
poly(ethylene glycol) at concentrations that do not induce com-
paction is even more complicated, with an extension behavior
that cannot be captured by the scaling theories for DNA extension
described above (Feng et al., 2019).

When the crowding agent is provided at over-threshold vol-
ume fractions, compaction proceeds in two stages: a fast stage
(circa 10 s) where the DNA extension in the channel is dramati-
cally reduced, followed by a longer relaxation of several minutes
where the DNA presumably reorganizes itself into an ordered
structure (Zhang et al., 2009). The reorganization and compaction
of the blobs is a function of channel size. No compaction is
observed for very small (60 nm x 100 nm) channels that are in
the backfolded Odijk regime (Zhang et al., 2012), possibly because
there are no blobs and bending of the DNA is very unfavorable.
The process of compaction changes qualitatively for slit-like con-
finement because there is room to reorganize the blobs in two
unconfined dimensions (Jones et al., 2011). As a result, for dex-
tran crowding, there is a gradual transition from the apex of the
extension induced by low dextran concentrations to the collapsed
form at higher dextran concentrations (Jones et al., 2011).

Simulations have explored the compaction process in the con-
text of minimal models that are capable of producing the entropic
depletion forces, qualitatively capturing the compaction process
(Jones et al., 2011), allowing for exploration of the relative effects
of polymer-polymer and polymer-wall interactions induced by
the depletion effects (Liao et al., 2015), and providing insights
that have enabled developing scaling-level models for the effect
of crowders through an effective solvent picture (Jeon et al.,
2016). One of the most intriguing results emerging from simula-
tions is the proposition that crowders could push the DNA toward
the corners of the channel, thereby effectively increasing the con-
finement (Chen et al, 2021). The latter prediction has not yet
been explored experimentally.

Outstanding challenges

While the problem of a confined linear DNA molecule has been
largely resolved, two significant outstanding challenges remain in
the modeling of nanochannel-confined DNA. The first problem
emerges when the size of the electric double layer becomes com-
mensurate with the size of the channel, as discussed already in

e S e ST

Fig. 6. (a) Single T4-DNA molecules, in 10 mM Tris buffer, confined to
nanochannels (300 x 300 nm?) and crowded by dextran in increasing
volume fractions (0, 4.2x 1074 4.2x 1073, 42x 1072, and 6.3 x1072)
- from left to right. (b) As in (a), but in 1 mM Tris buffer, 150 x 300
nm? channels and dextran volume fractions 4.2x10™* (left) and
42x1072 (right). (c) Extension distribution for T4-DNA confined to

t
»
)
F
;
!

10

[ *]
?"’:
3
-

https://doi.org/10.1017/50033583522000117 Published online by Cambridge University Press

Extension (um)

300 x 300 nm? channels, in 10 mM Tris buffer and a volume fraction
of 42x1072 of dextran (n=170). Reproduced from (Zhang et al.,
2009), © (Zhang et al., 2009).
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section ‘Additional scaling regimes at intermediate confinement’.
The second challenge is describing the configurations and dynam-
ics of knotted DNA molecules (Micheletti, 2022). In the latter con-
text, significant progress has been achieved by coarse-grained
simulations (Micheletti and Orlandini, 2012, 2014; Orlandini and
Micheletti, 2013; Suma et al., 2015; Dai and Doyle, 2018; Polson
and Hastie, 2020), at least for relatively small molecules.
Experimental data have also started to emerge on knotted DNA
in nanochannels (Metzler et al., 2006; Amin et al., 2018; Ma and
Dorfman, 2020, 2021a, 2021b), enabled by the ‘knot factory’ plat-
form (Amin et al., 2018) that allows knots to be created at high
enough frequency for studies at the single-molecule level. A key
challenge in connecting these experimental data to simulations is
the unknown and presumably high complexity of the knots created
in these experiments when compared to the simpler knots used in
simulations (Ma and Dorfman, 2020).

Devices

Advances in fabrication of nanofluidic structures as well as design
of devices for DNA applications make up important contributions
to the progress of this research field. The fabrication and use of
nanochannels for DNA studies at the single molecule level started
in early 2000s (Cao et al., 2002b; Tegenfeldt et al., 2004). Since
then, different materials and fabrication techniques have been
explored (Duan et al., 2013). In the following sections we will pre-
sent commonly used fabrication processes in brief, as well as how
channel and chip designs have developed in line with the expan-
sion of the field, and we will give examples of designs tailored for
different applications.

Fabrication processes

The most reliable and documented method for nanochannel fabri-
cation is the use of standard semiconductor device fabrication
processes on silicon (Riehn et al, 2005 Lam et al, 2012) or
fused silica (Tegenfeldt et al., 2004; Reisner et al, 2010; Freitag
et al., 2015) substrates in a cleanroom environment. A fresh silicon
wafer with a 1-2 um thick thermal oxide layer (based on the depth
of the micro- and nanofluidic channels) or a fused silica substrate is
preferred. Typically, a 4- or 6-inch wafer is used, designed to con-
tain an array of micro- and nanofluidic systems that subsequently
can be diced to yield tens of devices from a single wafer.

The process of fabricating nanofluidic devices for DNA
studies can be briefly described in the following steps: (1)
Photolithography and reactive ion etching (RIE) of alignment
marks that are used to align the micro- and nanofluidic features
in the next steps. (2) Electron-beam lithography and RIE of the
nanochannels. Focused ion-beam milling (Wang et al., 2005;
Menard and Ramsey, 2013), and nanoimprint lithography (Guo
et al, 2004) are well-established alternate methods that can be
used to fabricate the nanochannels. (3) Photolithography and
RIE of microchannels connecting the nanochannels. The design
can be simply two straight microchannels connecting both nano-
channel ends, where one microchannel serves as the inlet and the
other as the outlet. Alternately, two U-shaped microchannels con-
necting the two ends of the nanochannels can be used to provide
control in driving DNA into the nanochannels and minimize
fouling. (4) Photolithography and deep reactive-ion etching of
loading holes. Powder or sand blasting is a suitable alternate pro-
cess for fused silica substrates to obtain loading holes. The loading
holes are used for adding the sample liquid containing DNA to
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the device, the DNA can then be driven into the microchannels
and subsequently into the nanochannels using pressure-driven
flow or electrophoresis. (5) High-temperature bonding of a glass
wafer to the silicon or fused silica wafer to create the micro-
nanofluidic confinement. Anodic bonding (Kutchoukov et al.,
2003; Abad et al., 2011) and polymer fusion bonding involving
a thin polymer intermediate layer (Gu et al., 2007; Lesser-Rojas
et al., 2014) are alternate bonding techniques. All the fabrication
steps discussed above are shown schematically in Fig. 7.

Fabrication of nanofluidic structures for DNA applications on
silicon and fused silica wafers using traditional semiconductor
fabrication processes is discussed in more detail in (Westerlund
et al., 2018). Further details on tools, chemicals, photoresists,
and etching processes used for fabrication of nanofluidic devices
on silicon wafers can be found in (Oz et al, 2019; Kang et al,
2022).

Alternative fabrication

For many of the applications foreseen for nanofluidic devices, in
particular in diagnostics, disposable chips produced at low cost
are desirable. Several different strategies have been proposed for
making chips using less demanding techniques and at higher
throughput, compared to the traditionally used state-of-the-art
nanofabrication processes. Nanofluidic chips for DNA analysis
based on thermoplastic polymers can be fabricated by injection
molding (Utko et al., 2011) or nanoimprinting (Wu et al., 2011;
Uba et al, 2015; Esmek et al, 2019). Devices replicated in
PDMS (van Kan et al, 2012) from a nanofabricated master is
another approach to increase fabrication throughput and decrease
cost. Park et al. (2018) reported how near-field electrospinning
can be used to create nanofluidic channels with a circular cross-
section in PDMS, suitable for biological applications.

Chip designs

Tapered channels

By varying the channel dimensions along the channel length, it is
possible to study the same individual, single DNA molecule at dif-
ferent degrees of confinement (Fig. 8a, b). In analogy to force
spectroscopy, Persson et al. coined the concept confinement spec-
troscopy for probing single DNA molecules in tapered nanochan-
nels (Persson et al., 2009). Similar funnel-shaped channels were
used by Frykholm et al. (2014) and Fornander et al. (2016),
when studying the nucleoprotein filaments formed by RecA and
Rad51, respectively, on DNA. Channels where the width is varied
in discrete steps, rather than continuously tapered, have also been
used, for example by Werner et al. (2018) and Gupta et al. (2015).
The advantage of using discrete steps is that the DNA is not sub-
jected to an entropic force that pushes it toward the larger end of
the funnel, allowing equilibrium measurements to be performed
at the cost of only doing so at a discrete number of channel
dimensions.

Devices for dynamic studies
The nanochannel device can be designed to add functionalities to
it, such as the possibility to change the local environment around
the DNA molecule under study, ie. exchange buffers or add
reagents to it. Such a set-up enables studies of, for example,
DNA-protein interactions in real time.

A chip design presented by Zhang et al. features two arrays of
parallel nanochannels in a perpendicular configuration (Zhang
et al, 2013b) (Fig. 8c). DNA is introduced into the device via
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Fig. 7. Schematic illustration of the fabrication of a micro- and nanofluidic device, using traditional semiconductor fabrication processes. (a) Clean silicon or fused
silica wafer used as a substrate. (b) Photolithography and reactive ion etching (RIE) of marks to help alignment of micro- and nanostructures. (c) Electron-beam
lithography (EBL) followed by RIE to obtain nanochannels. (d) Microchannels aligned to the nanochannels, obtained using photolithography and RIE. (e) Formation
of loading holes to enable sample loading. (f) Bonding of a glass slide to the silicon/fused silica wafer with fabricated features to obtain micro/nanoconfinement.

electrophoresis through the array of wider (250 x 200 nm*) nano-
channels, whereas buffer can be exchanged via diffusion through
the intersecting array of narrower (150 x 200 nm?) nanochannels
in the perpendicular direction. As a proof of principle, compac-
tion of T4-DNA upon addition of protamine and unpacking
of pre-compacted T4-DNA by increasing salt concentration

() e

!
i

were investigated, demonstrating the functionality of the device
(Fig. 9a). Subsequently, the same device was used to study the
interaction of the bacterial protein H-NS with DNA (Zhang
et al., 2013a).

Oz et al. (2019) designed a device enabling active exchange of
the local environment within the nanofluidic channel (Fig. 84).

Fig. 8. Schematic illustration of chip designs tailored for different applications. (a-b) Varying channel dimensions, in a tapered or stepwise fashion, along the chan-
nel length enables studying the same individual, single DNA molecule at different degrees of confinement. (c) A chip design with perpendicular channel arrays
enables diffusion driven buffer exchange. (d) Aligning a shallow slit on top of and orthogonal to reaction chambers, flanked by nanofluidic channels, enables active
buffer exchange in the local environment of entrapped single DNA molecules. (e) Physical barriers that gradually increase the confinement can provide pre-
stretching of DNA and reduce the thermodynamic cost of entering genomic sized DNA into nanochannels. (f) A meandering nanochannel design enables visual-
ization of ultralong DNA molecules in a single field of view. The sketches are not drawn to scale.
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Fig. 9. (a) A nanofluidic device featuring two arrays of nanochannels oriented in a perpendicular configuration enables insertion of biomolecules through the chan-
nels in one direction and diffusion-driven buffer exchange through the intersecting, narrower, channels. The functionality was demonstrated by compaction of T4-
DNA upon exposure to protamine (1 (A\), 3 (O) and 5 (V) uM, respectively; inset shows fluorescence images of T4-DNA upon exposure to 5uM protamine).
Reproduced with permission from Zhang et al. (2013b), © 2013 The Royal Society of Chemistry. (b) Demonstration of active exchange of the local environment
in a nanofluidic reaction chamber by sequential addition of EtBr and SDS to YOYO-1 stained A-DNA. Kymographs showing emission from YOYO-1 (top) and
EtBr (center), respectively, and corresponding fluorescence intensity profiles (bottom) for YOYO-1 (green) and EtBr (red). Scale bar corresponds to 5um.
Reproduced from Oz et al. (2019), © Oz et al. (2019) under Creative Commons CC BY-NC 3.0. (c) Schematic illustration of the CLiC principle (top): DNA molecules
in the solution are initially unconfined, as the height of the chamber is of microscale dimensions (left). Upon lowering the push-lens the chamber height is reduced
to nanoscale dimensions and the DNA molecules are aligned to the nanochannels by confinement (right). Two series of fluorescence images showing the extension
of A-DNA as confinement increases while the push-lens is lowered. Center panel: channel width 27 nm and time between frames 364 ms; bottom panel: channel
width 50 nm and time between frames 910 ms. Reproduced from (Berard et al., 2014), © (Berard et al., 2014).

The design includes an array of nanochannels (100 x 100 nm?),
with a central stretch of slightly larger dimensions (300 x 130
nm?), creating an entropically controlled reaction chamber
where single DNA molecules can be confined and stretched.
Across the reaction chambers, on top of the array and in an
orthogonal fashion, runs a shallow nano-slit (30 um x 30 nm),
through which analytes actively can be introduced via pressure-
driven flow to exchange the local buffer environment of the
entrapped DNA molecule. The authors demonstrated the func-
tionality of the device by a series of experiments, where analytes,
such as SDS, spermidine, ethidium bromide and DNase I, were
added to confined DNA molecules and the resulting response
could be monitored in situ (Fig. 9b). The same device was later
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used when studying conformational changes in large DNA
upon interaction with DNA-binding proteins (Sharma et al,
2020; Jiang et al., 2021a).

Handling ultralong DNA

In the use of nanofluidic channels for ODM applications, discussed
in detail below, the size of the DNA of interest can pose experimen-
tal challenges. Introducing DNA of genomic size to a nanosized
channel is associated with a significant entropic barrier, and coils
of large DNA molecules tend to entangle and clog the channel
entrance. An approach to promote DNA loading into nanochan-
nels and facilitate DNA entering in an unfolded state with one
end first is to include an entropic gradient in the chip design.
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Physical barriers such as pillar structures, that gradually increase
the confinement, provide pre-stretching of the DNA and reduce
the thermodynamic cost (Cao et al., 2002a; Wang et al, 2015).
Lam et al. (2012) applied this approach to genome mapping in a
nanofluidic device that contained a region with channels of inter-
mediate width and physical barriers between the feeding microflui-
dic channel and the nanochannel array (Fig. 8e).

Another concern to address when long, genomic DNA is con-
fined to nanofluidic channels and visualized using fluorescence
microscopy is that the size of the DNA molecule might exceed
the field of view of the camera at sufficient resolution. By design-
ing the channels in a meandering fashion (Fig. 8f) Freitag et al.
circumvented this issue (Freitag et al., 2015). In this study, a single
molecule of an intact 5.7 Mbp Schizosaccharomyces pombe
(S. pombe) chromosome was stretched, at an extension of 50%
of its contour length to 1 mm, in a meandering nanochannel
and visualized in a single field of view.

CLiC (Convex Lens-induced Confinement)

In most nanofluidic devices, the lid is permanently bonded to the
bottom of the device. In 2010, Leslie et al. (2010) introduced the
concept of Convex Lens-induced Confinement (CLiC) micros-
copy, where nanoscale confinement can be repeatedly formed.
The principle of CLiC relies on a convex lens pushing the lid of
a chamber, forcing the lid to come in close proximity to the bot-
tom of the chamber, thereby confining any molecules present in
the solution (Berard et al., 2013). In the first version, both top and
bottom surfaces of the chamber were unmodified whereas in later
studies the bottom surface was patterned with nanoscale features
into which long DNA is forced as the chamber is squeezed by the
convex lens (Fig. 9¢) (Berard et al., 2014). The nanoscale confine-
ment leads to stretching of long DNA and the degree of stretching
can be tailored by varying the distance between the lid and the
bottom of the chamber.

The concept is compatible with several nanofluidic assays such
as partially confining the DNA in pits, as well as ODM. An exten-
sion of the latter was the demonstration of a lab-on-a-chip for
single-cell analysis, including cell lysis and DNA stretching in a
single device (Mahshid et al., 2015). By combining the CLiC pro-
cedure with electrophoresis, an increased number of molecules
can be confined in the observation volume and an enhanced
degree of stretching can be achieved (Ahamed et al., 2016). The
fact that the chamber can be repeatedly squeezed, and that the dis-
tance between the lid and bottom can be adjusted at will, makes it
possible to change the solution surrounding the molecules under
study. This was demonstrated by changing the ionic strength of
the solution, which strongly affects DNA stretching, and further
by adding cationic surfactants that condense DNA and restriction
enzymes that digest DNA (Henkin et al., 2016). CLiC has in more
recent years been implemented in combination with other nano-
scale features, such as nanopit arrays, allowing for other types of
studies on DNA, in particular supercoiled DNA (Scott et al., 2018,
2019; Shaheen et al., 2022).

Passivation

Due to the extreme surface to volume ratio in a nanofluidic device,
even minor tendencies of non-specific binding to the channel walls
can cause severe difficulties, with molecules getting stuck to the
surface or clogging the channels. This is generally not a problem
when studying DNA alone and using devices fabricated in
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hydrophilic materials like fused silica, as the surface becomes neg-
atively charged when the channels are filled with aqueous buffer,
thereby repelling the negatively charged DNA. However, when
including DNA-binding ligands or proteins, often positively
charged, surface interactions become an issue and the literature
provides several examples of various strategies to overcome these
interactions.

Using an inert protein, like BSA, to saturate the surface before
the experiment, or to include it at high concentration in the reac-
tion buffer, is a common strategy for passivation of microfluidic
channels that has been used also for nanochannels (Riehn et al.,
2005; Wang et al., 2005; Roushan et al., 2014, 2018), sometimes
in combination with the non-ionic detergent Nonidet P-40
(Streng et al., 2009; Lim et al., 2013). Polyvinylpyrrolidone has
been used as a surface passivation agent in the sample buffer
(Lim et al., 2013; Liu et al., 2020) and addition of anionic surfac-
tants like SDS can provide shielding of positive charges of pro-
teins, thereby reducing non-specific binding to the channels
(Oz et al., 2020). Lipid bilayers can be used to effectively passivate
nanofluidic structures, as demonstrated by Persson et al. (2012)
and used in several subsequent studies (Frykholm et al., 2014;
Fornander et al., 2016; Oz et al, 2019; Sharma et al., 2020).
Importantly, the use of a small fraction of fluorescent lipids in
the bilayers makes it possible to follow the passivation process
and to investigate the integrity of the bilayer before the experi-
ments are started. Recently, the use of a combination of dopamine
and methoxypoly(ethylene glycol) for nanochannel passivation
was reported (Liu et al., 2020).

Optical DNA mapping

ODM is an umbrella term for methods that allow visualization of
intact DNA molecules, up to Mbp in size, to obtain sequence
information with approximately kbp resolution. The length scales
covered by ODM perfectly match the gap between commonly
used DNA analysis methods such as fluorescence in-situ hybrid-
ization (chromosomal level) and DNA sequencing (base pair
level). In ODM the DNA needs to be stretched, which can be
done either on a glass surface by molecular combing (Bensimon
et al., 1994; Michalet et al., 1997; Neely et al., 2011) or in nano-
fluidic channels (Miiller and Westerlund, 2017; Jeffet et al.,
2021b), and visualized wusing a fluorescence microscope.
Stretching the DNA by confinement provides uniform stretching
and the extension of the molecule along the channel scales line-
arly with the contour length of the DNA (Tegenfeldt et al,
2004), thus facilitating direct extraction of sequence information
from specifically labeled molecules. This makes nanofluidic chan-
nels an attractive platform for ODM. Throughput can easily be
increased by parallelized systems with arrays of nanofluidic chan-
nels (Lam et al.,, 2012) and the introduction of a commercialized
platform for ODM using nanochannels (see section ‘Recent appli-
cations of optical DNA mapping’) has led to an increasingly wide-
spread use of this application. In this chapter we will present
ODM with focus primarily on the methodological aspects and
only briefly discuss recent studies using the methodologies for
high-throughput genomic analysis.

In order to access information about the underlying DNA
sequence using ODM, different labeling schemes have been devel-
oped to generate a sequence-specific pattern along the extended
DNA molecule. Initial efforts in the field were made by
Schwartz et al. (1993), who used restriction enzymes to generate
sequence-specific double-stranded breaks on DNA molecules
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Fig. 10. Schematic illustration of the main optical DNA mapping labeling approaches:
enzyme-based labeling methods including nick labeling (a) and methyltransferase-
based labeling (b), and affinity-based methods including denaturation mapping (c)
and competitive binding-based labeling (d).

when trapped in agarose gels. Present labeling approaches that are
compatible with nanochannel-based analysis can be divided into
two main groups, enzyme-based labeling, and affinity-based label-
ing (Fig. 10).

Enzyme-based labeling

Sequence-specific labeling of DNA using enzymes can be per-
formed in different ways. In 2007 Jo et al. (2007) introduced
nick labeling, where nicking enzymes were used to visualize
sequence-specific sites along the DNA (Fig. 11a). In short, a nick-
ing enzyme creates a single-stranded break in the DNA at a rec-
ognition site, typically 4-7 bp in size and specific for the enzyme
used. The nick is then repaired by a processive DNA polymerase
that incorporates fluorescently labeled nucleotides and the posi-
tion(s) of these labels can be mapped as the DNA is stretched.
The contour of the DNA is visualized by staining the backbone
of the DNA molecule, typically with the bis-intercalating dye
YOYO-1. Several additions have been made to expand the nick
labeling toolbox, including nick-flap labeling (Das et al., 2010),
dual nick labeling (Hastie et al., 2013), and highly specific
Cas9-based labeling strategies (McCaffrey et al, 2016; Zhang
et al., 2018; Abid et al., 2020; Uppuluri et al., 2021).

Nick-flap labeling utilizes a DNA polymerase that lacks exonu-
clease activity and displaces the nucleotides at the nicking site
instead of removing them, generating a single-stranded DNA
flap. In this way, dual-labeling can be achieved, with the nicking
site labeled by incorporation of fluorescently labeled nucleotides,
and the single-stranded DNA flap labeled using a complementary,
labeled oligonucleotide (Das et al., 2010). Another approach to
obtain dual labels is to run the nick labeling reaction twice,
using two different restriction enzymes and an intermediate puri-
fication step, as was first demonstrated by Hastie et al. (2013).

A main limitation of traditional nicking enzymes is the limited
specificity (4-7 bp). McCaffrey et al. addressed this issue by using
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a CRISPR/Cas9-based approach, which provides a 20 bp recogni-
tion site that can be designed at will (McCaffrey et al., 2016). The
enzyme used was a mutated version of Cas9, a Cas9 nickase
known as Cas9n or Cas9 D10A, that only nicks the DNA at the
target site instead of making a double-stranded cut.
Cas9-mediated nick labeling can be combined with traditional
enzymatic nick labeling, to create multicolor optical maps and
enable both global sequence motif mapping and labeling directed
specifically to a sequence of interest, which has found applications
in structural variation analysis and telomere characterization
(McCaftrey et al, 2016, 2017; Levy-Sakin et al., 2019; Young
et al., 2020). Uppuluri et al. (2021) recently presented another
multicolor labeling approach by combining Cas9-mediated nick
labeling and the enzymatic direct labeling technology from
BioNano Genomics (see section ‘Recent applications of optical
DNA mapping’). They validated the usefulness of their methodol-
ogy by quantifying copy numbers of D474 repeats on chromo-
some 4q, detecting long non-interspersed elements 1 (LINE-1)
insertions, and estimating telomere lengths. The specificity and
extended use of Cas9-based labeling was further demonstrated
by Abid et al. (2020), who identified differences between two
genomes at single-base resolution, utilizing the fact that the
CRISPR/Cas9 system has a strong requirement for the proto-
spacer adjacent motif following the 20 bp recognition site. They
also showed how mapping patterns can be customized by using
a set of multiple sgRNAs of custom design in Cas9-mediated
nick labeling. In line with the approach of McCaffrey et al.
(2016), Zhang et al. (2018) utilized a dead, fluorescently labeled,
Cas9 enzyme which only binds to DNA without cutting any of
its strands, to visualize specific sequence motifs with high
precision.

Sequence-specific labels can also be introduced using methyl-
transferases (Klimasauskas and Weinhold, 2007; Lukinavicius
et al., 2007). The methyltransferase recognizes a specific sequence
(typically 4 bp) and attaches a synthetic co-factor at the site. The
co-factor can either be pre-labeled with a fluorophore, or the flu-
orophore can be attached in a subsequent reaction. The short rec-
ognition site of a methyltransferase has been used to generate
dense labels, so-called amplitude modulation profiles, along the
DNA backbone (Grunwald et al.,, 2015) and methyltransferase-
based labeling was utilized to obtain high-resolution optical
maps also by Jeffet et al. (2016). By combining nick labeling pro-
tocols with methyltransferase-based labeling hybrid genetic/epige-
netic maps, providing both genomic and methylation profiles
simultaneously, can be obtained, as illustrated by Sharim et al.
(2019) and Gabrieli et al. (2022).

Besides nick labeling and methyltransferase-based labeling,
there are also other enzymatic reactions that can be used to obtain
specific labeling for extracting information beyond the DNA
sequence. Examples include labeling of DNA hydroxymethylation
(Michaeli et al., 2013; Gilat et al., 2017; Gabrieli et al., 2018) and
DNA damage (Zirkin et al., 2014; Miiller et al., 2019; Torchinsky
et al., 2019).

Affinity-based labeling

In contrast to enzyme-based labeling strategies, affinity-based
labeling does not rely on any enzymatic reactions to generate
the sequence-specific pattern on DNA. Instead, affinity-based
labeling relies either on the difference in melting temperature of
AT and GC base pairs, so-called denaturation mapping (Reisner
et al., 2010), or on molecules with a sequence preference when
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Fig. 11. (a) Optical maps of nick-labeled BAC molecules, 113.7 kb (A), 116.8 kb (B), and 82.5 kb (C) in size. Inset (bottom right) shows schematic overview of the
nick-labeling procedure: Prior to labeling, inherent nicks are repaired or disabled using ligase and polymerase incorporation of ddNTPs. A nicking enzyme creates a
single-stranded break in the DNA at a recognition site that is subsequently repaired and labeled by incorporation of fluorescently labeled dNTPs. In the fluores-
cence images (A-C) the DNA backbone, visualized by staining with YOYO-1, is shown in green, whereas nick-labeled sites are shown in red. Expected labeling pat-
terns (measured in kilobases) from the sequence and maps constructed from analyzed molecules are indicated below each molecule. Scale bar is 10 um.
Reproduced from Jo et al. (2007), © 2007 National Academy of Sciences. (b) Plasmids from patient isolates in a hospital outbreak of antibiotic multi-resistant
bacteria characterized using ODM. The intensity profiles were generated using competitive binding-based mapping in combination with CRISPR/Cas9 restriction
to detect the antibiotic resistance gene. The isolates contained two plasmids and the location of the antibiotic resistance gene on the smaller plasmid is indicated
by the vertical line in the shaded region (left). ODM could reveal deletions in the larger plasmid in three of the isolates (patients 3, 5, and 8; right). All intensity
profiles are shifted vertically for clarity. Reproduced from Bikkarolla et al. (2019), © 2019 (Bikkarolla et al., 2019) under Creative Commons CC BY 4.0.

binding to DNA, such as in competitive binding-based
approaches (Nyberg et al., 2012).

Developed by Reisner et al. (2010), denaturation mapping uti-
lizes the difference in melting temperature between GC base pairs,
connected by three hydrogen bonds, and AT base pairs, con-
nected by two hydrogen bonds. The entire contour of the DNA
is stained with YOYO-1 prior to carefully raising the temperature
to a level where AT base pairs melt, with subsequent YOYO-1 dis-
sociation, while GC base pairs remain intact, with YOYO-1 still
bound. As a result, the emission intensity will be bright in
GC-rich regions, and dark in AT-rich regions, along the extended
DNA molecule. One advantage of denaturation mapping is that it
can be done either on-chip (Reisner et al., 2010; Welch et al,
2012) or prior to sample loading (Marie et al, 2013;
Lopacinska-Jorgensen et al, 2017). The most recent studies
using denaturation mapping have been focused on stretching
very long DNA molecules by hydrodynamic flow in a shallow
nanoslit. In this way, structural variations in human DNA were
identified (Marie et al., 2018).

With competitive binding-based mapping, it is possible to cir-
cumvent both the need for enzymatic reactions (enzymatic labeling
approaches), as well as precise temperature control (denaturation
mapping). DNA is instead stained by addition of a non-selective,
fluorescent dye, such as YOYO-1, and a sequence-selective, non-
fluorescent molecule, such as the AT-selective netropsin, mixed
at a pre-defined ratio (Nyberg et al., 2012; Nilsson et al., 2014).
Netropsin will block the AT-sites from YOYO-1, rendering an
emission intensity profile, which, as for denaturation mapping,
will appear dark in AT-rich regions, and bright in GC-rich regions.
The use of other fluorescent dyes, such as TOTO-3, and sequence-
selective molecules, such as the GC-selective actinomycin D, in
competitive binding-based optical mapping has also been reported
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(Esmek et al., 2021). Moreover, Lee et al. (2018a) demonstrated
how a fluorescent TAMRA-polypyrrole could be used for AT
sequence visualization on DNA molecules without the need of
an intercalating dye, relying on the TAMRA-polypyrrole itself to
generate the intensity profile.

Overall, there are advantages and disadvantages of all the
labeling approaches described above, and different strategies will
be optimal for different applications. As demonstrated by
Miiller et al. (2019), it is also possible to combine enzymatic label-
ing with affinity-based labeling, to obtain a dual read-out, which
was recently further demonstrated by Torstensson et al. (2021).
This principle could in the future be used to increase the specif-
icity of ODM, as well as to combine genomic data with epigenetic
information.

Recent applications of optical DNA mapping

ODM was commercialized by BioNano Genomics in 2012. Their
instruments Irys® and Saphyr® rely on enzyme-based labeling in
combination with nanofluidic chips with automized sample load-
ing, image acquisition, and data analysis. The technology initially
relied on nick labeling, but recently an enzymatic protocol for
direct labeling of a 6bp recognition site was introduced, with
improved DNA integrity during the labeling procedure that
results in longer molecules. The system has been used for a variety
of applications including de novo assembly of complex genomes
as well as for studying genetically linked diseases.

Levy-Sakin et al. (2019) used ODM on the BioNano Genomics
platform to investigate large structural variations across the
genomes of 154 individuals from 26 different populations. They
were able to identify an abundance of large insertions and dele-
tions, in many cases flanked by repetitive elements difficult to
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resolve by short-read sequencing, and the presence of
population-specific structural variations patterns. By including
Cas9-mediated nick-labeling in the assay they could also charac-
terize acrocentric chromosome p-arms and the study highlights
how ODM can be useful in characterizing complex regions such
as subtelomeric and pericentromeric areas. Young et al. (2020)
undertook a comprehensive analysis of the subtelomere structure
and variation in human genomes, by performing whole-genome
ODM of the same sample set. Wu et al. (2019) used ODM in
combination with ultrastructural imaging and computational
analysis of whole-genome sequencing data to demonstrate the
structure of extrachromosomal DNA in humans, DNA which is
increasingly associated with oncogenes. The organization of extra-
chromosomal DNA was also studied by Luebeck et al. (2020), who
developed a computational method, AmpliconReconstructor
(AR), for integrating ODM from the BioNano Genomics platform
with next-generation sequencing to resolve focal copy number
amplification of oncogenes. Gabrieli et al. (2018) combined the
enzyme-based ODM technology of BioNano Genomics with
labeling of epigenetic 5-hydroxymethylcytosine (5-hmC) marks.
The genetic/epigenetic assay allowed sensitive quantification of
5-hmC marks in blood at the single DNA molecule level.
Sharim et al. (2019) utilized an enzymatic labeling reaction, dis-
tinguishing methylated from non-methylated cytosines, in combi-
nation with nick labeling to create hybrid genetic/epigenetic
genomic maps, enabling identification of methylation patterns
across the genome.

Marie et al. (2018) demonstrated how denaturation mapping
could be combined with on-chip lysis and DNA extraction of sin-
gle cells, allowing mapping of structural variations at the single
DNA molecule level. Competitive binding-based ODM has
recently found applications within bacterial diagnostics. Miiller
et al. (2020) demonstrated how competitive binding-based
ODM could be used to identify bacteria with high precision in
both complex mixtures as well as from uncultivated urine sam-
ples, circumventing the time-consuming step of bacterial cultiva-
tion prior to diagnosis. ODM based on competitive binding has
also been used for identification and tracing of bacterial plasmids
related to antibiotic resistance (Nyberg et al., 2016; Miiller et al,,
2016b). Utilizing the highly specific CRISPR/Cas9 system, the
same research group developed an assay to detect antibiotic resis-
tance genes on single plasmid molecules. By targeting the gene of
interest, circular plasmids carrying that specific gene can be line-
arized by Cas9, and by observing where linearization occurred,
genes could be detected with high precision and reliability
(Muller et al., 2016a). This plasmid typing, using competitive
binding-based mapping in combination with CRISPR/Cas9
restriction, was applied by Bikkarolla et al. (2019) to trace and
characterize plasmids from an hospital outbreak of antibiotic
multi-resistant bacteria (Fig. 11b), by Lindblom et al. (2019) to
investigate possible transfer of plasmids
carrying extended-spectrum [-lactamase genes in sequential
Enterobacteriaceae infections, and by Lin et al. (2020) as a tool
to detect clonal spread of multidrug-resistant bacteria in a hospi-
tal setting.

Outstanding challenges

The commercialization of ODM in nanochannels has led to an
increased accessibility of this application. The available platform
is capable of very high-throughput mapping of the human
genome, resulting in genome maps with very high coverage.
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The main challenges in the field are therefore rather linked to
other aspects of the methodology, such as sample preparation,
which is a complex and time-consuming process that remains a
bottleneck. An important future direction for DNA mapping
would be to combine sample preparation and mapping in a single
device, thus minimizing the hands-on manipulation necessary to
obtain the optical DNA maps. An ultimate goal of this procedure
would be to perform ODM of single cells in such a device, to
reveal genetic differences between cells.

Another important challenge is to maximize the information
obtained from the DNA map. One approach to this is to increase
the genetic information output, by for example combining multi-
ple labeling enzymes or combining enzyme-based and competi-
tive binding-based labeling schemes. The latter has recently
been demonstrated (Torstensson et al., 2021), as briefly discussed
above. Alternatively, labeling to obtain genetic information can be
combined with other types of labels, such as epigenetic markers
(Sharim et al., 2019; Margalit et al., 2020; Gabrieli et al., 2022)
or labeling of DNA damage (Miiller et al., 2019), thereby adding
an additional layer of information to the optical DNA map. The
development of labels that can be used to obtain such additional
information that is not yet accessible remains a challenge in
ODM.

DNA-protein interactions

To study DNA-protein interactions using nanofluidic channels is
an attractive alternative to conventional single molecule manipu-
lation techniques like optical or magnetic tweezers, as the use of
channels circumvents the need to tether the DNA molecule to
beads or surfaces, which poses limitations in the type and size
of DNA that can be studied and/or preclude investigations
of events taking place at the ends of the DNA molecule.
Nanofluidic channels can also, similarly to other techniques, be
used to characterize proteins that affect the physical properties
of DNA. The first examples of DNA-protein interactions investi-
gated using nanochannels were reported in 2005, and include the
demonstration of restriction mapping in nanochannels (Riehn
et al., 2005) and a study of sequence-specific binding of the
Lacl repressor to DNA (Wang et al., 2005). Although the poten-
tial for studying DNA-protein interactions in nanofluidic chan-
nels is as great as that of studying DNA itself, the progress in
this field has been significantly slower, possibly hampered by
the challenge of avoiding non-specific binding to the channel
walls, as discussed above (section ‘Passivation’).

In the following sections we will review studies on (i) proteins
that compact DNA; (ii) filamentous DNA-protein complexes;
(iil) proteins interacting with DNA ends; and (iv) other DNA-
protein interactions (Fig. 12). The main goal is to highlight the
usefulness of nanochannels for studying DNA-protein interac-
tions, but we will also point out important biophysical insights
that the studies have provided.

DNA compacting proteins

In all living cells, compaction of DNA is essential for organization
of the genetic material and serves several purposes. By interac-
tions with different proteins the DNA can be densely packed,
allowing large amounts of DNA to fit into small environments.
A condensed structure also provides protection of DNA from
degradation and enables regulation of gene expression. Given
the importance of these processes, studying proteins that act to
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Fig. 12. Schematic illustration of different types of DNA-protein interactions that
have been investigated by the use of nanofluidic devices: (a) protein-induced com-
paction of DNA (discussed in section ‘DNA compacting proteins’); (b) filamentous
DNA-protein complexes (discussed in section ‘Filamentous DNA-protein complexes’);
(c) proteins interacting with the ends of DNA (discussed in section ‘Proteins interact-
ing with DNA ends’).

compact DNA and their effect on the physical properties and
the structure of DNA is highly interesting and we will discuss
below several examples of such studies using nanofluidic
channels.

Chromatin

Eukaryotic chromatin is comprised of DNA wrapped up on his-
tone protein complexes, forming a densely packed structure that
enables fitting the meter-long DNA in each cell into the cell
nucleus. The structure of chromatin DNA plays a crucial role in
gene expression and silencing and is therefore subject to heavy
regulation, to a large extent governed by epigenetic modifications
on the histone tails. To study linearized chromatin fibers and map
genetic and/or epigenetic modifications is thus of great interest
and nanofluidic channels could potentially be well suited for
this purpose.

Streng et al. reported the first study of chromatin stretched in
nanochannels (Streng et al., 2009), where the chromatin used was
reconstituted from a commercially available, unfractionated whole
histone mixture on blunt-ended A-DNA that was fluorescently
labeled using YOYO-1. The extension of chromatin (in 80 x 80
nm” channels) was compared to that of bare DNA and chromatin
was found to be 2.5 times more compact. However, the authors
discuss that the chromatin was probably not in the form of con-
densed 30 nm fibers but rather a disordered 10 nm fiber with het-
erogeneous linker lengths, and physical parameters for this
non-homogeneous chromatin could be given as rough estimates
only.

More recently, Basak et al. (2020) investigated the compaction,
dynamics, and internal motion of nanoconfined chromatin fibers.
They used over-expressed, refolded, and purified histone octamers
to reconstitute chromatin on T4-DNA, and nanofluidic devices
with two different degrees of confinement (50 x70nm” and
120 x 130 nm?, respectively). The compaction of DNA was fol-
lowed by monitoring the extension of bare T4-DNA and
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chromatin fibers formed with an octamer loading of 50 or
100%, respectively, when confined to nanochannels (Fig. 13a).
The reconstituted chromatin fibers were found to not achieve a
fully compacted state and fluctuations between relatively more
and less open configurations were observed. The internal motion
of DNA was further investigated through analysis of fluorescence
correlation, from which it was deduced that this motion is gov-
erned mainly by the dynamics of uncompressed linker DNA.

Identification of histone tail modifications using fluorescent
antibodies on chromatin stretched in nanochannels was demon-
strated by Lim et al. (2013). In this study, chromatin was recon-
stituted from calf thymus, HeLa core, and chicken erythrocyte
histones and antibodies detecting trimethylation of lysine 4 and
acetylation of lysine 9, respectively, on histone 3 (H3) was used
to monitor histone modifications. The ratio between these modi-
fications varies among chromatin origins and discrimination
between the three histone samples was demonstrated. Channels
wider than traditionally used for DNA analysis (200 x 200 nm?),
resulting in moderate stretching, were used in this study to
avoid stripping of histones from the DNA and antibody
aggregation.

Another approach to overcome the risk of stripping the his-
tones off the DNA was presented by Matsuoka et al. (2012),
who used an elastomeric nanochannel device where the channel
dimensions can be adjusted post introduction of the chromatin.
The chromatin in this study was isolated from HeLa cells and
by co-staining with DAPI and antibodies against methylated his-
tone H3 and acetylated histone H4, respectively, the authors were
able to visualize chromatin condensation and localization of epi-
genetic marks on the linearized chromatin. The study points out
several advantages of using nanochannels for chromatin analysis:
no extra chemistry is required to stretch the chromatin, chromatin
extracted from cells can be studied, and multicolor staining
enables analysis of several epigenetic markers simultaneously.
The latter, together with the single chromatin approach, is crucial
for rare samples.

Bacterial nucleoid-associated proteins

The bacterial chromosome is organized into a structure called the
nucleoid, where the DNA forms nucleoprotein complexes with
several proteins referred to as nucleoid-associated proteins
(NAPs) (Azam and Ishihama, 1999). Among the most abundant
and universally conserved NAPs are the heat-stable nucleoid
structuring protein (H-NS) and the heat unstable nucleoid struc-
turing protein (HU) and they have both been subject to studies
using nanofluidic channels.

Zhang et al. (2013a) studied the effect of H-NS on DNA con-
formation using two different set-ups of nanofluidic channels. In
steady-state experiments, an array of nanochannels was used to
visualize the extension of single DNA molecules, pre-incubated
with H-NS, whereas a cross-channel device (Zhang et al,
2013b), described in section ‘Devices for dynamic studies’,
enabled monitoring the time-dependent response of DNA upon
exposure to H-NS. DNA was found to elongate or condense,
depending on protein concentration, ionic strength, and presence
of divalent ions (Mg**), and H-NS mediated bridging of DNA
was observed.

Later, a similar study on HU was presented (Guttula et al,
2018). Contrary to the findings for H-NS, nanoconfined DNA
that had been pre-incubated with HU showed a decrease in exten-
sion with increasing protein concentrations, irrespective of ionic
strength and buffer composition (presence of Mg>" ions).
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Fig. 13. (a) Naked T4-DNA and chromatin fibers, reconstituted with T4-DNA and two different loadings of recombinant histone octamers, stretched in nanofluidic
channels. DNA is visualized by staining with YOYO-1. Chromatin fibers appear as blobs connected by strands of uncompressed DNA, and these blobs were observed
to continuously reform so that the fibers fluctuate between relatively more and less open configurations. Reproduced with permission from Basak et al. (2020), ©
2020 Biophysical Society. (b) Real-time visualization of DNA compaction upon addition of the NC protein. (A) Kymograph of YOYO-1 stained 1-DNA compacted and
finally condensed by NC, starting in the center of the molecule (white arrow). (B) 3D surface plot showing the formation of the local condensate, at the time point
corresponding to the dashed square in (A), with emission intensity color coded. (C) Normalized emission intensity profiles of DNA at the corresponding time points
indicated in (A). (D) As in (A) but with the local condensate forming at the end of the DNA. The horizontal scale bars are 2 um. Reproduced from Jiang et al. (2021a),

© Jiang et al., (2021a) under Creative Commons CC BY-NC 4.0.

Over-threshold concentrations of protein caused DNA to collapse
into a condensed conformation.

Another DNA-binding protein within the bacterial nucleoid
that has been studied using nanofluidic channels is Hfq, a phylo-
genetically conserved and abundant bacterial protein with multi-
ple regulatory functions related to nucleic acids metabolism. Jiang
et al. (2015) observed compaction of DNA in the presence of
wild-type, full length Hfq. The decrease in molecular extension
was, just as for H-NS, explained by the propensity of Hfq to
bridge distal DNA segments and at over-threshold concentrations
of Hfq the DNA was found to collapse into a condensed form. In
a follow-up study, truncated Hfq proteins, representing either the
proposed DNA-binding C-terminal domain (Hfq-CTR) or the
N-terminal region (Hfq-NTR), were investigated (Malabirade
et al, 2017). As a result, a proposed model for DNA binding
and bridging by Hfq, where the C-terminal of the protein plays
a pivotal role, with possible implications for protein-binding-
related gene regulation, was presented. Recently, the effect of
intramolecular DNA motion on the mobility of Hfq was investi-
gated using a nanofluidic set-up, demonstrating a dynamic cou-
pling between confinement-induced slowing of DNA internal
motion and enhanced protein mobility (Yadav et al, 2020).
Subsequently, a mutant form of Hfq, lacking the C-terminal
domain and having a lower DNA binding affinity, was found to
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have a significantly higher mobility on DNA compared to the
wild-type protein (Tan et al, 2022). The mutant also demon-
strated a reverse dependence on the internal motion of DNA,
showing reduced protein mobility with slower internal motion.

Other DNA compacting proteins

Condensation and regulation of DNA accessibility are key activi-
ties also in virus life cycles. The nucleocapsid protein NC, alone
and as part of the polyprotein Gag, from human immunodefi-
ciency virus type 1 (HIV-1) has been investigated using nano-
channels in two studies by Jiang et al. (2019, 2021a). Protein
concentration-dependent compaction of nanoconfined dsDNA
was demonstrated, and Gag, which has a higher binding affinity
to DNA than NC alone, was shown to condense DNA at a
much lower concentration than NC (Jiang et al, 2019). In the
same study, the ability of NC to act as a chaperone and promote
annealing of complementary sequences was investigated. By using
A-DNA, that has 12 bp single-stranded overhangs in each end,
concatemerization and circularization in the presence of NC
could be observed. Recently, a further investigation of the dynam-
ics and kinetics of dsDNA compaction induced by NC was pre-
sented (Jiang et al., 2021a). A dynamic device, first described
by Oz et al. (2019) and discussed in section ‘Devices for dynamic
studies’, enabled real-time observation of single DNA molecules
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upon addition of NC protein and the dynamics of the condensa-
tion process could thereby be followed, from locally compacted
regions on the DNA to the fully condensed state (Fig. 13b). The
NC-promoted annealing of complementary, single-stranded over-
hangs of DNA could also be visualized in real time in the dynamic
device and the authors concluded that the chaperone activity is not
directly correlated with the DNA condensation propensity of NC.

Another virus nucleocapsid protein studied in nanofluidic
channels is the hepatitis C virus core protein (HCVcp) (Sharma
et al., 2020). HCVcp-induced compaction of DNA was monitored
in real time, and repeated compaction and relaxation of DNA
could be visualized by iterative flushing of the reaction chamber
with either HCVcp (initiating compaction) or Proteinase K
(releasing the DNA by degradation of the protein). It was
observed that compaction preferentially starts from the ends of
linear DNA, whereas for a circular substrate compaction was ini-
tiated at random positions along the contour. These observations
highlight two major advantages of nanofluidic channels, over
many other single-molecule techniques: as the DNA is free in sol-
ution in the channels, without any tethers, events occurring at the
ends of the molecule and on circular DNA, lacking ends that
make it difficult to tether, can be studied.

Stretching and visualizing single DNA-protein complexes in
nanofluidic channels can provide complementary information to
confirm or add detail to structural predictions from X-ray crystal-
lography and/or models of biomolecular functions. Frykholm et al.
(2016) studied the compaction of nanoconfined DNA by the bac-
teriophage protein Cox, a multifunctional transcriptional regulator
in P2-like bacteriophages. Cox forms oligomeric filaments and it
has been proposed from the X-ray structure that DNA can be
wrapped around these filaments, in a manner similar to how his-
tones condense DNA in eukaryotic cells. The nanofluidic experi-
ments confirmed that Cox compacts DNA and that the binding
is highly cooperative, in agreement with the postulated model.
By monitoring the DNA extension at different channel widths, it
was illustrated how the physical properties of the complex at low
protein loads resemble those of naked DNA, whereas they are gov-
erned by the stiffer Cox-filament at higher protein coverage.
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In a multimodal study by Schmitt et al. (2018) the structure,
properties, and functions of PrgB, a surface adhesin of
Enterococcus faecalis, were investigated. Nanofluidic channels
were used to analyze PrgB binding to long DNA fragments.
Compaction of DNA was observed, with full condensation of
DNA at over-threshold protein concentration and deduced coop-
erative binding at lower concentrations. The investigation also
indicated a higher affinity of PrgB for ends of DNA substrates
or, alternatively, for the single-stranded overhangs present on
the DNA substrates used.

Filamentous DNA-protein complexes

A special class of DNA-binding proteins are proteins that form fil-
aments on DNA. These filaments often have vastly different physi-
cal properties than DNA itself since the properties are governed
mainly by the protein. The bacterial protein RecA and its human
homolog Rad51 are key proteins in homologous recombination, a
process for repairing DNA double-strand breaks (Kowalczykowski,
2015). Both RecA and Rad51 form stiff filaments on single- and
double-stranded DNA. There are, however, significant differences
between nucleoprotein filaments formed by the two proteins.

RecA forms homogeneous filaments along DNA and by using
tapered channels, Frykholm et al. determined the persistence
length of the filaments (Fig. 14) (Frykholm et al., 2014). The fil-
aments are stiff enough for the Odijk theory, valid when the per-
sistence length is larger than the channel dimensions (see section
‘Odijk regime (strong confinement)’), to apply. The value
obtained from the nanochannel data (1.15 zm) was in good agree-
ment with the value obtained using optical tweezers (0.96 um)
(Hegner et al., 1999), despite the different experimental set-ups
where the nucleoprotein filaments were in solution without any
tethering of the DNA when studied in nanochannels. This was
a pioneering study as it constituted the first example of using
nanofluidic channels for studying the physical properties of
DNA-protein complexes.

Fornander et al. performed a similar study on Rad51
(Fornander et al., 2016), but as the Rad51 filaments, in contrast

Fig 14. (a) Fluorescent RecA filaments formed on dsDNA studied in
tapered nanochannels, imaged at three different confinements (730,
370, and 160 nm, respectively, from top to bottom). (b) dsDNA
stained with YOYO-1 and imaged at the same confinements as in
(a). (c-f) Kymographs for the RecA filament and the YOYO-stained
DNA, respectively, in the wide (c and e) and narrow (d and f) end
of the tapered channel. Each kymograph is 28s long and aligned
based on the center of mass. Scale bars correspond to 5um in all
images. Reproduced with permission from Frykholm et al. (2014),
©2014 WILEY-VCH Verlag GmbH & Co.
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to the homogenous nucleoprotein filaments formed by RecA, are
heterogeneous, a quantitative analysis using the Odijk theory was
not as straightforward. The nucleoprotein filaments formed by
Rad51 appeared in patches along the DNA, with stretches of
naked DNA in between. By visualizing the filaments in the
same type of tapered channels as was used in the study of
RecA, Fornander et al. were able to characterize how the stretches
of naked DNA affect the physical properties of the filaments. At
weaker confinement (~650 x 150 nm?) the filaments form static
kinks, suggested to arise when two patches meet. At stronger con-
finement (~230 x 150 nm?), the protein coverage on the DNA
could be determined in more detail and the presence of regions
of naked DNA could be confirmed. The potential biological
role of the observed kinks was discussed.

Proteins interacting with DNA ends

As discussed previously, a major advantage of using nanofluidic
channels for analyzing DNA-protein complexes, compared to tra-
ditional methods where DNA is anchored in the ends, is the pos-
sibility to study reactions occurring on DNA ends and
intermolecular interactions between two or more large DNA mol-
ecules. DNA ends are of interest in many different aspects, such as
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in studies of telomeric DNA and in repair of DNA double-strand
breaks. The use of nanofluidic channels for analysis of proteins
interacting with DNA ends was first illustrated in the study on
the virus nucleocapsid protein NC from HIV-1 discussed above
(Jiang et al., 2019), where the protein was shown to promote
annealing of the 12bp long single-stranded overhangs of long
DNA molecules to form concatemers of DNA.

A first example of investigating DNA repair using nanochannels
was a study of the protein CtIP by Oz et al. (2020). CtIP is a protein
particularly known as a co-factor of MRN (Mrell-Rad50-Nbsl), a
main player in the repair of double-strand breaks (Reginato and
Cejka, 2020; Tisi et al., 2020). Recent studies have however indi-
cated that CtIP on its own can bind to and interact with DNA
(Wilkinson et al., 2019). Oz et al. focused on two effects of CtIP
on DNA, the ability to compact DNA and the ability to bring
two DNA ends in close proximity to allow annealing of broken
ends. The latter was possible in this study since nanochannels
enable efficient discrimination between linear and circular DNA
(Alizadehheidari et al, 2015). Using A-DNA, that has single-
stranded and complementary overhangs, the ability of CtIP to
anneal ends was investigated by determining the fraction of circular
DNA formed in the presence of the protein. An efficient image-
collection pipeline facilitated analysis of thousands of molecules
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Fig. 15. (a) Scatterplot of molecule extension versus STD for A-DNA incubated with wtCtIP, demonstrating how clustering of the dataset allowed distinguishing
circularized DNA molecules (blue) from the full-size linear DNA molecules (black), concatemers (red), and linear fragments (gray). (b) The relative fractions of cir-
cular and linear complexes and concatemers differ among different CtIP mutants. The ability to bridge DNA and thereby promote circle formation was attributed to
the tetrameric form of the protein. (c and d) Size histograms of molecule extension for A-DNA incubated with wtCtIP (c) and mutant CtIP 7 (d), respectively. For
the CtIP ,7¢ mutant, lacking tetramer formation ability, DNA circularization is reduced and concatemerization is enhanced, compared to wtCtIP. Reproduced from

0z et al. (2020), © Oz et al. (2020) under Creative Commons CC BY 4.0.
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at each condition (Fig. 15). Wild-type CtIP, in tetrameric form, was
demonstrated to efficiently promote circle formation and this was
suggested to be due to the protein’s ability to bridge DNA and
force the two DNA ends to come in close proximity. The formation
of circular DNA was thus used as a readout for the potential of the
protein to bridge DNA for two ends to meet. Enhanced circulari-
zation was not observed in the presence of protein mutants lacking
tetramer formation ability.

Non-homologous end-joining (NHE]) is a pathway for DNA
double-strand break repair. While NHE] in eukaryotes is a pro-
cess that involves many different proteins for efficient repair, bac-
terial NHE] uses only two proteins (Bowater and Doherty, 2006).
The homodimeric Ku finds and binds to DNA ends, and has the
ability to bridge DNA ends, while Ligase D (LigD) stabilizes the
bridging and ligates the two DNA ends back together. The first
detailed study of bacterial NHE] on the single DNA molecule
level was performed by Oz et al. using nanofluidics and magnetic
tweezers (Oz et al., 2021). The nanofluidics experiments revealed
several important details on the functions of Ku and LigD. The
first observation was that Ku alone can stably bridge DNA with
as few as four bases complementary overhangs. Furthermore,
Ku was found to bind cooperatively to the DNA ends and the
number of Ku units in the bridges varied significantly. Another
important observation was the fact that Ku was still bound at
the ligation site several hours after ligation was completed
(Fig. 16). The authors thus suggest that in vivo there must be
another system present to remove Ku, and potentially LigD,
from the substrate when the repair process is completed.

Other DNA-protein interactions

Nanofluidic channels have been used to investigate the physical
characteristics of DNA upon interaction also with other proteins
that do not fall under any of the categories discussed above. Three
important examples are presented below.

The interaction between a-synuclein, a protein whose assem-
bly process into amyloid fibers is directly related to the neurode-
generative disease Parkinson’s disease, and DNA has been studied
by Jiang et al. (2018, 2021b). Using nanofluidic channels, in
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combination with other biophysical methods, binding to DNA
by monomeric a-synuclein was confirmed and by studying the
DNA-protein complex at different confinements, an increase in
DNA persistence length, up to 30%, upon protein binding was
observed (Jiang et al, 2018). In the follow-up study, it was
shown that truncation of the C-terminus of a-synuclein induces
differential effects on DNA depending on the extent of the trun-
cation (Jiang et al., 2021b). Upon complete C-terminus removal
(residues 1-97 of a-synuclein remaining) a more than 20%
decrease in relative DNA extension was observed, in contrast to
the increased extension observed for full-length and residue
1-119 a-synuclein variants.

Conformational changes of DNA upon binding of two differ-
ent methyl-CpG-binding domain (MBD) proteins were investi-
gated, using nanofluidic channels, by Liu et al. (2020). They
observed that MeCP2 compacted DNA to less than 50% of its
native extension. From atomic force microscopy experiments,
the authors deduced that compaction was caused by protein-
mediated bridges between distant DNA stretches, creating local
loop configurations. MBD2, on the other hand, did not affect
DNA configuration and no change in DNA extension was
observed upon binding of either unlabeled MBD2 or ATTO-565
labeled MBD2. The authors thus conclude that MBD2, rather
than MeCP2, is a promising probe for epigenetic mapping appli-
cations, targeting methylated CpG sites.

Roushan et al. investigated the superdiffusive motion of DNA
molecules confined to nanochannels, linked to the catalytic activ-
ity of DNA-modifying enzymes (Roushan et al., 2018). In the
presence of T4 DNA ligase, the mismatch DNA repair protein
MutS or E. coli DNA ligase, respectively, and the respective ener-
getic cofactor of each enzyme (ATP for T4 DNA ligase and MutS,
NAD-+ for E. coli DNA ligase), a directed motion of nanoconfined
DNA was observed and characterized. Although the displacement
resembles that of a motor protein, the authors suggest that a
motor-like action is not taking place. Instead, they propose a
kinetic model depending on an asymmetry of ionic strengths
between the termini of the DNA molecule within the nanochan-
nel, and that this ion concentration polarization is maintained by
the enzymatic reaction.
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Fig. 16. (a) 10 kbp blunt-ended DNA molecules (stained with YOYO-1, green) bridged by Ku and covalently joined by LigD, subsequently stretched in nanofluidic
channels. The locations of fluorescent Ku homodimers (red) at equal spacing correspond to the ends and junctions of the ligated DNA fragments, and the protein
was observed to be stably bound post ligation. (b) The extension of YOYO-stained DNA (green) remains constant (top) after exposing the DNA-protein complex to
Proteinase K, that removes the bound protein by enzymatic digestion, thereby confirming the covalent ligation. This process could be visualized in real time using a
nanofluidic device that enables active buffer exchange. Minimal photobleaching is observed from the fluorescent Ku (red) in non-treated complexes during the
visualization time (bottom). Reproduced from Oz et al. (2021), © Oz et al. (2021) under Creative Commons CC BY-NC 4.0.
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Outstanding challenges

In the majority of the published studies on DNA-protein interac-
tions using nanofluidic channels the experiments were performed
at equilibrium, in the sense that the protein was added to DNA
outside of the device and the nanofluidic channel was used merely
as a tool for visualization of the DNA-protein complexes formed.
Moreover, most studies included only one protein binding to
DNA. The obvious future direction for DNA-protein interaction
studies using nanofluidics is thus to investigate real-time dynam-
ics of complex reactions where more than one protein is involved,
either several proteins directly interacting with DNA or indirectly
through protein-protein interactions with the DNA-binding pro-
tein. Such experiments put increasing demands on device design
and fabrication, as well as strategies for device passivation that
need to be optimized for each specific study. The examples of
device designs allowing real-time observations of DNA-protein
interactions (Zhang et al., 2013b; Oz et al., 2019) presented in sec-
tion ‘Devices for dynamic studies’ and the use of such devices to
reveal reaction dynamics of simple DNA-protein systems (Zhang
et al., 2013a; Sharma et al., 2020; Oz et al., 2021; Jiang et al,
2021a) are initial steps taken in this direction. Development of
more advanced nanofluidic devices will make it possible to fully
explore the benefits of nanofluidics for studies of DNA-protein
interactions.

Summary

The intention with this review has been to give a general overview
of the usefulness of nanofluidic devices for analyzing long DNA
molecules and their interactions with proteins. To do this, a thor-
ough introduction to the polymer physics of confined DNA was
initially presented. We then demonstrated how the nanofluidic
devices can be tailored for the project at hand, how sequence
information can be obtained from long DNA molecules by
ODM and how DNA-protein interactions can be analyzed and
understood using such devices.

With the development in all aspects of using nanofluidics for
DNA analysis, we believe that the methodology now is ready to
take a further step into broad use across scientific disciplines.
The theoretical comprehension is now at a stage where it can
be efficiently used for describing long DNA and its interactions
in great detail. The key outstanding questions from the theory
side deal with strong confinement, or, equivalently, low ionic
strengths, where the neutral polymer model breaks down and
the details of the DNA-wall electrostatic interactions become
important (Chuang et al., 2019). For the standard optical map-
ping analysis, the procedure has already been commercialized.
We envision that an important step forward on the optical map-
ping track is to obtain multiple types of genetic and epigenetic
information at the same time, using advanced labeling schemes
along with modern imaging platforms, such as CoCoS micros-
copy (Jeffet et al., 2021a). Another avenue to pursue is an inte-
grated lab-on-a-chip platform aimed at high-throughput
single-cell optical mapping, where initial efforts have already
been made by Marie et al. (2018).

When it comes to using nanofluidic channels for studying
DNA-protein interactions the studies presented here have paved
the way for more complex analyses, where we foresee the possibil-
ity of investigating higher order interactions between DNA and
several different proteins in real time with high spatial and tem-
poral resolution, for example using super-resolution fluorescence
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microscopy. One important note is that the design of the actual
nanofluidic device has been underexplored and more sophisti-
cated designs can open up for detailed biophysical analysis.
These efforts should in particular focus on studies that utilize
the unique features of the nanofluidic channels in that they
allow DNA stretching with negligible force, studies at high
throughput and studies of events occurring at the ends of long
DNA.

We hope that this review will inspire researchers across disci-
plines to use nanofluidic devices for their research. Options are
vast for DNA analysis, but the concepts can also be extended to
other important topics, where recent examples in our group
include analysis of biological nanoparticles (Friedrich et al,
2017) and heterogeneous catalysis in the liquid phase (Levin
et al., 2019; Levin et al., 2022).
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