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ABSTRACT: This paper describes a novel nanofluidic phenomenon where untethered DNA and
chromatin are linearized by rapidly narrowing an elastomeric nanochannel filled with solutions
of the biopolymers. This nanoscale squeezing procedure generates hydrodynamic flows while
also confining the biopolymers into smaller and smaller volumes. The unique features of this
technique enable full linearization then trapping of biopolymers such as DNA. The versatility of
the method is also demonstrated by analysis of chromatin stretchability and mapping of histone

states using single strands of chromatin.
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An important purpose of micro- and nanofluidics research is to develop new types of fluid
flows useful for biomolecular analysis.''® Here, we report the generation of a mixed shear and
elongational flow by collapsing fluid-filled elastomeric sub-micron channels to the molecular
scale. The potential of this nanoscale squeezing technique is first demonstrated by stretching
lambda DNA to its full contour length in physiological buffers and trapping it in that state.
Additionally, we demonstrate the ability to distinguish the difference in stretchability between
chromatin reconstituted with and without histone H1, as well as the ability to simultaneously

map histone acetylation and methylation states from single strands of chromatin.

The quest for highly stretched DNA, especially if it can be immobilized in that state, is not
only a scientific interest but a goal with practical implications as well. For example, optical
mapping of DNA would benefit from highly stretched, immobilized DNA because it would
reduce uncertainties in the correlations between visually measured lengths (nanometers) versus
genomic lengths (basepairs) and reduce effects of thermal fluctuations. Several previous papers

' or nanoconfinement'?; however the degree of

report “full” elongation of DNA by flow'
elongation reported in these papers is limited to ~90% of the contour length. These earlier
procedures also used either non-physiological buffers that lack salts'? or high-viscosity solutions
to increase the shear stress.'' These extreme conditions for the solutions are not only
inconvenient, but can preclude handling of delicate biopolymers such as chromatin where
physiological buffers are a prerequisite to maintain the higher-order structures.">> The inherent
conflict between the requirement for very narrow channels to achieve a high degree of
linearization and the requirement for sufficiently wide channels to introduce large-radius

biopolymers efficiently is also difficult to overcome. Finally, chromatin linearization is even

more complex than DNA linearization because chromatin flexibility and, hence, persistence



1617 and the presence or absence of

length is not constant, but depends on histone modifications
irregularly folded nucleosome fibers.'"® In other words, the ideal nanochannel size for chromatin
linearization relying on nanoconfinement alone is variable. Channels that are too narrow may
preclude certain chromatin regions from entering the nanochannels or force loss of structural
proteins as a consequence of forced introduction. Channels that are too wide would lead to
incomplete linearization. The nanoscale squeezing method described here (Figure la)
overcomes all of these limitations of conventional nanochannels by gradually narrowing a size-
adjustable nanochannel. Not only does this solve the problem of easy biopolymer loading, the
hydrodynamic flows enable extensive linearization of the biopolymers.

In this procedure, an elastomeric poly(dimethylsiloxane) (PDMS) slab with two parallel
reservoirs is bonded using plasma oxidation with a thin PDMS film (Supporting Information,
Figure 1). The PDMS structure is stretched in a direction parallel to the direction of the
reservoirs. This results in the spontaneous formation of an array of tunneling cracks, connecting
the two reservoirs.”” Electrical-impedance methods showed that the average cross-sectional area
of these channels at 10% strain, considered the fully-opened state, was ~15000 nm® (Supporting
Information, Figure 2). This cross-sectional area is sufficient to allow the efficient loading of
large-radius coiled DNA and chromatin into the channels. When the strain is subsequently
relaxed, the channel cross-sectional dimensions decrease significantly (Supporting Information,
Figure 2b). This narrowing linearizes and traps these biopolymers in an extended state. For
example, when the channels were closed from 10% to 1% strain in a series of quick (0.5 s) steps,
A-DNA became extended up to 97% of its contour length (Figure 1b). This result was obtained
without the application of an electric field, and was verified by using YOYO-1 stained DNA (4

base pair/1 dye molecule) that had both ends labeled with additional fluorescent markers. The



ability to stably trap the linearized DNA, rather than have it moving or flowing, enabled high-
resolution visual pinpointing of the single molecule fluorescent labels at the DNA ends. It should
be noted that while our labs previously reported on crack-induced nanochannels,'’*° the DNA
elongation in those studies was obtained using nanoconfinement in conjunction with an
electrophoretic driving force.'® The degree of linearization achieved previously was also much
less (60% vs 97%) and in a regime where the stiffness of the DNA, estimated as an unconfined
worm-like polymer, would be over two orders of magnitude smaller.”** The concept of inducing
mixed elongational and shear flows by relaxation of an applied tensile strain to reduce the cross-
sectional dimensions of channels and its potential to achieve nearly full linearization of DNA,
without an electric field or imposed external pressure gradient, was not recognized.

Nanoscale squeezing can also reveal stretchability differences in chromatin reconstituted
with and without histone H1 (Figure 1¢).”** These results indicate that while the linearization
conditions can be sufficiently vigorous to allow full linearization of DNA, the procedure can also
be gentle enough and compatible with physiological buffers to maintain higher-order structures
of chromatin. The variability in length distribution for each type of chromatin reflects a
combination of nanochannel heterogeneity as well as heterogeneities in the original samples (e.g.
lambda DNA fragments and dimers, and partial reconstitution of chromatin).***’

We hypothesize that the elongation of the biopolymers comes from the unique combination
of hydrodynamic flows and nanoconfinement generated during the closing of the nanochannels.
An asymptotic analysis shows that narrowing the long and thin crack-induced channels produce
flows with combined elongational and shear components. We estimate an accumulated strain
(Hencky strain) of up to ~8 along the centerline of the channel assuming a residency time of 0.5

s during each of the four steps (Figure 2a and Supporting Information, Table 1), and assuming



that the strain accumulates among steps. These are of a similar order of magnitude to the strains
reported by Perkins et al. required to achieve ~80% extension of A-DNA using purely
elongational flows.> We note, however, that the stiffness of the DNA in solution would be ~40
times higher at the 97% extension compared to the previously reported 80%. Nanoscale
squeezing combines moderately high shear rates of 8000-20000 s™ with nanoconfinement that
decreases entropic freedom as well as increases the DNA relaxation time from 60 ms in the bulk
to a few seconds leading to high Weissenberg number (Wi) (Figure 2b and Supporting
Information, Table 1).>* Additionally, nanoconfinement maintains the orientation of the DNA
with respect to the shear direction, even though the flow contains rotational components.”” These
factors combine to enable hydrodynamic DNA linearization to levels beyond typical limits of
80%. Finally, narrowed nanochannels trap the DNA molecules in their linearized state once the
transiently generated squeezing flows terminate.

In linearization experiments, we found two procedural aspects critical to the efficiency of
linearization. First, rapid relaxation of the applied tensile strain, which results in higher rates of
elongational shear flows, is more efficient than slower narrowing of the channels. Second,
relaxation of the applied tensile strain in a series of rapid increments with a brief hold between
them gives higher yields of linearized DNA than completely collapsing the nanochannel in a
single step. While the single step can produce higher rates of elongational shear flows, it
produces more nanochannel bubbles where the channel collapses before the fluid has been
completely flushed out, leaving local pockets of large cross-sectional areas (Supporting
Information, Figure 3). Analysis of the velocity of quantum dots during nanoscale squeezing
show that flow velocities reach at least 40 pm/s using a multi-step quick narrowing procedure;

slower relaxation resulted in velocities that were an order of magnitude less (Figure 2c-d). It



should be noted that fluid flows with DNA molecules may be even faster than those measured
using quantum dots, because of the relatively large size of the quantum dots (diameter ~ 20 nm)
with respect to the width of the channels. Indeed, calculations estimate fluid velocities to be as
high as 300 pm/s.

The observed distribution of DNA conformations obtained by the nanoscale squeezing
procedure (Figure 2e-f and Supporting Information, Figure 4) is consistent with the notion that
the linearization process is hydrodynamically driven. Specifically, increased observations of the
highly-extended DNA conformations are accompanied by the reduced occurrence of the
stretched dumbbell conformations.” This shift is evident in comparison both to previously
reported hydrodynamic DNA stretching experiments® and to nanoscale squeezing procedures that
have incomplete nanochannel closure (Supporting Information, Figure 5). The existence of
minimally extended DNA even with full channel closure is again a consequence of nanochannel
bubbles that leave local large cross-sectional areas pockets. Some DNA may also be trapped in
metastable conformations (Supporting Information, Figure 5).

Broader utility of the nanoscale squeezing procedure was explored by linearizing and
performing multi-color imaging of single strands of chromatin (Figure 3 and Supporting
Information, Figure 6). The chromatin in figure 3a, isolated from HelLa cells, was stained with
DAPI (stains DNA blue) and two antibodies against methylated histone H3 (labels methylated
histone H3K9me3 green) and acetylated histone H4 (labels acetylated histone H4 red) prior to
linearization. The H3K9me3 marks co-localized mainly with higher DNA stained regions
consistent with its role in highly condensed chromatin such as heterochromatin.'®'” The
chromatin in figure 3b (see also Supporting Information, Figure 7), was isolated from GFP-

histone (stains most nucleosomes green) expressing cells and further labeled with DAPI (blue)



and an antibody against acetylated histone H4 (red) prior to linearization. Image analysis of this
linearized chromatin reveals positions of chromatin condensation and different histone
modifications over an extended genomic region.

In this study, we demonstrated a novel, nanoscale squeezing procedure that can linearize
DNA and chromatin and trap the linearized biopolymers in physiological buffers (Figure 1). The
extent of linearization (>95%) achieved is unprecedented for DNA, let alone achieving it in
physiological buffers. Analysis of the changes in distribution of DNA conformations supports
the notion that the biopolymer linearization process of nanoscale squeezing involves a significant
hydrodynamic element (Figure 2). We further demonstrated linearization, trapping, and multi-
color histone state analysis of linearized and trapped chromatin (Figure 3). While chromatin
immunoprecipitation (ChIP) assays are commonly used for histone state mapping, ChIP assays
do have weaknesses. For example, histone state mapping is difficult in regions with many repeat
sequences such as retrotransposon. ChIP based methods also only allow analysis of one
epigenetic marker from each sample. Thus, ChIP-based chromatin mapping is difficult when
sample is scarce as in the case of rare cell analysis. As chromatin cannot be amplified the way
DNA can be, development of single chromatin analysis capabilities will be critical for advancing
epigenetic studies.”°

The squeezing channels used were prepared by cracking, a method that is physically
interesting and attractive for its convenience, speed, and low cost. In current experiments, one 1
cm’ device with an array of ~700 nanochannels (300 pum long nanochannels) yielded 70
linearized chromatin fragments of various lengths (Supporting Information, Figure 8) totaling
~20 Mb. The devices and procedures can be readily scaled up to much larger areas and

chromatin linearization capacities. Finally, although this paper focuses on DNA and chromatin



linearization using fracture-fabricated nanochannels, nanoscale squeezing is a general
nanofluidic concept that should find applications in areas beyond biopolymer linearization and to

channel types made by methods other than cracking as well.
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Figure 1. DNA linearization by nanoscale squeezing. (a) Nanoscale squeeze flow and
nanoconfinement induce linearization of biopolymers. (b) An example of a fluorescence
image and intensities of a 97% linearized A-DNA. The graph shows the intensities of
YOYO-1 (green) and TEX615 (red) labels at the DNA ends (a.u. = arbitrary unit). (c) A
plot of the frequency distribution of the lengths of linearized reconstituted chromatin
prepared from A-DNA with histone H1 (blue) and without histone H1 (red). Insets show
fluorescence images of the linearized reconstituted chromatin with or without histone H1.

The graphs under each images show YOYO-1 intensity, respectively.
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Figure 2. Nanoscale squeezing generates vigorous flow conditions that
hydrodynamically linearize biopolymers. (a) Estimated accumulated Hencky strain as
the applied strain is relaxed from 10% to 7%, 7% to 5%, 5% to 3% and 3% to 1%,
respectively (Supporting Information, Table 1). (b) Estimated Weissenberg numbers
(Wi) as applied strain is relaxed from 10% to 7%, 7% to 5%, 5% to 3% and 3% to 1%,
respectively (Supporting Information, Table 1). () A quantum dot moving due to
squeezing flows generated when strain is quickly relaxed from an initial value of 10% to
7%. Scale bar is 5 um. (d) Measured velocity of quantum dots during the first 0.5 s as
strain applied to the channels is relaxed from 10% to 7% strain using a quick (0.5 s) or
slow (5.0 s) strain-release procedure. Numbers on the x-axis correspond to numbers on
the arrows in Figure 2c. These arrows represent each 0.17 s period of observation. (e)
Schematic drawing of various conformations of DNA. (f) Distribution of DNA
conformations according to their degree of linearization as observed after performing
stepwise nanoscale squeezing from 10% to 7% to 5% to 3% to -0.5% (Supporting
Information, Table 2). DNA linearized to over 95% of the contour length was considered

as being fully stretched.
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Figure 3. Chromatin linearization by nanoscale squeezing. (a) Linearization of
chromatin isolated from HelLa cell. The DNA is stained with DAPI (white). Acetylated
Histone H4 (H4Ac) is stained with labeled anti-H4Ac antibody (red). Methylated Histone
H3K9 (H3Me) is stained with labeled anti-H3K9me3 antibody (green). (b) Linearization
of chromatin isolated from HelLa cell expressing histone H2B-GFP (green). The DNA is
stained with DAPI (white). Acetylated Histone H4 (H4Ac) is stained with labeled anti-
H4Ac antibody (red). The acetylated histone regions are distinguished by the degree of

H4Ac staining on the graph.

Supporting Information
Experimental details, additional device characterization and estimation of Weissenberg number

and Hencky strain. This material is available free of charge via the Internet at http://pubs.acs.org.
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