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Introduction

s chemical engineering research becomes increas-
Aingly interdisciplinary, it is important to identify

areas where chemical engineers can make a unique
contribution. This challenge is particularly manifest for
problems that originate in biology. This Perspective makes
the case that chemical engineers have something unique to
contribute to the area of genome mapping through the disci-
pline’s core strength in fluid mechanics. At first glance, it
may seem surprising that the dynamics of fluid flow are so
closely related to genomic technologies, which are normally
associated with biochemistry. However, chemical engineer-
ing research into this area is a natural extension of the disci-
pline’s long standing contributions to low Reynolds number
hydrodynamics' and the rheology of complex fluids.?

To develop this case, this Perspective begins with an
explanation of genome mapping and its connection to DNA
sequencing. As this biological application may be unfamiliar
to the fluid mechanics community, the problem is recast as a
more familiar analogy with numerical methods. After outlin-
ing three of the newer approaches used to create genomic
maps, this Perspective highlights some of the best examples
of chemical engineering work on two of these methods:
DNA in extensional flow and DNA in confinement. These
examples hardly represent a thorough review of the litera-
ture, and readers interested in such a review should consult a
recent article.” The end of this Perspective discusses some
outstanding questions that are ideally suited to a chemical
engineering mindset.

Genome Mapping and DNA Sequencing

The key tool for obtaining detailed genomic information
is DNA sequencing. The last decade has witnessed a
transformation in DNA sequencing.* These so-called “next
generation sequencing” technologies are based on massively
parallel sequencing of many short DNA fragments. For
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example, a single run of the Illumina HiSeq 2000 sequencer®

used by researchers at the University of Minnesota produces
up to 200 gigabases of information, an enormous yield.
Unfortunately, the information comes out as approximately
10° short sequences of 100 bases. Moreover, structurally
complex regions of the genome, such as telomeres, are diffi-
cult to sequence,” often leading to errors or gaps in the
sequence. In order to produce useful information, the data
onslaught produced by next generation sequencing needs to
be assembled into a readable genome.

To understand the connection between genome mapping
and DNA sequencing, it is useful to imagine how one would
try to understand the genome if it was a computer program,
a literal “code of life.” Trying to decipher a genome directly
from the data produced by next generation sequencing
would be like trying to understand the computer program in
Figure 1 from the 15 short, overlapping snippets of code in
the left panel. This example is actually an ideal case, since
the “sequences” in the figure completely cover the entire
program and do not have any errors.

Assembling a genome from short sequencing data is
similar to putting together a puzzle. In the relatively small
example of Figure 1, you might be able to figure out all of
the overlaps in the snippets and then string together the com-
plete program. However, the program assembly is much
easier with the “map” provided in the center panel of Figure
1. Here, the letter x is the “sequence-specific” label and the
# signs indicate the number of characters between each label.
With this map, one can quickly ascertain that the original
program is the Newton-Raphson solution to the nonlinear
system of equations 2x;—x;x,=0 and 2x%—x2:0 with initial
guesses x(lo) =3 and x§0> =5.

Figure 1 also shows the analogy between this programming
example and the corresponding nomenclature in genome
assembly. In practice, a genome map consists of a number of
short reference sequences and the genomic distance (number
of bases) between repeats of these reference sequences along
the genome. While the map in the center panel of Figure 1
has “single character” resolution, genomic maps do not
require single base resolution to be useful. Rather, kilobase
pair resolution® is sufficient to facilitate genome assembly.
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Figure 1. Understanding the connection between genome mapping and DNA sequencing in an analogy with a computer

program.

(left) Next generation sequencing provides short, overlapping sequences in a random order. The panel shows 15 randomly sorted,
overlapping ‘“reads” of the computer program that are 20 characters in length. (middle) A genome map provides a scaffold for
assembly of the program. In this example, the map identifies all of the locations of the letter x in the program and the number of
characters between each repeat of x. (right) The complete program is obtained by assembling the overlapping snippets of code in
the left panel onto the scaffold provided by the middle panel. To make the assembly clear, the letter x in the snippets of code has
the same color as the map. The code is a MatLab program for the Newton-Raphson solution to a system of two nonlinear

equations.

It should be clear from this toy example that genome
maps are critical for de novo genome assembly, where short
sequencing reads are assembled without resorting to any
outside information. It is tempting to regard mapping as an
obsolete technology when there exists a reference genome,
such as the human genome,9 to guide this assembly. (Under-
graduate students in numerical methods may recognize the
corresponding analogy to Figure 1, as they sometimes try to
“assemble” their homework solution onto the solution from
the previous year.) Indeed, if there is a high-quality refer-
ence genome for a species, then assembling the sequencing
data from another member of the species should be straight-
forward. However, this is not always the case'” and mapping
plays a key role in finishing genomes.'' Even more impor-
tant, mapping provides rapid access to large-scale genomic
information. For example, many important genomic variants
(e.g., in cancer) are phenotypically relevant rearrangements
or repeat sequences in the range of tens of kilobases to meg-
abases,'” which are extremely difficult to detect from 100
base sequencing reads. Large-scale rearrangements in other-
wise very large genomes can often be detected directly from
the map,13’14 while avoiding the data deluge inherent in
DNA sequencing.15

How to Make a Genomic Map

Genomic maps are estimates for the number of bases
between repeats of a particular sequence on the genome.
Traditionally, these reference sequences are sites cut by
enzymes known as restriction enzymes. In the classic
approach, a solution of genomic DNA is incubated with a
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given restriction enzyme, producing a large number of frag-
ments of different sizes that are often in the hundreds of
kilobase pair range. These fragments are then separated by
size using gel electrophoresis. Measuring the sizes of the
fragments provides the genomic distance (i.e., the number of
base pairs) between restriction sites in the original genomic
DNA, although the analysis is complicated by end effects.
While this tried and true technique works, it is slow and
labor intensive. Gel electrophoresis in a dc electric field can
only separate DNA up to several tens of kilobase pairs.ls’17
For DNA mapping, one normally needs to resort to pulsed
field gel electrophoresis,'®!'? where periodic changes in the
direction of the electric field impart an electrophoretic mobil-
ity that depends on the reorientation time for the DNA.'
Pulsed field gel electrophoresis can separate DNA into the
megabase range, permitting the sizing of whole chromo-
somes,'® but it is a slow process requiring many hours to
days.17 The past decade has witnessed continued efforts to
develop microfabricated separation devices that could
replace pulsed field gel electrophoresis.”* While such
microfabricated “artificial gels” have reduced the separation
time for long DNA into the minute rang,e,3 they remain at
the prototype stage and have not translated into routine use.
Optical mapping is an alternate approach to obtain the
same information using single molecules of DNA.**! Figure
2 shows the output of such an experiment.'* Each row in
this figure is a single long piece of human genomic DNA in
the hundreds of kilobase pair range that has been stretched,
immobilized, cut with a restriction enzyme, and dyed with a
fluorescent intercalator that sticks in the backbone of the
DNA. The distance between restriction sites is obtained by
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Figure 2. Principle behind optical mapping.

Single molecules of DNA are stretched in a flow, immobilized to a surface, and cut by restriction enzymes. These cuts produce dark
spots in the optical image, and the genomic distance between cuts is obtained from the fluorescence intensity of the intact DNA
segments. This particular example is human genomic DNA, where the optical mapping uncovered a 90 kilobase pair insertion on
chromosome 7. (Reproduced with permission from Ref. 14. [Copyright 2010 National Academy of Sciences.])

measuring the fluorescence intensity between dark spots in
the image. In addition to its aesthetic beauty and much
higher throughput than pulsed field gel electrophoresis, opti-
cal mapping has an important bioinformatic advantage. In
the electrophoresis experiment, the DNA are cut first and
then separated by size. As a result, one obtains the distribu-
tion of distances between the restriction sites but no informa-
tion about their relative locations along the genome. Conse-
quently, assembling the pulsed field gel electrophoresis data
into a map of the genome is challenging. In contrast, Figure
2 reveals that an optical map can yield many stretched DNA
that have some overlap in their black/white pattern. The abil-
ity to stretch intact, long genomic DNA and then cut the
fragments greatly simplifies the data analysis. Indeed, the
high degree of automation now present in optical mapping is
critical to the analysis of genomic problems in large, difficult
genomes like maize' and humans.'*

DNA barcoding is another way to obtain similar large-
scale genomic information from single DNA molecules.’*
The moniker “DNA barcoding” is very appropriate, but for
trademark reasons different companies have used other
names for the same basic idea.>** % In any case, the idea
behind DNA barcoding is to insert fluorescent, sequence-spe-
cific probes into the DNA. Figure 3 shows one approach by
nick extension,”” but there are many ways to insert the
probes.® In addition to identifying particular sequences along
the genome, there are also barcodes that can detect epige-
netic markers such as DNA methylation.z(’ In contrast to the
optical mapping method in Figure 2, where the sequence-
specific probes are the dark spots in the image, DNA barcod-
ing is a two-color measurement. The backbone of the DNA
is dyed with an intercalating dye that fluoresces at a different
wavelength than the sequence-specific probes. Thus, as seen
in Figure 3, the genomic distance between barcodes is
obtained by integrating the green fluorescence intensity
between the red markers on the stretched DNA.

Technologies for Stretching DNA

At equilibrium in free solution, polymers like DNA adopt
a random coil configuration to maximize their configura-
tional entropy. Both optical mapping and DNA barcoding
require stretching DNA out of this conformation by driving
the DNA out of equilibrium and/or shifting the equilibrium
conformation away from a random coil. Figure 4 illustrates
the three main approaches to accomplish this task (1) molec-
ular (:ombing,27 (2) extensional flow,” or (3) confinement in
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a nanochannel.”® All of these methods are currently being
pursued as commercial technologies, and the key companies
working on each technique are listed in Figure 4.

By far, the most advanced method for DNA stretching is
the molecular combing technique illustrated in Figure 4a,
which has already been commercialized by OpGen. Molecu-
lar combing uses a receding contact line to stretch DNA on
a chemically treated surface that favors adsorption at the
DNA ends.”’” We can think of molecular combing as a com-
bination of a nonequilibrium mechanism and shifting the
equilibrium configuration. When one end of the DNA is
attached and the rest of the chain is stretched by the flow,
the DNA is certainly not in its equilibrium configuration.
However, once the other end of the chain is attached to the
surface, the DNA is now in a stable conformation due to the
large surface adsorption energy. While early molecular
combing experiments29 demonstrated successful stretching,
the alignment and density of DNA on the surface were not
well controlled, hindering high-throughput analysis. Subse-
quent advances in flow control using the coffee ring effect’”
and, eventually, the microchannel device® in Figure 4a led to
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Figure 3. Principle behind DNA barcoding by nick extension.

The lower-right panel indicates the biochemical workflow
(1) Repair any existing single-strand breaks (known as
nicks), (2) enzymatically introduce sequence-specific
nicks, and (3) fill in these nicks with fluorescent
nucleotides. The other images show stretched, barcoded
DNA, where the backbone is stained with a green dye
and the fluorescent nucleotides are red. (Reproduced with
permission from Ref. 22. [Copyright 2007 National
Academy of Sciences.])
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(a) Molecular Combing
(OpGen)
Figure 4. Different technologies for DNA stretching.

(b) Extensional Flow
(PathoGenetix)

nanochannels

(c) Confinement
(BioNano Genomics)

The companies associated with each approach are listed in parentheses. (a) In molecular combing, the DNA is stretched by a
receding contact line on a treated surface that preferentially adsorbs the DNA at its end. The panels show different length DNA
stretched by this method (adapted with permission from Ref. 8. Copyright 2004 American Chemical Society), (b) In extensional
flow, the DNA is stretched by a velocity gradient produced by a hyperbolic channel. PathoGenetix was formerly known as US
Genomics (reproduced with permission from Ref. 25. Copyright 2004 Creative Commons License). (¢) In confinement, the DNA is
electrokinetically injected into nanochannels with a size commensurate to the persistence length of the DNA. The key technology is
an entropy gradient that facilitates the smooth injection of the DNA. BioNano Genomics was formerly known as Bionanomatrix.
(Adapted with permission from Ref. 23. [Copyright 2010 by the authors. Published by Oxford University Press.])

well controlled DNA alignment that permits automated
machine reading of the image data.

The second method for stretching in Figure 4, extensional
flow, is clearly a nonequilibrium approach. Here, the
genomic information is read from the DNA while it is being
extended by the flow. The seminal work on stretching DNA
in flow was published by Steven Chu’s group in the late
1990s,>'* sandwiched between his Nobel Prize winning
work in cold atom physics and his appointment as the Secre-
tary of Energy. While these studies used fluorescently
stained DNA as a model polymer to test theories of poly-
mers in flow, it quickly became clear that the same method
could be used to read DNA barcodes. The first article? dem-
onstrating the genomic potential for the technology used the
device design illustrated in Figure 4b. The relevant dimen-
sionless parameter here is the Deborah number, quantifying
the relative importance of extension in the flow to the relax-
ation of the DNA. The DNA stretching in the device is pro-
vided by the hyperbolic contraction, which creates a strong
extensional component, and, thus, a large Deborah number.
The technology, commercialized by PathoGenetix, has
advanced considerably since its introduction in 2004, includ-
ing a highly integrated “sample in-answer out” device® and
applications to mapping problems.36

The third method in Figure 4, confinement in a nanochan-
nel, involves shifting the equilibrium conformation from a ran-
dom coil to a stretched configuration. The relevant dimension-
less parameter for DNA stretching in confinement is the ratio
of the channel size to the persistence length of the DNA, i.e.,
the characteristic length scale for bending DNA under thermal
energy. Naturally, the best stretching occurs in the smallest
channels; the emerging commercial technology** from
BioNano Genomics uses 45 nm 45 nm channels. As illustrated
in Figure 4c, the key to injecting long DNA molecules into
nanochannels is a gradual change in the number of allowed
configurations by using a gradient in the confinement’” In
addition to DNA barcodes, there are also proof-of-principle
experiments from academic labs using nanochannels for
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epigenetic analyses based on methylation®® or compacted
DNA (chromatin).*®* Traditional restriction mapping is also
possible (but not easy) in nanochannels.*’

Examples of Chemical Engineering Insight

Many chemical engineering contributions toward elucidat-
ing the fluid mechanics of genome mapping methods
appeared in a recent review.’ In the interest of space, this
section focuses on three areas that provide the best examples
of applying a chemical engineering mindset to the problem
(1) Ron Larson’s work on the source of molecular individu-
alism in extensional flow,***? (2) Pat Doyle’s connections
between the kinematics of electrophoresis and hydrodynamic
flow,*® and (3) Mike Graham and Juan de Pablo’s
development of methods for efficiently simulating the
hydrodynamics of confined polymers.‘w*52 The first two
examples connect genome mapping technologies to the mode
of thinking in complex fluid rheology, while the third exam-
ple highlights the importance of low Reynolds number
hydrodynamics.

Molecular individualism

de Gennes’® coined the term “molecular individualism” to
describe the remarkable experimental observation®” that two
DNA molecules experiencing the same residence time in an
extensional flow can display completely different behavior.
(de Gennes colorfully referred to extensional flow as
“molecular torture.”) It is challenging to investigate the
underpinnings of molecular individualism using a purely
experimental approach, since (1) optical diffraction limits the
resolution of the chain, and (2) there is no facile experimen-
tal approach to produce an ensemble of DNA trajectories
starting from identical configurations. Simulation is a power-
ful alternative because the resolution of any measurement is
set by the discretization of the model, and it is easy to
produce chains with the same initial condition but different
trajectories simply by repeating the simulation with a
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different random number seed for the Brownian motion.
Brownian dynamics simulations of a bead-spring model
showed that the molecular individualism arises in part from
the initial configuration of the chain when the extensional
flow starts.*! Although the simulations did not include any
hydrodynamic interactions between the parts of the chain,
the quantitative agreement between the simulations and the
experiments is remarkable.*' Importantly, these simulations
also showed that two chains with the same initial conditions
are not “predestined” to have the same trajectory. Rather,
Brownian fluctuations play an important role in the unravel-
ing process, even for cases where the rate of extension in the
flow is hundreds of times faster than the relaxation rate of
the chain.*!

In a follow-up study, Larson** showed that preshearing
the molecules can reduce molecular individualism in an
extensional flow. This important insight is embodied in the
post array in Figure 4b. Here, the collisions of the DNA
molecule with the post array lead to unraveling of the
chain,?® which should homogenize the initial conditions of
the chains as they enter the extensional flow. However, a
subsequent publication from US Genomics™ (remarkably,
authored by a different Larson) showed that the posts are
superfluous. Rather, because the depth of the microfluidic
device is not much larger than the radius of gyration of the
DNA, the shear flow between the floor and the ceiling
already removes most of the molecular individualism. This
is exactly the preshearing concept described by Ron Larson
in his simulations.**

Analogy between electrophoresis and hydrodynamic flow

The stretching of DNA in a hydrodynamic flow arises
from the inhomogeneous drag exerted on the DNA by the
moving fluid, which creates tension in the chain. If one
instead thinks about the dynamics from the perspective of
the DNA molecule, the key to stretching is the kinematics of
the external force acting on different parts of the chain.
While hydrodynamic drag is a standard way to exert such a
force, DNA is a polyelectrolyte and thus undergoes electro-
phoresis in an electric field. In a bead-spring model of the
DNA dynamics, the action of the electric field is equivalent
to exerting a force that produces an electrophoretic
“velocity” v(r)=puE(r) on one bead in the chain, where u is
the electrophoretic mobility of the DNA and E is the electric
field vector at the bead position r. Doyle and coworkers****
recognized that this analogy provides a very easy way to
stretch a DNA molecule by electrophoresis using a T-junc-
tion. The kinematics of the electrophoretic “flow” field in a
T-junction includes a stagnation point at the intersection,
with the electrophoretic flow pulling the DNA out toward
the two arms of the T. While the throughput of this stretch-
ing method is much lower than the device in Figure 4b, it
very nicely illustrates that flow kinematics govern the
stretching, regardless of the origin of these kinematics.

Electrophoresis also provides a convenient mechanism for
removing molecular individualism. When a DNA molecule
moves through the interface between a gel and free solution,
there is a step change in mobility that produces chain exten-
sion.* Doyle and coworkers*® showed that a photopolymer-
ized gel, used in place of the posts in the device in Figure
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4b, enhances the stretching in a hyperbolic contraction.
Unfortunately, the gel device is difficult to use in practice55
and, as just mentioned, the preconditioning is not essential in
the commercial device.*** Although this clever work*® on
in situ gels did not yield a useful technology for genome
mapping, it was the fountainhead for the Doyle group’s
recent (and wildly successful) work on flow lithography,”®
which has been spun-off in the startup company Firefly
BioWorks.

Methods for confined hydrodynamics

All of the technologies in Figure 4 require accounting for
the dynamics of DNA molecules proximate to a surface. In
molecular combing and extensional flows, the problem is fur-
ther complicated by the imposed fluid flow. To construct
models of DNA dynamics in these devices, it is essential to
have an efficient simulation method that accounts for hydro-
dynamic interactions. While the segment-segment hydrody-
namic interactions between parts of a given DNA molecule
are not particularly important, due to the extended state of the
DNA, hydrodynamic interactions between the DNA and the
walls are critical to producing an accurate model. Over the
past decade, Mike Graham and Juan de Pablo led the devel-
opment of a suite of increasingly sophisticated computational
methods*"? to address the hydrodynamic problem, which are
nicely summarized in Graham’s recent review.”’ For
relatively simple geometries such as a square nanochannel,
recent experience58 indicates that their grid-based method*® is
an excellent compromise between the complexity of the code
and the speed of the calculation. However, for cases where
there are many interacting particles’>' or a complicated
geometry,”” more sophisticated models are preferable.

An important complement to the hydrodynamic calcula-
tion is the model used to represent the DNA molecule. The
coarse-grained, bead-spring DNA model*® used in Graham
and de Pablo’s articles has found widespread application for
modeling DNA in microfluidic devices, in particular for
electrophoretic separations.”® The model is well parameter-
ized, yielding excellent agreement between the simulations
and experiments for both electrophoresis in post arrays59 and
diffusion in slit-like confinement.®® However, one should
take caution when using such a bead-spring model to capture
DNA dynamics in nanochannels similar to Figure 4c. The
polymer coarse-graining in the bead-spring model increases
the computational efficiency, but the tradeoff is a lower
resolution of the conformation of the chain. Here, the best
approach at present is to combine a fine-scale model for the
DNA®' with one of the hydrodynamic methods.*’~?

Chemical Engineering Opportunities in
Genome Mapping

Chemical engineers have already made numerous contri-
butions, both direct and indirect, to genome mapping tech-
nologies over the past decade. There is good reason to be
optimistic that chemical engineers will continue to have a
strong impact in this field in the coming years. Some of the
outstanding questions, discussed below, are ideally suited for
a chemical engineering skill set and outlook. The discussion
is partitioned in the context of the different technologies in
Figure 4.
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Molecular combing

While molecular combing is a well-developed technology,
there is still no detailed model quantifying the stretching of
the DNA on a surface in the state-of-the-art microchannel
device® used in recent genomic studies."* The problem itself
seems complicated but tractable, and an excellent model sys-
tem for understanding the fluid mechanics of coating proc-
esses. In this context, the molecular combing experiment
offers the opportunity to analyze not only the final morphol-
ogy of the coating (i.e., the data in Figure 4a), but also the
dynamics that lead to the coating in the first place. Any
improvement in the uniformity and extent of the stretching
will only aid in the subsequent analysis of the optical maps.®

From the modeling side, the key challenge surrounding mo-
lecular combing is accurately accounting for the contact line
dynamics and the coupling between the fluid flow and the
polymer. The problem is further complicated by the fact that
the DNA spans from the bulk fluid to (presumably) a thin
film of fluid left on the surface by the receding contact line.
In the microchannel device,8 the contact line is produced
inside a relatively small conduit. As a result, one also needs
to consider the wetting of the fluid on the channel walls.

While constructing such a model for molecular combing
will certainly involve a number of assumptions, the veracity
of these assumptions can be tested by experiments in the
same geometry. The microchannel fabrication is straightfor-
ward, consisting of a number of parallel 10 mm long, 100
pm wide, 8 um deep channels produced by replica molding.®
Likewise, the experimental apparatus for visualizing DNA
dynamics is widespread (although the cameras are expen-
sive). Indeed, the ability to visualize the DNA dynamics has
been driving this scientific field for almost 20 years.‘“
Molecular combing experiments would benefit from total
internal reflection microscopy, which is a proven technology
for understanding DNA adsorption to surfaces.®*®® The
biggest experimental challenge may be the speed of the
receding contact line, since the DNA is not especially bright.

Extensional flow

The technological situation is similar for the extensional
flow devices in Figure 4b, where there are excellent opportu-
nities for combining simulation and experiment. The design
of latest generation of devices®* used macroscopic mass
balances to compute the average velocity as a function of
distance down the funnel. This model is one-dimensional
(1-D), whereupon the inhomogeneous drag on the DNA
arises solely from the gradients in the mean velocity along
the channel. Such a model neglects any details of the flow
field or the hydrodynamic interactions in the confined geom-
etry. The presence of the walls certainly leads to nontrivial
effects.*®* At the very least, the DNA-wall friction should
increase the relaxation time of the DNA, leading to a larger
Deborah number (more stretching) than one would expect
from a free solution analysis. At even higher degrees of
confinement, the scaling laws for the diffusion coefficient
will change.”®

The time is ripe for a more detailed analysis of the hydro-
dynamics of DNA flowing through a hyperbolic contraction.
In particular, the immersed boundary method®* used this
year to study DNA flow through nanopits is an ideal tool for
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designing microfluidic stretching funnels. The immersed
boundary method provides considerable flexibility in setting
the device geometry, which is essential to modeling the vari-
ous types of funnels®*** proposed for DNA stretching. More-
over, since these devices are not overwhelmingly difficult to
fabricate, there is ample opportunity to compare the predic-
tions of the simulations to detailed experiments. We again
have an excellent confluence of experiment and simulation
that can be readily addressed using tools from the chemical
engineering skill set.

Confined DNA

While there are engineering opportunities in both molecu-
lar combing and flow extension, the potential scientific
rewards are even larger in the area of confined DNA. Well
before the turn of the century, the description of a polymer
confined to a tube was considered a solved problem, with
tight confinement described by Odijk’s theory65 and weak
confinement described by de Gennes’ theory.66 However, the
seminal experiments for the extension of DNA in different
size channels by Reisner et al.” which did not agree with
either theory, led to a complete re-examination of the proper-
ties of a confined semiflexible chain.®® The thermodynamic
problems are starting to be resolved, especially understand-
ing the DNA extension seen in nanochannel experi-
ments.>*"*® However, almost all of the dynamic questions
remain open and require a very careful combination of mod-
eling and experiments. For example, while a surprising result
exists for the Kirkwood diffusivity of a moderately confined
chain,58 there is still no consensus for the relaxation time of
the chain or any experimental data to test the prediction.
There are other dynamic phenomena, such as the increased
extension of the chain under electrophoresis seen in experi-
ments,® that remain mysterious. The problem only becomes
more complicated by the finite length of the DNA used for
genome mapping, and the beautiful theories developed for
infinitely long chains may not apply to experimentally
relevant situations.

While there are now a number of options for incorporating
hydrodynamic interactions, simulations in confined geome-
tries would benefit greatly from improvements in the coarse-
grained wormlike chain model used to represent the DNA.
In weak confinement,” where the channel size is only
slightly smaller than the radius of gyration of the DNA, one
does not require exquisite resolution of the DNA configura-
tion. In this case, it is possible to use a coarse-grained bead-
spring model where each spring represents many persistence
lengths. In very tight confinement, where the channel size is
near the persistence length of the chain, a touching bead
model”® provides the requisite resolution at the length scale
of the DNA backbone width.’® In such a model, many beads
are used to represent one persistence length of the chain.
Unfortunately, there are many situations of interest where
the confinement lies between these two limits. On one hand,
a bead-spring model with many persistence lengths per
spring would lead to discretization errors in moderate con-
finement, since such a spring cannot capture the local defor-
mation of the chain. On the other hand, while a touching
bead model resolves the local curvature of the chain, it is
computationally expensive to extend such a model out to the
long chain lengths used in experiments.
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A model that spans between the “many persistence lengths
per spring” limit and the “many beads per persistence
length” limit would be a tremendous asset. There is already
an approach using an effective persistence length7l in the
spring force that moves the bead-spring model down to “a
few persistence lengths per spring.” As a result, this model
permits a higher resolution of the chain than the conven-
tional level of coarse—graining,48 but there is still a large gap
between “a few persistence lengths per spring” and “many
beads per persistence length.” At the 2012 AIChE meeting,
Elena Koslovar and Andy Spakowitz presented a new
approach to coarse-graining wormlike chains that may span
this gap. Their work is still in progress, but it seems like a
promising solution to the challenges in modeling DNA in
moderate confinement.

While DNA mapping technologies can certainly continue
to evolve through heuristic designs, the most pressing issues
in this field are exactly the kind of messy, out-of-equilibrium
problems that attract many people to chemical engineering
in the first place. Chemical engineers are in a unique posi-
tion to address these problems, and, thus, to have a broad
impact on this interdisciplinary field.
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