Open Access Article. Published on 28 January 2014. Downloaded on 10/23/2025 12:40:45 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

[{ec

Biomaterials
Science

REVIEW

ROYAL SOCIETY
OF CHEMISTRY

View Article Online

View Journal | View Issue

Fracture-based micro- and nanofabrication for
biological applications

Cite this: Biomater. Sci., 2014, 2, 288

Byoung Choul Kim,®® Christopher Moraes,? Jiexi Huang,® M. D. Thouless*““ and

Shuichi Takayama*®®

While fracture is generally considered to be undesirable in various manufacturing processes, delicate

control of fracture can be successfully implemented to generate structures at micro/nano length scales.

Fracture-based fabrication techniques can serve as a template-free manufacturing method, and enables

highly-ordered patterns or fluidic channels to be formed over large areas in a simple and cost-effective

manner. Such technologies can be leveraged to address biologically-relevant problems, such as in the

analysis of biomolecules or in the design of culture systems that imitate the cellular or molecular environ-
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1. Introduction

Advancements in micro/nano patterning and fabrication tech-
nology have opened new opportunities for the study of biologi-
cal systems.™” The vast majority of micro- and nanopatterning
methods for such studies are achieved through the use of a
template: a pre-fabricated hard structure, usually generated by
various types of lithography, which is used to mold replicates
or to spatially direct the chemical removal of material.
Examples of these “template-assisted” methods include soft
lithography,>* hot embossing,” etching,’ and nanoimprint
lithography (NIL).” In contrast, “template-free” patterning
generates spatial patterns without the use of a pre-formed
template structure to mold the final product.® Examples of
these approaches include cracking,” wrinkling,'”*" self-assem-
bly,"* dip-pen lithography,'® and electro-spinning.'* In combi-
nation with biocompatible materials, these template-free
fabrication methods are broadly applicable to biological
studies, and may in some cases yield distinct advantages over
template-assisted techniques in terms of simplicity, cost and
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ment. This mini review provides an overview of current fracture-guided fabrication techniques and their
biological applications. We first survey the mechanical principles of fracture-based approaches. Then we
describe biological applications at the cellular and molecular levels. Finally, we discuss unique advantages
of different systems for biological studies.

utility. Such systems, when performed at the micro- and nano-
scale, are particularly useful in mimicking the cellular environ-
ment, and in studying quantitative behaviors such as growth,
signaling, migration, apoptosis, and differentiation in
response to spatially-controlled extracellular matrices (ECM) at
physiologically-relevant length scales.”>'® In addition, these
systems exploit control of size to enable biomolecular manipu-
lation including sorting, separation, electrophoresis, and drug
delivery.’” ™ Recent studies by us and others have focused on
the use of fracture-based fabrication to develop surface pat-
terns on substrates and to construct fluidic channels at micro-
and nano-length scales. Fracture of materials is typically con-
sidered to be undesirable, as it is generally associated with fail-
ures. However, by controlling crack formation, it is possible to
generate ordered micro/nano patterns over large areas, or flow
channels after sealing, without expensive equipment. The frac-
ture can be induced at different scales on a wide variety of
materials from soft polymers to crystalline silicon and can
mimic biological environments at cellular to single-molecule
scales. In this brief review, we focus on surveying fracture-
guided fabrication and its biological applications. We will first
review the basic approach for fracture-based fabrication and
then illustrate some biological applications at cellular and
molecular levels.

2. Fracture-based fabrication

Crack formation in materials is controlled by (1) the mechan-
ical properties, including modulus (stiffness of a material),
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toughness (energy required to break the material), and
thermal expansion, (2) the geometrical properties (dimensions
and flaw population), and (3) the loading (applied and residual
strain, and temperature excursions). In this section, cracking
mechanisms and fracture-based fabrications in the recent
literature will be surveyed and discussed.

2.1. Fracture of thin films deposited on a substrate

In multi-layered materials, in which a modulus or toughness
mismatch exists between the layers, arrays of stable cracks can
form when the system is subject to tensile or compressive
strains.”?°">* For example, the critical strain (e.) required to
channel a crack across a film supported on a substrate is given

by25,26
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where Ey is the Young’s modulus of the film, Iy is the tough-
ness of the film, % is the film thickness, and g(a, f) is a func-
tion of «a, f, the Dundur’s parameters reflecting the modulus
mismatch between the film and the substrate, showing the
dimensionless quantity that represents the change in curva-
ture of the film/substrate resulting from cracking. The critical
strain increases as the thickness or the modulus of the film
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decreases. In other words, cracks form more easily when the
deposited film is thicker and stiffer compared to the under-
lying substrate. A further increase in strain above the critical
level results in arrays of cracks with a characteristic spacing
inversely proportional to the applied strain as additional
cracks are generated between the existing cracks.”*?>*?7:28
These crack arrays are generally stochastic in nature, with a
range of crack spacings and widths.>

In systems with a significant modulus mismatch between
the film and the substrate, the cracks can penetrate into the
substrate,”>** and the crack dimensions are additionally influ-
enced by the depth to which the cracks propagate below the
film-substrate interface.>* Therefore, consideration of this
effect is important when selecting appropriate materials for
the film and the substrate.

Work in our lab has centered around crack generation on
the surface of the bio-compatible elastomer polydimethylsil-
oxane (PDMS).”**?°73% An intense plasma treatment creates an
oxidized surface layer on the PDMS, which is stiffer and more
brittle than the bulk material. Consequently, an array of paral-
lel cracks forms under an applied uniaxial strain above a
threshold (Fig. 1A). Since PDMS is an elastomeric material, the
widths of the cracks can be reversibly controlled by substrate
stretching and relaxing. When the substrate contains an array
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Fig. 1 Schematics of fracture based fabrication technologies. (A) Fracture on a thin film deposited on a substrate. Reprinted with permission from
Zhu et al., Nature Mater., 2005, 4, 403. Copyright 2005 Nature Publishing Group. (B) Fracture induced formation of parallel silicone strips by peeling
a thin silica film. Reprinted with permission from Cai et al., J. Mater. Res., 2010, 25, 803. Copyright 2010 Materials Research Society. (C) Fracture
induced structuring (FIS) on a thin glassy layer. Reprinted with permission from Pease et al., Nature Nanotechnol., 2007, 2, 546. Copyright 2007
Nature Publishing Group. (D) Fracture fabrication on a capillary. Reprinted with permission from Zhang et al., Microfluid Nanofluid, 2013, 14, 69.
Copyright 2013 Springer. (E) Fracture formation based on shrinkage of a polystyrene surface layer. Reprinted with permission from Xu et al., Lab

Chip, 2010, 10, 2894. Copyright 2010 The Royal Society of Chemistry.

of many cracks, the crack widths can be regulated down to the
nanometer size scales by stretching or relaxing the bulk sub-
strate at the millimeter scale. The cracked PDMS surface can
be exploited to make tuneable nanofluidic systems by replica
molding the crack patterns into another PDMS substrate and
converting into a closed system by sealing another flat PDMS
substrate against the cracks.*® Alternatively, nanochannels can
be made in one step by stretching a brittle thin film sand-
wiched by elastomers on both sides.*'*

An alternative fracture patterning method using oxidized
PDMS was described by Cai et al.>®> A PDMS membrane was
directly exposed to UV/ozone to form a brittle, oxidized layer.

290 | Biomater. Sci., 2014, 2, 288-296

The PDMS membrane was weakly bonded onto a silicon sub-
strate. When the PDMS membrane was peeled away, periodic
PDMS strips, formed by sequential cracking and detachment
of the oxidized layer, remained on the substrate (Fig. 1B). A
loss of adhesion at the interface between the PDMS membrane
and the substrate occurred initially during peeling. Kinked
cracks then grew bi-directionally along the peeling direction
from the location of interfacial failure into the PDMS mem-
brane. When the kinked crack encountered an adjacent kinked
crack generated from the neighboring interfacial failure point,
the PDMS membrane and the substrate were fully detached.
Consequently, only a PDMS strip was left on the substrate.

This journal is © The Royal Society of Chemistry 2014
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In this way, periodic triangular strips at the micron scale were
constructed, the dimensions of which depend on the bending
strain and the bonding strength of the involved materials.

A similar approach to produce periodic micro- and nano-
structures by fracture on a glassy polymer was reported by
Pease et al.*® A glassy polymer was first spin-cast onto a rigid
plate to make a glassy thin film. Another rigid plate was then
placed on top of the polymer film, resulting in a strongly
bonded, sandwiched structure. Separation of the top layer
from the sandwich induced two complementary sets of peri-
odic gratings in the glassy film by fracture (Fig. 1C). Conse-
quently, fracture-induced structuring (FIS) gratings were
formed with regular periods, four times larger than the thick-
ness of the glassy film. Provided the thin film is glassy, and is
maintained below its glass transition temperature, broad
periods ranging from 120 nm to 200 pm across centimeter
square areas can be stably fabricated independent of mole-
cular weight, chemical composition, and processing con-
ditions of the glassy film. Similar fracture formation on glass
films is also found elsewhere.>”°

2.2. Fracture of glass capillaries

In addition to the fracture based techniques described above,
it has recently been demonstrated that cracks initiated at a
scratch site on a silica or glass capillary by gentle mechanical
impact can be used for nanofluidic applications (Fig. 1E). Con-
trolling the generation of cracks on the silica capillary is not
easy because of the high modulus and because of the difficulty
in establishing a termination point once a crack has begun.
However, it has been shown that stress relieving or nano-
porous materials can be used to generate nanofluidic
structures on fracture. Wu et al. successfully demonstrated
nanofabrication on silica capillary tubes.’® They first made a
scratch at the center of a silica capillary coated with polyimide.
The capillary was then connected to separate reservoirs, and
the scratched region was either bent manually or sonicated, to
partially fracture the material at the nanoscale. During the
process, the polyimide coating played an important role in
buffering the stress and preventing total failure of the silica
capillary. Cracks smaller than 10 nm were directly revealed
with SEM, and the connectivity of each reservoir was
confirmed by electric flow in an ionic solution.

A similar method was developed by Zhang et al., in which
Nafion, a nanoporous resin, instead of the polyimide coating,
was used to control cracking.*’ Manually applied pressure was
concentrated on a pre-existing scratch on the silica capillary,
producing a fracture. Nafion resin solution was poured into
the fracture area and cured at 95 °C for 15 minutes. In order to
avoid clogging within the capillary, a wire was loaded into it,
and removed after the resin cured. Nanoscale fractures were
confirmed using SEM. Similar to the study of Wu et al., each
end as well as the fracture region in the capillary was directly
connected to independent reservoirs for further biological
applications, as described in section 3.

This journal is © The Royal Society of Chemistry 2014
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2.3. Fracture induced by shrinkage

Material shrinkage in layered structures can result in crack-
inducing tensile strains. Using this effect, a lithography-free
nanofabrication approach for polystyrene (PS) surfaces was
developed by Xu et al.*> An ethanol solution in a commercially
available PS Petri-dish was heated to 80 °C (ie., above the
boiling temperature of the ethanol, which is approximately
78 °C). Evaporated ethanol was absorbed on the inner side of
the PS Petri-dish lid where it formed a swollen thin layer.
When the Petri dish was cooled, the absorbed ethanol was
released and shrinkage of the inner surface occurred. The
stress induced by shrinkage of the PS layer gave rise to parallel
nanocracks following the anisotropic direction of PS chains
within the Petri-dish (Fig. 1E). The cross sectional area of the
nanocracks was controlled by parameters including tempera-
ture, solvent type, initial solvent volume, and crack growth
time. The crack patterns were transferred to a polymer mold so
that a replica could be made for further fabrication of nano-
fluidic systems.

3. Biological applications of fracture
based micro- and nanofabrication

Fracture-based fabrication of micro- and nanofluidic channels
is applicable for studying a variety of biological processes at
various length scales. In this section, we survey the current
uses of fracture to probe biology at the molecular and cellular
levels.

3.1. Cellular level

There are currently two broad arguments for the utility of frac-
ture-based micro/nano fabrication technologies for cell and
bacteria culture applications: manipulation of topography and
designing adhesive patterns.

First, cracked surfaces can influence cell function via topo-
graphically-driven mechanical-sensing mechanisms.”> While
the effects of topography on cell function have been reviewed
extensively elsewhere,”*™*® cells sense both micro-scale and
nano-scale topographical features, and these factors have been
used to drive cellular alignment, protein expression and tissue
maturation. While fracture-based fabrication has been used
less frequently for these purposes than wrinkle-based fabrica-
tion approaches,”” ! this system has been applied to study the
linked effects of surface chemistry, topography and elasticity of
PDMS on the function of human mesenchymal stem cells
(hMSCs).”?

Second, crack-fabricated structures are useful as a simple
and versatile method to rapidly and efficiently micropattern
adhesive and non-adhesive areas on a cell culture substrate. In
general, this patterning can be achieved by first rendering the
oxidized PDMS surface to be non-adhesive, cracking the
surface to expose fresh adhesive surfaces, and functionalizing
the new surfaces with adhesive proteins or antibodies. Cells

Biomater. Sci,, 2014, 2, 288-296 | 291
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Fig. 2 Utility of fracture based fabrication as a micro/nano patterning
technology for cell study. (A) Cells cultured on the fracture patterned
arrays exhibit elongated morphologies only under the applied strains.
Reprinted with permission from Zhu et al., Nature Mater., 2005, 4, 403.
Copyright 2005 Nature Publishing Group. (B) Strain specific bacterial
adhesion on the patterned arrays for bacteria-based sensing appli-
cations. Reprinted with permission from Cao et al., J. Phys. Chem. B,
2008, 112, 2727. Copyright 2008 American Chemical Society.

and bacteria cultured on these surfaces then selectively attach
to the adhesive crack structures (Fig. 2).

Developing a robust protocol to render the oxidized PDMS
surface non-adhesive is a critical first step in utilizing this
technology for micro/nano patterning applications. Zhu et al.
and Dixon et al. achieved this by coating the freshly oxidized
surface with (tridecafluoro-1,1,2,2-tetrahydrooctyl)-1-trichloro-
silane by chemical vapour deposition at reduced pressures,
and subsequently blocking non-specific protein adhesion by
incubating the surface with Pluronic F108, an ethylene oxide/
propylene oxide block copolymer.®*** Following the same prin-
ciples, others have utilized vapour phase deposition of tri-
chloro-(1H,1H,2H,2H-perfluoroctyl) silane to block antibody
adhesion.” Fracture can then be used to expose the under-
lying untreated surfaces. Cracks can be generated using either
applied tension®* or compression,®*°> and coated with candi-
date extracellular matrix proteins such as fibronectin, or with
antibodies with highly specific binding sites.>® The surface
crack structures can be reversibly widened and narrowed via
externally applied strains and compressions. The dynamic
tuneability of these cracks can be used to manipulate the
dimensions of adhesive matrix protein arrays in real-time, by
increasing or decreasing the applied tension. In this way, cells
attach to protein patterns which change in size (Fig. 2A) and
strain specific bacteria were adhered on the antibodies pat-
terns (Fig. 2B). It was also demonstrated that cells can spread
along single crack structures when the cracks are sufficiently
wide, and that they retract and take on a more spherical mor-
phology if the size of the cracks are reduced below this
threshold. Hence, crack fabrication technologies may uniquely
be used as a platform to study the dynamic effects of cell
adhesion.

Micropatterning linear crack structures may also be applied
to prompt cells to produce a “three-dimensional” (3D)
response. Cells are typically cultured on flat, two-dimensional
(2D) surfaces, such as tissue culture plastic or conventional
Petri dishes. However, recent findings indicate that the three-
dimensional nature of most in vivo cellular environments
directs cells to function in a manner distinct from 2D cultures.

292 | Biomater. Sci., 2014, 2, 288-296
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This paradigm is of particular significance in drug screening
applications, in which in vitro culture models must adequately
represent cells in vivo, in order to generate clinically translata-
ble results.>®>” Several recent reviews emphasize the impor-
tance and challenges associated with 3D culture systems.’®>°
Such challenges include the increased cost and operational
complexity of using 3D biomaterials, the difficulties in extract-
ing biological samples for analysis, and the experimental chal-
lenges associated with decoupling confounding biological
effects.®>®!

A potentially promising approach to address these chal-
lenges was recently demonstrated in a study by Doyle et al., in
which cells were cultured on stripes of adhesive and non-
adhesive regions.”> The linear micropatterns consisted of
adhesive regions that were narrower than the cells themselves.
Although described as 1D cultures, these linear adhesive sites
were found to prompt cells to function in a manner similar to
cells cultured in 3D environments, in terms of cell mor-
phology, migration and protein expression.®” The results
suggest that these linear systems replicate important aspects
of 3D structures from the perspective of cell functionality. As
the crack-based fabrication methods outlined in this review
were first utilized to generate “1D” adhesive lines,** this
approach has the potential for continued development as a
technique for rapid and easy creation of “1D” culture sub-
strates that could recreate 3D functionality. As an example,
Dixon et al. recently took advantage of the fracture-based pat-
terning approach using compression to rapidly generate cell
culture surfaces that may simulate 3D culture systems.> Cells
grown on micropatterned adhesive cracks showed similarities
in cytoplasmic and nuclear morphology to cells cultured in 3D
systems. However, cells cultured on the linear 1D patterns are
relatively simple to image, extract and probe using various
analytical techniques that are challenging to implement in 3D.
Hence, fracture-based micropatterning may provide a simple
mechanism with which to pattern micron-scale and sub-
micron scale linear features for further studies in cell
dimensionality.

3.2. Molecular level

a. DNA/chromatin linearization. One of the most important
potential applications of fracture-fabricated nanofluidic chan-
nels is the confinement and elongation of coiled molecules for
analytical purposes.®*®® Nucleic acid is a basic biological com-
ponent containing important genetic information that even-
tually determines organism phenotypes. In the natural state of
DNA, the molecule is randomly coiled and actively interacts
with histone proteins forming a more complex structure
known as chromatin. The coiling and uncoiling of DNA are
critical processes in regulating cell function. Gene expression
is strongly affected by interactions between DNA and histones
in response to cell environments, in a process we now concep-
tualize as epigenetic changes. Hence, analyzing the structure
of DNA/histone complexes is critical in understanding how
epigenetic mechanisms regulate cell function. Structural
rearrangements of DNA and chromatin are induced in

This journal is © The Royal Society of Chemistry 2014
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Fig. 3 Applications of fracture based fabrication systems at a molecular level; DNA/chromatin linearization in nanochannels fabricated on a thin
film. (A) Normally closed nanochannels in oxidized PDMS. The nanochannels can be widened under an applied strain. Reprinted with permission
from Mills et al., Lab Chip, 2010, 10, 1627. Copyright 2010 The Royal Society of Chemistry. (B) Full length linearization of lambda DNA linearization in
tuneable nanochannels. (C) Multi-color mapping of epigenetic markers of histone-H3K9me3 or histone-H4Ac on the elongated chromatin. Rep-
rinted with permission from Matsuoka et al., Nano Lett., 2012, 12, 6480. Copyright 2012 American Chemical Society.

confinements below the radius of gyration of long-chain mole-
cules. Nanoconfinement and elongation of DNA/chromatin
can be used to infer genetic information by “direct reading” of
the elongated strand with the help of intercalating dyes into
DNA, rather than by individual base pair sequencing.®*¢*%¢
Thus, the nanoconfinement may offer a suitable platform to
increase our understanding of the physical properties of DNA
as a polymer.®® Fracture-based nanochannels have been
exploited to trap and stretch both DNA and chromatin. As
described, the unique capabilities of fracture-based fabrication
using the PDMS elastomer enables the reversible modulation
of channel dimensions, by changing the strain applied to the
device (Fig. 3A).>" This tuneability of the channels is particu-
larly advantageous in uncoiling DNA/chromatin, as it allows
easy sample loading of the coiled DNA when the channel is
held open. The DNA/chromatin can then be linearized as the
channels are allowed to close. Using normally-closed nano-
fluidic channels where channel narrowing occurs upon the
release of an externally applied strain,*** a nanoscale squeez-
ing flow can be generated as fluid is forced out of the nano-
channels. The simultaneous effects of elongational shear flow
and nanoconfinement have been demonstrated to stretch
lambda DNA up to its full contour length in a physiologically-
relevant buffer solution (Fig. 3B).>*

Similarly, chromatin extracted from HeLa cells was
elongated for multi-color histone mapping in the nanochan-
nels.** Nanofluidics provide a suitable platform for reliable
elongation of chromatin, so that epigenetic markers can be
directly observed in relation to the rest of the DNA/chromatin
complex. As in the case of the lambda DNA elongation, the
open nanochannels have large enough dimensions to allow
the chromatin to be introduced. Since coiled chromatin is gen-
erally much larger than DNA strands, loading chromatin into
nanochannels efficiently is particularly difficult using conven-
tional nanofluidics. In addition, the dual effects of the nano-
confinement and squeezing flow generated as the channels
close provide a force large enough to stretch the labeled chro-
matin, but not enough to break the chromatin structures.
With treatments of fluorescently-labeled antibodies that target

This journal is © The Royal Society of Chemistry 2014

histone modifications, multiple sites including H3K9me3 and
H4Ac, and DNA were imaged from individual strands of
elongated chromatin (Fig. 3C).>" Based on these maps, gene
activation and de-activation regions could be distinguished,
opening the potential to perform a systematic and quantitative
analysis of epigenetic markers on linearized chromatin.
Hence, biologically meaningful changes of epigenetic con-
ditions in different cell types or in different cell states may be
studied using fracture-based nanofluidic systems.

b. Pre-concentration of biomolecules. Miniaturized chemi-
cal and biochemical reactors can be designed using micro/
nanofluidics. Such reactors may provide significant advantages
over conventional systems in reducing required sample
volumes and reaction times resulting from high area to
volume ratios. In particular, nanofluidic structures enable
enrichment of charged biomolecules using the unique ionic
conditions formed at this length scale.

The efficient pre-concentration of biomolecules is necessary
for many biological analyses, where low concentrations of
target molecules are beyond the detection limits of the tools
available. Several approaches for pre-concentration have been
developed using micro/nanofluidics, such as amplified sample
stacking, isoelectric focusing, electric field, temperature gradi-
ent, and electrokinetic trapping.®”®® Regardless of these
benefits, the adoption of such technology is limited, particu-
larly by biologists, because expensive tools and highly-specific
expertise are typically required to fabricate such nano-struc-
tures. Hence, fracture can be a good alternative to create the
nanostructures in a rapid and easy way, >0 33435:10:41,53,54,70-72

Crack-based fabrication technologies have successfully
been employed to create biomolecule concentrators based on
an exclusion-enrichment effect.*>*"”> When a charged surface
is exposed to an ionic solution, an electrically neutral thin
layer, referred to as the ‘electric double layer’ (EDL), forms at
the surface.”” In general, the size of the EDL is approximately
1 to 10 nm in common ionic solvents. The exclusion-enrich-
ment effect occurs under conditions where the size of the
nanochannel is less than or equal to a thickness of EDL
and leads to considerably altered transportation of charged
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Fig. 4 Silica capillary systems for bio-molecular studies. (A) Electroki-
netic stacking of DNA molecules in nanofracture on fused silica micro-
channels. Fluorescence image of the stacked DNA in the capillary (A).
Theoretical schematic of the DNA stacking (B). Reprinted with per-
mission from Wu et al.,, Lab Chip, 2012, 12, 3408. Copyright 2012 The
Royal Society of Chemistry.

molecules through the channel. Molecules with the same
charge as the surface are excluded from the channel, whereas
molecules with an opposing charge are enriched due to
electrostatic attraction. In this sub-section, we will review how
pre-concentration of biomolecules has been accomplished in
fracture-based fabrication systems.

c. DNA pre-concentration. The exclusion enrichment effect
can also be applied to pre-concentrate DNA that is typically
diluted in large volumes of liquid. Wu et al. demonstrated
lambda DNA pre-concentration in the nanofluidics fabricated
by the direct mechanical impact on a silica capillary.*® As
described in section 2.3, a nanofracture was developed in the
middle of the silica capillary (Fig. 4A).*' Each end of the silica
capillary was connected to DNA reservoirs and electrically
grounded. The middle portion of the device was linked to a
buffer solution reservoir and coupled to an electrical anode.
When the applied voltage is high, an EDL formed as the fused
silica surface became negatively charged with Si-OH groups.

View Article Online
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Overlapping EDLs at the nanocrack site enabled selective
attraction of ions in the solution. The negatively charged
lambda DNA in the reservoirs connected to each end was elec-
trokinetically driven through the channel and was prevented
from passing through the nanocrack area, where it was stacked
and concentrated. The DNA was amplified ~10° times in 7 min
under optimized conditions where the applied voltages were
suppressed enough not to induce negative effects (Fig. 4B).*
Identical approaches have also been demonstrated using nano-
fluidics combined with an ion exchange polymer resin
enabling lambda DNA concentration by a factor of 10® in just
158"

4. Conclusion and perspectives

Controlled micro and nanopatterns are attractive for biological
experiments because of the enhanced precision and degree of
quantification they make possible at the length scale of single
cells and biomolecules. Recent advances make some pro-
cedures of cracking attractive as an alternative approach to
conventional template-assisted fabrication. Such fracture-
based fabrication provides the ability to rapidly create micro/
nano patterns on a large scale without expensive equipment,
facilities or highly-specific expertise. These advantages of frac-
ture-based fabrication allow non-experts in micro-engineering
to access micro/nano technologies, because cracking requires
little special equipment and is based more on a careful choice
of intrinsic material properties and consideration of the mech-
anical stresses applied.

Nevertheless, the inherent randomness associated with
cracking makes precise control of the crack dimensions chal-
lenging.>® Some approaches have been developed recently that

Applied
strain

(€)

fee ool

R2REOD

(111

Fig. 5 Precision-control of crack positions with designed stress-concentrating or stress-shielding structures. (A) Guided fracture formation initiated
from micro-notches on a stiff silicon substrate. Reprinted with permission from Nam et al., Nature, 2012, 221, 485. Copyright 2012 Nature Publishing
Group. (B) Schematics of controlled crack formation following pre-designed notches on a thin film deposited on a soft substrate. (C) Periodic crack-
ing in an oxidized PDMS/PDMS substrate with saw-tooth. Reprinted with permission from Kim et al., Scientific Rep., 2013, 3, 3027. Copyright 2013
Nature Publishing Group. (D) Multiple brick stack structures generated by controlled cracking of an Au/PDMS bilayer.
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can overcome such limitations to regulate crack propagation at
pre-designed positions. For example, Nam et al. and Kim et al.
incorporated intentional defects or stress-shielding structures
into multilayered systems to initiate cracks at pre-defined
locations (Fig. 5A and B).”%”! Nam et al. used SizN, on a stiff
silicon wafer (Fig. 5A) while Kim et al. used an oxidized layer
(oxidized PDMS/PDMS, Fig. 5C) or a thin metal film layer
(gold/PDMS, Fig. 5D) on elastomeric polymer substrates.
While the methods of Nam et al. and Kim et al. of introducing
v-shaped features into a substrate to control cracking may look
similar on the surface, Huang et al recently discussed in
detail the differences in mechanisms of crack formation and
how the experimental design parameters for the v-shaped fea-
tures and degree of strain must be adjusted depending on geo-
metry and material properties.’” These reports suggest a
promising future for the use of cracking as a method to
perform precise nano-fabrication.

Other challenges for biological studies include mechanical
mismatch between biological materials that are often soft,
pliable, and undergo dynamic structural changes versus readily
cracked materials that are often brittle, hard, and rigid such as
silicon, glass, or hard plastics. Further development of under-
standing the mechanics of cracking, together with experi-
mental procedures that enable appropriate combinations of
rigid and soft material systems, together may expand opportu-
nities for novel biological studies including dynamic regu-
lation of cell-accessible adhesive surfaces, active filtration of
particles and biological molecules, reversible biopolymer line-
arization, and flexible electronics.

In conclusion, advances in controlling cracking in diverse
material systems from the nano- to micro-scales are envisioned
to enable the production of more complex dynamic patterns,
which will in turn drive broader applications in biological
research.
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