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ABSTRACT By subjecting DNA aqueous solution to evaporate in a curve-on-flat
geometry that was composed of either a spherical lens or a cylindrical lens situated on a
flat substrate, a set of highly aligned DNA nanowires in the forms of spokes and parallel
stripes over a macroscopic area (i.e., millimeter scale) were successfully created. The DNA
molecules were stretched and aligned on polymer-coated substrate by the receding
meniscus. The imposed curve-on-flat geometry provided a unique environment for
controlling the flow within the evaporating solution by eliminating temperature gradient
and possible convective instability and, thus, regulated the formation of DNA nanowires.
Such controlled evaporative self-assembly is remarkably easy to implement and opens up
a new avenue for crafting large-scale DNA-based nanostructures in a simple and cost-

effective manner, dispensing with the need for lithography techniques.
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DNA Solution

NA is a promising construction

material for producing well-defined

nanostructures for electronic, mag-
netic, optoelectronic, and sensory applica-
tions. In particular, DNA nanowires produced
by stretching DNA permit the physical map-
ping and diagnosis of diseases,' and can also
serve as unique templates due to their aligned
structure and rich chemical functionality? for
potential use in superconducting nanowires,?
waveguides,” photodetection,>® field-effect
transistor,” nanophotonic switch,® bio-
sensors,” nanowire transistor,'® thermal
switch,' logic device,'? etc. Notably, the
prerequisite for most of these applications
involving DNA nanowires is to immobilize a
large number of DNA molecules on the
substrate at the desired position. To date,
several methods stemming from simple
molecular combing approach,’ including air
blowing,'? electrophoretic stretching,'* spin-
stretching,”® combing in microchannels,'®
and dynamic molecular combing'” have been
utilized to align and immobilize coiled DNA
molecules onto the substrate. Under certain
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pH and ionic strength, the partial melting of
the ends (i.e., extremities) of DNA molecules
exposes their hydrophobic core, which ad-
sorbs onto a hydrophobic surface (i.e., specific
binding).®'® In general, the stretched DNA
chains were often randomly distributed. They
are not well positioned and ordered over a
large area. The length of DNA molecules was
also not controlled. Recently, the parallel
alignment of DNA arrays has been achieved
using a modified molecular combing method
combined with soft lithography (i.e., placing
a PDMS stamp in contact with the DNA
solution);'*?® however, the process was
rather complex in terms of the mask pre-
paration and requiring delicate control over
the peeling-off speed of PDMS stamp. By
utilizing solvent evaporation on a tilted
PDMS surface, DNA nanofibers can be fab-
ricated; however, the effects of temperature
and pH on the nanofiber formation are still
not well understood.?’ Clearly, a low-cost,
large-scale strategy for highly aligned DNA
nanowires is highly desirable and requires a
thorough and systematic study.
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Figure 1. (a) Schematic illustration of sphere-on-flat geometry (side view), where a drop of DNA solution is constrained,
bridging the gap between the spherical lens and the PMMA-coated Si substrate (i.e., a thin PMMA film was spin-coated on
HMDS-coated Si). (b) Schematic illustration of formation of DNA spokes (top view). (c) A small zone of DNA spokes obtained at
pH = 6.2, T = 65 °C, and the concentration of DNA solution = 8 ug/mL (marked as a dashed box in panel b), emitting green

fluorescence. Scale bar = 300 um.

The use of spontaneous self-assembly as a lithogra-
phy- and external field-free means to construct highly
ordered, often intriguing structures has garnered
much attention due to the ease of producing complex,
large-scale structures with small feature sizes. In this
regard, one extremely simple route to intriguing struc-
tures is the drying-mediated self-assembly of nonvola-
tile solutes (e.g., polymers, nanoparticles and colloids)
through the solvent evaporation of a sessile droplet on
a solid substrate.?? However, the flow instabilities within
drying droplet often result in non-equilibrium and
irregular dissipative structures (e.g., randomly orga-
nized convection patterns, stochastically distributed
multirings, and so on). To this end, controlled evapora-
tive self-assembly in a confined geometry has recently
emerged as a rational preparation strategy for simple
and rapid creation of well-ordered microscopic struc-
tures,>? comprising polymers®>~2® and particles.”” The
confined geometry imparts a radically distinctive en-
vironment for exquisite control over the evaporation
process (e.g., evaporative flux, solution concentration,
interfacial interaction between the solute and sub-
strate, etc.) to yield complex structures and assemblies
with high regularity and fidelity.

Herein, we demonstrate a simple yet robust strategy
to yield highly aligned parallel DNA nanowires in the
forms of nanostructured spokes and parallel stripes
over a macroscopic area (i.e., millimeter scale) by sub-
jecting DNA aqueous solution to evaporate in a curve-
on-flat geometry composed of either a spherical lens or
a cylindrical lens situated on a flat substrate. Such
confined geometry allowed for the control over the
flow within the evaporating solution by eliminating
temperature gradient and possible convective instabil-
ity, thereby leading to the stretching of DNA molecules
by the receding meniscus, and in turn forming highly
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ordered DNA nanowires. The effects of pH of DNA
aqueous solution and temperature on the formation of
DNA nanowires were systematically explored. A transi-
tion from spoke-like patterns to coffee-ring-like depos-
its was, for the first time, observed as the pH was
increased. The optimization of pH and temperature
rendered the production of large-scale DNA nanowires
aligned parallel to one another.

RESULTS AND DISCUSSION

The DNA spoke-like patterns were formed by allow-
ing a drop of A-DNA (hereafter referred to as “DNA”")
aqueous solution to evaporate in sphere-on-flat ge-
ometry constructed by placing a spherical lens on a flat
PMMA-coated Si substrate (Figure 1a; see Experimental
Section). The PMMA-coated Si substrate was hydro-
phobic and facilitated the anchoring of DNA on its
extremity. The formation of DNA spokes, analogous to
aligning seaweeds on the beach during ebb-tide, can
be understood as follows. At the early stage of the
drying process, the fingering instabilities caused by the
long-range van der Waals force between the liquid and
the substrate?® occurred at the drying front of the
DNA aqueous solution. DNA molecules were preferably
accumulated at the fingers. Over a certain range of
pH, the extremities of DNA were then anchored at the
three-phase contact line on the PMMA-coated sub-
strate as a result of the interaction of the extremities
with the carboxyl group of PMMA;"'® such anchoring
was strong enough to withstand the capillary force
(ie., combing force?3%). The DNA molecules were
stretched straight due to the capillary force acting on
the rest of DNA molecules by the receding solution
front (i.e., air/water interface) during the water eva-
poration.>' The anchored DNAs served as nucleation
sites and grew into stripes locally that oriented normal
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Figure 2. (a—c) Representative fluorescence micrographs of DNA spokes formed at three different regions (i.e., (a) outermost
region, X;; (b) intermediate region, X5; and (c) innermost region, X3) obtained at pH = 6.2, T = 65 °C, and the concentration
of DNA solution = 8 ug/mL. (d—f) AFM height images of selected areas in panels a—c; image size = 600 nm x 600 nm. (g—i)
The corresponding cross-sectional analysis of AFM images of DNA spokes in paneld d—f.

to the evaporating front by transporting DNAs from
the surrounding solution as the solution front (ie.,
meniscus) propagated inward. This resulted in spoke
patterns (Figure 1b).3?

To scrutinize the surface morphology of the DNA
spokes, optical microscopy and AFM measurements
were performed. The spacing between two adjacent
DNA spokes did not change much from the outermost
region (X; in Figure 1a,b) to the innermost region (X3 in
Figure 1a,b) as the solution front moved toward the
sphere/PMMA-coated Si contact center (Figure 1). This
is because as the perimeter of the three-phase contact
line dictated by the spherical lens decreased from X; to
X3 regions, the spacing between two adjacent DNA
spokes is expected to decrease; however, the two
adjacent spokes may merge together as one spoke if
the distance between them at the drying front was
close enough. Locally, the height, h, and width, w, of
DNA spokes were constant. However, they progres-
sively (but not continuously as will be discussed later)
decreased from the outermost region X; to the inner-
most region X; as evidenced in three representative
AFM height images and the corresponding cross-sec-
tional analysis, namely, from h=80 nm and w =400 nm
at X; = 4200 um (Figure 2d.g), to h = 50 nm and
w = 200 nm at X, = 3400 um (Figure 2e,h), and to h =
20 nm and w = 100 nm at X3 = 2600 um (Figure 2f)i); this is
not surprising as less DNA molecules were available to be
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transported to the meniscus as the evaporation pro-
ceeded from X; to X; (Figure 1a,b).3® Obviously, the use
of sphere-on-flat geometry rendered the production of
DNA spokes over a large area (Figure 1c and 2a,c) with
a very long distance (i.e.,, approximately from X; =
2600 um X3 = 4200 um, so a total of 1.6 mm long)
(Figure 1c). On the basis of these observations, it is clear
that the dimension of DNA nanowires (i.e., spokes
formed in sphere-on-flat geometry) was dictated by
not only the concentration of DNA solution, but also
the geometry of the upper spherical lens used.

As noted above, the length of a complete DNA spoke
was approximately 1.6 mm, which was also measured
by AFM (Figure 3). It is noteworthy that the maximum
achievable length of DNA spokes is simply limited by
the diameter of upper spherical lens used (D=1 cm in
Figure 1a) and the volume of DNA solution loaded. It
can be expected that by increasing D and placing a
larger amount of DNA solution, much longer DNA
spokes with even larger areas can be readily yielded.

Interestingly, although the overall trend of height
h of DNA spokes decreased from X; to X3 as described
above, such decrease was not continuous. Instead, a
fluctuation in h along a DNA spoke was seen, indicating
that during the drying of DNA solution, the three-phase
contact line moved toward the sphere/PMMA-coated
Si contact center in a “slow-and-fast” manner (Figure S1).
The underlying mechanism for such “slow-and-fast”
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1.6 mm

Figure 3. Representative AFM image of complete DNA spokes with a total length of 1.6 mm formed at pH =6.2, T=65 °C, and
the concentration of DNA solution = 8 ug/mL. The arrow marked the direction of drying front during the course of water
evaporation. The cross-sectional analysis of Line 1 and Line 2 is summarized in Figure S1.
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Figure 4. (a) Schematic illustration of cylinder-on-flat geometry composed of a cylindrical lens situated on a PDMS substrate
(side view). (b) Schematic illustration of formation of parallel DNA stripes on two sides of the cylinder/PDMS contact (marked
as “cylinder/PDMS contact center”); similar illustrations are shown in Figure 5a. (c) A small zone of parallel DNA stripes
(marked as white dashed box in panel b) yielded at pH = 6.2, T = 65 °C, and the concentration of DNA solution = 8 xg/mL,

emitting green fluorescence. Scale bar = 200 um.

motion of the meniscus may be rationalized as follows.
During the spoke formation process, it was highly
possible that the concentration of DNA solution may
increase with time due to water evaporation (i.e., the
“slow” motion period). As such, the DNA spokes may
grow thicker as more DNA were dragged and bundled
to the existing DNA nucleation sites, which in turn
slowed down the deposition process. The slow move of
meniscus further increased the thickness of DNA
spokes (i.e., the positive slope in the Height ~ Distance
plot in Figure S1; upward). Subsequently, the “fast”
motion was followed. This is because after a certain
period of the “slow” motion, the concentration of DNA
solution decreased as most of DNA was deposited
during this period, leading to the formation of thinner
DNA spokes and the increased moving speed of
meniscus. The fast moving of drying front resulted in
further decrease in the thickness of DNA spokes (i.e., the
negative slope in the Height ~ Distance plot in Figure S1;
downward), which led to an increase in the concentration
of DNA solution. As the concentration increased, the
condition for the “slow” motion was satisfied; the DNA
spokes would grow thicker again. Clearly, the repeated
“slow-and-fast’” motion of drying front resulted in the
height fluctuations along DNA spokes, as also
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represented in the alternation in fluorescence intensity
of green emitting dye-labeled DNA (Figure 1c).

The pH value was found to exert a profound influ-
ence on the alignment of DNA molecules. The anchor-
ing of DNA on substrate was sensitive to pH, and
different pH of DNA solution was responsible for a
specific binding mechanism of DNA."®** For a given
temperate T = 65 °C, at low pH (i.e., pH = 5.5 in Figure
S2a), the DNA molecules were either randomly depos-
ited or aggregated during water evaporation. This is
because DNA molecules underwent intensive proton-
ation, which induced strong nonspecific absorption of
DNA on the PMMA surface (i.e, PMMA-coated Si
substrate). As the capillary force (i.e., combing force)
of drying front was small as compared to the large
anchoring force between DNA and the PMMA surface,
the meniscus was not able to straightly stretch DNA
molecules as it receded. Thus, instead of highly aligned
DNA spokes, branches and junctions of DNA spokes
were formed. When pH increased to 5.8—6.4 (e.g.,
optimal pH = 6.2 in Figure S2b) as in the present study,
the denaturation of DNA disappeared and was only
restricted to its extremities. Thus, instead of the mid-
segment of DNA, DNA molecules were anchored by the
end. Subsequently, DNA molecules were aligned (i.e.,
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Figure 5. (a) Schematic representation of preparation of 2D arrays of DNA nanowires by two consecutive orthogonal transfer-
printing using PDMS substrate. The parallel DNA stripes (i.e., a set of lines on the left and right sides in the 2nd and 5th upper
panels) were formed on two sides of the cylinder/PDMS contact center. (b) Representative fluorescence micrograph of 2D
arrays of DNA nanowires; scale bar = 40 um. (c) AFM height image of a selected area in panels b; image size =20 um x 20 um.
(d) The close-up of an overlapped area in panel ¢; image size = 20 um x 20 um. (e) The corresponding height profiles of stripe

1, stripe 2, and overlapped area in panel d.

forming DNA spokes) by the capillary force acting on
the rest of DNA molecules as the meniscus receded,'
as discussed earlier in the above. When pH increased to
a higher value (e.g., pH = 7.1 in Figure S2¢), little DNA
denaturation occurred; in other words, the aniso-
tropic property of DNA molecules vanished, and the
weak binding between DNA and the PMMA-coated Si
substrate cannot fix DNA to the surface. Consequently,
DNA can be regarded as a conventional polymer with
a large length to diameter aspect ratio. Thus, it is not
surprising that concentric ring-like structures were
yielded due to “stick—slip”" motion of three phase
contact line, resembling our previous work on dynamic
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self-assembly of polymers.?>232>~2733 Notably, a tran-
sition from spoke-like patterns (pH = 6.2) to coffee-
ring-like deposits (pH = 7.1) was thus, for the first time,
observed as pH increased.

In addition to pH, the effect of temperature, which
was much less studied in previous molecular combing-
based approaches, on the stretching and alignment of
DNA was also explored. We note that (a) an increase in
temperature would lead to a higher evaporation rate of
solvent, and thus faster receding of the three-phase
contact line, which in turn promotes the alignment of
DNA molecules at the drying front; and (b) on the other
hand, the increase in temperature would facilitate the
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convective flow that carries DNA molecules from the
solution inside to the drying front, that is, more DNA
would deposit at the three-phase contact line.3*3*
Clearly, based on our observation at the fixed pH =
6.2 as displayed in Figure S2d—f, the formation of DNA
spokes were more likely governed by the former (i.e.,
(a)). At relatively low temperature (ie.,, T < 55 °C in
Figure S2d), the meniscus moved so slow that DNA
molecules not only accumulated at the anchored DNA
spoke sites to serve as nucleation sites, but also along
the drying front connecting two adjacent spokes. As a
result, two spokes were merged together by forming a
junction after the meniscus receding. At T = 71 °C
(Figure S2e), stretched DNA spokes were obtained;
however, the regularity of surface pattern in terms of
the spacing between two adjacent spokes was re-
duced due to the increase of fingering instabilities. 33>
An optimal temperature, T = 65 °C was identified, at
which the meniscus receded neither too slow causing
two neighboring DNA spokes to merge together, nor
too fast so that the regularity of parallel spokes de-
creased. The ranges of both temperature and pH that
rendered the production of highly aligned DNA spokes
were summarized in Figure S3, providing an important
piece of information on the proper selection of these
two variables to yield well-ordered and positioned
DNA that can be used for further research.

Quite interestingly, rather than spokes yielded from
dynamic self-assembly of DNA in sphere-on-flat geo-
metry, a set of parallel stripes were formed by allowing
the DNA solution to evaporate in cylinder-on-flat geo-
metry composed of a cylindrical lens situated on a
PDMS substrate (Figure 4). It is worth noting that in
comparison to spokes, highly ordered parallel DNA
stripes with much fewer junctions over a large area
were obtained in cylinder-on-flat geometry (Figure 4c).
The ability to integrate a large number of one-dimen-
sional DNA stripes into 2D arrays is key to functional
DNA-based devices. By performing two orthogonal
transfer printing as illustrated in Figure 5a, 2D arrays

EXPERIMENTAL SECTION

Preparation of PMMA-Coated Si Substrate. A p-type Si wafer (100)
was cut into small 1.5—2 cm? pieces. These pieces were then
cleaned with a mixed solution of 18 M sulfuric acid and
NoChromix for 12 h. After the acid treatment, Si wafer was then
vigorously rinsed with DI water and blow-dried with N,. A layer
of hexamtheyldisilazane (HMDS) was spun on Si substrate at
3000 rpm for 60 s, followed by the spin-coating of poly-
(methylmethacrylate) (PMMA; Polymer Source, Inc.; molecular
weight, MWppyma = 533 kg/mol, PDI = 1.57) toluene solution at a
concentration of 4 mg/mL at 2000 rpm for 60 s. The resulting
PMMA-coated Si substrates (i.e., thin PMMA film deposited on
HMDS-coated Si) were annealed at 120 °C for 1 h and allowed to
cool to room temperature before use.

Preparation of A-DNA Buffer Solution. For the preparation of
A-DNA buffer solution, 1 M HCl solution was first prepared by
diluting 16.53 mL of 12.1 M HCl stock solution to 200 mL with
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of DNA nanowires can be achieved. First, parallel DNA
stripes were formed on a flat PDMS stamp by evapora-
tive self-assembly of DNA. The use of PDMS substrate
rather than PMMA allowed subsequent transfer of
stretched DNA to a variety of surfaces through transfer
printing (TP) to form complex patterns. After first TP of
DNA onto the Si substrate, the second TP was followed
by placing DNA stripes in the direction orthogonal to
the first TP patterns, thereby yielding 2D arrays of DNA
nanowires (Figure 5b). The AFM measurement showed
that the height of two crossed DNA stripes in the
overlapped area after two consecutive TPs was ap-
proximately 60 nm, and was not the simple sum of the
height of stripe 1 (40 nm) and stripe 2 (30 nm),
indicating that DNA molecules in each stripe were
not tightly bundled (i.e., packed) but with possible
spacing among them. Upon the addition of orthogonal
DNA stripes on the existing ones, the height decreased.
These 2D arrays of DNA nanowires may be used for the
construction of functional circuits of DNA-based nano-
structures by functionalizing DNA with electronically,
magnetically, or chemically active materials;'® more-
over, more complex DNA patterns may be created by
multiple TPs. This work is currently underway.

CONCLUSIONS

In summary, we demonstrated a simple and low-cost
strategy based on controlled evaporative self-assem-
bly in axially symmetric curve-on-flat geometry to yield
a high number density of aligned long DNA nanowires
(spokes and parallel stripes) over a macroscopic area
(i.e., millimeter scale). The pH of the DNA solution and
temperature were found to be important variables that
markedly influenced surface patterns of DNA deposits.
Such highly oriented DNA nanowires and 2D arrays
constructed upon them may provide opportunities to
realize the potential of DNA-based nanotechnology for
a large-scale production of high-density functional
nanodevices by capitalizing on these aligned insulat-
ing DNA patterns as template.

ultrapure H,O0. A total of 0.588 g (0.002 mol) of trisodium citrate
dihydrate (TCD) (Fisher Scientific) and 0.5840 g of ethylenediami-
netetraacetic acid (EDTA) (FisherBiotech electrophoresis grade,
MW = 292.24) were added to 190 mL of ultrapure H,0. By adding
HCI solution to the TCD/EDTA buffer solution, various pH's (i.e.,
pH=47,51,55,58 62, 64, 6.7, and 7.1) were measured and
adjusted using a calibrated pH probe. The solution was stirred for
1 h.A-DNA (New England Biolabs; 48 502 bp; 500 #g/mLin 10 mM
Tris-HCI/1T mM EDTA; pH ~ 8.0) was directly added into the buffer
solution described above in a 1.7 mL hinged-cap plastic microvial
to yield 8 ug/mL DNA solution. To fluorescently label A -DNAs at a
dye/base-pair ratio of 1:15, YOYO-1 iodide (Life Technologies
Corporation, 3 uL) was directly taken from the original solution
and added to 8 ug/mL A -DNA solution (2.4 mL). All procedures
were conducted in the dark to prevent the dyes from bleaching.
Finally, a green-emitting A -DNA solution was yielded.

Controlled Evaporative Self-Assembly of DNA Buffer Solution in Curve-on-
Flat Geometry. To construct a confined geometry (i.e., curve-on-flat
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geometry) that was composed of either a spherical lens
(i.e,, sphere-on-flat) or a cylindrical lens (i.e., cylinder-on-flat) on a
flat substrate, a spherical lens made from fused silica and a PMMA-
coated Si substrate (for sphere-on-flat), and a cylindrical lens made
from fused silica and a PDMS substrate (for cylinder-on-flat) were
used. The diameter of spherical lens D was 1 cm (Figure 1a). The
diameter and the length of cylindrical lens were 1 and 1 cm,
respectively (Figure 4a). The contact of the spherical lens or
cylindrical lens with PMMA-coated Si substrate was made using
a computer programmable inchworm motor with a step motion
on the micrometer scale. Prior to the loading of DNA solution in
curve-on-flat geometry, the 1.7 mL microvials containing a speci-
fied DNA concentration were submerged in a 37 °C water bath for
10—15 min to ensure homogeneity of 1-DNA in solution. The
PMMA-coated Si substrate was heated on a Linkam Scientific
Precision Temperature Controlled Microscope Stage (Linkam
TMS 94 LTS 350) at different temperatures (e.g., 55, 65, and
71 °C). The humidity was controlled to be the same throughout
all experiments. The evaporation took approximately 30 min to
complete. Only the patterns formed on the PMMA-coated Si
substrate were evaluated by optical microscope (OM; Olympus
BX51) and AFM (Dimension 3100 (Digital Instruments) scanning
force microscope in tapping mode).
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