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I DNA Arrays

Guided Organization of A-DNA into Microring Arrays from

Liquid Capillary Bridges

Myunghwan Byun, Wei Han, Bo Li, Suck Won Hong, Jin Woo Cho, Qingze Zou,

and Zhiqun Lin*

A drying droplet on a solid surface (i.e., unbound solu-
tion) often leads to the formation of irregular structures,
including coffee rings,[!! fingering instabilities,[?! and poly-
gonal networks,lowing to the capillary flow induced by non-
uniform evaporation flux or temperature-gradient-induced
Marangoni convection. Hence, the ability to precisely
control the capillary flow and convective flux in drying-
mediated self-assembly to create spatially well-defined
surface structures has received considerable attention. To
date, a few elegant studies have demonstrated intriguing
means based on the controlled evaporation in confined
geometries (i.e., bound solution) to delicately tailor the
evaporative self-organization process, thereby yielding
highly ordered structures.*2*! For example, by ration-
ally designing the upper curved surface in curve-on-flat
geometries to accommodate different shapes, a wide range
of complex surface patterns with unprecedented regularity
were readily produced during the course of solvent evapo-
ration by controlled, repetitive pinning—depinning cycles of
the three-phase contact line of the droplet constrained in
curve-on-flat geometries.?l Recently, chemically patterned
surface-[2>-?7] and stamp-assisted deposition methods[?3-3]
have been exploited for evaporative self-assembly of non-
volatile solutes (e.g., nanoparticles and biomolecules). The
use of patterned surfaces or polydimethylsiloxane (PDMS)
stamps minimizes uncontrolled droplet shape and possible
structural instabilities that may otherwise result in a lack
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of control over the local dewetting dynamics, and thus
produces highly regular surface structures. In a typical
capillary-force-induced micromolding process, a micropat-
terned PDMS mold is in contact with a lower stationary
substrate where an evaporating droplet is trapped, cov-
ering the lower hydrophobic surface and filling up the
space between adjacent PDMS patterns by either one of
two capillary motions: the upward capillary rising induced
by wetting between the nonpolar solvent and the hydro-
phobic surface of the PDMS mold,?%¥ or the downward
capillary depression induced by dewetting between the
polar solvent and the PDMS mold.*8! The former capil-
lary motion has been extensively studied and proven to be
more successful.3%37] In contrast, the latter (i.e., the polar
solvent/hydrophobic PDMS system, which is recognized as
edge-transfer lithography[®l) has rarely been utilized due
to difficult control over the dewetting of the solution. The
capillary action of the solution constrained in the confined
geometry can be significantly influenced by the shape and
curvature of the molds, thereby providing new opportuni-
ties for controlling the local dewetting dynamics to form
ordered structures.?4]

Herein, we demonstrate a facile route to creating A-DNA
microring arrays via dewetting-induced self-assembly guided
by liquid capillary microbridges. These microscopic liquid
bridges were yielded by constraining a drop of A-DNA
aqueous solution in the space produced by placing the PDMS
hemispherical microlens arrays in contact with the lower
stationary substrate. This simple yet robust approach can be
easily extended to form arrays of a diverse set of nonvolatile
solutes, such as proteins, peptides, antibodies, carbon nano-
tubes, and nanoparticles.

The PDMS hemispherical arrays were replicated from
a metallic Ni master mold fabricated by the combination
of a thermal reflowing of photoresist (PR) patterns®! and
electrodeposition,[*] as illustrated in Figure 1. Briefly, the
circular PR arrays produced by photolithography were
transformed into hemispherical microlens arrays due to
surface tension via the thermal reflowing process.’! A thin
layer of Au/Cr was deposited on the arrays by thermal evap-
oration, followed by the electroplating of Ni. The Ni elec-
trodeposit was then released from the Si substrate. Finally,
the PDMS microlens replica was obtained after the PDMS
casting, curing, and removal from the Ni mold (Figure 1
and Experimental Section). Representative optical micro-
graphs of PR arrays before and after the thermal reflowing,

wileyonlinelibrary.com

MICRO

1641



1642 www.small-journal.com

s communications

P b » H

P » » D>

(1) 2) > )

— ¢ ¢ @)
20D
I I ]

Photoresist (PR) Patterning ThermalReflowing Au/CrDeposition

6 5
< W o

PDMS Casting

Formation of PDMS Replica

‘Wet-Release of Si
Removalof PR

Figure 1. Schematic illustration of the preparation of the PDMS hemispherical microlens
arrays. 1) Circular PR arrays formed by photolithography were transformed into hemispherical
microlenses via a thermal reflowing process. 2) Thermal evaporation of Au/Cr. 3) Electroplating
of Ni onto the hemispherical PR arrays. 4) Wet-release of Ni electrodeposit from the Si wafer.

5) PDMS casting. 6) Formation of PDMS replica.

hemispherical arrays with Ni electroplated, and a PDMS
replica are shown in Figure S1 (Supporting Information).
DNA is a promising construction material for producing
well-defined micro- or nanostructures for practical applica-
tions in electronic, magnetic, photonic, optical, and sensory
materials and devices.*'*! The ability to place a large
number of DNA molecules in a well-controlled arrange-
ment is key to integrating them into these functional
devices. In this regard, we capitalized on the newly obtained
PDMS replica to produce regular fluorescent dye, YOYO-
1-labeled A-DNA microring arrays over large surface areas
by evaporative self-assembly via controlled dewetting of
the A-DNA solution in microscopic liquid capillary bridges,
as depicted in Figure 2 (see also Experimental Section).
First, a drop of A-DNA aqueous solution (5 puL, 5 ug mL™)
was loaded on the poly(methyl methacrylate) (PMMA)-
coated Si substrate, and then the PDMS replica was placed
on top of the droplet (Figure 2a). The A-DNA solution
was spontaneously spread over the entire surface of the
PDMS replica and occupied the space between neighboring
hemispheres (first panel in Figure 2b). As the evaporation
progressed, the interplay of capillary movement and hydro-
phobic repulsion-induced dewetting originating from the
unfavorable interaction between water and hydrophobic
PMMA and PDMS led the solution to form menisci in the
microgap between the hemispherical microlens and the
PMMA -coated substrate (second panel in Figure 2b). After
complete water evaporation, arrays of well-ordered micro-
scopic A-DNA rings over large surface areas were obtained
(third panel in Figure 2b and Figure 2c). The diameter of
the A-DNA microrings can be readily tailored by the proper
choice of a PDMS replica of different size. Representative
fluorescence micrographs of microring arrays of different
diameters are shown in Figure 3. The A-DNA was labeled
with YOYO-1, which emitted green fluorescence (coverted
into gray scale in Figure 3). The present study opens up
a simple yet robust route to fabricating patterned DNA
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arrays via the synergy of surface dewet-

ting and evaporative deposition. We note

that ringlike structures composed of

other materials have been demonstrated
@) on some occasions.[40-5]

To scrutinize the surface morpholo-
gies of A-DNA microrings and their
dimensions, and more importantly to
better understand their formation mech-
anism due to the competition between
the capillary rising and capillary depres-
sion during the evaporative self-assembly
of A-DNA microfluid in the microgap,
atomic force microscopy (AFM) meas-
urements were performed (Figure 4 and
Figure S2, Supporting Information).
The lateral size (i.e., diameter, D ppys)
of the PDMS microlenses used in the
study varied from 95 um (largest; #1)
to 15 pm (smallest; #9) with an interval
of 10 um, while the height of the lenses
was constant at 5 um (Figure S1). The
diameter of A-DNA rings was correlated with the size
of PDMS microlens used. The average height of A-DNA
rings was 79.8 £ 13 nm (Figure S2). The height variation is
presumably due to the lack of precise control over topo-
logical changes of the PR patterns during the thermal
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Figure 2. Schematic representation of A-DNA microring arrays formed by
controlled evaporative self-assembly in liquid capillary bridges. a) A drop
of A-DNA solution (5 uL) was loaded on the PMMA-coated Si substrate,
followed by placing the PDMS microlenses against the droplet. b) 2D
cross-sectional view of the deposition of A-DNA as water evaporated. c) A-
DNA microring arrays formed on a PMMA-coated Si substrate (3D view).
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Figure 3. Representative fluorescence micrographs of A-DNA microring
arrays (converted into gray scale). a) Fluorescence images of A-DNA
microrings with a wide variation in diameter formed on the hydrophobic
PMMA surface over large areas were taken after the removal of the PDMS
microlenses; scale bar: 200 um. b) The corresponding close-up images;
scale bar: 100 um.

reflowing process, which directly affected the PDMS repli-
cation process. The average width of the A-DNA rings was
1.3 £ 0.3 um (Figure S3).

It is noteworthy that the diameter of isolated microrings
appeared to be smaller than the diameter of the PDMS micro-
lenses used (i.e., Dpya = 89.7 pm vs. Dppyg = 95 um from
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replica #1; Dpya =78.2 um vs. Dppyig = 85 um from #2; D s =
69.4 um vs. Dppys = 75 um from #3; Dpya = 57.7 pum vs.
Dppys = 65 um from #4; Dpys = 48.1 um vs. Dppyg = 55 um
from #5; Dpna = 38.3 um vs. Dppyg = 45 pm from #6; Dpya =
29.8 um vs. Dppyg =35 um from #7; Dpyya =19.3 um vs. Dppyg =
25 um from #8; and Dpya = 7.7 um vs. Dppys = 15 um from
# 9; Figure 4). This suggested that the confined hydrophilic
A-DNA solution slightly receded toward the contact center of
the PDMS microlens and PMMA-coated substrate due to dif-
ferent capillary interaction at the hydrophobic PDMS/DNA
solution interface and at the hydrophobic PMMA/DNA solu-
tion interface, forming A-DNA ringlike deposits conforming
to the shape of the upper microlens (Figure 5).

The capillary action can be further understood by con-
sidering the different capillary movement of the meniscus in
microscopic liquid bridges. As the gravity effect is negligible,
the length of capillary to be filled is determined by the sur-
face tension, the solution viscosity,?%337] the contact angle

of the A-DNA solution, and the size of capillary, and is given
by:3031.37]

t Ry |cos 0] v2
2= (*57) g

where Z is the length of the capillary movement (i.e., Zppys
on the PDMS surface, and Z pya On the PMMA surface),
t is the time for filling up the microgap between the
upper PDMS microlens and the lower PMMA-coated Si
surface (f = 5 s according to experimental observation), R
is the hydraulic radius calculated based on Pythagoras’ the-
orem using the capillary height at the PDMS/PMMA inter-
face and the contact angle (i.e., the ratio of the liquid volume
in the capillary bridge to the area of the solid/liquid inter-
face; Rppys: at the PDMS/A-DNA solution interface, Rppys
=~ 9.725 um, marked with a dotted blue line in Figure 5b; and
Rpyma: at the PMMA/A-DNA solution interface, Rpypa =
7.364 um, marked with a dotted red line in Figure 5b), yis the
surface tension of the A-DNA solution (y= 72 dyn cm™),°!]
6 is the advancing contact angle of the A-DNA solution on
the solid surface (i.e., Oppyg: @advancing contact angle of the
A-DNA solution on the PDMS surface, Bppys = 105%83% and
Opama: On the PMMA surface, Opypya = 70°P%), and 7 is
the viscosity of the solution (n = 8.9 x 10™* dyn's cm™, the
dynamic viscosity of water).l>!]

The contact angle of the A-DNA solution is approxi-
mately 105° on the upper PDMS surface, which reflects a
capillary depression (i.e., cosOppys < 05 Zppys < 0 repre-
senting a downward capillary depression). In contrast, on the
PMMA surface, the A-DNA solution has the contact angle
of 70° (i.e., cos Opyivia > 05 Zpyma > 0 reflecting an upward
capillary rising). Thus, the net length of the capillary move-
ment on two different interfaces is Z,., = (Zppms + Zpvma) =
4.06 um calculated based on Equation (1), thus indicating
an inward retraction of the meniscus (i.e., toward the
PDMS/PMMA contact center), which is comparable to
(or only slightly higher than) the value obtained experi-
mentally, that is, (Dppys — Dpna)/2 = 3.15 £ 0.5 um, where
Dppys and Dy are the diameters of a PDMS microlens and
a A-DNA ring, respectively (Figure 5a). This explained the
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Figure 4. Representative 3D AFM height images of individual A-DNA microrings. The scan sizes were 100 x 100 um? for mold #1, 90 x 90 um? for
#2, 85 x 85 um? for #3, 70 x 70 um? for #4, 60 x 60 um? for #5, 50 x 50 um? for #6, 35 x 35 um? for #7, 25 x 25 um? for #8, and 10 x 10 um?

for #9.

formation of A-DNA rings with diameter smaller than that of
the PDMS microlenses during water evaporation (Figure 5c).

The resulting A-DNA microring was composed of a
number of DNA nanofibers (i.e., forming DNA bundles,
Figure S3) rather than the single nanowire observed in
stretched DNA (i.e., molecular combing of DNA).[2I This
is not surprising because during the evaporation process
A-DNA molecules were densely concentrated at the edge of
the three-phase contact line. They aggregated and adopted
the coil conformation as the evaporation progressed.l>?!
Moreover, in the present study, no external force was applied
to stretch A-DNA, and the inward capillary flow as a result of
water evaporation was not strong enough to align the A-DNA
molecules.

In summary, A-DNA microring arrays were successfully
fabricated through controlled evaporative self-assembly in
liquid capillary bridges. The size of the microrings can be
readily controlled by the proper choice of the PDMS micro-
lens replica. This viable approach opens up a new avenue
to utilize controlled evaporation as an alternative to con-
ventional lithography techniques for creating patterned
biomolecular arrays in a simple and cost-effective manner.
By capitalizing on this facile approach, a wide variety of
biomaterials can be easily spatially organized into well-
ordered arrays, which may promise potential applications
in functional scaffolds for cell and tissue growth, biosen-
sors, etc.

© 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Experimental Section

Preparation of Nickel Master Mold with Concave Microhemispheres:
As illustrated in Figure 1, to fabricate Ni master molds with dif-
ferent sizes of convex microhemispheres, a positive PR (AZ9260)
was first spin-coated and soft-baked at 110 °C for 60 s to enhance
the adhesion between the PR and Si. The thickness of the PR was
5 um. The PR-deposited Si wafer was exposed on an I-line stepper
to a dose of 225 m) cm2. After development with MIS300, cylin-
drical micropatterns were obtained. Subsequently, thermal
reflowing at 120 °C for 5 min transformed circular disk-shaped
PR patterns into hemispherical microlens arrays (Figure Sia,
Supporting Information; after thermal reflowing, bright dots in
the center of the microlens were observed due to light reflec-
tion originating from the curved microlens surface3%)). To coat a
conductive layer on the patterned surface, chromium and gold
were vapor-deposited. The thickness of these two layers was 50
and 150 nm, respectively. Ni electroplating was conducted in a
nickel sulfite electrolyte with dc current density of 4 A dm=2. The
temperature and pH of the electrolyte were kept at 55 °C and
4.0 £ 0.1, respectively.[“?) The electrodeposition of Ni took 50 min
at the deposition rate of 1 um min, yielding a final thickness of
50 um. After electroplating, the bottom of the Si wafer was wet-
released with tetramethylammonium hydroxide (TMAH) solution
(20 wt.% at 80 °C; etching rate = 0.6 um min). Subsequently,
PR residue and conductive layers were removed by acetone and
chemical etchants.

small 2011, 7 No. 12, 1641-1646
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PMMA-Coated Si Substrate: A p-type
silicon wafer (100) was first cleaned with
a mixture of sulfuric acid and Nonchromix,
and then vigorously rinsed with deionized
water and blow-dried with N,. The cleaned
Si wafer was cut into small pieces of size 3 x
3 cm?. Subsequently, hexamethyldisilazane

(HMDS) was spin-coated on the Si substrate
at 3000 rpm, followed by coating with PMMA
(molecular weight = 534 kg mol™) in toluene
solution (concentration, ¢ = 4 mg mL™) on
the HMDS-coated Si substrate at 2000 rpm.
To enhance the adhesion between PMMA
and silicon native oxide on Si and to prevent
PMMA from dewetting,[®* HMDS was spin-
coated prior to the deposition of PMMA.
The resulting PMMA-coated Si substrate was
annealed at 120 °C for 1 h. After thermal
annealing, no dewetted region appeared
and the root-mean-square surface rough-
ness was slightly reduced from 1.010 nm
(Figure S4; before annealing) to 0.788 nm
(Figure S4b; after annealing).

Preparation of A-DNA Solution: To pre-

(C) 100 n pare the DNA solution, A-DNA (New England
ar - ® PDMS Replica Biolabs; 48 502 bp, 500 pg mL~! in 10 mm
- S0} . ® DNA Ring Tris-HCl/1 mm ethylenediaminetetraacetic
§- 0t : acid (EDTA), pH = 8.0), DNase-free TE buffer
= ol u (Sigma (T9285-100 mL); 100x concentrate,
5 ® a 0.2 um filtered, 1.0 m Tris-HCl/0.1 m EDTA,
15' 50 ® - pH=8.0),andafluorescentYOYO-1iodide (Inv-
§ 40 + . itrogen; 1 mm solution in dimethyl sulfoxide
‘5 a0l * (DMS0), 200 ulL) were used as supplied
an I : without further purification. The DNase-free

] TE buffer was first diluted by adding ultrapure

10 * water (9.9 mL, deionized and distilled) to TE

1} . . - . : . : . ; buffer solution (0.1 mL). Subsequently, this

1 2 3 4 5 6 T

PDMS Replica

Figure 5. a) Schematic illustration of the formation mechanism of a A-DNA microring in a
liquid capillary bridge. Left: A-DNA solution is trapped in the microgap between the upper
PDMS microlens surface and the lower PMMA-coated surface. In the A-DNA solution capillary
bridge, DNA molecules moved inward due to the interplay of capillary movement and
hydrophobic repulsion-induced dewetting (i.e., unfavorable interaction between PDMS and
A-DNA solution as well as between PMMA and A-DNA solution). Right: after the evaporation
was completed, a A-DNA microring with smaller diameter than that of the PDMS microlens was
produced. b) Schematic illustration of the different hydraulic radius formed at two interfaces
(i.e., PDMS/A-DNA and PMMA/A-DNA solution interfaces), marked in the left panel of (a).
) The diameter of A-DNA microrings obtained using differently sized PDMS microlens arrays
in comparison with the diameter of the corresponding PDMS microlenses.

Preparation of PDMS Replica with Hemispherical Microlens
Arrays: The PDMS microlens arrays were replicated by casting PDMS
precursor mixed with 10 wt% curing agent (Sylgard 184, Dow Corning)
onto the Ni masters noted above. Prior to casting, the Ni master was
treated with a silane agent, tridecafluoro-1,1,2,2-tetrahydrooctyl
trichlorosilane. The cast PDMS precursor was cured at 100 °C for
45 min and then released from the Ni masters (Figure S1b). A PDMS
replica of different size was thus obtained (Figure S1c). The replica
was cut into small pieces of desired size (2 x 2 cm?) prior to usage.

small 2011, 7 No. 12, 1641-1646
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B diluted DNase-free buffer solution (10 mm

Tris-HCl/1 mm EDTA, pH = 7.5-8.0) was used
to prepare A-DNA solution (5 pg mL™). For
fluorescence labeling of A-DNAs at a dye/
base-pair ratio of 1:2, YOYO-1 iodide (10 uL)
was directly taken from the original solution
and added to the 5 ug mL™! A-DNA solution
(2.54 mL). All procedures were conducted in
the dark to prevent the dyes from bleaching.
Finally, a fluorescent A-DNA solution
(2.64 mL, 5 ug mL™?) was yielded.

Construction of Confined Geometry: To
implement a confined geometry in which
the A-DNA solution was constrained, an inchworm motor with
a step motion of a few hundred micrometers was applied
to allow the upper PDMS microlens replica to be in contact
with the lower stationary PMMA-coated substrate (Figure 2a).
Before contact, a drop of A-DNA solution (5 uL, 5 ug mL™?) was
loaded and trapped within the gap between the PDMS hemispher-
ical microlens array and the PMMA-coated Si substrate (Figure 2b).
Finally, the upper PDMS replica was brought into contact with the
PMMA-coated Si by the inchworm motor.
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Characterization: Optical imaging was performed in the reflec-

tion mode under blue light and was also combined with fluo-
rescent light (Olympus BX51). AFM imaging of A-DNA rings was
obtained by using a scanning force microscope in tapping mode
(Digital Instruments Dimension 3100). BS-tap300 tips with spring
constants ranging from 20 to 75 N m~! were used as scanning
probes (Budget Sensors).

Supporting Information

Supporting Information (optical micrographs of PDMS microlens
arrays, AFM images of A-DNA and the corresponding section anal-
ysis, and surface roughness analysis of PMMA-coated Si substrates)
is available from the Wiley Online Library or from the author.
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