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O
ver the past two decades, three-
dimensional (3D) microfluidic de-
vices have replaced a variety of

laboratory devices due to the abilities to
utilize minute quantities of samples and to
perform separations, detections, and anal-
ysis with high sensitivity, with low cost, and
in short times.1 The 3D microfluidic devices
have been widely used for biological and
chemical assays,1�5 confined reactions,6,7

drug screening,8 and microenvironmental
modeling of human tissues.9�11 Consider-
ing that poly(dimethylsiloxane) (PDMS)
microchannels are widely implemented
worldwide, one critical issue is the incom-
patibility of PDMS to organic solvents,
which severely limits the utility of microflui-
dic systems. For example, Whitesides' group
demonstrated that solvents such as ben-
zene, hexane, xylene, chloroform, and tetra-
hydrofuran (THF) are incompatible with
PDMS because of swelling.12 Furthermore,

the enhancement of portability and reusa-
bility is beneficial for practical utility in
applications such as bio/chemical assays.
Recently, surface-tension-confinedmicro-

fluidic (STCM) devices operate as mostly 2D
platforms. In those devices, small volumes of
liquid droplets are confined to the specific
surface area exhibiting high surface energy
with low surface energy background. The
use of STCM devices solves the portability
issues by self-driving or guiding liquids
through surface tension gradients, capillary
force, and gravitational force.13�17 Also, as
the device is exposed to external environ-
ments, introduction of sample liquid is
very easy. Thus, the STCM devices have
been applied to practical applications such
as urine analysis (protein, glucose, or pH
detection), immunoassays/ELISA, and syn-
thesis of metal nanoparticles.13 However,
other challenges, such as organic solvent
compatibility and fouling problems, remain
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ABSTRACT We integrate the adhesive properties of marine

mussels, the lubricating properties of pitcher plants, and the

nonfouling properties of diatoms into nanostructured surfaces to

develop a device called a micro-omnifluidic (μ-OF) system to solve

the existing challenges in microfluidic systems. Unlike conventional

poly(dimethylsiloxane)-based fluidic systems that are incompatible

with most organic solvents, the μ-OF system utilizes a variety of

solvents such as water, ethanol, dimethyl sulfoxide, dimethylfor-

mamide, tetrahydrofuran, n-hexane, 1,2-dichloroethane, acetic acid, 2-propanol, acetone, toluene, diesel oil, dioxane, gasoline oil, hexadecane, and

xylene. The μ-OF system is based on a phenomenon called microchannel induction that spontaneously occurs when virtually all droplets of solvents are

applied on omniphilically micropatterned regions of a slippery liquid-infused porous surface. Any solvents with surface tension greater than that of the

lubricant (17.1 mN/m, Fluorinert FC-70) are able to repel the infused lubricant located on top of the omniphilic microlines, triggering controlled movement

of the droplet by gravity along the microlines. We also demonstrated that the μ-OF system is reusable by the nonadsorption properties of the silicified

layer. Due to the organic solvent compatibility, we were able to perform organic reactions with high portability and energy efficiency in operation.
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unsolved due to the difficulty of creating a lithographic
omniphilic pattern (i.e., a low contact angle upon
exposure to both organic solvents and water) on
omniphobic background surfaces. In addition, the
simultaneous realization of both omniphilic and omni-
phobic propertieswith the same surface is also difficult.
Here, we report a new concept called a micro-

omnifluidic device (μ-OF). Lithographic micropatterns
inspired by the chemistry of mussels and diatoms
exhibiting omniphilic properties were fabricated on
an omniphobic background that is prepared by infu-
sion of a Nepenthes pitcher plant-inspired lubricant in
the nanostructured surfaces. The mussel- and diatom-
inspired poly(dopamine) approaches were adapted
from our previous studies,18�22 and the pitcher plant-
inspired approach was adapted from the studies by
Aizenberg's group.23�25 As expected, the fabricated
μ-OF device is compatible with a variety of solvents
such as water, ethanol, dimethyl sulfoxide (DMSO),
dimethylformamide (DMF), tetrahydrofuran (THF),
n-hexane, 1,2-dichloroethane, acetic acid, 2-propanol,
acetone, toluene, diesel oil, dioxane, gasoline oil,
hexadecane, and xylene. The μ-OF system is based on
a new phenomenon called microchannel induction on
surfaces that spontaneously occurs when virtually all
droplets of solvents are applied on the omniphilically
patterned region of a slippery liquid-infused porous
surface (SLIPS). Any solvents with surface tension great-
er than that of the lubricant (17.1 mN/m, Fluorinert
FC-70) are able to repel the infused lubricant located on
top of the omniphilic microlines, triggering controlled
movement of the droplet by gravity along the omni-
philic microlines. The microchannel induction is an
energetically favorable phenomenon explained by the
total change in interfacial energy at equilibrium. The
μ-OF system is reusable by the nonadsorption pro-
perties of the silicified layer. Due to the organic solvent
compatibility, organic reactions onmicrochannels were
able to be performed with high portability and energy
efficiency in operation. The μ-OF system described
herein is a step toward an ideal fluidic device for many
potential applications.

RESULTS AND DISCUSSION

Microchannel-Inducible Slippery Liquid-Infused Porous Surface
(mi-SLIPS). The most challenging part of successfully
creatingμ-OFdevices is preparing appropriate surfaces.
In principle, an omniphobic surface is first required
because nearly all solvents, including water, should
roll on the surface via gravitational force. Additionally,
an omniphilic microline is necessary to act as a solvent-
guiding pathway. To prepare the omniphobic surface,
we were inspired by the liquid-repelling mechanism
of the Nepenthes pitcher plant. This plant has a tube-
shaped trapwith an inner surfaceconsistingof a slippery
aqueous solution and slanted, hairymicrocellulose.26�28

In addition, we were inspired by the solvent-resistant

adhesion mechanism of marine mussels, which plays
an important role in creating highly adhesive
interfaces.18,19 A poly(dopamine) coating was formed
on an aluminum surface via the oxidative polymeriza-
tion of dopamine hydrochloride (first step, Figure 1a).18

The appearance of the N 1s photoelectron peak and
the disappearance of the Al 2p peak in the spectrum
of X-ray photoelectron spectroscopy (XPS) confirmed
that poly(dopamine) with a thickness of over 10 nmwas
successfully formed (Figure 1b, top). The exact thickness
of the poly(dopamine) was 20 ( 2 nm, confirmed by
the elipsometer analysis. The root-mean-square (rms)
roughness of the poly(dopamine) coating measured by
atomic force microscopy (AFM) was 1.5 nm (Figure 1c,
top). This poly(dopamine) layer initiated a sol�gel reac-
tion to forma 1 μmthick TiO2 adlayer froma titanium(IV)
isopropoxide precursor (second step, Figure 1a and
Supporting Information Figure S1). The appearance
of the Ti 2p peak in the XPS spectrum confirmed the
formation of a TiO2 layer (Figure 1b, second from top).
The rms roughness of the formed TiO2 layer was
219.3 nm (Figure 1c, bottom). Subsequently, the surface
was immersed into a fluorophosphate surfactant solu-
tion, zonylFSE, for the fluorination of the surface (third
step, Figure 1a).20 The appearanceof the F 1s peak in the
XPS spectrum confirmed the fluorination (Figure 1b,
third from top). To create a two-dimensional omniphilic
path, photolithography was performed using a positive
photoresist (AZ5214) (fourth and fifth step, Figure 1a).
After development (MIF-300), the one-pot poly-
(dopamine) coating method was performed over 5 h
to immobilize 2-dimethylaminoethanethiol on the sur-
face in situ during the poly(dopamine) formation. The
tertiary amine in the 2-dimethylaminoethanethiol trig-
gers a biosilicification reaction that forms a nanothin
silica layer (sixth step, Figure 1a).21,22 The appearance of
Si 2s and Si 2p peaks and the disappearance of the F 1s
peak in the XPS spectrum confirmed the silicification,
and the existence of Ti 2p indicated that the thickness of
the silica coating layer was less than 10 nm (Figure 1b,
bottom). Finally, the lubricant solution, Fluorinert FC-70,
was added to the entire surface. Fluoinert FC-70 was
known to be nonvolatile, immiscible with both aqueous
and hydrocarbon phases, and capable of stably forming
a slippery film with solid substrates for a variety of polar
and nonpolar liquids.23,24 The rough nanoscale surfaces
allowed for the spontaneous infusion of the lubricant
and maintained stability (seventh step, Figure 1a).
The thickness of the lubricant was 30( 3 μm,measured
by a conforcal microscope (Supporting Information
Figure S2).

The background surface exhibited unique liquid-
repelling properties previously known as a SLIPS.23�25

In the SLIPS region, all tested solvents including water,
ethanol, DMSO, DMF, THF, n-hexane, 1,2-dichloroethane,
acetic acid, 2-propanol, acetone, toluene, diesel oil,
dioxane, gasoline oil, hexadecane, and xylene were
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successfully repelled. The solvent repellency resulted
in the low contact angle hysteresis (Δθ) of 2� in the
process of droplet sliding and the low sliding
angle under 5� (Figure 2a and Supporting Information
Figure S3). Although the lubricant ubiquitously formed
the topmost layer (Figure 1d, left), interactions between
the lubricant and fluorinated solid in the SLIPS and
between the lubricant and silicified solid should differ
significantly. We hypothesized that the lubricant, which
is a stable SLIPS, can be displaced by the introduction
of a solvent droplet. In other words, the lubricant itself
is repelled by the incoming solvents. We tested this
hypothesis by comparing the thermodynamic energies
at the interfaces. The first consideration is the three-
layered structure consisting of the silicified surface
(bottom), lubricant (middle), and solvent droplet (top).
In this case, the interfacial energy (E) is definedby Rγslþ
γld þ γd, where γsl is the interfacial energy between
the silicified surface and lubricant, γld is the energy
between the lubricant and solvent, and γd is the energy

between the solvent and air. Finally, R is the roughness
factor. Likewise, we considered a second case, a two-
layer structure,where the applied solvent droplet repels
the lubricant. In this case, the energy (Erepel) is defined
by Rγsdþ γldþ γd, where γsd is the energy between the
silicified surface and solvent. When we subtract E from
Erepel (ΔE = Erepel � E), the resultant energy equation is
as follows:

ΔE ¼ R(γl cos θl � γd cos θd) (1)

where γl is the lubricant surface tension, θl and θd are
the equilibrium contact angles of the lubricant and
solvent on a flat silicified solid surface, respectively. For
a flat silicified surface, the solvent and lubricant contact
angles approach 0� (Supporting Information Figure S4).
Thus, eq 1 above can be simplified as follows:

ΔE ¼ R(γl � γd) (2)

Equation 2 predicts that if γd is greater than γl
(17.1 mN/m), the sign of ΔE is always negative (<0).

Figure 1. Fabricationofmi-SLIPS. (a) Schematic for the fabricationprocedure ofmi-SLIPS.Mussel-, diatom-, andpitcher plant-
inspired approaches were utilized. (b) Survey XPS spectra corresponding to the poly(dopamine)-coated (first from the top),
the TiO2-coated (second), the fluorinated (third), and the silicified (fourth) surfaces. (c) AFM images of the poly(dopamine)-
coated (top) and the TiO2-coated (bottom) surfaces. (d) Schematic explanation of the displacement of the lubricant on the
silicified area by a droplet of solvent on top.

A
RTIC

LE



YOU ET AL. VOL. 8 ’ NO. 9 ’ 9016–9024 ’ 2014

www.acsnano.org

9019

Therefore, an important conclusion predicts “sponta-
neous displacement of the lubricant”when a solvent is
applied (Figure 1d, middle and right). This conclusion
predicts that the fabricated microlines act as solvent-
guiding pathways because of spontaneous lubricant
displacement. In other words, two-dimensional channels
are induced by simply dropping a solvent onto the fabri-
cated microlines. We named this process microchannel-
inducible slippery liquid-infused porous surface.

In fact, this concept was experimentally realized
(Figure 2b). A microchannel was indeed induced upon

solvent introduction to the silicified microline regard-
less of the solvent type (water, ethanol, DMSO, DMF,
THF, and n-hexane) (the microline width = 60 μm),
and as predicted, the solvent droplet slowly moved
down the induced kinked microchannel due to gravity
(slope angle = 5�). The speed of the spontaneous
lubricant displacement was measured by depositing
droplets of different solvents (water, DMSO, THF, and
ethanol; mass = 10 μg) on the silicified TiO2 surface
and recording the time when the displacement was
initiated by a high-speed camera (60 frames/1 s).

Figure 2. Characterization of the microchannels prepared by the mi-SLIPS method. (a,b) Experiments to test solvent
compatibility on the SLIPS surfaces (water, ethanol, DMSO, DMF, THF, and hexane, 20 μL) (a) and on the induced kinked
microchannel of the mi-SLIPS surfaces for prototype of the Y-shaped mixing device (the droplet volume of 10 μL) (b) that is
demonstrated in Figure 3. (c) ToF-SIMS images of the inducedmicrolines of themi-SLIPS before (control) and after immersion
in the THF and chloroform solvents: SiO2

� ion signal for the microchannel (left) and CFþ ion for omniphobic background
(right). The scale bar is 60μm. (d)Model PDMSmicrofluidic channelswere immersed in the THFand chloroformsolvents for 3 h,
which exhibited significant swelling, indicating incompatibility.
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As a result, the displacement did not happen immedi-
ately but started after 150 ms for the water droplet,
135 ms for DMSO, 120 ms for THF, and 120 ms for
ethanol (avg = 130( 13 ms), which demonstrates that
the displacement kinetics was varied depending on
the chemical structure of solvent (thickness = 30 (
3 μm) (Supporting Information Figure S5). The stability
of the silicified microline was tested by immersing
the lubricant-infused mi-SLIPS substrates into THF
(Figure 2c, top) and chloroform (Figure 2c, bottom)
for 3 h. Then, the mi-SLIPS substrates were analyzed
via time-of-flight secondary ion mass spectrometry
(ToF-SIMS). The strong SiO2

� fragment (m/z = 60)
from the silicified area and CFþ fragment (m/z = 31)
from the lubricant-infused area detected before the
solvent immersion (Figure 2c, left) were completely
unchanged after the solvent immersion (Figure 2c,
right). The detection of silicon and fluorine in the
ToF-SIMS analysis was consistent with the XPS results,
where the Si 2s, Si 2p, and F 1s photoelectron
peaks were observed (Figure 1b, bottom). The silicified
microlines also remained stable in other organic sol-
vents, including ethanol, methanol, dioxane, DMSO,
and toluene (Supporting Information Figure S6). How-
ever, conventional PDMS-based microchannels were

incompatible with THF and chloroform because of
significant swelling.12 When the PDMS microchannels
were immersed in THF or chloroform for 3 h, the
resultant swelling enlarged the microchannels and
caused a malfunction in the microfluidic device
(Figure 2d). This solvent-resistant property for the mi-
SLIPS-based devices can be useful for organic solvent
mixing devices.

Designing a Micro-omnifluidic Device. The mi-SLIPS is an
important principle used in Y-patterned dropletmixing
devices (microline width = 60 μm) with large, omni-
philic, square micropatches (x = y = 200 μm) at the
mixing point. The patterned surface placement at a
slope angle from 7 to 9� applied a gravitational force
to the droplets, as shown in Figure 3a. The first droplet
was introduced at either of the two Y-shapedmicroline
inlets and subsequently captured at the micropatch to
wait for the second droplet. When the second droplet
mixes with the first one, the increased weight causes
the droplets to roll, which facilitates mixing. Unlike
PDMS-based microfluidic systems that use syringe
pumps, this device requires no pump and is compatible
with almost any solvent, including water, DMSO, and
ethanol, as demonstrated in Figure 2. Thus, we named
this type of a device a “micro-omnifluidic system”.

Figure 3. (a) Micro-omnifluidic device and explanation of the operational principles using the force balance equation. We
defined the downward (Fgrav) and upward (Fadh) components, and each equation is described in the figure and text. Based on
its mass and surface tension, a solvent droplet rolls downward, is captured to wait for the second droplet, and rolls down
again aftermerging. At each rolling and capture step, themagnitude of the force alternates (Fgrav > Fadh (i), Fgrav < Fadh (ii), and
Fgrav > Fadh (iii)). A detailed calculation is shown in Table S1. (b) Theoretical prediction (red line for water, green for DMSO, and
blue for ethanol) and experimental confirmation of the roll-off angle and droplet mass relationship (red dots for water, green
for DMSO, and blue for ethanol). The roll-off angle is the surface slope angle at which the droplet starts to roll down the
surface. For example, increasing the mass by merging two droplets transitions from captured to rolling (indicated by the
arrow). (c) Demonstration of microfluidic mixing using the μ-OF device. As predicted in panel (b), the droplet movement was
precisely controlled by themicropatch. The first droplet was captured on themicropatch (first and second photos). When the
second droplet was added (third to fifth photos), the resulting mixed droplet moved downward (sixth photo). The droplet
volumes and tilt angles are as follows: 8.0 μL and 8.5� (water), 7.0 μL and 8.5� (DMSO), and 5.1 μL and 7.1� (ethanol).
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An important feature of the μ-OF system is the square
omniphilic micropatch at the microline intersection.
This patch creates enough surface energy to capture
the first droplet but not enough to hold the droplets
after the second droplet is mixed. Thus, themicropatch
acts as a microvalve in a conventional PDMS micro-
fluidic device.

The gravitational force (Fgrav) acting on the droplet
can be described as Fgrav = mg sin θ, where m is
the droplet mass, g is the gravitational acceleration
(9.81 m/s2), and θ is the surface tilting angle (i.e., slope
angle). The adhesion force (Fadh) can be expressed
using the Young and Dupré equation.29,30

Fadh ¼ γLD(1þ cos R) (3)

where γL is the surface tension of the liquid droplet,D is
the perimeter length created by the liquid/surface
contact, and R is the static contact angle for the test
liquid. A comparison of the experimentally measured
Fgrav and Fadh for the test liquid (water, DMSO, and
ethanol) is summarized (Supporting Information
Table S1). When the first droplet was placed on
the μ-OF device microline (part i, Figure 3a), Fgrav was
11.53 μN for water, 11.10 μN for DMSO, and 5.03 μN for
ethanol, which was larger than the adhesion forces
(Fadh) for water (6.08 μN), DMSO (5.15 μN), and ethanol
(4.24 μN), resulting in the droplet rolling. When the
first liquid reached the square micropatch (part ii,
Figure 3a), the force magnitudes reversed, Fgrav < Fadh.
Fgrav was unchanged; however, Fadh for water, DMSO,
and ethanol increased to 13.17, 11.20, and 9.15 μN,
respectively, as the perimeter, D, in eq 3 increased at
the micropatch. In this situation, the droplet stops at
the patch. Finally, when the second droplet mixed with
the captured one (part iii, Figure 3a), Fadh remained
unchanged, but Fgrav increased due to the mass in-
crease (23.07 μN for water, 22.20 μN for DMSO, and
10.06 μN for ethanol). In this situation, the captured
droplet begins to roll again.

Another important μ-OF device variable is the
slope angle (i.e., tilting angle). The roll-off angle (θ)
is the minimum angle required for the captured dro-
plet to roll off from the micropatch, as determined by
Fadh = Fgrav:

θ ¼ sin�1(γLD=mg(1þ cos R)) (4)

Equation 4 shows that the roll-off angle is a function
of the droplet mass and surface tension. Mathemati-
cally, for a given droplet mass, the roll-off angle de-
creased in order of water (red line) to DMSO (green) to
EtOH (blue). This order corresponds to the liquid surface
tensions (Figure 3b). For a given solvent, θ should
increase as m decreases. For all three cases, water,
DMSO, and ethanol, the theoretical calculations and
experimental data correlated well, indicating that eq 4
is reliable. As expected, the first water droplet (8.0 μL,
blue) was captured by a μ-OF device with a slope angle

of 8.5� andwaited for the seconddroplet (Figure 3c,first
row). When the second droplet was introduced (8.0 μL,
yellow) and subsequently mixed, the droplet color
rapidly turned green. At the same time, the mixed
droplet started to move downward. This capture-to-roll
transition induced by the increased mass is also ex-
plained in Figure 3b (arrow). This capture-to-roll experi-
ment was also performed using stained DMSO and
ethanol droplets under different conditions to confirm
the aforementioned prediction (DMSO: 7.0 μL (vol), 8.5�
(tilting angle); ethanol: 5.1 μL, 7.1�). The results correlate
well with the prediction.

Reusabillity Test of the μ-OF Device. Surface fouling (i.e.,
adsorption) by dissolved components in the flow has
been a problem in PDMS-based fluidic systems.31,32

Fouling significantly decreases the device reusability
and biases some quantification results. To test for
surface fouling in the μ-OF device, we performed
experiments using fluorescent dye solutions, Hoechst
33342 (soluble inwater; λexc (nm) = 350, λem = 461) and
fluorescein isothiocyanate (FITC) (soluble in ethanol;
λexc = 490, λem = 525). After the μ-OF device was
immersed in an aqueous Hoechst 33342 solution
(2 mg/mL) for 1 min, a blue fluorescence appeared in
the 60 μm wide microchannel. To remove the fouled
Hoechst 33342, the μ-OF device was immersed in DI
water and sonicated for 10 min (50 kHz, 150 W). After-
ward, the blue fluorescence had completely disap-
peared, which indicates that the fouled dye was
detached (Figure 4a, top row). The cleaned μ-OF device
was then immersed in an FITC ethanol solution
(2mg/mL) for 1min. As expected, a green fluorescence
appeared in the microchannel and subsequently dis-
appeared after sonication (Figure 4a, bottom row).
After each washing step, the μ-OF device was not
required to be relubricated due to the immiscibility
of the FC-70 lubricant infused in the fluorinated rough
surface with solvents including water. Thus, the μ-OF
device could be repeatedly used by simply washing
with ultrasonication. In particular, the variety of sol-
vents compatible with μ-OF devices can all be utilized
for this washing process.

Three-Dimensional, Multilayered μ-OF Device. One impor-
tant advantage of μ-OF devices is their capabilities
with multilayered configurations (Figure 4b). Such a
configuration provides the device with several unpre-
cedented possibilities. First, the running time can
be increased dramatically. Figure 4b shows that the
running time was easily increased beyond 1 min. This
long running time is an important advantage in some
applications such as chemical reactions and bioassays
because a complete reaction of two different reagents
in a droplet can be achieved simply by rolling the
droplet for the long time scale. The running time of
the conventional microfluidic devices is between 1 ms
to 10 s.33�35 Due to the short time scale, fabrication
of complex and winding configuration of microfluidic
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channels is required to increase the running time.
Fluidic channels with capability of more than 1 min
running time can open a new direction of research.
For example, studies of immune system compenents in
blood such as T-cells and B-cells as well as cancer
metastasis of circulating tumor cells require signifi-
cantly long running time in fluidic channels. The μ-OF
device has a great advantage for these purposes,
which will be the future direction of our research.
The extended running time by the multilayered μ-OF
configurations is also expected to be beneficial for
development of complex mixing strategies such as
Aþ BfC for 20 s reaction and CþDf E for additional
20 s and then E þ F f G, and so forth. Solvent
evaporation can be amajor problem as theμ-OF device
is an open system. Each solvent droplet (20 μL) was
weighed before and after the operation in the μ-OF
device for 60 s. The percent solvent loss (loss of solvent
mass/initial solventmass� 100,%)was negligible for all

tested solvents: 0.33 ( 0.28% for water, 0.31 ( 0.26%
for DMSO, 0.35 ( 0.31% for DMF, 0.87 ( 0.37% for
hexadecane, 1.12( 0.39% for diesel oil, 3.1( 0.33% for
xylene, 4.36 ( 0.62% for 2-propanol, 6.54 ( 0.97%
for ethanol, 7.58 ( 0.79% for 1,2-dichloroethane,
and 9.78 ( 0.86% for THF (Supporting Information
Figure S7). When the time scale from seconds to a
minute is considered in most microfluidic systems,
the μ-OF device might not exhibit serious problems in
evaporation-related issues.

Finally, themultilayered μ-OF device can be used as
a platform for multiassays. For example, various types
of assay surfaces such as glucose assay, pH assay, or
protein assay surfaces can be installed into the multi-
layered μ-OF device. By simple replacement of the
surface, one can easily establish a various assay plat-
form, which will also be a future direction of our
research.

Model Organic Reaction. Owing to the solvent compat-
ibility differences between μ-OF and PDMS-based
systems, chemical reactions can be performed in
organic solvents such as THF using μ-OF devices. The
synthesis of benzimidazoles was chosen as a model
reaction. Benzimidazoles are important, useful build-
ing blocks in therapeutic agents, such as antiviral
and anticancer agents.36�38 Both an 8 μL THF solution
droplet containing two reactants (o-phenyldiamine
(400 mM) and benzaldehyde (400 mM)) and an 8 μL
THF droplet containing an oxidant, iodobenzene
diacetate (IBD) were introduced to the Y-patterned
surface channels (Figure 4c). The mixture solution
in the microreactor was analyzed by 1H NMR to
verify the product and reaction yield. The reaction
yield was calculated using the following equation:
((initial amount of benzaldehyde) � (final amount of
benzaldehyde))/(initial amount of benzaldehyde) �
100. The final benzaldehyde amount was determined
by comparing the integration of the aldehyde peak
(9.99 ppm, singlet) from benzaldehyde to the inte-
gration value of the methyl peak (1.89 ppm, singlet)
from IBD and acetic acid. The two equivalent methyl
groups in the IBD oxidant generated 2 equiv of acetic
acid after the reaction, which results in a constant NMR
integration value (Supporting Information Figure S8)
that can be used as an internal standard. The μ-OF
device reaction yield was 70.3% (IBD = 200 mM) after
incubating for 10 min at room temperature. Interest-
ingly, the reaction yield was higher than that of a
typical bulk reaction using a vial without changing
the reactant concentrations (vol = 4mL, IBD= 200mM).
The reaction yield was 52.1% (Supporting Information
Table S2). The enhanced reaction yield of the μ-OF
device may result from the decreased diffusion path
length within the droplet, which results in a rapid and
homogeneous mixing.34 This result indicates that the
μ-OF device can be used as a promising new micro-
reactor for organic and aqueous reactions. The flow

Figure 4. (a) Reusability test of the μ-OF device. Blue
fluorescence that appeared on the omniphilicmicrochannel
after immersion in the Hoechst solution disappeared by
sonication in water. After immersion in an ethanol solution
of FITC dye, green fluorescence appeared. The green fluo-
rescence again disappeared by sonication in ethanol. This
process can be repeated. The scale bar is 60 μm. (b) Multi-
layered μ-OF device for long-term and effective mixing
[two water droplets (vol = 10 μL) were dropped from the
two different microburets (slope angle = 5�10�)]. Movie
frames were superimposed for droplets of water. (c) Model
organic reaction between o-phenylenediamine and benzal-
dehyde to produce 2-arylbenzimidazole was performed
on the μ-OF device. Yellow droplet (left) was a THF solution
of o-phenylenediamine and benzaldehyde, and the color-
less droplet (right) was a THF solution of iodobenzene
diacetate.
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rate of the μ-OF device (10�20 μL/s) is higher than that
for conventional droplet-based, 3D microfluidic sys-
tems (∼0.2 μL/s),33�35 which increases the suitability
for applications requiring large sample volumes.

CONCLUSION

In conclusion, a bioinspired, surface-tension-confined
microfluidic device, called a micro-omnifluidic device,
was demonstrated. The spatially controlledmodification
of a textured TiO2 surface via biomimetic silicification
generated microlines with high surface energies. Move-
ment and effective droplet mixing in these silicified

microlines are precisely controlled in an energy-efficient
manner using gravity. The introduction of a relatively
large silicified square patch at the intersection of the
Y-patterned microlines controls the droplet movement,
including stopping and starting. The μ-OF device is
compatible with nearly all organic solvents, which re-
moves the limitation of conventional surface-tension-
confined microfluidic devices that could not be applied
to organic solvents. A μ-OF device was used as a
microreactor for an organic synthesis. The μ-OF device
has great potential as a pump-free microfluidic system
for various applications.

METHODS
Materials. Dopamine hydrochloride, titanium(IV) isopropoxide

(99.999%, trace metal basis), 2-dimethylaminoethanethiol
hydrochloride (DMAET, 95%), tetramethyl orthosilicate (TMOS,
99þ%), sodium phosphate dibasic (99%), sodium phosphate
monobasic (99%), Trizma base (99.9%), Trizma hydrochloride
(99%), 2-propanol (g99.5%), dimethyl sulfoxide, tetrahydrofuran,
and Fluorinert FC-70 were purchased from Sigma-Aldrich.
ZonylFSE was purchased from Fluka. Toluene, 1,4-dioxane,
chloroform, and N,N-dimethylformamide were purchased from
Junsei (Japan). Ethanol and methanol were purchased from
Merck (USA). Aluminum was purchased from Alfa-Aesar (USA).
MIF-300 and AZ 5214E were purchased from AZ electronic
materials (UK). PDMS microchannels were prepared according
to the literature method using Sylgard 184 silicon elastomer
(Dow Corning).

Fabrication of the Fluorinated, Textured TiO2 Surface. The poly-
(dopamine) (pDA) was coated on the bare aluminum surfaces
by immersing the surfaces in a dopamine hydrochloride
solution (2 mg/mL, pH 8.5, 10 mM Tris buffer) for 16 h. Then,
titanium(IV) isopropoxide solution (∼20%) (the titanium iso-
propoxide solution was diluted five times using 2-propanol)
was poured onto the pDA-coated Al surface and immediately
spin-coated at 1000 rpm for 15 s, resulting in the immediate
formation of TiO2 on the surface (the spin-coating was carried
out at room temperature and at relative humidity of 60%).
The substrates were then immersed in an ethanol solution
of 1% zonylFSE for 20 min to functionalize the surface with
the perfluorophosphate surfactant.

Formation of the Mussel- and Diatom-Inspired Silicified Microline
Patterns. Silicified microline patterns were generated on the
fluorinated, textured TiO2 surface by photolithography com-
bined with silicification before photoresist development. The
fluorinated, textured TiO2 surface (7 cm� 3 cm)was spin-coated
with a positive photoresist (AZ 5214) at 4000 rpm for 35 s. Then,
the surface was exposed to UV light (365 nm, I-line) for 30 s
through a photomask and was subsequently developed for
50 s in a developer solution (MIF-300). The resulting surface
was immersed in a dopamine solution (10 mM, 10 mL, pH 8.5)
for 45 min at room temperature. After that, Tris buffer solution
of DMAET (10mM, 10mL) was added, and surface functionaliza-
tionwas further performed for another 5 h at room temperature.
The resulting surface was washed with deionized water and
dried under a stream of nitrogen gas. Monosilicic acid was
formed by stirring a 1 mM HCl solution of TMOS (100 mM) for
15 min at room temperature, and the solution of monosilicic
acid (20 mL) was added to a 100 mM aqueous phosphate buffer
(pH 6.0, 20 mL) containing the DMAET-modified surface. After
1 h incubation, the surface was washed with deionized water
and dried under a stream of nitrogen. Finally, the remaining
photoresist was removed by immersing the surface in acetone
for 10 s.

Measurement of the Forces. The gravitational force and the
adhesion force can bemathematically described by the relation
of Fgrav =mg sin θ and Fadh = γLD(1þ cosR), respectively, where

m is the mass of the liquid droplet, g is the gravitational
acceleration (9.81 m/s2), and θ is the surface tilting angle (i.e.,
the slope angle); γL is the surface tension of the liquid droplet, D
is the perimeter length of the silicified omniphilic microchannel
on the liquid/surface/air three-phase contact lines, and R is the
static contact angle of the liquid droplet. The value of m was
calculated by multiplying the known volume of the liquid
droplet by the density. The value of θ was measured through
a computer program “Arduino” (Italy) which operated the
HS-475HB standard deluxe servo motor (Hitec, Korea) tilting
the angle stage. The value of R was measured with a Phoenix
300 goniometer (Surface Electro Optics Co., Ltd., Korea).

Characterization. Static contact angles were measured with
a Phoenix 300 goniometer (Surface Electro Optics Co., Ltd.,
Korea). Static water contact angles were measured at three
different locations on each sample, and the average values are
reported. Surface morphology was monitored by field emission
SEM (S-4800, Hitachi). XPS was performed with an ESCA 2000
(Thermo VG Scientific, England) with a monochromatic twin
X-ray source (Mg/Al target). ToF-SIMS measurements were
taken using a ToF-SIMS Vinstrument (ION-TOF GmbH). Bi3þ ions
with 25 kV were focused to achieve approximately 3 μm spatial
resolution. Both positive and negative image data were ob-
tained at an area of 500 � 500 μm2 with 150 ms cycle time,
and the PIDD (primary ion dose density) for analysis was
5.0 � 1011 ions/cm2 to ensure static SIMS conditions. During
data acquisition, low-energy electron flooding was used for
charge compensation. For mass calibration, the CFþ peak was
used for positive data and the SiO2

� peak was used for negative
data. 1H NMR data were recorded on a FT AM 400 (400 MHz).
Chemical shifts were quoted in parts per million (ppm)
referenced to the appropriate solvent peak or 0.0 ppm for
tetramethylsilane. The thickness of the lubricating film (3 M
Fluorinert FC-70) was measured using a confocal microscope
(LSM 510 META microscope ,Carl Zeiss, Germany). The fluori-
nated TiO2 surface (third step, Figure 1a) was contacted by a
10 μL droplet of doxorubicin (Dox) solution (0.2 mg/mL, in
ethanol) and blown by N2 gas, resulting in the surface adsorp-
tion of Dox molecules (λexc = 480 nm, λem = 580 nm). The Dox
deposition is going to be the underneath fluorescent layer upon
FC-70 application. After the lubricant infusion of the surface, a
1.5 μL droplet of fluorescein sodium salt solution (λexc = 488 nm,
λem = 520 nm) was added on top of the FC-70 layer surface. The
height of the ground surface was first assigned by detecting
the red fluorescence from the Dox on the ground surface
and focusing the image. Then, Z-stacking analysis from the
ground height with the interval of 1.1 μmwas performed. Green
fluorescence from the fluorescein solution on the lubricating
film was detected on each layer of the Z-stack.
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