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ABSTRACT: A top-down nanofabrication technology is developed to integrate multiple SAMs (self-assembled monolayers)
into regioselective patterns. With ultraviolet light exposure through regioselectively hollowed hard mask, an existing SAM at
designated microregions can be removed and a dissimilar kind of SAM can be regrown there. By repeating the photolithography-
like process cycle, diverse kinds of SAM building blocks can be laid out as a desired pattern in one microfluidic channel. In order
to ensure high quality of the surface modifications, the SAMs are vapor-phase deposited before the channel is closed by a
bonding process. For the first time the technique makes it possible to integrate three or more kinds of SAMs in one
microchannel. The technique is very useful for multiplex surface functionalization of microfluidic chips where different segments
of a microfluidic channel need to be individually modified with different SAMs or into arrayed pattern for surface-guided fluidic
properties like hydrophobicity/philicity and/or oleophobicity/philicity, etc. The technique has been well validated by
experimental demonstration of various surface-directed flow-guiding functions. By modifying a microchannel surface into an
arrayed pattern of multi-SAM “two-tone” stripe array, surface-guiding-induced 3D swirling flow is generated in a microfluidic
channel that experimentally exhibits quick oil/water mixing and high-efficiency oil-to-water chemical extraction.

KEYWORDS: passive mixing extraction, self-assembled monolayer, batch nanofabrication, integration of multiple SAMs,
surface guide microfluidics, 3D swirling flow

■ INTRODUCTION

A microfluidics-based micrototal analysis system (μ-TAS) has
been intensively explored for biological/chemical analysis and
medical detection. In a microchannel fluidic chip, guidance and
operation of the fluid play key roles in rapid and precise
analytical functions. In passive microchannels, surface mod-
ification can significantly improve fluidic properties or even
realize some smart functions by surface-directed flow guidance.
Compared to the methods of top-down microfabricating 3D
microstructures,1 bottom-up surface functionalization2 has
attracted more attention in recent years. Bottom-up con-
struction does not need to change the channel geometries and
influences less the fluidics. In addition, bottom-up surface
modification can provide various flow resistances for control of
microfluids by modifying surface molecule layers to adjust the
interfacial energy at the solid/fluidics interface.
A self-assembled monolayer (SAM)3,4 is a convenient

bottom-up method for surface modification, which can build

various surface functionalizations or provide a new interface for
further graft of multilayer nanostructures. For example, SAM
modification can realize surface functions such as adsorption/
adhesion,5,6 tunable wettability [hydro(oleo)philicity and/or
hydro(oleo)phobicity],7 corrosion prevention,8 lubrication,9

modification of electronic properties,10 separation/mixing,
and specific molecule interactions.11 Via covalent bonding to
the surface of silicon or glass substrate, silane SAM12 is very
stable and can be considered as a good candidate for desired
fluidic surface functionalizations. In order to grow dense silane
SAM, substrate material is required to be precovered by dense
hydroxyl groups. After surface pretreatment, hydroxyl groups
can be densely covered on the surface of silicon or glass for
modification of silane SAM. Besides, silicon or glass material is
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quite stable under general chemistry operation with both
aqueous and organic solvents.
Injecting liquid/vapor to coat a thin film13 at desired parts of

the microchannel surface is a commonly used method for
fabricating surface-directed fluidic chips. Unfortunately, such
kind of method is not applicable for batch fabrication and is not
capable for formation of complexly patterned surface. By the
aid of ultraviolet (UV) light,14 regional liquid-phase mod-
ification is an elegant approach, which can meet the
requirements of complex design and batch fabrication.
However, the liquid-phase surface modification2 is difficult to
secure high uniformity of the modified thin film especially when
the modification is implemented in a big-size wafer level.
Aggregation of functional molecules easily leads to a clogging
problem in very thin micro/nanochannels. L. Derzsi et al. tried
to use a kind of hydrophobic material and UV light to form
hydrophobic/hydrophilic pattern in fluidic channels.15 Com-
pared to the liquid-phase methods, this is a clean method and
there is no need to remove the liquid residue in the channels.
Unfortunately, the high surface energy created by UV exposure
is instable and the hydrophilic surface will fade and change back
to hydrophobic surface after several days. The problem may be
solved by fabricating micro/nanochannels with native hydro-
philic materials, e.g., silicon oxide or multifunctional acrylates.16

In addition, the above-mentioned two methods4,5 can only
form two kinds of surface, i.e., modified/nonmodified or with/
without nanomaterial coated. In the work by Shirai et al.,17

APTES SAM was first deposited in the vapor phase and
patterned using UV light. In this way both pattern formation
and surface activation (for bonding) can be achieved
simultaneously. After the channel was closed by a bonding
process, PEG SAM was then modified in the liquid phase by
injecting the fluid into the closed channel. With the liquid-
phase modification for a closed channel, two kinds of SAMs
were integrated.
In many microfluidic systems, three or more kinds of surface

functions need to be integrated individually at different
microregions of the fluidic channel. In the widely used
μTAS,18,19 surface effects play very important roles. In a
smart microfluidic system, hydrophobicity/philicity, oelopho-
bicity/philicity, and biochemical-specific affinities may be
individually desired to be constructed at individual regions of
the system. The performance of microfluid manipulation is
highly dependent on the quality of surface function. Chemical
vapor-phase deposition is a good method to obtain SAMs with
high uniformity and high density. By the aid of deep UV light,
three or more kinds of SAMs are expected to be integrated in
an open microchannel before it is closed by a bonding process.
In this study, with the help of deep UV light (with a

wavelength of 185−254 nm) and prepatterned hollow mask,
the SAMs can be sequentially formed in different segments of a
microchannel. The SAMs are vapor-phase deposited to ensure
the quality of surface modification. An appropriate deposition
sequence is needed to eliminate the interaction between
different kinds of SAMs. Compared with a traditional quartz
mask, the hollow mask helps to enhance the photochemical
reaction rate for multi-SAMs patterning. With the method three
or more kinds of SAMs can be sequentially grown at different
microregions of a fluidic channel for individual functions, and
similarly, a great number of such chips can be simultaneously
fabricated at a big-size wafer level, is schematically shown in
Figure 1. By analogy, many such big-sized wafers can be volume
produced.

To validate the technique in microfluidic systems, various
surface-directed flow-guiding functions have been experimen-
tally demonstrated. By modifying the microchannel surface into
a densely patterned oleophobic/oleophilic alternate stripe array,
chaotic-flow enhanced oil/water mixing effect and highly
efficient oil-to-water chemical extraction are successfully
realized.

■ EXPERIMENTAL SECTION
SAM Growth by MVD. Surface modification of SAM is

implemented using a MVD machine (MVD-100E, purchased from
Applied Micro Structure Inc.). Under 0.05 Torr vacuum and 50 °C,
the SAM layer is firmly self-assembled on a silicon surface by the aid of
the catalytic agent of vaporized deionized water. All SAM precursor
solutions used in this article are purchased from Gelest Inc. Prior to
the deposition process, the SAM precursor is degassed in vacuum.
After deposition, the silicon wafer is annealed in the chamber at 80 °C
for 1 h.

SAM Patterning by O3 Aided UV Exposure under Hard Mask.
Photolithographic nanosurface patterning is performed at 100 °C for
30 min using a commercial deep UV cleaning system (PSD-UV,
Novascan Technologies, Ames, IA) during which a distance of 4.0 cm
is maintained between the channel surface and the UV lamp. Exposure
of deep UV light (wavelength = 185−254 nm) on natural oxygen in air
generates ozone to locally remove existing SAM. After the UV
irradiation to remove existing siloxane-SAM on silicon wafer, an −OH-
covered wetting surface will be formed for regrowth of another kind of
SAM. The process principle is shown in Figure 2a and is discussed in
the Results and Discussion.

Integration of Patterned Multi-SAMs in Microflow Channel.
Schematically shown in Figure 2b is a typical example for patterning
multiple surface functionalizations in a microchannel chip. The process
steps are described as follows. (I) A 0.5 μm thick SiO2 layer is
thermally grown on a (100) silicon wafer and patterned as a mask
using photoresist coating and wet HF etching. Then the wafer is
immersed in 40% aqueous KOH at 50 °C to form the microflow
channels by anisotropic etching. (II) To avoid SAM growth at
undesired regions, a Cr/Au metal layer of 30 nm/60 nm in thickness is
sputtered and patterned to cover the regions outside the channels.
(III) The first layer of SAM, herein hydro/oleophobic FAS-17, is self-
assembled with the MVD machine. (IV) This first SAM layer is
patterned using a UV-photolithography-like step20,21 under the first
piece of silicon hard mask. The first SAM remains at the desired
regions, while the SAM at other regions is removed by deep UV
exposure. UV illumination can oxidize O2 (in nature lab air) into
ozone that further reacts with the −CH2− of the SAM molecule chain.
(V) The second-layer SAM, herein oleophilic/hydrophobic OTS, is
MVD self-assembled on the newly exposed regions. (VI) The third-
layer SAM, herein hydro(oleo)philic silanol-SAM (by modifying −OH

Figure 1. Schematic of wafer-level regioselective modifications. By
repeatedly employing top-down batch-fabricating cycles of masked UV
photolithography, multiple SAMs can be integrated on chips at the
wafer level.
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on silicon), is grown on the designated regions by repeating the UV-
exposure cycle. At this time, the first-layer SAM is regioselectively
removed under the second piece of silicon hard mask. The ozone
reacts with the added H2O vapor to produce −OH, which can be
modified on the broken molecule chain to form a new silanol surface.
(VII) The Cr/Au metal layer is removed by wet etching. The mild
metal etchants have been confirmed without a negative influence to
the grown SAMs. (VIII) The microfluidic channels are closed by
bonding with a previously molded transparent PDMS (polydimethyl-
siloxane) capping plate (see the Supporting Information 4). Purchased
from Dow Corning, the Sylgard-184 PDMS is prepared with a weight
ratio of 10:1 and precured at 80 °C for 1 h on a silicon mold wafer.
According to various needs of surface functionalization in micro-
channels, the above-described process cycles can be flexibly designed.
Characterization with AFM, Contact-Angle, XPS, SIMS, and

ATR-FTIR. AFM (atomic force microscopy) images were scanned in
ambient atmosphere, with a Nanoscope V Multimode-8 AFM (Nano
Surface Business, Bruker Corp., Santa Barbara, CA). All measurements
were performed in peak-force mode at a scanning rate of 0.977 Hz
with a resolution of 512 points per line. Static contact-angle (CA)
measurement was carried out using an OCA15+ optical contact-angle
meter purchased from Data Physics Inc. The used water drop is
deionized water, and the oil drop is N-hexadecane. High-resolution
XPS (X-ray photoelectron spectroscopy) data were obtained using an
ESCALAB 250 system (Thermal VG Scientific Ltd.) equipped with an
Al Kα monochromatic X-ray source (pass energy 20 eV, energy step
size: 0.05 eV) and a double-focused concentric hemispherical analyzer.
The sample surface was tilted at 58° with respect to the analyzer
detector. The nominal pressure in the analysis chamber was lower than
2 × 10−10 mbar. Static SIMS (secondary-ion mass spectrometry) was
performed with a SIMS Workstation (Hiden Analytical), which was
equipped with both oxygen and cesium primary ion beams to allow
sensitive detection of electropositive and electronegative elements,
respectively. SIMS analysis was taken under 5 keV Cs primary ions at
45° while detecting positive and negative secondary ions. The
employed beam is ∼100 pA. Analysis for each sample is repeated
three times. An attenuation total reflection-Fourier transform infrared
(ATR-FTIR) spectrometer (Vertex 70v, purchased from Bruker Inc.)
was used for characterization of SAM. Spectra were recorded in the
range of 1300−1400 cm−1 for the SAM of FAS-17 and Si−OH-

exposed silicon surface as well as in the range of 2800−3000 cm−1 for
the SAM of OTS.

■ RESULTS AND DISCUSSION
Regioselective SAM Removal and Alternative Re-

growth. Regioselective SAM removal is based on UV
photochemical reaction.20 Figure 2a schematically shows a
process example where the existing SAM of FAS-17 is
regioselectively removed and then replaced by another SAM
of OTS. By repeating this process cycle, more kinds of SAMs
can be sequentially constructed and patterned at designated
segments of the microchannel. A typical microflow-chip
nanoengineered with the above-mentioned processes is
schematically shown in Figure 2b. The reason for the hard
mask used for photolithography is because ozone needs to be
locally generated under UV-light irradiation. Rather than a
normal glass/quartz mask, the regioselectively hollowed hard
mask facilitates inputting sufficient oxygen and water vapor
through the patterned openings. Otherwise, if UV irradiation is
operated in vacuum, a shorter wavelength of UV light will be
required.17 (see Supporting Information 8)
For building different surface properties at different micro-

regions using the technique, the surface property covered by
the formerly self-assembled SAM needs to be unchanged by the
latter assembly of the second kind of SAM. To experimentally
figure out the regular pattern, the most useful SAMs of FAS-17
(hydrophobic/oleophobic), OTS (hydrophobic/oleophilic),
and PEG (hydrophilic/oleophilic) have been multiply grown
on a silicon surface with various orders. From the surface
contact-angle, AFM scanning, and ATR-FTIR combined
characterization, the following conclusions have been made. A
SAM with a relatively higher surface energy is difficult to be
grafted on top of another SAM with lower surface energy. As
long as the first grown SAM is dense enough, the surface will
not obviously be influenced by the latter self-assembled SAM.
OTS (with −CH3 terminated) is with a surface energy of 24
mN/m higher than the −CF3-terminated FAS-17 (14 mN/m)

Figure 2. Schematic process-route for regioselective removal and alternative regrowth of SAMs. (a) Process cycle of removing the first siloxane SAM
(herein exampled with FAS-17) and regrowing the second SAM (OTS as example) at the same area, which is based on UV photochemical reaction
and self-assembly of siloxane SAM. (b) The processes are used for integration of regioselectively modified branches into a microchannel chip, where
deep-UV-light lithographic steps are repeatedly implemented like the way in IC industry. More details of this process are described in the
Experimental Section.
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but lower than the −OH-terminated PEG (63 mN/m).22 In
multiple self-assemblies, the first grown molecule layer would
be FAS-17. Then OTS and PEG follow behind (see Supporting
Information 5).
Characterization Results. Regioselective surface modifica-

tion of multiple SAMs has been characterized by AFM
scanning, contact-angle test, and ATR-FTIR (attenuation
total reflection-Fourier transform infrared) spectrum. AFM
surface-scanning images shown in Figure 3a−c correspond to
the process stages given in Figure 2a: (a) the SiO2 surface
covered by FAS-17; (b1 and b2) the surface at the moment
when FAS-17 is partly removed by UV illumination (at 100 °C
for 10 min) and the clean surface with the SAM entirely
removed by 30 min exposure, respectively; (c) the surface of
the same region covered by the regrown OTS. Surface wetting
properties are characterized by testing the contact angles of
water drop (shown at the top inset of each AFM image) and oil
drop (N-hexadecane, at each bottom inset). This contact-angle

test is implemented at the process stages of FAS-17 being
modified, Si−OH being recovered after removal of FAS-17
and OTS being regrown at the same microregion. The water/
oil angles of 113°/74°, <20°/<20°, and 91°/35° well confirm
the designated hydrophobic/oleophobic, hydrophilic/oleo-
philic, and hydrophobic/oleophilic surface wetting properties.
The nanofunctionalized surface is also confirmed by the
corresponding FTIR spectra shown in Figure 3d−f. In contrast
with the FAS-17-removed surface that is characterized in Figure
3e, the two peaks at 1330 and 1370 cm−1 observed in Figure 3d
are assigned to −CF3 asymmetric stretches of FAS-17. The
spectrum in Figure 3f verifies the existence of the regrown
OTS, where the C−H stretch is identified by the three peaks:
the symmetric 2854 cm−1 and asymmetric 2923.5 cm−1

stretching modes of −CH2− as well as the peak at 2958.2
cm−1 for the asymmetric stretch in −CH3.
The AFM scanning image of Figure 3g shows the boundary

between the adjacent areas covered by FAS-17 and −OH,

Figure 3. Characterization results of removing and regrowing SAM process and surface characterization of the border between different
microregions. With ATR-FTIR spectrum, AFM scanning and contact-angle test, the process of FAS-17 SAM growth, removal, and OTS SAM
regrowth on a silicon wafer is characterized. Peak-force mode AFM images and contact angles (with water drop at the top and oil drop at the
bottom) sequentially show the surface situations: (a) after growth of hydrophobic/oleophobic FAS-17 SAM with high density and uniformity; (b1)
incomplete removal of the FAS-17 after deep-UV light exposure for 10 min; (b2) thorough removal after UV illumination for 30 min (where the
contact angles show a silanol-group-covered hydrophilic/oleophilic surface); (c) after regrowth of OTS SAM that changes the surface into
hydrophobic but oleophilic, the surface-functionalized SAMs at the stages of a, b2, and c are confirmed by the infrared spectra in d, e, and f,
respectively. (d) Two peaks at 1330 and 1370 cm−1 demonstrate the existence of FAS-17 tail groups. Note: The FTIR spectra in d and e possess the
same magnification in Y-axis unit for comparison. (f) OTS is characterized by the three peaks that are the symmetric 2854 cm−1 and asymmetric
2923.5 cm−1 stretching modes of −CH2− as well as the contribution at 2958.2 cm−1 from the asymmetric stretch in the −CH3 terminal group. (g)
Peak-force AFM image (scanning area = 5 μm × 5 μm) showing the surface topography across the border between the FAS-17 and the −OH-
covered regions. (h) Two water drops located at the hydrophilic (left) and hydrophobic (right) regions show disparity in the drop shape. (i) An oil
drop stands cross the left OTS/FAS-17 boundary and a water-drop stands across the right FAS-17/OTS boundary. Difference between the left and
the right contact angles is observed in each drop.
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respectively. To further identify the border microregion, two
water drops located at the double sides of the borderline are
shown in Figure 3h. Great disparity in contact angle is observed
that indicates a surface-wetting difference between the
hydrophobic and the hydrophilic areas. The results also imply
that the UV-photolighgraphy patterned hydrophobic/hydro-
philic boundary line is quite sharp. A more interesting
phenomenon can be observed in Figure 3i, where the central
area is modified with FAS-17 but its double sides are both
covered by the regrown OTS. By placing the oil (N-
hexadecane) drop across the left borderline, different contact
angles are tested as 37.1° at the left side and 45.3° at the right
side. Similarly, the water drop across the right border also
shows disparity in the double-side angles that are 103.3° at left
and 99.3° at right. The results make clear distinction to the
boundary between the more hydrophobic FAS-17 microregion
and the more oleophilic OTS one. XPS and SIMS character-
ization results can be found in Supporting Information 6,7.
Surface-Directed Flow Guide by Regioselective Multi-

SAMs. A micromachined three-branch manifold microchip is
designed with the schematic shown in Figure 4, where the three

branches are modified with FAS-17 SAM, OTS SAM, and 
Si−OH group for individual functionalization of the desired
flow-guide surface. On the basis of fluidic knowledge, when
fluid just flows into a microchannel (i.e., the channel has not
been completely filled with the fluid), the flowing direction
depends on the capillary pressure at the liquid/gas interface.2

When the liquid flows to the three-way manifold it prefers to
flow into the branch which provides larger capillary pressure
(see Supporting Information 1).
In comparison of capillary pressure between two branches,

only the contribution from the advancing contact angle of θSi
needs to be taken into account, since the pressure difference
comes only from the differently modified silicon surface at the
different branches. The contribution from the nonmodified
PDMS surface (at the cap plate of the channel) to the pressure
is always the same for each branch and, thus, can be ignored.

According to the calculated pressure-drop results, water
should prefer to flow into the −OH-modified branch instead of
the FAS-17 one due to the great capillary-pressure difference of
267 N/m2. Similarly, oil prefers to flow into the OTS or −OH-
modified branch rather than the FAS-17 one, due to the
capillary-pressure difference of 40 N/m2 or larger than 50 N/
m2, respectively. The reasonable speculation has been
confirmed by the microfluidic experiment shown in Figure 4.
When the fluid front reaches the branching point of the
manifold, as shown in Figure 4a and 4b, either oil or water
automatically turns into the −OH-covered oleo(hydro)philic
branch rather than directly entering the FAS-17-modified
oleo(hydro)phobic one. As for flow-direction choice between
the OTS-modified branch and the FAS-17 one, Figure 4c shows
that the oil flow front directly enters the oleophilic former
instead of the oleophobic latter.
When the fluid has already filled the microchannel, however,

the surface-guided flow phenomena are different from the
above-mentioned fluid-front case. Selection of the continuing-
flow direction at the branching point obeys by the rule of
resistive force minimization, e.g., water (or oil) prefers to flow
along the more hydrophobic branch (or the more oleophobic
one). After water has continually flown in both the hydro-
phobic turning branch (modified with FAS-17) and the
hydrophobic straight branch (modified with OTS), we mix
big-sized oil bubbles in the water flow. It is observed in Figure
4d that all the oil bubbles turn into the oleophobic turning
branch instead of the oleophlic straight branch. Herein the big-
sized oil bubble has physically touched the bottom surface of
the channel and, obviously, the bubbles prefer to go through
the way with lower resistive force,23−25 i.e., the oleophobic
FAS-17 branch with lower friction force.

Patterned Multi-SAMs for Oil/Water Mixing and
Liquid-Phase Extraction. Mixing and chemical extraction
between mutually immiscible oil and water in a microchannel is
indeed difficult. However, such oil/water mixing and extraction
is frequently required in the fields of agriculture investigation,
food-safety detection, and biochemical analysis. When oil and
water are introduced into a conventional microchannel they
prefer to remain as two-phase laminar flow. This has been
confirmed by not only our experiment (detailed in Supporting
Information 2) but also fluidic dynamics calculation.26 Only
with molecule diffusion at the flow interface the channel length
Z required for full extraction can be defined as Z = U(w/
2)2D−1,27 where w is the channel width, U is the flow rate, and
D is the extraction diffusivity. For extracting methylene blue
from oil of CH2Cl2 to water the D value is quite low and merely
at the level of 10−9 m2/s.28 According to the flow rate of U =
0.5 m/s used in our experiment, the full extraction required
channel length of Z would be at least 11 m, which is impossible
for a microchannel system. In other words, oil-to-water
extraction in a conventional microchannel will result in a low
efficiency due to the fact that the extraction only occurs at the
laminar flow interface.
Many efforts on passive micromixers have been made to

either increase the contact area by separation/recombination or
form chaotic-flow convection by fabricating complex 3D
winding channels.29,30 Compared with those active mixing
devices,31−35 passive micromixers do not require external power
but often need larger chip size or complicated fabrication to
integrate 3D structures in the microchannel.36 Stirring the
stream into chaotic advection is expected to be a promising
solution for more efficient micromixing at low Reynolds

Figure 4. Expetimentally obtained surface-directed flow-guide
phenomena. Different SAMs are regioselectively modified at different
branches. (a) Oil fluid front prefers to flow toward the more oleophilic
branch. (b) Water fluid front turns to flow into the hydrophilic branch.
(c) Oil front is surface directed and pumped into the oleophilic
branch. (d) After water continually flows into the two branches, a
macrosized oil bubble (mixed in the water flow) prefers to turn into a
less oleophilic branch due to less resistive force at the oleophobic
surface.
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number. By employing the multi-SAMs patterning technology,
3D twisting flow is anticipated to be passively generated for
efficient mixing/extraction in a simple pressure-driven micro-
channel.
The idea is to pattern multi-SAMs at the channel surface to

guide the flow into 3D turbulence, thereby realizing high-
efficiency oil/water mixing. Sketched in Figure 5a is the
designed oil-to-water extraction microchannel chip that consists
of a passive micromixer, two inlets, and two outlets for oil/
water separation. In addition to the multi-SAM modifications at
the inlets/outlets for designated liquid I/O and postextraction
separation between oil and water, the surface of the serpentine
microchannel mixer is modified into a pattern of 45°-inclined
FAS-17/OTS alternate stripe array. The arrayed dual-SAM
“two-tone” stripe is designed to be 150 μm in width. Another
traditional chip with an identical mixer structure is also
fabricated for experimental comparison, where the mixing
region is surface modified only with FAS-17. The oil/water flow
in the traditional mixer is expected to be still two-phase laminar

flow, as schematically shown in Figure 5b. In contrast, chaotic
flow27 is expected to occur in the “dual-color” striped channel,
where the two inversely wetting surfaces of oleophilic OTS and
oleophobic FAS-17 are mutually spaced for generating 3D twist
flow. When oil continually flows onto the FAS-17-covered
stripe surface it prefers to fast slip onto the next OTS stripe
where the oil tends to adhere to form a stagnant layer. On the
basis of the heterogeneous surface-directing properties, the oil
fuild undergoes less flow resistance on every FAS-17 strips and
is guided to follow the FAS-17 stripe every time when it reaches
the OTS/FAS-17 boundary. The experimental phenomenon in
Figure 4d has indirectly verified this point. As is vividly
illustrated in Figure 5c, the oil will follow a helical trajectory to
form 3D chaotic flow.27,37 Relatively, the effect of the stripe
pattern on water flow is much weaker, as both SAMs are
hydrophobic. When the fluid of water is added into the 3D
helical oil flow, the strong stirring effect will significantly
enhance the oil/water mixture. The designed diagonal stripes
promote convection in the transverse direction and increase the

Figure 5. Comparison of microchannel chips with different nanosurface. (a) Comparison in surface construction between two kinds of microchannel
chips for liquid−liquid mixing and extraction. At the surface of the serpentine mixer the conventional chip is uniformly modified with oleophobic
FAS-17, while the surface-direct chip is modified with the oleophobic/oleophilic “dual-color” stripe array. Besides, oleophilic OTS is modified at the
oil inlet/outlet, while a hydrophilicSi−OH surface with high capillary force and a hydrophobic FAS-17 surface with low flow resistance are formed
at the water inlet and outlet, respectively. (b) Schematic of the low-efficiency mixing/extracting oil/water two-phase laminar flow in the conventional
channel due to isotropic flow resistance from the single SAM modified surface. (c) Schematic of high-efficiency mixing/extracting 3D helical flow
due to the oleophobic/oleophilic mutual-spaced stripe array that is surface directed with anisotropic flow resistance of the inclined “dual-color”
SAMs (see Supporting Information 3).

Figure 6. Experimental observation of oil (CH2Cl2) turbulence flow induced by the “two-tone” surface modification in the micromixing channel. The
typical twist-flow pattern of the oil flow is shown in a. After the oil fluid is driven out by air, the stripe-array nanopattern is visualized by the oil
stagnant layer on top of the OTS strips, which is shown in b. Then, water/oil mixing phenomena are experimentally observed in the “two-tone”
modified microchannel. Pink-colored fuchsin water solution is herein used as the aqueous phase and n-hexane as the oil phase. (c) At 80 μL/min
flow rate for both the oil and the water, the two fluidic phases begin to get into each other’s region. (d) When the flow rate is increased to 110 μL/
min, the water stream starts to wind. When the flow rate is further increased to 170 μL/min, both folding (e1) and rotation (e2) of the water stream
can be observed.
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oil/water contact area, thereby speeding up the process of
mixing and extraction.
The effect of the modified “two-tone” stripes on the mixing

microchannel is experimentally validated. First, the oil of
CH2Cl2 is flown into the “two-tone” striped mixer. Twisting oil
flow is clearly observed in the micrograph of Figure 6a. In
Figure 6b the patterned stripes are clearly visualized at the
moment when the oil just flows out the channel and the
residual oil stagnant layer is still adhered on the surface of OTS.
Then, the oil of n-hexane and water are both introduced into
the mixing channel to examine generation of twist flow in the
two-phase fluidic channel. For easy observation, pink-colored
fuchsin aqueous solution is used as the water phase. In the
channel of 300 μm width, each phase begins to get into each
other’s side when the flow rate is increased to 80 μL/min. With
the flow rate is 110 μL/min, the water phase starts to take a
winding shape. Finally, folding and rotating of the water stream
are both observed at the further increased flow rate of 170 μL/
min. The upper limit of the flow rate for the 300 μm wide
mixing channel is experimentally obtained as about 240 μL/
min, which is mainly determined by the oil/water separation
after extraction. As shown in Figure 5a, the channel segment
near the outletting T-joint is side-by-side modified by the two
SAMs. A too high flow rate will cause incomplete oil/water
separation (see Supporting Information 9).
In general, there have been two effective methods to improve

the liquid−liquid mixing and extraction performance by either
increasing the surface-to-bulk ratio or decreasing the diffusion
path. In the laminar flow extraction study reported by Priest et
al.,38 the surface-to-bulk ratio was given as about 15000 m−1,
which is equivalent to the surface-to-bulk ratio of a droplet with
a diameter of 400 μm. Such a droplet is too large to be
accommodated in our microchannel. In other words, the
surface-to-bulk ratio of laminar flow is far from big enough to
meet our microfluidic requirement. On the other hand,
generating droplets39 is indeed an elegant method for
increasing the surface-to-bulk ratio. Actually, as observed in
our extraction experiment, the generated water droplets can
extend, fold, and rotate in the channel, thereby achieving better
extraction performance. Our turbulence flow provides both
high a surface-to-bulk ratio and a short diffusion path.
In order to visualize the experimental chemical-extraction

results, colorful methylene blue is previously dissolved into an
oil of dichloromethane (CH2Cl2) for the oil-to-water extraction
experiment. With or without the “two-tone” striped multi-
SAMs, two identically microstructured chips are used for the
same extraction experiment. For the chip with the “dual-color”
stripes, Figure 7a shows quick disappearance of the oil/water
interface that indicates sufficient mixing. With the high-

efficiency mixing, the methylene blue can be extracted into
water by higher solubility. Through the postextraction channel
segment, which is deliberately modified into the half and half
straight-line pattern shown in Figure 5a, the water can be
gradually separated from the oil and drained out from its own
outlet. In the conventional chip shown in Figure 7b, the two-
phase laminar flow can be observed throughout the whole
serpentine mixer, indicating poor mixing/extracting conse-
quently. The two extracted methylene-blue samples are
compared at the central part of Figure 7. The obviously deeper
blue water from the “dual-color” striped microextraction chip
validates the effect of the regioselectively integrated multi-
SAMs on the surface-directed flow-guide function.
To investigate the influence of the channel geometry to the

efficiency of the MB extraction from oil to water, we designed
and fabricated five types of the “two-tone” modified mixing/
extraction microchips with varied channel geometries. From the
highest extracted MB concentrations of 1.12 μM, which is
obtained from the no. 4 chip, the highest extraction rate of
about 93% is achieved. More details about the influence of the
channel geometry to extraction performance can be seen in
Supporting Information 10.

■ CONCLUSIONS

We demonstrated a batch fabrication method to regioselectively
integrate multiple (three or more) silane-SAMs in silicon
microfluidic chips. To achieve uniform surface modification, the
SAMs are vapor-phase deposited on an open microfluidic
channel (i.e., before the channel is closed by bonding). With
the commercial MVD machine that is equipped with a good
surface pretreatment tool, a vacuum conditioner, and a precise
flow controller, the quality of the vapor-phase surface
modification is much better than conventional liquid-phase
SAM modification. With the help of the hollow mask, UV
irradiation for patterning SAMs can be realized in a short
period of time. The “selective SAM removal and alternative
SAM regrowth” process cycle can be repeated to batch fabricate
patterned multi-SAMs at the surface of fluidic channels for
surface-directed flow-guide functions. The surface-guiding
effect of the patterned multi-SAMs on functional microchannel
flow has been experimentally demonstrated. By modifying
arrayed oleophobic/oleophilic “dual-color” SAM stripes on the
surface of a micromixer, 3D twist-flow enhanced oil/water
passive mixture and high-efficiency liquid-phase extraction are
realized. The developed technique in this study is promising for
wide applications of microfluidic systems.

Figure 7. Experimental observation at the serpentine micromixer and comparison in mixing/extraction performance. (a) In the “two-tone” striped
chip, a fast mixture of the oil/water flow at the serpentine mixer and the after-extraction separation at the outlets are observed. (b) In the traditional
chip without the flow-guiding SAMs, two-phase laminar flow remains throughout the mixer and the outlets. By comparison between the two
extractants collected in the two tubes (see the center of the figure), apparently the oil-to-water extracted methylene blue from the surface-striped
mixer is a much darker color than that extracted from the traditional mixer.
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