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Controlled Liquid—Air Interfaces and Interfacial
Polymer Micromembranes in Microfluidic Channels

Daming Cheng, Young-Joon Paul Choe, and Hongrui Jiang, Member, IEEE

Abstract—In this paper, we report on stable liquid-air
interfaces and high-aspect-ratio polymer micromembranes with
complex and controlled structures formed within microfluidic
channels. Selective alkanethiol treatment on gold and copper sur-
faces is employed to create hydrophilic-hydrophobic boundaries
between glass and these metal surfaces within microchannels. Ro-
bust liquid-air interfaces, featured with different 3-D structures,
are formed at these boundaries. The process for creating these
liquid-air interfaces is highly reproducible. Simulations are con-
ducted to further study the liquid-air interfaces. The liquid—air
interfaces are then utilized for interfacial polymerization. Two im-
miscible liquid phases containing the reagents react and generate
polymer micromembranes within microfluidic channels. Formed
following the hydrophilic-hydrophobic boundaries, these mem-
branes have not only complex footprints on the substrates but also
different configurations in the z-direction. Here, we demonstrate
high-quality and complex 3-D nylon micromembranes fabricated
in microchannels using this method. [2007-0294]

Index Terms—Hydrophilic-hydrophobic boundary, interfacial
polymerization, liquid-air interface, liquid-liquid interface,
microfluidics, surface tension.

I. INTRODUCTION

TABLE and controlled microfluidic interfaces have

potential applications in sensing and detecting chemical
and biological agents [1], [2]. First, such interfaces within
microfluidics can be liquid—air interfaces [3]. The liquid—air
interfaces in microchannels have been utilized in, for instances,
detecting airborne target agents [3], [4], sample acquisition
for gas chromatography [5], measuring air pressure [6],
and detecting droplets [7], [8]. Second, interfaces between
two immiscible liquids are also been broadly studied. Such
interfaces can also be utilized in sensing biological and
chemical agents. For example, at the interfaces of an aqueous
solution and a liquid crystal, which consists of anisotropic
molecules, the arrangement or orientation of the molecules of
the liquid crystal can be changed through interface chemical
reaction, which can be used for sensing the presence of target
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agents in liquids [9]-[11]. On the other hand, physical walls or
membranes at the interfaces also have applications in biological
and chemical sensing. Such physical walls can be made of,
for instance, polymers that can be specifically dissolved or
compromised by certain agents [12], [13].

In microfluidic systems, where the channel structures have
the dimensions ranging from tens to hundreds of micrometers,
the capillary force and surface tension are dominant, com-
pared to, for instance, the gravity [2], and can be exploited
to create controlled multiphase interfaces in horizontal or ver-
tical directions. The liquid—air interfaces can be created at
hydrophilic-hydrophobic boundaries in microchannels because
of the surface tension [14]. Coating with self-assembled mono-
layers (SAMs) of certain polymer molecules has been broadly
used to change the wetting property of the surfaces in the
microchannels [15]-[19] to create the hydrophilic-hydrophobic
boundaries and, thus, to control the liquid—air or liquid-liquid
interfaces [14], [20]. Laminar flow of the solution containing
octadecyl trichlorosilane has been employed to divide a chan-
nel into hydrophobic and hydrophilic regions [2]. However,
it is difficult to use this method to create complex shapes of
hydrophilic-hydrophobic boundaries. Photocleavable SAM has
also been applied to pattern the hydrophobic region into differ-
ent shapes as designed [14], [18], [19], [21], [22]. However, the
chemical process is relatively complicated.

Surface treatment on copper (Cu) and gold (Au) layers by
coating with SAM of alkanethiols molecules makes the Au or
Cu surface hydrophobic [23]-[25], while the alkanethiol SAM
rarely forms on top of glass surface, thus forming a boundary
between the areas with and without the SAM. In this paper,
we harness the selective alkanethiol SAM formation on the
metal layers (Cu and Au) to realize hydrophilic-hydrophobic
boundaries. We recently reported preliminary results on such
boundaries between alkanethiol-treated Cu patterns deposited
on glass slides and glass surfaces [26]. Here, we extend this
method to fabricate more complex liquid—air interfaces, such
as straight-line, curved, interdigital, and twisted structures. The
smallest feature size of the liquid—air interface structure is
only limited by the surface tension. The whole process of
this method takes only 3 h, and the interface generated shows
high stability and reproducibility over multiple experiments.
Simulations of the liquid—air interfaces are conducted. The
interfaces of two immiscible liquid phases containing reagents
are established for interfacial polymerization to form polymer
membranes at the site of the interface. To demonstrate this
fabrication method, thin nylon micromembranes with differ-
ent 3-D structures that precisely follow the structures of the
liquid-liquid interfaces are realized in microchannels.

1057-7157/$25.00 © 2008 IEEE
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Fig. 1. Schematic illustration of the formation of a hydrophilic—hydrophobic
boundary. The Cu coating on glass can be patterned by photolithography to
create different boundary shapes. Monolayer of alkanethiols with the thickness
of 10-25 A [16] is formed on the Au or Cu surface. The hydrophilic—
hydrophobic boundary forms at the edge between the metal and glass surfaces.

II. PRINCIPLE OF OPERATION

A. Surface Treatment to Create
Hydrophilic—Hydrophobic Boundaries

When a hydrophilic-hydrophobic boundary is present on
a surface, molecules of aqueous solutions will adhere to the
hydrophilic side, where the surface free energy is large enough
to prevent the aqueous solution from intruding into the hy-
drophobic side. Thus, a “pinned” liquid—air interface can be
formed at such a boundary [1], [2].

SAM prepared by chemisorptions on a surface changes the
free surface energy and can significantly increase the contact
angle of aqueous solution on the surface [23], [27], [28]. By
immersing the surface into a solution containing long-chain
alkanethiolates, such as 1-Hexadecanethiol [CH3(CHz)15SH],
the alkanethiolate molecules can easily be absorbed onto the
surface of Au, silver, and Cu to form a quasi-crystalline SAM,
while the formation of SAM on a glass surface is much slower
than on those metal surfaces. Therefore, the wetting property of
water on glass and metal surfaces will significantly be differ-
entiated; i.e., a hydrophilic-hydrophobic boundary is formed,
as shown in Fig. 1. Using the absorbed SAM on top of a Cu
or Au layer to obtain hydrophobic layers has the following
advantages.

1) The boundaries between hydrophilic—hydrophobic areas
can be defined by photopatterning. Complex shapes of
multiphase interfaces can be realized.

2) The metal layers that define the hydrophobic areas can
also serve as electrodes for electrical sensing in potential
applications.

In this paper, sputtered Cu layers on microscope glass slides
and commercially available Au-coated glass slides (TA134,
EMF Corporation, Ithaca, NY, USA) are both used. The sput-
tered Cu layers are thin enough (300 A) to be translucent,
allowing for direct visualization under a microscope in its
transmission mode during the experiments. Au has been
broadly used in biomedical devices, because it has good oxi-
dation resistance and biocompatibility [29]. In the following
sections, devices fabricated with translucent Cu layers are
used for observing the formation of the liquid—air interfaces
and the polymerization of the nylon micromembranes, while
the ones with Au layers are used to test the maximum
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Fig. 2. Schematic illustration of a liquid—air interface formed with patterned
Au or Cu layers on two glass slides. The interface can be defined into different
configurations by patterning the Au or Cu layers into different shapes.
pressure within the microchannels that could be sustained
by the hydrophilic-hydrophobic boundaries. The hydrophilic—
hydrophobic boundaries can be designed and patterned into
different complex shapes. The channel pressures in these con-
figurations are calculated in later sections. When the micro-
channel structures are constructed, the two glass slides with
hydrophilic-hydrophobic boundaries can be aligned with a
desired offset (translational or angular) between each other. The
upper and lower edges of the liquid—air interface are pinned at
the hydrophilic—hydrophobic boundaries at the top and bottom
glass substrates, respectively. The interface then forms between
the two edges in a plane defined by the shapes as well as
the relative positions of the boundaries on the top and bottom
hydrophobic Au or Cu layers.

B. Theory on the Channel Pressure at the
Hydrophilic—-Hydrophobic Boundaries

Fig. 2 shows the structure of a typical device in this paper. An
“H”-shaped channel is constructed between two glass slides,
which have patterned Au or Cu layers on the surfaces. The
cross sections of the device are shown in Fig. 3. The left
boundaries of the metal layer stripes are defined as the
hydrophilic—hydrophobic boundary and are positioned in the
middle of the center channel. The H-shaped channel is thus
divided into a hydrophilic side and a hydrophobic side. In
a typical experiment, the aqueous solution is introduced into
the channel from inlet (a), as shown in Fig. 2. The liquid
will fill the hydrophilic side of the channel, i.e., the left of
BB’, and later arrives at the outlet (b) of the hydrophilic side.
The liquid—air interface is created in the center channel of
the H-channel structure, along the hydrophilic—hydrophobic
boundary.

As shown in Fig. 3, while being pumped into the channel, the
aqueous solution behaves differently, in terms of the channel
pressure and the shape of the liquid—air interface, in three
stages. The pressure difference AP between the liquid P
and air Py can be determined by Young-Laplace equation
(18], [30]

1 1
AP =g <T‘ + R) (D
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Fig. 3. Cross sections along AA’ in Fig. 2. When the front of the
aqueous solution is still in the hydrophilic area, i.e., the left side of the
hydrophilic-hydrophobic boundary, the liquid—air interface will maintain
the same shape and move forward, shown as Iy, I, I3, ... in Stage I, until
arriving at the boundary. The pressure in the aqueous solution remains the
same, P1. When the liquid—air interface arrives at the boundary, it is pinned
by the boundary. When the pressure of the aqueous solution increases, the
shape of the interface can be tuned, shown as I, I11, I12, . . . I ax in Stage I1.
The pressure in aqueous solution in Stage II ranges from P; to Pmax. When
the pressure increases and exceeds Pmax, the liquid—air interface breaks the
boundary and flows into the hydrophobic area of the channel. The shape keeps
the same, shown as I;nax, I1I1, ITIo, . . . in Stage III. The pressure in Stage I1I
maintains at Pmax.

where r and R are defined as the radii of curvature in
directions vertical and parallel to the liquid stream, and
yLG is the surface tension. We take the straight-line shape
hydrophilic-hydrophobic boundary as an example for channel
pressure calculations. The dimension along the boundary is
much larger than the channel height. Therefore, the radius
parallel to the liquid stream R is oo. Equation (1) is reduced to

AP=P— py= LG, )
T

It can be expressed as

h
"7 2cos (180° — 0) S
where h is the height of the channel. Thus
26 o
P-PF = N cos (180° — 0). “)

During Stage I, the liquid—air interface forms a meniscus
with a fixed contact angle with the top or bottom surface of
the channel, #;, which is equal to the contact angle formed
by a drop of the same aqueous solution on the same glass
hydrophilic surface, Onydropnitic [18]. Therefore, in Stage I,
from (3) and (4), the radius of the meniscus at this stage r;
and the channel pressure P; are fixed value. Because in the hy-
drophilic side of the channel, ; < 90°, r; is negative, and P, is
smaller than Fj. Note that the aqueous solution is pumped into
the H-channel from the hydrophilic side with a syringe pump
at a low rate such that the liquid—air interface demonstrates
static rather than dynamic behaviors. Therefore, the liquid—air
interface moves toward the hydrophilic—hydrophobic boundary
with a fixed shape of meniscus.

During Stage II, when the liquid—air interface arrives at
the hydrophilic-hydrophobic boundary, the two contact lines
of the liquid—air interface with the top and bottom surfaces
of the channel are pinned. Keeping introducing the aqueous
solution into the hydrophilic side of the channel, the meniscus
of the liquid—air interface changes from concave (r < 0) to flat
(r = 00), and to convex (r > 0). The contact angle between
the liquid—air interface and the channel surface € increases from
01 until O ax. Omax is the maximum contact angle that can be
sustained by the boundary. 6,,,x is equal to the contact angle
formed by a drop of the same aqueous solution on the same
Au or Cu hydrophobic surface O,ydrophobic [18]. To prove this,
energy technique is employed at the critical pressure equilib-
rium [30]. At equilibrium of the point just before breaking the
pinning of the hydrophilic—hydrophobic boundary [31]

v (dAs + dAc) = dAs (Yawe +7ug — Yaun)  (5)

where Ay is the area of the flat surface where the aqueous
solution makes contact to the top or bottom channel surface, A
is the curved area of the aqueous solution (i.e., the liquid—air
interface), y,g is the aqueous surface tension, yaug is the
surface energy of the hydrophobic surface, and vy, is the
interfacial energy of the solid surface contacting the aqueous
solution. At this time, the contact of the meniscus with the chan-
nel top/bottom surface is 0,,,,x. Geometric analysis shows that

dA.
dAs

= €08 Omax- (6)
Plugging (6) into (5), we have

YsL + VLG €08 Omax = Ysa @)

emax — 00871 (M) . (8)
LG

According to Young’s equation

_ SG — YSL
Onydrophobic = COS (u) )
pinel

where Ohydrophobic 1S the contact angle of aqueous solution on
the hydrophobic surface.

Therefore, Omax = Ohydmphobic.

The pressure in the hydrophilic side of the channel P ranges
from P; to Ppax. Pmax 1S the maximum pressure that can be
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sustained by the boundary. P .x can be calculated from (4)
with 60x.

During Stage III, when the aqueous solution is further
pumped into the channel, the liquid—air interface eventually
overcomes the pinning effect of the hydrophilic—hydrophobic
boundary and intrudes into the hydrophobic side of the channel.
The shape of the meniscus and the channel pressure maintain
a fixed value, similar to the situation in Stage I, except that
the contact angle 6,5 is larger than 90°, because of the
hydrophobicity of the Au or Cu layers. Therefore, 3 is positive
and P,y is larger than Py according to (8) and (9).

Therefore, only in Stage II, the channel pressure and the
shape of the liquid—air meniscus can be tuned, while in Stage I
and Stage III, channel pressure and interface meniscus are fixed.
The contact angle, the radius of curvature of the meniscus, and
the channel pressure in these three stages are calculated and
plotted in Fig. 7(a). Experimental results of channel pressure
are compared with calculations in Fig. 7(a). In this paper, the
purpose is to create the liquid—air interface in Stage II without
breaking the boundary, and to use the liquid—air interface to
conduct interfacial polymerization as described later.

C. Interfacial Polymerization of the Micropolymer Membrane

After an aqueous solution containing 1,6-diaminohexane is
pinned at the liquid-air interface (shown in Fig. 2 as line
AA’), an organic solution of adipoyl chloride in toluene is
flowed into the channel from the other (hydrophobic) side of
the interface. Because of the presence of the aqueous solution
and the persistent external pressure from the side of the aqueous
solution, the organic solution will not flow across the interface
into the hydrophilic side, although the organic solution has
good wettability on both glass and SAM-coated Au or Cu sur-
faces. The aqueous solution and the organic solution precisely
contact at the hydrophilic—hydrophobic interface, and reaction
takes place between 1,6-diaminohexane and adipoyl chloride to
form a nylon membrane. The chemical reaction is described as
follows [32], [33]:

o H (o}
HaN A~~~ +C|MCI — NS
NH2 o H o

The nylon membrane will precisely follow the 3-D configu-
ration of the liquid—air interface. Using different reagents in the
two liquid phases, membranes of different polymer materials
can be fabricated accordingly. We fabricate nylon membranes
here as a model to demonstrate the method.

III. FABRICATION

Complex Cu patterns on glass with different edge shapes and
small feature sizes are achieved by photolithography. To form
the microchannel, double-sided adhesive is cut into the shape
of the microchannel and is used to bond together the two glass
slides with patterned Cu layers.

Microscope glass slides (Fisher Scientific, Pittsburg, PA,
USA) are coated with thin layers of titanium/copper/titanium
(Ti/Cu/Ti, 225/300/450 A) using a CVC 601 dc sputterer as

(a) (e) Acetone, HF
_—

(b) Spin coat PR (f) Alkanethiols SAM

] /
_—
UV exposure (2)
() with film mask —
-
-
Glass slide B T
HF, Cu etchant
(d) u etchan Cu m R

Adhesive spacer

Fig. 4. Process flow of fabricating the device (cross sections; drawing not
to scale). (a) Glass slides coated with layers of Ti/Cu/Ti (225/300/450 A)
by sputtering. (b) PR is spin coated on top of the metal layers. (c) PR is
patterned by photolithography. (d) Top Ti layer and the Cu layer are etched
using HF and Cu etchant, respectively, using PR as the etching mask. (e) PR is
removed, and the Ti layer on top of the Cu layer and glass surface is removed
with HF. (f) Immersed into the alkanethiols solution, a hydrophobic SAM of
alkanethiol molecules forms on top of the Cu layer, and the glass surface
remains hydrophilic. (g) Two of the prepared glass slides with treated Cu layers
are bonded together with double-sided adhesive.

shown in Fig. 4(a). The bottom Ti layer (225 A) is to enhance
the adhesion of Cu on the glass substrate and to protect the glass
surface from contamination during the fabrication process. The
top Ti layer (450 A) protects the Cu layer from oxidation and
from contamination during later process steps.

Positive photoresist (PR) STR-1045 is spin coated on top
of the metal layers on the glass slides by a single-wafer spin
processor (WS-400E-6NPP-LITE, Laurell Technologies Cor-
poration, PA, USA). To pattern the PR, a printed transparent
film is used as the mask, and an ultraviolet lamp (OmniCure
Series 2000, EXFO Photonic Solutions, Inc. ON, Canada) is
used to expose PR at the intensity of 25 mW/cm? for 60 s.
After patterning PR, Ti etchant (1:10 hydrofluoric (HF) so-
lution) and Cu etchant [Acetic acid (HAC) : HoO5 : HoO =
1:1:10] are subsequently used to etch the top protective Ti
layer and the Cu layer. The surfaces are rinsed with deionized
(DI) water at the end of each step of etching. After the etching,
all three metal layers covered by PR are intact, and the bottom
adhesion Ti layer in the area without PR protection is exposed,
as shown in Fig. 4(d). The masks used in this paper to pattern
the metal layers on the glass substrates are shown in Fig. 5.
These film masks are printed with the resolution of 3000 dpi by
Imagesetter, Inc. (Madison, WI, USA).

Two glass slides coated with the metal layers subjected to
the process described above using one of the masks in Fig. 5
are prepared to build the device. Four holes are drilled on one
of the slides as the inlets (2, one for hydrophilic/hydrophobic
side each) and the outlets (2, one for hydrophilic/hydrophobic
side each) of the channels [see Fig. 2(a)]. Next, the exposed Ti
(on top of the Cu layer and the glass surface for protection) on
both glass slides is finally removed using 1:100 HF solution.
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Fig. 5.

Film masks for patterning the Cu or Au layers on glass surfaces. (a) For straight-line interface. (b) Interdigital interface. The length of the digit is 4 mm,

and its width 2 mm. The radius of curvature at the end of each digit is 2 mm. (c) Twisted interface. Each boundary is rotated by -5°; therefore, the total twist is
10° between the two boundaries on the top and at the bottom. (d) Zigzag-shaped interface. (e) Wavy interface for the fabrication of a nylon membrane.

The slides with exposed Cu layer and glass surfaces are then
immersed into a 1 mM solution of CHs(CHz)15SH (Acros
Organics, Fair Lawn, NJ, USA) in ethanol for 120 min, fol-
lowed by rinsing with ethanol for 1 min and drying by nitrogen.
A SAM of CH3(CH3)15SH is thus formed on the Cu layers,
as shown in Fig. 4(f). Commercially available Au-coated glass
slides are also used. There is a thin layer of Ti between the Au
layer and the glass surface for the purpose of adhesion. The
PR patterning process is the same as the one described above.
The etchant for Au is GE-8148 (Transene Company, Inc., MA,
USA). 250- to 500-pm-thick double-sided adhesive spacers
(3M, St. Paul, MN, USA) are cut into the shape of the channels,
as shown in Fig. 2. The glass slides are bonded together using
these adhesive spacers; during this bonding step, boundaries
between treated metal and glass are aligned or slightly offset
or angled to define the potential interfaces. Ethyl vinyl acetate
microbore tubings (Cole Parmer Company, IL, USA) are finally
plugged into the four inlet/outlet holes on the top glass slide and
are sealed by epoxy glue.

IV. SIMULATION AND EXPERIMENTAL RESULTS
A. Contact Angle Measurement

The contact angles of different fluids on different surfaces
used in this paper are tested with a goniometer (OCA-20,
DataPhysics Instruments GmbH, Germany). A drop of fluid to
be tested is placed on the surface. The image of the profile of
the drop on the surface is taken by the goniometer, as shown
in Fig. 6. The contact angles are calculated by the accompa-
nying commercial software SCA-20 (DataPhysics Instruments
GmbH, Germany) and are listed in Table 1.

After the surface treatment with alkanethiol solution, Cu
or Au surfaces are hydrophobic with contact angles greater
than 100°. Glass surfaces remain hydrophilic after the sur-
face treatment. To form the nylon membrane via interfacial
polymerization, the aqueous solution (4.76 vol.% of 60%
1,6-diaminohexane in DI water) is flowed into the channel
from the hydrophilic side. The contact angles of this aqueous
solution on different surfaces are similar to those of DI water.
For example, the contact angles of DI water and such aqueous
solution on an Au surface after the surface treatment are 110.4°

After surface
treatment

Before surface |
treatment

_cim—

—

|

I

A I
u N :

Au

Glass

Fig. 6. Images of DI water drops on different surfaces, including Cu, Au, and
glass, before and after the surface treatment.

TABLE 1
WATER CONTACT ANGLES ON THE SURFACES

Before surface treatment ? After surface treatment®

Cu 23.8° 102.2°
Au 86.0° 110.4°
Glass 12.3° 34.1°

2All surface treatments include immersing the surfaces into the ImM ethanol
solution of CH3(CH,);5SH for 120 min, followed by ethanol rinsing for 4 min
and nitrogen drying.

PThe Au-coated glass slides are tested as is after they are received from EMF
Corporation, Ithaca, NY, USA.

and 104.3°, respectively. The organic solution (3 vol.% adipoyl
chloride solution in toluene), which is flowed into the channel
from the hydrophobic side, has good wettability on all the
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surfaces involved in this paper—its contact angle ranges from
10° to 20°.

B. Simulations

Simulations of the liquid—air interfaces formed at the
hydrophilic—hydrophobic boundaries are carried out using Sur-
face Evolver software, a public domain finite element pack-
age [34], [35] on a computer with a Core 2 Quad Processor
and 2-GB RAM. The Surface Evolver evolves the surface
toward minimal energy by a gradient descent method. It has
been employed in the studies related to surface tension and
multiphase interfaces [36]-[42]. The surface configurations of
different interface structures are shown in Figs. 810, including
the straight-line interface, the curved interface, and the twisted
interface. Both the simulated plots and the optical images of
the real interfaces are shown and compared. The meshes of the
structures are refined three times, and 150 iterations are taken
for each surface to evolve. For clearer illustration, the structures
are not isometrically depicted as with the real devices.

C. Imaging and Microscopy

The experiments for creating the liquid—air interfaces and
interfacial polymerization of nylon membranes are observed
under a stereomicroscope (Nikon SMZ1500, Nikon Instru-
ments, Inc., Melville, NY, USA) connected to a charge-coupled
device camera (Imperx Camera, Imperx, Inc., Boca Raton, FL,
USA) and interfaced to a computer with SaperalL.T CamExpert
and StreamPix softwares (DALSA Company, Waterloo, ON,
Canada).

D. Maximum Pressure Sustained by the
Hydrophilic—Hydrophobic Interface

Based on the theory described in earlier sections, we
first study the maximum pressure in microchannels that the
hydrophilic—hydrophobic boundary could sustain. The straight-
line hydrophilic—hydrophobic interface formed by the glass-Au
boundaries is taken as an example to calculate such max-
imum pressure. The aqueous solution (4.76 vol.% of 60%
1,6-diaminohexane in DI water) is pumped into the channel
from the inlet (shown as (a) in Fig. 2) of the hydrophilic side.
When the hydrophilic half of the H-channel (the left side of
BB’ in Fig. 2) is filled with the aqueous solution, the outlet
(shown as (b) in Fig. 2) of the hydrophilic side is sealed with
epoxy glue. At this time, a liquid—air interface is formed in the
hydrophilic side of the channel and close to the boundary, as
shown in Stage I in Fig. 3. The purpose of sealing the tube (b)
is to control the pressure of the liquid in the hydrophilic side
by the syringe pump. Otherwise, the open air in the hydrophilic
side will make the pressure fixed at a certain value, because
of the Young—Laplace relation between the pressure difference
at the interface and the contact angle on the channel surface,
as discussed above. During the whole process, the inlet (c) and
outlet (d) of the hydrophobic side are open to maintain the pres-
sure on the air side of the interface, i.e., the right side in Fig. 3.

The surface tension of the aqueous solution 71, and its con-
tact angles on hydrophilic and hydrophobic surfaces Oy drophilic

and Opydrophobic are tested with the goniometer and are calcu-
lated by the software SCA-20. The results are the following:
g = 680.0 uN/em, Onyarophitic = 29.7°, and Opydrophobic =
104.3°. The channel height is obtained by measuring the total
thickness of the device H including the thickness of two glass
slides (2.000 mm in total) and the height of the channel h
by a dial indicator (Mitutoyo, Japan). Then, h = H — 2.000 =
2.273 — 2.000 = 0.273 mm.

Therefore, from (4), in Stage I, the channel pressure P is
432.725 Pa below Fy. In Stage III, the channel pressure in
the hydrophilic side of the channel, P,,,x, is calculated to be
123.047 Pa above P, for the Au-coated glass substrates. In
Stage II, the channel pressure P increases from —432.725 Pa
below Py to 123.047 Pa above P,. For Cu-coated glass sub-
strates, Py is calculated to be 105.273 Pa above F,.

When the aqueous solution is being pumped into the
hydrophilic side of the channel, the difference between
the channel pressure on the hydrophilic side and the at-
mospheric pressure AP is monitored with a pressure sensor
(163PC01D75, Honeywell, Morristown, NJ, USA), as shown
in Fig. 2. The output of this pressure sensor is a voltage Vo4
measured with a multimeter (Test Bench 390A, B&K Precision
Corporation, Yorba Linda, CA, USA). The relationship be-
tween Vi and AP is given in

AP = (Vous — 3.5 V) x 249 Pa/V (10)
where 3.5 V is the bias voltage corresponding to the atmo-
spheric pressure.

Fig. 7(a) shows measured and calculated A P as time evolves
from Stage I through Stage III. In Stage I, the pressure sensor
readout is Viut,1 = 1.821 V and stays at a steady level. The
channel pressure P; equals 418.071 Pa below Fy. When the
aqueous solution arrives at the boundary, i.e., reaching Stage II,
the readout starts to increase from Vi1 until the aqueous
solution breaks into the hydrophobic side of the channel, i.e.,
Stage III. The maximum pressure recorded in Stage II is at
Vout,max = 3.956 V. Hence, the maximum pressure that the
hydrophilic—hydrophobic interface can sustain, which is the
pressure before the system moves from Stage II to Stage III, is
113.544 Pa above P, consistent with the value calculated using
the physical model. Fig. 7(b) shows the image of the interface
under the stereomicroscope at the critical point before breaking
the boundary. Part of the interface is still visible, appearing as
a bright line in the image resulting from the total reflection
of the light, while the rest of the interface starts to enter the
hydrophobic side, thus becoming invisible.

E. Liquid-Air Interfaces

The aqueous solution (4.76 vol.% of 60% 1,6-diaminohexane
in DI water) is introduced into the inlet of the hydrophilic side
of the channel by a syringe pump at the flow rate of 1 pL/min.
The aqueous solution is confined within the hydrophilic side.
The 3-D liquid-air interfaces follow and are pinned at the two
hydrophilic—hydrophobic boundary lines on the top and bottom
surfaces of the microchannels. At the same time, the shapes of
the liquid—air interfaces (menisci) also depend on the channel
pressure from the hydrophilic side. Photos of the interfaces are
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(a) Qualitative illustration of calculated contact angle 0, the radius of curvature of the meniscus r, and the channel pressure P, in the three stages, while

the aqueous solution is pumped into the channel. 7 starts as negative in Stage I, becomes oo (flat interface) at a point in Stage II, and eventually becomes positive
in Stage III. Experimentally tested channel pressure in the hydrophilic side is recorded as time evolves, and compared with calculated results. (b) Optical image
of the interface at the critical pressure. Part of the liquid—air interface is starting to enter the hydrophobic region, thus becoming invisible.

taken with the stereomicroscope from the top of the devices
under the reflective mode. In our experiments, the shape of
the liquid—air interface can be precisely controlled, and the
fabrication process is highly reproducible (yield > 99%).

Because it is hard to directly visualize the geometry of
the liquid—air interfaces, they are also studied using Surface
Evolver software. The contact angles are input into Surface
Evolver; hence, the simulated interfaces always correspond to
those at the maximum pressure that can be sustained by the
interface.

Fig. 8(d) shows the images of a straight-line liquid—air
interface; the simulated interface is shown in Fig. 8(a)—(c).
In Fig. 8(a)—(c), the aqueous solution is introduced into the
channel from the left side. The top and bottom edges of the in-
terface are formed at the hydrophilic—hydrophobic boundaries,
and the interface is a convex meniscus. Note that in Fig. 8(a),
the simulation software automatically displays a nonisometric
image in order to show the complete structure. The side wall
and the top surface on the hydrophobic side (right side) have
been set invisible in the simulated images. In the image of the
real device [Fig. 8(d)], the bright line is the total reflection
image of the liquid—air interface. Under the transmission mode
of the stereomicroscope, the thin Cu layers are translucent, and

the aqueous solution is observed not to cross the boundary
and not to enter the hydrophobic region of the channel, i.e.,
the region defined between the Cu layers. The straight-line
liquid—air interface is 15 mm in length and is robust enough
to survive the flipping and shaking during the handling.

In another device, Cu layers are patterned into an interdigital
shape, as shown in Fig. 9(d). The fingers are 4 mm in length
and 2 mm in width. At the end of each digit, curved liquid—air
interface with 1-mm radius of curvature is formed. Fig. 9(a)—(c)
shows the simulated structure of one fingertip, which is a
curved interface. The aqueous solution is introduced into the
channel from the left side. Again, the two curved edges of the
interface follow the hydrophilic-hydrophobic boundaries.
The interface is a convex meniscus as well. The optical image of
the interdigit-shaped device structure [Fig. 9(d)] shows both the
top view of the curved interface, and when the device is tilted
by 45°. In the geometry of this structure, the liquid—air interface
has different maximum pressure in three sites: A, B, and C, as
shown in Fig. 9(a). The radius parallel to the liquid stream R
[asin (6)] is 1 mm, co, and —1 mm at A, B, and C, respectively.
r=0.532 mm, obtained from (8), with 6=thydrophobic =
104.3°, h=0.263 mm for this device. The maximum pressures
that can be sustained by the hydrophilic—hydrophobic boundary
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(a)—(c) Simulated structure of a straight-line liquid—air interface using Surface Evolver. The interface is 15-mm long and 0.273-mm tall. The aqueous

solution is introduced from the left. The top hydrophobic surface on the right side of the boundary is set invisible for better illustration of the interface. The
shown 3-D view of the simulated interface in (a) is automatically set by Surface Evolver to nonisometric display. The liquid—air interface is pinned at the top and
bottom hydrophilic-hydrophobic boundaries, which are defined by different contact angles of the aqueous solution on the surfaces in the simulation program. The
simulated interface appears as a straight line from the top view in (c) and a curved meniscus from the side view in (b). In (c), the image is cropped in order to
clearly illustrate a part of the interface. In the image of the real straight-line interface taken by a stereomicroscope (d), the aqueous solution is introduced from
the hydrophilic side of the channel, i.e., from the top part of the image, and is blocked at the Cu boundaries on the top and bottom surfaces. The bright line in the

image is the total reflection of the incident light from the stereomicroscope.

at these three sites are calculated to be: Pyax,a = 195.820 Pa,
Prax,p = 127.820 Pa, and Ppax,c = 59.820 Pa above F,.
Therefore, site C, which is a concave boundary, is the most
vulnerable point in this system. The maximum pressure that
can be sustained by the whole interdigital shape boundary is
thus Prax,c = 59.820 Pa above Fy.

When two straight-line hydrophilic-hydrophobic boundaries
on the top and bottom surfaces are not aligned but are angularly
offset, the liquid—air interface is formed as a twisted plane. As
shown in the simulated images in Fig. 10(a)—(c), the two edges
on the top and bottom surfaces are offset by 10°. The image of
the corresponding fabricated device in Fig. 10(d) confirms that
the liquid—air interface formed in the channel bears a complex
twisted 3-D shape.

A hydrophilic-hydrophobic boundary with a 120° corner is
also patterned, and the liquid—air interface is formed at this
boundary, as shown in Fig. 11. Due to the surface tension at
the liquid—air interface, a curved interface forms to approximate
the 120° corner of the patterned metal edge, as shown in
Fig. 11(b). Minimum radius of curvature at the corner can be

estimated. Take the corner in the dashed box in Fig. 11 as an
example. From (4), the liquid pressure at the straight part
of the interface, Prax,straight = 123.955 Pa above Fy, given
h = 0.271 mm for this device, and Onydrophilic = 104.3°. The
liquid pressure at this corner
1
Rcorner) ’

At the corner, the liquid—air interface is still in the hy-
drophilic glass side of the channel, as shown in Fig. 11(b).
Therefore, from (3), r=—0.156 mm, given Oyydrophilic =29.7°.
At static condition, Ppax straight = FPeorner- Therefore, the min-
imum radius at the corner, R.orper 18 0.121 mm.

1
Pcorner_POZ'yLG <T+ (11)

F. Nylon Membrane

After an aqueous—air interface is formed in the microfluidic
channel, the organic solution, 3 vol.% of adipoyl chloride in
toluene, is introduced into the channel from the hydrophobic
side. The organic solution is injected from a glass syringe
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Interdigitally shaped liquid—air interface. Cu boundaries in an interdigital shape are patterned on two glass surfaces. With two of these boundaries on

the top and bottom of the channel aligned to each other, interdigitally shaped liquid—air interface, with curved interface at the end of each digit, is realized. The
aqueous solution is introduced into the channel from the hydrophilic side of the channel, i.e., from the left part of the images, and is blocked at the boundaries
of the Cu, forming the liquid—air interface following the shape of the boundaries. (a) Optical image of the liquid—air interface taken with a stereomicroscope.
(b)—(d) Simulated structure of the curved liquid—air interface. The interface is defined by the curved boundaries of hydrophilic and hydrophobic regions on the top

and bottom surfaces.

(Kimble Glass, Inc. and Kontes Glass Company, Vineland,
NJ, USA) with a syringe pump. The flow rate is controlled
by the syringe pump at 1 pL/min. The organic solution and
the aqueous solution form a liquid-liquid interface with a 3-D
shape that is defined by the liquid—air interface. After 15 min
of reaction, a nylon membrane that follows the shape of the
hydrophilic—hydrophobic boundaries is formed. This mem-
brane is bonded to the surfaces of the channel and is fixed
at the former liquid—air interface. To confirm this membrane
formation method and examine its robustness, a straight nylon
membrane as long as 15 mm and 500 pm tall is formed in
an H-shaped channel (see Fig. 12). Here, the hydrophobic
surfaces are chemically treated Cu layers to allow for direct
visualization. In the transmission mode of the stereoscope,
this nylon membrane is clearly observed, and its thickness
is estimated to be 50 um obtained from optical images. The
aspect ratio (the ratio between the height and the thickness)
of the nylon membranes created in the microchannels is thus
10:1. Another channel with a similar structure but without
a membrane is used for comparison. An aqueous food-dye
solution is introduced into the channel from the hydrophobic
sides of both devices. With the straight-line membrane in the
H-shaped channel separating the hydrophobic side of the chan-

nel from the hydrophilic side, the food-dye solution is confined
within the hydrophobic side, as shown in Fig. 12(a). Without the
membrane, the food-dye solution easily crosses the boundaries
and flows from the hydrophobic side into the hydrophilic side,
as shown in Fig. 12(b).

Glass substrates with patterned Cu layers are further used
to fabricate nylon membranes with different shapes. It should
be noted that Au-coated glass substrates can be utilized too
for this purpose and similar membranes have been formed in
our experiments However, the thickness of the Au layer is
approximately 1000 A, making the layer not transparent, thus
hard to visualize the formed membranes.

After calculating and testing the maximum pressure that
can be sustained by the hydrophilic—-hydrophobic boundaries,
the pressure of the aqueous solution is controlled by the sy-
ringe pump with a flow rate of 1 uL/min to ensure that the
aqueous solution does not cross the hydrophilic-hydrophobic
boundaries, and a liquid—air interface is formed. Fig. 13(a)
shows a straight-line nylon membrane. Fig. 13(b) shows a nylon
membrane inclined 45° to the substrates in a wavy shape. The
mask shown in Fig. 5(e) is used to pattern the Cu layer on
the substrate. Two of such patterned substrates are aligned so
that the wavy boundaries on top and bottom substrates are
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Fig. 10. Hydrophilic-hydrophobic boundaries on the top and bottom of the channel are angularly offset by 10°. (a)-(c) Simulation results show that the liquid—air
interface is a plane twisted along T'T’. The top surface and the front side wall of the channel are set to be invisible in the simulation program so that the twisted
interface can be better illustrated in (b) and (c). In the optical image of the real interface (d), the bright triangular region is part of the twisted interface from the

top view.
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Fig. 11. Zigzagged interface is created at two zigzagged Cu boundaries on
the top and bottom surfaces of the microfluidic channel. A curved liquid—air
interface is formed at corners of the hydrophilic—hydrophobic boundaries. The
inset is the schematic illustration of the interface with a 120° corner in the
dashed box.

translationally offset by 270 pum (equal to the height of the
channel) in the direction parallel to the substrate. Therefore,
the wavy thin nylon membrane thus formed is inclined with
respect to the substrates by 45°. The thin nylon membrane can
also be made with a complex 3-D configuration. As an example,
a membrane twisted along an axis parallel to the substrate plane
(TT’ in Fig. 10) is fabricated by angularly offsetting the two
boundary lines by 10°. To make this twisted membrane with a
higher aspect ratio, the channel is constructed with the height
of 500 pm, instead of 273 um [see Fig. 13(c)].

It should be pointed out that after the membranes are formed
at the hydrophilic—hydrophobic boundaries in the microchan-
nels, the aqueous solution can still be introduced from the inlet
to the hydrophilic side of the channel through a syringe pump
(e.g., at the flow rate of 1 pL/min). This makes it possible
to introduce different aqueous solutions containing different
biological or chemical agents to the membrane/interface for
potential sensing purpose.

V. CONCLUSION

We have presented the fabrication of liquid—air and
liquid-liquid interfaces with controlled structures and thin
nylon membranes with high aspect ratio within microfluidic
channels. Hydrophilic-hydrophobic boundaries on channel sur-
faces have been created by a relatively simple and highly
reproducible surface treatment method. The liquid flow can thus
be confined within certain areas in the channel without physical
channel walls. Taking advantage of these “virtual walls,” robust
and different liquid—air or liquid-liquid interfaces with complex
3-D structures in microfluidic channels have been realized at the
hydrophilic—hydrophobic boundaries. The maximum channel
pressure that can be sustained by the boundaries is calculated
and experimentally tested. The liquid—air interfaces of different
shapes are simulated. Interfacial polymerization is conducted
at these interfaces using two immiscible liquid solutions con-
taining the reagents to form nylon membranes with high aspect
ratio and controlled structures. The liquid—air interfaces and the
polymer membranes formed in the microfluidic channel have
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contrast of display. (b) Without the membrane, the food dye easily crosses the interface.
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Fig. 13. Different nylon membranes formed within microfluidic channels using pinned liquid-liquid interfaces at the hydrophilic—hydrophobic boundaries. Such
boundaries are defined by the patterns of the chemically treated Cu layers. Offsetting the hydrophilic-hydrophobic boundaries on the top and bottom surfaces
of the channels can create nylon membranes with different 3-D shapes. The heights of the channels, i.e., the heights of the nylon membranes in the dimension
vertical to the substrate, for (a) and (b) are as follows. (a) Nylon membrane formed as a straight line at the hydrophilic—hydrophobic boundaries. The height of the
channels in the dimension vertical to the substrates, i.e., the height of the nylon membrane, is 250 pm. (b) Nylon membrane with a wavy shape. The membrane
is slanted against the substrated at 45° because of a 270-pm translational offset between the top and bottom hydrophilic-hydrophobic boundaries, as shown by
the schematic of the cross section. The height of the nylon membrane is also 250 pm. (c) Nylon membrane with a twisted 3-D structure is formed between
two hydrophilic-hydrophobic boundaries on the top and bottom substrates with an angular offset of 10° angle between each other. The height of this channel is

500 pm in order to obtain a higher aspect ratio of about 10: 1.

potential applications in microsensing systems. For example,
the liquid—air interfaces with different configurations may be
used in airborne analytes sensing and detection; the inter-
digital interfaces can maximize the interfacial area to enhance
the sensitivity to the airborne analyte detection. The physical
membrane walls can be made of, for instance, peptides that
can specifically be dissolved or compromised by target agents
for their sensing. These polymer membranes might also find
potential applications as sacrificial materials and structures
during the fabrication or the operation of microfluidic systems.
The mechanism of bonding between the nylon membrane and
channel surfaces, more characterization of this nylon mem-
brane, and better imaging of the liquid—air interfaces will be
further investigated.
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