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� Capillarity-based technique for
patterning antibodies in closed chips.

� Antibody deposition after chip
bonding.

� Technique based on 3D capillary
valving.

� Robust micromachining methods
allowed.
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The patterning of antibodies in microfluidics chips is always a delicate process that is usually done in an
open chip before bonding. Typical bonding techniques such as plasma treatment can harm the antibodies
with as result that they are removed from our fabrication toolbox. Here we propose a method, based on
capillary phenomena using 3D capillary valves, that autonomously and conveniently allows us to pattern
liquids inside closed chips. We theoretically analyse the system and demonstrate how our analysis can be
used as a design tool for various applications. Chips patterned with the method were used for simple
immunodetection of a cardiac biomarker which demonstrates its suitability for antibody patterning.
© 2017 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Proteomic studies by specific protein-antibody binding have a
wide range of applications, from early diagnosis of diseases to
fundamental medical and biological studies. Microfluidic chips
offer an attractive platform for these studies for various reasons
such as the use of extremely low volumes of expensive samples,
Papadimitriou).
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chemicals and reagents used in immunodetection. For such studies
it is necessary to coat a section of the chip with the protein-binding
molecules, often an antibody [1]. Typically, first one part of the
device is coated with the antibody and then bonded to create the
microfluidic chip [2]. There are several methods for patterning
antibodies prior to bonding with the most widely used ones being
bioprinting [3] and light assisted immobilization [4]. However,
when the antibody coating is performed before the final chip is
bonded (open-chip), any fabrication process that can harm the
antibody coating (e.g. high temperature, plasma and ultraviolet
(UV) treatment) is prohibited. Use of less stable materials (such as
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Fig. 2. Three different capillary phenomena that are exploited by the 3D valves.
Capillary filling moves the liquid towards the valve. Capillary stop valves pin the liquid
in two directions marked with red arrows (the pinned liquid air interface is shaded
with red color) and the liquid advances via an open microfluidic structure. The di-
mensions of the deep channel are 75 mm in depth and 10 mm in width and the shallow
channel 35 mm deep, creating an open microfluidic feature with depth of 40 mm. The
width of the shallow channel is not critical to the functionality of the device as it will
be explained later. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)
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polydimethylsiloxane (PDMS)) or more delicate bonding methods
then becomes necessary. Such bonding methods could be gluing,
use of pressure sensitive adhesive (PSA) tapes [5] and use of
chemical functionalized surfaces [6]. As also these methods have
their limitations, there exists a need for an antibody immobilization
method that can be used after chip bonding. Trapping of antibody
labelled beads for immonudection in closed chip has been previ-
ously reported [7] but bead trapping lacks the flexibility of
patterning shapes. Capillary filling methods are an excellent
candidate for this. The use of capillary effects has always been
popular in microfluidic systems [8]. Specifically, the passive
handling of fluids provided by the capillary phenomena simplifies
the device operation and minimizes the need of external actuation
devices (e.g. pumps) which makes the resulting devices inherently
simple to use without any training [9]. Devices based on capillary
system have found applications such as diagnostics in ‘autono-
mous’ systems with sequential transport of minute amounts of
liquids [10], capillary pinning of hydrogels [11] and phase-guides
for passive routing of liquids [12].

Here we develop a method based on capillarity to passively
pattern antibodies in a closed, bonded chip (Fig. 1). This method
solves the bonding issue mentioned above, and consequently puts
all the reliable but “harsh” fabrication processes back into our
fabrication toolbox, allowing the use of stable microfluidic devices.

2. Theory

The configuration we propose for capillary patterning uses a
series of capillary stop valves [13] in 3D configuration (Fig. 2). The
first stop valve is formed when a deep channel intercepts another
shallower channel. A liquid is applied to the deep channel and fills it
via capillary forces. Subsequently, when it reaches the intersection,
the part of the liquid that meets the abrupt opening will become
pinned, similar to the traditional 2D capillary stop valves. However,
the part of the liquid that contacts the shallow channel in a ditch on
the bottom of the intersecting channel can flow freely across this
channel. The liquid is now pinned in the perpendicular direction as
it crosses the channel and fills the ditch. When the liquid has
crossed the entire shallow channel, it will fully wet the deep
channel on the opposite side, being pinned again in the perpen-
dicular direction to the shallow ditch as on the other side.

The 3D capillary valve pattern we use has three distinct regions
Fig. 1. a) Typical outline of device. The red (deeper) channel is dedicated for the capillary pat
containing sample. b) Introduction of a droplet of antibody solution to one of the red reservo
is flushed. c) Transport through the main channel (green) of the fluorescent antigen-contai
reader is referred to the web version of this article.)
where three different capillary phenomena take place: a) capillary
filling, b) capillary pinning (stop valve), c) open microfluidics
(Fig. 2) [14]. Each of them will be investigated independently.

All three different capillary phenomena are governed by the
liquid pressure that is generated during the filling process of the
chip. Following the analysis byMan et al. [13], the liquid pressure at
the meniscus during filling can be derived as the change of total
interfacial energy on an increase of the filling liquid volume,

P ¼ dUt

dV
(1)

Here P [Pa] is the pressure across the liquid/air interface, Ut is
the total interfacial energy [J], and V [m3] is the volume of the liquid
in the chip. The total interfacial energy is given by equation (2),

Ut ¼ Aslgsl þ Asggsg þ Algglg (2)

where A is surface area of each interface and g is the energy per unit
terning of antibodies. Where the green (shallower) channel is dedicated for the antigen
irs and capillary filling of the 3D valve. After incubation of the antibody the red channel
ning solution. (For interpretation of the references to colour in this figure legend, the
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area of that interface (interfacial tension). The subscripts s, l, g stand
for solid, liquid and gas, e.g. Asl is the surface area between solid and
liquid phase, i.e. thewetted area of the channel. Equation (2) simply
describes the sum of all interfacial energies. Depending on the
balance of those energies either a negative or positive total energy
change at a liquid volume can occur. A negative energy change
results in a lower pressure in respect to the atmospheric pressure
which leads to capillary filling, and a positive energy change results
in a positive pressure which leads to liquid pinning. We can rewrite
equation (2) by using Young's equation (3) that relates interfacial
tensions by the advancing liquid/air contact angle q,

gsl ¼ gsg � glg cos q (3)

By combining equations (2) and (3) we obtain

Ut ¼ �
Asl þ Asg

�
gsg � Asl glg cosq þ Alg glg (4)

Ut ¼ U0 � glg

�
Asl cosq� Alg

�
(5)

where U0 ¼ ðAsl þ AsgÞgsg is constant because the total area of
solid is constant.

Substituting equation (5) in equation (1) we obtain the general
expression for the meniscus pressure,

P ¼ dUt

dV
¼ �glg

�
cosq

dAsl

dV
� dAlg

dV

�
(6)

Equation (6) will be used to calculate the meniscus pressure in
the three distinct regions of the device. This pressure is the driving
force which will either pin the liquid or passively fill the device. The
pressure at the reservoir is equal to atmospheric pressure but we
DP ¼ �
2gla

h�
wcos q
cos b

�
þ hþ h

�
tan b
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ah
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� i ½16� (9)
will arbitrarily define it as zero for a more intelligible analysis;
hence a negative pressure translates to passive filling and a positive
pressure to liquid pinning.
Fig. 3. Typical layout of a 2D capillary stop valve.
2.1. Capillary filling

At the start of the filling process the liquid fills a rectangular
channel of constant cross-sectional area. In that case Alg ¼ wh in
equation (6) will be constant when the liquid invades (assuming a
flat meniscus), so that dAlg=dV ¼ 0. Furthermore
dAsl ¼ 2ðwþ hÞdL and dV ¼ wh dL, where w, h, L are the width,
height and length of the wetted channel. As a result equation (6) for
the meniscus pressure reduces to

P ¼ �glg

�
2cosq

hþw
wh

�
(7)

hence a negative constant pressure at the front of the meniscus is
pulling the liquid through the channel. As the liquid advances and
wets a bigger part of the channel, the hydraulic resistance increases
linearly with filled channel length (assuming a constant channel
cross-section area) and since the filling is driven by constant
pressure the flow rate will decrease with the square root of time. In
typical cases filling will eventually stop when the liquid becomes
pinned at a small asperity. In our device during the entire filling
process the pressure is sufficiently negative and the hydraulic
resistance small enough for the liquid to move very rapidly (flow
velocity in the range of millimeters per second, see ESI). After filling
the rectangular channel, the liquid reaches the next region of the
device, where the top part of the liquid meets a capillary valve and
the bottom part an open microfluidic channel (Fig. 2).

2.2. Capillary stop valve

The top part of the liquid meets an abrupt expansion of the
channel, i.e. a geometrical capillary stop valve [13] (indicated in red
in Fig. 2). Capillary stop valves have been extensively studied and a
first 2D model was made by Man et al. [13] where the pressure
barrier and the energy of such system was calculated with the use
of equations (6) and (2) and the geometrical change of themeniscus
curvature. They showed that the pressure barrier in such a valve
equals to:

DP ¼ 2gla
w

 
cos q � a

sin a
1

sin a

�
a

sin a � cos a
�
!

Where a is the meniscus arc angle (see Fig. 3).
For a pressure barrier of zero the critical expansion angle (bc), i.e.

the minimum expansion angle needed to achieve pinning, can be
calculated and it is given by:

bc ¼
p

2
� q (8)

Later more sophisticated 3D models were proposed [15,16]
where the pressure barrier is given by:
Here ɑh and ɑv is the horizontal and vertical arc angle of the
meniscus respectively, w is the width of the valve before the
expansion, h its height, and finally b is the expansion angle (Fig. 3).

2.3. Open microfluidics

After the stop valve, the liquid now will proceed by filling an
open channel, crossing the bottom of a wider channel (indicated in
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green in Fig. 2). This geometry is known as open microfluidics, a
concept introduced by the Beebe group [14]. Also in this case, the
condition for passive filling is a negative pressure at the meniscus
relative to the reservoir pressure (defined as 0 bar). From equation
(6) a negative pressure condition (relative to reservoir) translates
to:

cos q>
dAlg

dAsl
(10)

Equation (10) gives the general condition for passive filling of an
open microfluidic feature of arbitrary shape. When we assume
liquid interfaces with no curvature, equation (10) is simplified to:

cos q>
plg
psl

(11)

where psl is the perimeter of the cross section of the channel that is
wetted, and plg is the non-wetted one. For the simple case of a
rectangular channel with three walls we can calculate the meniscus
pressure in a similar fashion as in equation (7) as

P ¼ �glg

�
cosq

2hþw
wh

� 1
h

�
(12)

Once again, the flow in this simple open channel geometry is
caused by a constant negative pressure (relative to reservoir pres-
sure) at the proceeding liquid front. Similar to the capillary filling
the flow rate will reduce as the liquid proceeds because of the
pressure drop arising from the increasing hydraulic resistance. In
open microfluidics as in closed-channel microfluidics the distance
travelled by the invading liquid scales with the square root of time
[17]. In our system the resistance of the open microfluidic channels
is low as they are short (up to 100 mm straight channel) and the
meniscus pressure low, resulting in a capillary filling velocity in the
range of millimeters per secondwhich ensures the successful filling
of the open microfluidic structure. Following the openmicrofluidics
section, the liquid will proceed filing the closed microfluidic
channel at the other side of the channel it just crossed.

3. Experimental

In order to test the geometry proposed in Fig. 2, chips where
fabricated out of PDMS with standard soft lithography methods
[18]. Specifically, a silicon wafer was dehydrated on a hotplate
120 �C for 5min and a layer of Microchem SU-8 2050 negative
Fig. 4. Example of a lithography mask for a device with a simple straight open microfluidic
creating an open microfluidic channel of 40 mm in depth at the bottom of the channel indica
down to 50 mm and down to 10 mm close to the open microfluidic structure. The tapering of t
(aei) A few examples of more complicated shapes of the open microfluidics structures. Mult
were investigated. (For interpretation of the references to colour in this figure legend, the
photoresist was spin-coated with a thickness of 35 mm. Soft bake,
UV exposure (photolithography with the blue pattern of Fig. 4 as
mask), hard bake and resist development were performed ac-
cording to the fabrication parameters suggested by the photoresist
manufacturer. The same process was repeated for a second layer of
SU-8 with a thickness of 75 mm, using the green pattern of Fig. 4 as a
photolithography mask. The silicon wafer with the patterned SU-8
was then used as a template for the soft lithography of PDMS. The
obtained PDMS chips were bonded on standard microscope glass
slides after O2 plasma treatment and left in the oven at 60 �C for
varying amounts of time depending on the application, in order to
reduce their hydrophilicity. Specifically for the characterization
device with water/water mixtures the PDMS chips were annealed
for 5 h. For the immunodetection application were aqueous solu-
tions are used, the chips were annealed for 90 min. PDMS was
chosen because its surface properties are well investigated [19,20]
and can be trivially tuned via O2 plasma treatment. In addition to
the simple straight channel geometry, various other channel ge-
ometries shown in Fig. 4aei were tested in order to test the capa-
bilities of the capillary patterning procedure.

For the immunodetection experiments, chips were fabricated
out of PDMS as described before and bonded to standard micro-
scopy slides. A droplet of an aqueous antibody coating solution
(5 mg/ml Anti-Cardiac Troponin I antibody (Abcam) in carbonate/
bicarbonate buffer pH 9.2) was introduced in the antibody desig-
nated inlet channel after which via capillary forces the bottom of
the sample channel was patterned. The antibody coating solution
was allowed to bind for 15min and then the chip was flushed with
1xPBS (Sigma-Aldrich) þ 0.1% Tween 20 (Sigma-Aldrich) solution
and subsequently with DI water and dried overnight. To demon-
strate proper functioning of the device as a protein sensor, fluo-
rescently labelled Cardiac troponin-I (Abcam, 2.2 mg/ml) in
1xPBS þ 1% BSA (Sigma-Aldrich) was introduced in the sample
channel and allowed to incubate for 15min, after which the channel
was flushed with 1xPBSþ 0.1% Tween and the fluorescence emis-
sion recorded. Cardiac troponin-I was chosen as the target protein
because it is a key biomarker for cardiac disease.
4. Results and discussion

4.1. Characterize device operation using ethanol/water mixtures

As shown in the theoretical section, the liquid/air interfacial
tension (gsg) and the solid/liquid contact angle (q) are the critical
geometry. The green features have a depth of 75 mm and the blue features of 35 mm,
ted in blue. The reservoirs are 1 mm in radius. The channels start as 500 mm and tapers
he channel increases the capillary pressure and assists in the successful capillary filling.
iple channels (a,b), dead-end channels (c,d) patches (e,f) and closed loops/shapes(g,h,i)
reader is referred to the web version of this article.)



Fig. 5. Theoretical model of pressures. Blue shows the pressure barrier of the capillary
valve (relative to reservoir pressure) and red shows the capillary pressure driving the
filling of the open microfluidic feature, for different H2O and EtOH mixtures. The
operating range is shown with green color. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 6. Experimental results. For each water ethanol solution ten devices with a
straight open microfluidic feature of 50 mm (blue color) and ten with a 100 mm (red
color) open microfluidic were tested and the success rate for filling was recorded. If the
device failed in the grey area it means that the open feature did not fill (a) and if it
failed in the white area it means that the liquid front was not pinned at the capillary
valve and the device flooded (b) as shown at the indent microscopy images. Once again
the highest success rate is for solutions with H2O:EtOH ratio between 8:2 and 7:3 that
fits the theoretical model. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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parameters that need to be controlled. On the one hand the liquid
should be sufficiently wetting so that the condition for capillary
filling and open microfluidics is met. On the other hand, the more
wetting the liquid is (i.e. the lower the contact angle) and the
lower the liquid/air interfacial tension, the lower the pressure
barrier of the capillary valve. A low pressure barrier easily results
in valve-breakthrough and flooding of the device. Contact angle
and interfacial tension can be controlled by both surface and
liquid properties. For the initial experiments to characterize the
device operation we chose to vary the latter. Droplets of different
mixtures of ethanol (EtOH) and water (H2O) were introduced to
the inlet reservoir of two different devices with a straight open
microfluidic channel geometry (Fig. 4). The open microfluidic
channels had a depth of 40 mm, a width of 10 mm and a length
respectively of 50 mmand 100 mm. The capillary valves had awidth
of 10 mm and a height of 35 mm. Fig. 5 shows the theoretically
predicted capillary valve pressure barrier (equation (9)) and the
capillary pressure driving the filling of the open microfluidic
feature for different H2O and EtOH mixtures (equation (12)). The
points on the graph were derived using the experimentally ob-
tained values for contact angle and surface tension for different
H2O and EtOH mixtures reported in Refs. [19,20]. Dotted lines
were added as a guide for the eye. Both pressures should be
negative for a proper functionality of the device. If the pressure
barrier has a positive value, then the device will flood and if the
capillary pressure is positive then the open microfluidic feature
will not fill. As shown in Fig. 5, according to the calculations both
pressures are negative for solutions with a H2O:EtOH ratio be-
tween 8:2 and 7:3(indicated by a green triangle) and with the
optimum point with the lowest pressure (at the apex of the green
triangle) at a H2O:EtOH ratio of 7.25:2.75. In Fig. 6 the experi-
mental results are shown. For each H2O:EtOH ratio ten devices
were tested and the success rate for filling (i.e. successful capillary
pinning at the valve and successful filling of the open microfluidic
feature) was recorded. If the device failed in the grey area, it
means that the open feature did not fill (as shown in the micro-
scopy image(a) of the inset) and if it failed in the white area it
means that the liquid front was not pinned at the capillary valve
and the device flooded (also see inset(b)). As theoretically pre-
dicted, the highest success rate was obtained for solutions with a
H2O:EtOH ratio between 8:2 and 7:3. Theoretically, the device
should only work in this volume ratio range, but experimentally
some devices were found to function outside this range. This can
be explained by differences between devices due to fabrication.
For example, we assume that the expansion angle of the capillary
valve is 90�, while in reality a perfect right angle cannot be
fabricated in PDMS and on the nanoscale corners will be rounded.
In addition, it is known that the thickness of the SU-8 that is used
for PDMS soft lithography can slightly vary depending on the
position on the wafer [21]. Also, equation (9) that was used for the
calculation of the pressure barrier is valid for a simple capillary
stop valve with four liquid-solid interfaces, continuous bottom
and top and an abrupt expansion on the side walls. In contrast, in
our design the capillary valve has no solid bottom wall and hence
has one less liquid-solid interface. This will alter the geometry of
the meniscus, and hence the pressure barrier will be slightly
different from the predicted one.

As was expected, the length of the open microfluidic structure
did not affect the success rate of the device: when the filling con-
dition is met (equation (11)) and the pressure at the meniscus is
negative, then the open microfluidic structure will be passively
filled independently of its length (see Fig. 6). As mentioned earlier
the constant pressure at the liquid front results in a time-
dependant flow velocity as the open microfluidic feature is filled,
nevertheless the length of our features is small enough to neglect
this phenomenon.
4.2. Method flexibility

The requirements for the capillary valve and the open micro-
fluidic features are independent of each other, hence one can
design various shapes of open microfluidics as long as the passive



Fig. 7. Experimental results of various capillary patterns in the bottom channel wall
prior to filling (left) and after filling with 7.5:2.5 H2O:EtOH (right).

Fig. 8. Capillary barrier pressure and capillary filling pressure vs feature depth for two
different solutions. Both pressures are required to be negative.
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filling condition is met. Several different open microfluidics were
tested in order to show the versatility of the proposed system in
capillary patterning, and a few results are shown in Fig. 7. Bubble
formation is a significant problem in filling microfluidic systems,
but open microfluidics, where the air can simply escape, and which
hence is insensitive to bubble formation, gives the opportunity for
patterning dead end channels and loops which otherwise is
impossible.

In practical applications it will not be easily possible to change
the surface tension and contact angle by using solvent mixtures.
However, surfactants can be used to control the surface tension and
contact angle. Also, the contact angle can be controlled by changing
the surface properties. For research purposes where PDMS is used,
the contact angle can be controlled by plasma treatment and
annealing at low temperature. By adjusting the plasma treatment
time, we tuned the water contact angle of the PDMS to make the
device suitable for filling with an aqueous solution, as wewill show
in the next section.

The most convenient way to obtain functioning devices for a
wide variety of materials and solutions is by controlling the feature
size and specifically the depth of the features, i.e. the height of the
capillary valves and the depth of the open microfluidic channel. To
illustrate the potential of this method, in Fig. 8 calculations for the
capillary pressure in the open microfluidic structure and the
pressure barrier of the capillary valve are plotted against the depth
of each feature for two different solutions, that vary in contact angle
and surface tension. Thewidth of both features is set to 10 mm. Once
again both pressures are required to be negative, so that the
necessary depths of the features can be obtained from the graphs.
Similar graphs can for example be made for different feature
widths. With such analyses, one can tailor the device for any
specific material, solution and application.

4.3. Antibody patterning with an aqueous solution

We demonstrate the practical usefulness of our method by
applying it for capillary patterning of antibodies for immunode-
tection. As mentioned earlier we tuned the contact angle of the
PDMS chips, via O2 plasma treatment and low temperature
annealing, so the proper functionality of the device was ensured for
aqueous solutions. We show that is possible to pattern after
bonding, hence in a closed chip, which otherwise is cumbersome.

In Fig. 9 the results are shown. After the capillary patterning we
demonstrated the intact functionality of the antibodies by flushing
the channels with fluorescent antigen. The results prove that the
simple technique based on capillary phenomena enables
patterning of antibodies in closed chips, with subsequent antigen
immunodetection. The patterning freedom offered by the method
is evidenced by successful coating of simple straight channels
(Fig. 9aec), to more complex shapes (Fig. 9dei). The pattern reso-
lution (i.e. feature size) attainable by this method will depend on
the limits of microfabrication, where standard photolithography
can create reproducible channels with widths down to 5 mm.

Our examples use PDMS only to demonstrate the method. As
mentioned in the introduction, in future this technique is meant for
use in closed glass or plastic chips that are suitable for diagnostic
devices. One further point that needs consideration in the final
devices is closing the 3D capillary valve channel exits, since the
sample solutionwill leak out via these channels. An easy solution to
this problem is the blocking of the 3D valve reservoirs prior to the
introduction of antigen e.g. by glue. The trapped air in the channels
will then allow only minute volumes to enter the capillary valve
channels.

5. Conclusion

The use of 3D capillary valves has been investigated for capillary
patterning in closed microchips. We theoretically described the
functionality of the system for selective filling of parts of a closed
microfluidic structure and the experimental results adequately fit
the proposed theoretical model. The model can be used as a design
tool for tailoring 3D valves for various applications, solutions and



Fig. 9. Microscopy images of antibody antigen reactions after antibody patterning. Channel walls are marked with yellow dashed lines a) Bright field image of a chip with two
straight channels for antibody coating. b,c) Fluorescent imaging of the chip with two(b) and one(c) channels coated with antibody and incubated with fluorescent antigen. d,f,h)
Bright field images of more complex patterns. e,g,i) Fluorescent images after antibody coating and fluorescent antigen incubation. Scale bar in upper left corner. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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materials as long as the contact angle and surface tension are
known. In addition, we demonstrate that themethod can be used to
create a simple immunodetection device by demonstrating a pas-
sive antibody pattering of various shapes in a closed chip followed
by antigen binding. The technique can find various applications
such as capillary patterning of phase change materials e.g. hydro-
gels and local surface functionalization in closed chips.
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