
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

0 
A

ug
us

t 2
01

7.
 D

ow
nl

oa
de

d 
on

 1
2/

4/
20

25
 8

:3
5:

03
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
An autonomous
Graduate School of Pure and Applied Science

305-8573 Tsukuba, Japan. E-mail: hsuzuki@

† Electronic supplementary information
microuidic systems based on the elect
DOI: 10.1039/c7ra07335f

Cite this: RSC Adv., 2017, 7, 39018

Received 3rd July 2017
Accepted 29th July 2017

DOI: 10.1039/c7ra07335f

rsc.li/rsc-advances

39018 | RSC Adv., 2017, 7, 39018–3902
electrochemically-actuated
microvalve for controlled transport in stand-alone
microfluidic systems†

T. Watanabe, G. C. Biswas, E. T. Carlen and H. Suzuki*

We present a new electrochemically-actuated microvalve that does not require an external power source

and is well-suited for autonomous stand-alone microfluidic systems. The microvalve is composed of

a single bi-metallic Zn/Pt electrode, where the Pt region of the electrode is located in a solution

microchannel and the Zn/Pt region of the electrode is located in a separated control microchannel. The

Pt electrode is covered with a hydrophobic self-assembled monolayer (SAM) that stops solution flow in

the solution microchannel, hence is normally-closed. The microvalve is opened by introducing an

electrolyte into the control microchannel, which oxidizes the Zn layer of the Zn/Pt electrode and forces

a negative mixed potential of the entire electrode. The negative mixed potential is sufficient to remove

the SAM from the Pt electrode through reductive desorption, thus opening the microvalve and allowing

the solution to flow. Microvalves based on this actuation mechanism can be used to initiate solution flow

in any arbitrary microchannel configuration and significantly simplify peripheral equipment requirements.
Introduction

Microuidic systems are becoming an indispensable platform
for on-chip analysis and processing of chemical and biological
solutions. Currently, solution transport in most microuidic
systems relies on external instruments, such as pumps and
power sources. However, some critical applications, such as
point-of-care testing (POCT), require small stand-alone systems
with simple operation.1,2 For this purpose, miniaturization of all
system components, including pumps and valves, remains
a critical issue. To meet this demand, a variety of microuidic
components based on microfabrication techniques have been
reported.3–8 However, device structure and function tend to be
complicated making integration of many components for
multiplexed solution processing problematic.

To control solution transport in microchannels, we previ-
ously reported a simple microvalve based on active switching of
the hydrophobicity of an electrode surface.9 The microvalve is
based on a hydrophobic self-assembled monolayer (SAM)
formed on a platinum electrode (SAM-Pt microvalve) in
a microchannel. The SAM-Pt electrode stops a solution that
moves by capillary action and can be opened upon the appli-
cation of an electric potential to the electrode that removes the
s, University of Tsukuba, 1-1-1 Tennodai,

ims.tsukuba.ac.jp

(ESI) available: Additional examples of
rochemically-actuated microvalve. See

3

SAM. The simple structure and function facilitated its integra-
tion in many different microchannel networks.

Previously reported microvalves, including ours described
above, are switched by the application of electrical signals. If
this switching can be done autonomously, the system operation
can be signicantly simplied. In an attempt to realize this,
chemically-actuated microvalves that employ spontaneous
volumetric change of a hydrogel have been reported.10–12

Autonomous microuidic devices based on capillary action
have also been reported.13–19 However, even with these tech-
niques, highly controlled and multiplexed solution transport is
not straightforward.

In this paper, we present a new electrochemically-actuated
microvalve that is based on our SAM-Pt microvalve. However,
in this case, the electric potential required for opening the
microvalve is generated by the mixed potential of a single bi-
metallic Zn/Pt electrode. The SAM-Pt part of the electrode is
located in a solution microchannel and the Zn/Pt part of the
electrode is located in a separated control microchannel. Any
aqueous solution can be used in the solution microchannel. An
aqueous solution containing electrolytes introduced into the
control microchannel oxidizes the Zn layer, which subsequently
produces a negative mixed potential of the entire electrode. The
mixed potential mechanism generated on a single electrode
occurs when multiple redox reactions proceed simultaneously
as found in metal corrosion and electroless plating.20,21 The
potential is determined by the condition that the sum of all
currents due to anodic and cathodic reactions is zero. The
negative mixed potential generated at the SAM-Pt part of the
electrode causes the reductive desorption of the SAM, thus
This journal is © The Royal Society of Chemistry 2017
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Fig. 1 (A) The microvalve consists of a SAM-Pt electrode in the
solution microchannel and a Zn/Pt electrode in the control micro-
channel, where the Pt is a continuous layer. An aqueous solution
introduced into the solution microchannel stops at the normally-
closed SAM-Pt electrode. (B) When an electrolyte in the control
microchannel wets the Zn/Pt electrode, the microvalve opens allow-
ing the solution to flow.
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View Article Online
opening the microvalve and allowing the solution to ow. The
timing of the microvalve switching can be controlled by posi-
tioning the Zn/Pt electrodes at appropriate locations in the
control microchannel and can be used to program the opening
of many microvalves.22

Experimental
Reagents and materials

Reagents and materials used for microfabrication were ob-
tained from the following commercial sources: glass wafers
(#7740, 3 inch, 500 mm thick) from Corning Japan (Tokyo,
Japan); positive photoresist (S1818) from Rohm and Haas Japan
(Tokyo, Japan); thick-lm photoresist, SU-8 25, from Micro-
Chem (Newton, MA, USA); prepolymer solution of PDMS, KE-
1300T, from Shin-Etsu Chemical (Tokyo, Japan); 1-hexanethiol
used for the SAM from Wako Pure Chemical Industries (Osaka,
Japan); agarose L, from Nippon Gene (Tokyo, Japan). Other
reagents were purchased from Wako Pure Chemical Industries,
Osaka, Japan, unless otherwise noted. To visualize the move-
ment of solutions, a phosphate buffer solution (pH 9.0) con-
taining 3 M KCl and 1 mM uorescein sodium salt (uranine)
was used. Solutions were prepared with deionized water
(resistivity 18.2 MU cm at 25 �C, Milli-Q).

Microfabrication

The microvalves were microfabricated on glass substrates and
subsequently aligned and bonded to PDMS microchannels.
Metal electrodes were formed on the glass substrates using
metal sputtering deposition and patterning with contact
microlithography and li-off. The Pt electrode was deposited on
the glass substrate with a Cr adhesion layer. Following the
formation of the Pt electrode, the SAM was then formed on part
of the Pt electrode that was located in the solution micro-
channel. Also, the Zn layer was deposited on the Pt electrode in
the control microchannel (see below). Microchannels were
formed in a PDMS layer by replica molding using a template
formed with a thick-lm photoresist (SU-8 25). The height of all
microchannels was 100 mm. Solution inlets, outlets, and air-
release holes were formed at appropriate locations in the
PDMS layer by hole punching. The SAM-Pt electrodes were 100
mm long along the direction of the microchannel. The PDMS
layer was bonded to the glass substrate aer aligning the elec-
trodes and microchannel patterns. By applying slight pressure
to the PDMS/glass composite, sufficient sealing was achieved.

SAM formation

The SAMwas selectively formed on the region of the Pt electrode
located in the solution microchannel using three steps. First,
the Pt electrode was cleaned in a solution containing deionized
water, 25% NH3 and 30% H2O2 in a 4 : 1 : 1 ratio. Next, the Pt
electrode was partially covered with a photoresist (S1818) layer
and the exposed Pt region (located in the solution micro-
channel) was further cleaned by potential cycling (�10 times) in
a potential range of �1.0 to +1.0 V (vs. Ag/AgCl/sat. KCl) in
a 0.1 M KCl solution. Finally, the cleaned electrode was dried by
This journal is © The Royal Society of Chemistry 2017
nitrogen gas and was immediately immersed in an aqueous
1 mM 1-hexanethiol solution containing 0.1 M ethanol for
5 min. Following the formation of the SAM-Pt electrode, the
protective photoresist layer was removed with acetone and the
surface was rinsed in pure ethanol and dried by nitrogen gas.
The PDMS microchannel layer was then aligned and bonded to
the glass substrate, as described above.
Zn/Pt electrode

Zn was deposited on the bare Pt layer in the control micro-
channels by applying a constant current (100 mA cm�2) for 20 s
in a stirred solution containing 1.8 M ZnCl2 and 4.9 M NH4Cl at
25 �C using a galvanostat (HA-151, Hokuto Denko, Tokyo,
Japan). The area of the Zn layer varied from 0.4 mm2 to 3.6 mm2

depending on the device.
Microvalve operation

Fig. 1 shows the operation of the microvalve starting at the
normally-closed state. A solution introduced into the solution
microchannel stops at the SAM-Pt microvalve, as shown in
Fig. 1A. The motive force for the transport of solutions in the
microchannels is by capillary action due to the hydrophilic
surface of the glass substrate. An electrolyte introduced to the
control microchannel wets the Zn/Pt electrode and results in the
generation of a negative mixed potential of the entire electrode
that is sufficient to remove the SAM by reductive desorption. As
a result, the microvalve opens and the solution moves over the
hydrophilic Pt electrode and throughout the solution micro-
channel (Fig. 1B). A liquid junction between the solution and
electrolyte microchannels, which is composed of an agarose gel
and an electrolyte, is necessary to maintain electrical continuity
between the electrolyte and solution without mixing.
RSC Adv., 2017, 7, 39018–39023 | 39019
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Fig. 2 Polarization curves and the mixed potential. P1 indicates the
mixed potential of the electrode when the microvalve is closed. P2
indicates the mixed potential when the microvalve opens.

Fig. 3 Mixed potential change of the electrode accompanying an
electrolyte wetting the Zn/Pt part of the electrode in the control
microchannel. The microvalve switching states are shown with
depictions of the solution and electrolyte in each microchannel. State
1: normally-closed microvalve, state 2: electrolyte oxidation of the Zn
layer forces a negative mixed electrode potential, and state 3:
microvalve opens.
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Fig. 2 shows the polarization curves of the Zn/Pt electrode. P1
and P2 indicate the mixed potential when the microvalve is
closed and open, respectively. When a solution is stopped at the
SAM-Pt electrode, in the solution microchannel, the mixed
potential of the electrode settles to a value determined by
unidentied anodic and cathodic reactions (P1 in Fig. 2). An
electrolyte introduced into the control microchannel wets the
Zn/Pt electrode and dissolution of the Zn layer (anodic reaction)
occurs. The mixed potential of the entire electrode shis in the
negative direction and desorption of SAM (cathodic reaction)
occurs (P2 in Fig. 2), as previously described.
Fig. 4 Solution distribution device. (A) Sequential distribution, (A1)
schematic of system, (A2) microvalve 1 is open andmicrovalves 2 and 3
are closed, (A3) all microvalves are open. (B) Parallel distribution, (B1)
schematic of system, (B2) all microvalves are closed, (B3) all micro-
valves are open. The yellow arrows indicate the position of the elec-
trolyte and the red arrows indicate the positions of the solutions. SMC:
solution microchannel, CMC: control microchannel, LJ: liquid junc-
tion, SR1–SR3: solution reservoirs, CR1: control reservoir.
Results and discussion

Fig. 3 shows the change in the mixed potential of the electrode
recorded aer solutions were sequentially introduced into the
solution and control microchannels. A liquid-junction Ag/AgCl
reference electrode (Horiba, 2060A-10T) was inserted in the
reservoir of the solution microchannel, and the potential of the
SAM-Pt electrode was measured with respect to the reference
electrode. First, the solution in the solution microchannel stops
at the edge of the SAM-Pt electrode with a mixed potential of
approximately +0.4 V (vs. Ag/AgCl/sat. KCl). Next, when an
electrolyte introduced into the control microchannel wets the
Zn/Pt part of the electrode, the mixed potential of the electrode
abruptly changes to approximately �1.0 V (vs. Ag/AgCl/sat. KCl).
Finally, accompanying the change of the mixed potential, the
SAM-Pt microvalve opens and the solution moves into the
solution microchannel.

The microvalve conguration is well-suited for multiplexed
processing of solutions. We demonstrate the functionality of
the new SAM-Pt microvalve using different solution processing
systems. Fig. 4 demonstrates timed delivery of solutions from
reservoirs SR1–SR3. In the system shown in Fig. 4A, solutions in
reservoirs SR1–SR3 are delivered sequentially as the electrolyte
from control reservoir CR1 wets each Zn/Pt electrode. The
solution microchannels (SMCs) extend vertically with respect to
the horizontal control microchannel (CMC). The Zn/Pt
39020 | RSC Adv., 2017, 7, 39018–39023
electrodes are located in the CMC and the SAM-Pt electrodes are
located at the exit of the solution reservoirs SR1–SR3 in the
SMCs. The solutions in the reservoirs did not move before the
electrolyte reached the corresponding Zn/Pt electrode. Once the
This journal is © The Royal Society of Chemistry 2017
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electrolyte wetted the Zn layer, the connected microvalves
opened and liquid columns in the SMCs moved sequentially
past the microvalve. Alternatively, in the system shown in
Fig. 4B, one Zn/Pt electrode in the CMC controls three SAM-Pt
electrodes in the SMCs. In this case, all the microvalves open
simultaneously in parallel when the electrolyte in the CMC
reaches the Zn/Pt electrode. Note the lengths of the solution
columns in all of the SMCs were the same when the image was
recorded.

In these systems, the speed of the solution in the straight
CMC slows down as the solution moves forward by capillary
action. Therefore, opening the microvalves at xed intervals for
a large number of microchannels is difficult. For more precise
control of solution delivery, a row of short CMCs of the same
length can be used, as shown in Fig. 5. This system has four
SMCs and four CMCs. Each Zn/Pt electrode in the correspond-
ing CMC is connected to a SAM-Pt microvalve in the corre-
sponding SMC. A SAM-Pt microvalve is located at the exit of the
Fig. 5 Solution delivery with controlled sequential timing using an
array of CMCs. (A) Schematic of system. (B)–(G) Solutions in the SMCs
(indicated by red arrows) move sequentially lagging the movement of
the electrolytes in the CMCs (indicated by yellow arrows). CMC:
control microchannel, SMC: solutionmicrochannel, LJ: liquid junction,
SR1–SR4: solution reservoirs, CR1–CR4: control reservoirs.

This journal is © The Royal Society of Chemistry 2017
solution reservoir of the next CMC. Prior to use, reservoirs CR2–
CR4 connected to the CMCs were lled with electrolyte solu-
tions (Fig. 5B). The solutions stopped temporarily at the
microvalves located at the exit of each reservoir. When the nal
electrolyte was introduced into reservoir CR1 (Fig. 5C), and the
solution arrived at the Zn/Pt electrode (Fig. 5D), the microvalves
in the rst SMC and second CMC opened. The electrolyte in the
third CMC then moved to the next Zn/Pt electrode and the
microvalve in the second SMC opened (Fig. 5E). Accompanying
this, the microvalves in the fourth CMC and third SMC opened
(Fig. 5F). Finally, the microvalve in the fourth SMC opened
(Fig. 5G). The same steps can be repeated with more reservoirs
and microchannels. The array of equal-length CMCs, with SAM-
Pt and Zn/Pt electrodes, facilitates more precise and reliable
control of solution delivery.
Fig. 6 1-bit binary adder system. (A) Schematic of system. (B) A ¼ 0, B
¼ 0, OMC¼ 0. (C) A¼ 1, B¼ 0, OMC¼ 1. (D) A¼ 0, B¼ 1, OMC¼ 1. (E)
A ¼ 1, B ¼ 1, OMC ¼ 2. IMC: input microchannel, OMC: output
microchannel, IR: input reservoir, OR: output reservoir, LJ: liquid
junction.

RSC Adv., 2017, 7, 39018–39023 | 39021
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The new microvalves can be arranged in many different
congurations depending on the application. For example,
binary logic operations can be performed. A 1-bit binary adder is
shown in Fig. 6. The system consists of input reservours (IRs)
that represent binary inputs A and B. The system outputs are
connected to the output reservoirs (ORs) and output micro-
channels (OMCs), with the corresponding results shown in the
form of digits 0, 1, and 2. Zn/Pt electrodes are located in the
input microchannels (IMCs), and the SAM-Pt microvalves are
located in the OMCs. Air-release holes are at the end of the
IMCs. Prior to use, the ORs are lled with solutions. By selecting
the IR of inputs A and B, the addition operation is performed.
When A ¼ 0 and B ¼ 0, the result is OMC ¼ 0, when A ¼ 0 and B
¼ 1 or A ¼ 1 and B ¼ 0, the result is OMC ¼ 1, and when A ¼ 1
and B ¼ 1, the result is OMC ¼ 2. Other logical operations can
Fig. 7 Microfluidics-based character display system. (A) Schematic of
system. (B)–(G) Characters are displayed sequentially in the correct
stroke order.

39022 | RSC Adv., 2017, 7, 39018–39023
be performed using this approach. Fig. S1† shows examples of
2-bit binary OR and AND operations. These results show that
these systems based on the electrochemically-actuated micro-
valve can be applied to microuidics-based information
processing.

The nal example we present is amicrouidics-based display
enabled by the new microvalves. Fig. 7 shows a microuidics-
based display that writes out the Chinese symbol meaning
“trip” in the correct stroke order. The system has two SMCs
connected by a liquid junction (LJ). In this case, the SMCs are
also used as a LJ. Air-release holes are placed at the ends of the
microchannels. The SAM-Pt and Zn/Pt electrodes are located at
the top and bottom of each character, which indicates the
progress of each display step. Fig. S2† shows a similar
microuidics-based display for Roman characters.

In these examples, we demonstrated the functionality of the
new SAM-Pt microvalve with an electrochemical actuation
mechanism. These simple one-time use microvalves are well-
suited for disposable lab-on-a-chip systems that process solu-
tions that are driven by capillary-action uid force.
Conclusions

We presented a new electrochemically-actuated microvalve that
does not require an external power source. The microvalve is
based on a hydrophobic SAM-Pt electrode in a solution micro-
channel that is switched open by a negative mixed potential
generated by the oxidation of a Zn/Pt electrode located in
a separated control microchannel. Solution transport by capil-
lary action stops at the normally-closed SAM-Pt electrode
microvalve. The solution transport resumes when an electrolyte
in a control microchannel wets the Zn/Pt electrode that results
in a negative mixed potential and removal of the hydrophobic
SAM, thus exposing the underlying hydrophilic Pt electrode.
Any aqueous solution can be used in the solution microchannel
and an aqueous solution containing electrolytes is used in the
control microchannel. This new type of actuation mechanism
does not require an external power source and is ideally suited
for autonomous transport of solutions in stand-alone lab-on-a-
chip systems.
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