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Low-voltage manipulation of an aqueous droplet in a
microchannel via tunable wetting on PPy(DBS)
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This paper presents experimental results and analyses on the controlled manipulation of a liquid droplet.

The droplet was manipulated upon local reduction and oxidation (redox) of dodecylbenzenesulfonate
doped polypyrrole (PPy(DBS)) in an immiscible organic fluid of bulk dichloromethane (DCM, CH,Cl). The
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electrochemically tunable wetting property of PPy(DBS) permitted liquid droplet manipulation at very low

voltages (—1.5 V to 0.6 V). In particular, the actuation behavior of a salt water droplet upon redox of
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1. Introduction

Fluid transportation is the most basic operation within
microfluidic devices.! Several techniques have been shown to
manipulate fluids, such as capillary driven test strips,
microfluidic valves, pressure driven channels, electro-osmosis,
dielectrophoresis (DEP), and electrowetting on dielectric
(EWOD).>™ In contrast to continuous-flow systems, droplet-
based microfluidics such as EWOD have been used to
manipulate individual droplets.> On the microscale, capillary
forces dominate liquid behavior; hence the control of
interfacial energies becomes important for manipulating
droplets in microfluidic systems. EWOD techniques have been
shown to manipulate microliter-sized individual droplets on
dielectric surfaces by electrostatic modulation using arrays of
electrodes.® Without increasing device size or complexity,
various fluidic functions and reactions were successfully
demonstrated with EWOD devices including transportation,
mixing and separation.””® However, they typically require
relatively high actuation voltages (12-80 V),”** which poten-
tially hamper their compatibility with biofluids and biomedi-
cal applications as well as their portability for direct field
operation (e.g., using a standard sized battery).

In order to realize low voltage manipulation of microfluidic
droplets, conjugated polymers have been considered one of
the most promising routes.>™* Conjugated polymers can
change their mechanical and electrical properties when
electrochemically “doped” (i.e., undergoing a reduction and
oxidization process).’>® An earlier report using polyaniline
shows the control of the contact angle of a water droplet.”
However, the surface states before and after the reduction and
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PPy(DBS) in a microchannel configuration was characterized and analyzed. The controlled lateral transport
of the droplet was successfully demonstrated in a slightly tilted microchannel configuration.

oxidation are both hydrophilic. Thus, the minute contact angle
change would not result in the creation of sufficient force for
droplet manipulation. In contrast, dodecylbenzenesulfonate
(DBS) doped polypyrrole (PPy), (PPy(DBS)), exhibits a large
difference in surface energy under reduction or oxidation,
whereby the surface state can be switched entirely from
hydrophilic to hydrophobic due to the re-orientation of the
surfactant dopant molecules, DBS™.'®™*° Recently, we have
demonstrated in situ manipulation of a liquid droplet using
electrochemical redox of PPy(DBS) at ultra-low voltages (<1
V).?! Although it was successfully shown that the electro-
chemical redox process on PPy(DBS) results in efficient
manipulation of a liquid droplet, the tested liquid droplet
was an organic fluid (dichloromethane, DCM). Since biofluids
such as blood, sweat, tears and serum are water-based,** there
is a strong need for research on the manipulation of aqueous
droplets for the implementation of such microfluidic applica-
tions.®?*?** Moreover, such biofluids contain salt ions. The
manipulation of biofluids using PPy(DBS) redox would be ideal
for such a liquid composition, since reduction and oxidation
reactions of PPy(DBS) are enabled by the induction of sodium
ions.”> Also, low voltage stimuli are essential in such
diagnostic applications.”>*® In this paper, we investigate the
actuation mechanism of an aqueous droplet on PPy(DBS)
undergoing reduction and oxidation reactions, and demon-
strate the lateral transport of a salt water droplet in a
microchannel configuration.

2. Device fabrication and experimental
setup

To study the actuation behavior of a droplet of salt water in the
redox process of PPy(DBS), a microchannel configuration was
constructed within an organic fluid, bulk dichloromethane
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Fig. 1 Schematic configuration of the experimental setup for droplet manip-
ulation. The microchannel assembly consisting of parallel plates was set in an
electrode system within a DCM environment.

(DCM, CH,Cl,), which is a widely used water-immiscible
organic solvent for liquid-liquid extraction applications
(Fig. 1). Since dichloromethane is biocompatible, a water-
dichloromethane emulsion has been used for drug delivery.>”
In this liquid-liquid system, DCM acts as a filler fluid,
preventing droplet evaporation and reducing surface contam-
ination.”® The bottom plate, a PPy(DBS) electrode, was
fabricated via electropolymerization from the aqueous mono-
mer pyrrole. The detailed synthesis of the PPy(DBS) electrode
is described elsewhere.”" A brief summary is as follows: first,
Au/Cr metallization (30 nm and 10 nm in thickness,
respectively) was performed on a silicon/silicon dioxide (90
nm) substrate via electron beam evaporation (PVD 75, Kurt J
Lesker). The diced substrate was then submerged in a freshly
prepared aqueous pyrrole solution (0.1 M pyrrole and 0.1 M
sodium dodecylbenzenesulfonate). A 263A potentiostat
(Princeton Applied Research, Oak Ridge, TN) was used to
potentiostatically deposit PPy(DBS) at 0.47 V to obtain a 200
nm-thick uniform PPy(DBS) layer . The thickness of the
PPy(DBS) film was precisely controlled by adjusting the
amount of applied charge (~0.05 C cm™?). After polymeriza-
tion, the PPy(DBS) coated substrate was then rinsed with de-
ionized (DI) water and dried with nitrogen gas.

Another Au coated silicon/silicon dioxide chip was used as
the top plate (Fig. 2a). 3M Scotch brand tape was used as a
non-conductive spacer, placed between the two plates to
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construct a microchannel with the vertical gap of 500 pm
(Fig. 2b). To manipulate an aqueous droplet, the PPy(DBS)
substrate was set as a working electrode and the top Au
electrode as a counter electrode. The 263A potentiostat was
programmed with pulse potentials controlled by PowerSuite
software (Princeton Applied Research). A 0.1 M NaNO;
aqueous droplet (2-3 pL) was dispensed between the two
plates using a microsyringe with a fine needle (Standard type
304 stainless steel needle, Ramé-hart). For this study, a NaNO,
electrolyte was adopted, since sodium ions possess higher
mobility than other ions, such as TBA" or K ions.”® The
assembled microchannel setup was then immersed in a DCM
environment (Fig. 2c). The redox reactions of PPy(DBS)
typically occur in a voltage range of +1 V.*! In this study,
the working electrode potential was adjusted between —1.5 V
and +0.6 V with the frequency varied within 0.2-4 Hz. Droplet
manipulation experiments were performed in two configura-
tions. We first considered droplet behavior on a leveled (non-
tilted) stage. Then we investigated a tilted stage in order to
create an ‘unbalanced’ condition for transporting a droplet.

3. Results and discussion

3.1 Manipulation of a water droplet in a leveled microchannel
configuration

Initially (when no voltage was applied), the aqueous liquid
droplet exhibited a symmetric disk-like droplet shape as
shown in Fig. 3a. When a reductive potential (—1.5 V) was
applied, the contact angle of the droplet increased by ~2°
immediately (<1 s), and the contact diameter decreased by
about 5% (Fig. 3b). When the reductive potential was applied
over 10 s, the droplet contact line was pinned on the PPy(DBS)
electrode and led to a decrease in the droplet contact angle by
~13° (Fig. 3c). In particular, the droplet was deformed to a
“funnel” shape with prolonged application of the reductive
potential (Fig. 3d-f). When the reductive potential was
removed or an oxidation voltage was further applied, the
droplet immediately (<1 s) reverted to its original state
(Fig. 3g). These results suggest that there are two distinct
wetting dynamics involved in the droplet behaviors, ie., the
initial stage where the droplet shrinks with a slight increase of

Fig. 2 (a) Schematic of microchannel configuration. (b) Sample holder containing the microchannel assembly. (c) Assembled microchannel setup immersed in a quartz

cell pre-filled with DCM with a goniometer (model 500, Ramé-hart, Netcong, NJ).
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Fig. 3 Captured images of an aqueous droplet in a microchannel within a DCM environment upon the continuous application of a reductive potential (E=—1.5V). (a)
Initially, an aqueous droplet resting with a symmetric shape in the microchannel. (b) The droplet receded with a slight increase in contact angle when a reductive
potential was applied. (c—f) The droplet was further deformed to an asymmetric "‘funnel” shape. (g) The droplet reverted to its original state when an oxidative

potential (£ = 0.6 V) was applied.

contact angle (Fig. 3a-b), followed by the second stage where
the asymmetric funnel-like droplet shape was developed with a
slight decrease in contact angle (Fig. 3c-f). Our analysis
suggests that the first stage is driven by the Marangoni stress
created at the droplet contact boundary,”* while the second
stage is associated with the transient diffusion of sodium ions
(Na") into the PPy(DBS) electrode layer.>' A detailed analysis of
the mechanisms of droplet deformation is in the following
sections.

3.1.1 INITIAL DEFORMATION IN SHORT REDUCTION PERIOD. Before
the reduction voltage was applied, the PPy(DBS) surface was in
an oxidized state due to its low oxidation potential®® (Fig. 4a).
On the oxidized PPy(DBS) surface, the surfactant dopant
molecules (DBS ™) are coupled to PPy chains via ionic bonding
with polar (hydrophilic) sulfonic acid groups, allowing the
non-polar (hydrophobic) dodecyl chains to thrust out from the
polymer chains.***' Oxidized PPy(DBS) possesses lower sut-
face energy than reduced PPy(DBS) and this leads a water
droplet to have a relatively large contact angle on the oxidized
PPy(DBS) surface.>”** The surface state of PPy(DBS) can then
be reversed via re-orientation of the DBS molecules via
reduction.®® Charge transport during the PPy(DBS) redox
process is dominated by cations (Na'), since DBS™ anions
are relatively immobile."*** For complete reduction of a
PPy(DBS) film, sodium ions (Na') in the liquid need to be
transported into the PPy(DBS) for charge neutralization, as
represented in eqn (1).

Reduction

PPy(DBS)+Na* +e~ <—= PPy(DBS) Na™ )

Oxidization

When a salt water droplet is dispensed onto the PPy(DBS)
surface, sodium ions would be available only on the area
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covered by the salt water droplet. Therefore, the PPy(DBS)
surface underneath the droplet is fed by sodium ions from the
salt water when the reductive potential is applied. In contrast,
the PPy(DBS) surface exposed to DCM remains oxidized, since
no sodium ions are available on the area outside the salt water
droplet. This selective supply or blocking of sodium ions
creates dissimilar surface states (or localized reduction) across
the droplet contact boundary as shown in Fig. 4b. The surface
tension gradient, i.e. the Marangoni stress across the contract
boundary, causes the liquid to flow away from the region of
low surface tension towards the region of high surface tension.
Oxidized PPy(DBS) possesses lower surface energy than
reduced PPy(DBS). Therefore, the induced Marangoni stress
drives the contact boundary to retract inwards (i.e., from the
oxidized PPy(DBS) to the reduced PPy(DBS) surface). Then, the
contact angle of the droplet increases from 6, to 6, due to
mass conservation (i.e., to maintain the same volume of the
droplet). Meanwhile, it is observed that the contact diameter at
the top Au electrode side shows no significant change.

The initial droplet deformation behavior with the increase
of contact angle can be explained by using a force balance
equation at the contact point. Eqn (2) represents the force
balance of the interfacial tensions at the three-phase contact
point.

Yws T VOWCOSOWO = Yos (2)

where y.s is the interfacial tension between salt water and
PPy(DBS), o is the interfacial tension between DCM and salt
water, 7.5 is the
PPy(DBS), and 0,,, is the contact angle of aqueous drop within
DCM. When a reductive potential is applied to the working

interfacial tension between DCM and
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Fig. 4 Conceptual schematic of droplet deformation under redox process. (a) An aqueous droplet is placed in a microchannel within a DCM environment. (b) When a
reductive potential is applied, the contact boundary moves inwards due to Marangoni stress induced by the surface tension gradient across the droplet boundary. The
droplet contact angle is then increased as the contact diameter is decreased. (c) The contact angle decreases when a reductive potential is applied for a prolonged
time period (e.g., more than 10 s), where the sodium ions gradually diffuse out through the PPy(DBS) layer and the reduction is propagated laterally. (d) The droplet

reverts to the initial symmetric morphology once the PPy(DBS) layer is oxidized.

electrode and the PPy(DBS) surface underneath the droplet is
reduced, the force balance at the new interface can be
represented by eqn(3).

sz/ + VowC050wo, = Yos (3)

where 7y, is the modified interfacial tension between salt
water and reduced PPy(DBS) and 6, is the new contact angle
of aqueous droplet on the localized reduced PPy(DBS). Since
reduced PPy(DBS) has higher surface tension (increased 7ys'),
the contact angle of the aqueous droplet (6y,') increases
because y,,, and y,s remain unchanged.

3.1.2 FUNNEL DEFORMATION IN PROLONGED REDUCTION PERIOD.
With prolonged application of a reductive potential, sodium
ions are expected to diffuse through the PPy(DBS) layer, not
only vertically but also laterally. This lateral diffusion of
sodium ions gradually reduces the nearby region of the
PPy(DBS) surface, outside the initial contact boundary of the
droplet (Fig. 4c). In previous reports by Wang and Smela,'®"°
such ion transportation parallel to the film surface has been
already demonstrated during the redox reactions. The reported
velocity of the propagation of the reduction was in the order of
1 pm s~ .'®" Then, the surface tension gradient and the

Lab Chip

Marangoni stress across the droplet boundary are reduced and
the new force balance can be described by eqn 4.

sz, + ]/OWCOSHWO” = Vos, (4)

where y,4' is the interfacial tension between DCM and reduced
PPy(DBS) and 0y,'’ is the contact angle of the aqueous droplet
immersed within DCM when the reductive potential is applied
for a prolonged time. Since the reduced PPy(DBS) possesses
higher surface energy,” the interfacial tension between DCM
and reduced PPy(DBS), y,s’, would increase. It would in turn
decrease the contact angle of the aqueous drop in DCM, 0y,'’,
after sodium ions laterally diffuse into PPy(DBS) for the
prolonged time (Fig. 4c). While the droplet contact angle
decreases, the droplet shows no significant expansion (i.e., an
increase of contact diameter). Here, strong pinning effects on
the reduced PPy(DBS) surface account for such a behavior,
where the high surface energy®' in the reduced PPy(DBS) holds
the meniscus in place and facilitate the contact line pinning.
In the meantime, the droplet contacting the top electrode
maintains the same contact angle throughout the reduction,
since no electrochemical reaction takes place at the interface
of the Au electrode and the droplet.?! Therefore, the strongly

This journal is © The Royal Society of Chemistry 2012
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pinned droplet with the lower contact angle would be pushed
up and form the funnel-like geometry (Fig. 4c). When the
reduction voltage is released or oxidation voltage is further
applied, the droplet immediately (<1 s) reverts to the initial
symmetric morphology since the surface tension gradient and
the Marangoni stress at the droplet contact boundary has
disappeared (Fig. 4d). The reverting process is faster than the
prolonged reduction process, since the diffusion rate of ions in
oxidized PPy(DBS) is different from that of reduced PPy(DBS).
The details of PPy(DBS) redox were discussed by Wang and
Smela,"®'® such that oxidation of PPy(DBS) occurs faster than
reduction of PPy(DBS).

3.2 Manipulation of a water droplet in a tilted microchannel
configuration

While the funnel-like asymmetric deformation of an aqueous
droplet along the vertical direction was demonstrated in a
leveled microchannel via the low-voltage redox process of
PPy(DBS), we also studied the manipulation of the aqueous
droplet in a tilted microchannel configuration, in order to
examine how the unidirectional buoyant force along the tilted
direction would affect the droplet deformation and dynamics
(Fig. 5). When the microchannel is tilted, a buoyant force is
exerted on the aqueous droplet due to the difference in density
compared to DCM and causes the droplet to move up along
the tilted direction. This happens only if the tilting angle is
greater than a critical angle that overcomes the static friction
on the surfaces. If the angle is less than the critical angle, the
droplet only deforms with a change of meniscus shape. For
example, on the uphill side of the droplet, the contact angle of
the aqueous droplet increases. However, if the contact angle is
less than an advancing contact angle, the droplet meniscus
remains pinned on the surface. On the downhill side, the
contact angle decreases with the tilting. However, if the
contact angle is still greater than a receding contact angle, the
droplet on the downhill side also remains pinned on the
surface. In order for a droplet to move up on a tilted surface,
the buoyant force should be greater than the static friction
force to ‘depin’ the droplet from the surfaces, and the droplet
must both advance (on the uphill side) and recede (on the
downhill side). The static friction force is proportional to
contact angle hysteresis,*®*” which is the difference between
advancing and receding contact angles. Before we apply the
reductive potential to the PPy(DBS) surface, we measured the
critical tilting angle. Here, the critical tilting angle is the angle
that induces transportation of the droplet solely due to the
unidirectional buoyant force. We also measured the advancing
and receding contact angles at the moment. For the aqueous
droplet in the microchannel immersed in the DCM environ-
ment, the measured critical tiling angle was 25° with the
advancing and receding angles being ~157° and ~133°,
respectively. The corresponding buoyant force along the tilted
direction for this natural movement is 3.4 uN for a 2.5 pL water
droplet.

3.2.1 WATER DROPLET MANIPULATION UNDER CONSTANT POTENTIAL.
We first investigated the behavior of a water droplet under a
constant reductive potential (—1.5 V) continuously applied to
the PPy(DBS) electrode. Fig. 5 shows the experimental results

This journal is © The Royal Society of Chemistry 2012
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measured at the tilting angle of ~7°, along with the
schematics of the droplet behaviors. The tilting angle of 7°
was the minimum angle to move the droplet during the
experiment to obtain observable droplet movement. Fig. 5a
shows the initial droplet shape before the reductive potential
was applied. Since the tilting angle (~ 7°) is much smaller than
the critical angle (25°) required for movement of the droplet
due to the buoyant force, the droplet remains pinned on the
surface with only a slight deformation of the meniscus shapes
on the uphill and downhill sides. Upon the application of a
reductive potential to the PPy(DBS) electrode (Fig. 5b), the
droplet started to deform further, particularly with the
significant increase of the contact angle on the uphill side. It
is due to the selective reduction of the PPy(DBS) layer under
the unidirectional buoyant effect. As described in Section
3.1.1, when the reductive potential is applied, only the
PPy(DBS) surface underneath the droplet would be fed by
sodium ions from salt water, while the PPy(DBS) surface
exposed to DCM remains oxidized (Fig. 5b’). Then, a surface
tension gradient is set across the droplet boundary and the
resultant Marangoni stress causes the contact angle on the
uphill side to increase up to the advancing contact angle. On
the downhill side, the increase of contact angle is not as
dramatic as in the leveled configuration because of the
unidirectional buoyant force in the tilted configuration. Such
deformation reduces the contact diameter and the area, which
results in the decrease of static friction on the droplet. Then,
the buoyant force can overcome the static friction and lead the
droplet to move uphill. However, after a slight uphill move-
ment, the droplet stopped (Fig. 5c¢). This is because the droplet
boundary on the uphill side now contacts with the initial
oxidized PPy(DBS) surface, and no significant surface tension
gradient (i.e., Marangoni stress) is set across the droplet
boundary at the new position (Fig. 5¢’). Without the existence
of the surface tension gradient, the contact angle reduces back
to that of the oxidized state, which holds the droplet in its
current position. On the downhill side, the droplet transitions
to the homogeneously reduced PPy(DBS) surface with little
surface tension gradient present, so that no significant
deformation occurs either. Then, another deformation and
movement occurred while the reductive potential continued to
be applied (Fig. 5d and 5e). Since the reductive potential is
continuously applied, the pre-oxidized PPy(DBS) area newly
covered by the salt water droplet is reduced (Fig. 5d’). Then, it
creates a surface tension gradient across the new droplet
boundary and causes the droplet to deform and move uphill
again (Fig. 5e’). This discrete behavior of the droplet
deformation and movement continues until the droplet leaves
the camera’s visible area (Fig. 5f and 5f").

3.2.2 WATER DROPLET MANIPULATION BY SQUARE PULSE POTENTIALS.
We also investigated the droplet manipulation by using a
square pulse potential (—1.5 V to 0.6 V) in the tilted
microchannel configuration to examine if the regulated
oxidative potential (0.6 V) can serve as a stopping mechanism
allowing programmable manipulation of the droplet move-
ment. Fig. 6 shows the experimental results and schematics of
the droplet behaviors. As shown in Fig. 5, a tilting angle of 7°
was required to hold the droplet on the naturally oxidized
PPy(DBS) surface. In contrast, when the oxidative potential (0.6
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Fig. 5 Top: captured images of a salt water droplet in a tilted microchannel within a DCM environment under a constant reductive potential (—=1.5 V). Middle:
Schematic of PPy(DBS) surface states and droplet deformation on the PPy(DBS) under a constant potential.

V) was applied to the PPy(DBS), the droplet was driven at the  surface was pinned since the tilted angle (4°) was much less
tilting angle of 4°, which was the minimum angle to obtain  than the critical angle (25°) required for spontaneous move-
observable droplet movement. When the microchannel was  ment by the buoyancy effect. Upon the application of the
initially tilted by 4°, a slight asymmetric deformation of a  reductive potential (—1.5 V) to the PPy(DBS) layer, the water
droplet occurred with the application of the oxidative potential ~ droplet was deformed and moved uphill (Fig. 6b-c). As
(0.6 V) (Fig. 6a). The water droplet on the initially oxidative = demonstrated in Section 3.2.1, the application of a reductive
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Fig. 6 Top: schematics of droplet behavior. Center: captured images of a salt water droplet in a tilted (4°) microchannel immersed in a DCM environment under a
square pulse potential (0.6 V to —1.5V, pulse: 2 s). Bottom: elapsed timeframe vs. square pulse potential.

Lab Chip This journal is © The Royal Society of Chemistry 2012


http://dx.doi.org/10.1039/c2lc40621g

Downloaded by Kwang Ju Institute of Science and Technology on 30 November 2012

Published on 24 October 2012 on http://pubs.rsc.org | doi:10.1039/C2L C40621G

potential induces the droplet actuation due to the combined
effects of Marangoni stress and buoyant force (Fig. 6b'—c’).
When the potential was reverted and the initial oxidation
voltage (0.6 V) was applied again, the droplet stopped moving
and switched back to the initial pinning state (Fig. 6d).
Compared to the case when a constant reductive potential was
continuously applied where the droplet stopped for only a very
short span (Fig. 5c and 5c’), the pinning state was clearly
maintained for a programmable interval by keeping the
oxidation voltage switched on (Fig. 6d’). It suggests that the
oxidative potential can be utilized as an active stopping
mechanism for the low-voltage droplet manipulation for
digital microfluidics applications. When the reductive poten-
tial was applied again, the droplet was reactivated and
resumed the movement (Fig. 6e and 6e’). In this way, by
applying the regulated pulse potential, the droplet movement
was precisely manipulated.

4. Conclusions

We have demonstrated that the ultra-low voltage (<1 V) redox
process of the conjugated polymer PPy(DBS) can manipulate
and actuate an aqueous droplet in a microchannel while
immersed in an immiscible organic fluid. When a reductive
potential was applied to the PPy(DBS) layer, the droplet contact
angle significantly increased due to the Marangoni stress
induced across the droplet contact boundary. When the
reduction potential was prolonged, the sodium ions in the
water droplet were radially diffused through the PPy(DBS)
layer. The lateral ionic diffusion mitigated the Marangoni
stress and caused the droplet to be pinned on the surface. In a
level microchannel configuration where no asymmetric force
was provided along the lateral direction, such combined
effects resulted in the asymmetric deformation of the droplet
into a funnellike geometry along the vertical direction.
However, along the lateral direction, it maintained symmetry
and therefore no movement was observed. In the slightly tilted
microchannel configuration, an asymmetric force was intro-
duced to the droplet due to the buoyant force. When the
Marangoni stress and the unidirectional buoyant force were
combined via the redox process in the tilted configuration, the
lateral transport of the droplet (volume: 2-3 pL, droplet
diameter: ~1.5 um) was attainable with the tilting angle as
low as 4° (equivalent to the lateral buoyant force in the order of
10 puN). Movement of the water droplet was precisely controlled
by applying a regulated square-pulse redox potential. The
programmable electrochemical redox process using smart
polymers will pave a new way for the ultra-low voltage digital
microfluidics platform.
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