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Electrotaxis at liquid-solid interface
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ABSTRACT. Taxis is an instinctive behavior of living organisms to external dangers or benefits.
Here, we report a taxis-like behavior associated with liquid droplets on charged substrates in
response to the external stimuli, referred to as droplet electrotaxis. Such droplet electrotaxis
enables us to use either solid or liquid (such as water) matter, even human finger, as stimuli to
spatiotemporal-precisely manipulate the liquid droplets of various physicochemical properties,
including water, ethanol with low surface tension, viscous oil, and so on. Droplet electrotaxis also
features a flexible configuration, that even can manifest in the presence of an additional layer, such
as the ceramic with a thickness of ~ 10 mm. More importantly, superior to existing electricity-
based strategies, droplet electrotaxis can harness the charges generated from diverse manners,
including pyroelectricity, triboelectricity, piezoelectricity, and so on. These properties
dramatically increase the application scenarios of droplet electrotaxis, such as cell labeling and

droplet information recording.
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Introduction

Taxis is the directional and preferential movement of active matter in response to external stimuli,

which is widely manifested in the natural world. In particular, the taxis of living organisms endows



them to survive and evolve in resource-limited settings. Less apparent is that taxis can also be
manifested in artificial systems.!™ A typical application scenario of artificial taxis is droplet
manipulation; for example, a recently reported durotaxis, referred to as the taxis motion directed
by the stiffness gradients of the underlying substrate®, can effectively drive the directional motion
of droplets.>® However, such durotaxis-enabled droplet manipulation is limited by the poor
controllability for droplet motion because the durotaxis is passively triggered by the pre-
determined substrate properties. Accordingly, introducing the external force source, such as
electricity, to actively evoke the taxis property of droplets might be a more promising means for
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droplet manipulation. Various electricity-based strategies, such as electrowetting, electro-
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dewetting,!! dielectrophoresis, surface charge printing,'> '® Coulomb attraction/repulsion,
and so on,>**® have been widely used in droplet manipulation. Despite great improvement in
droplet manipulating performance, these methods still suffer from several limitations, such as the

complexity of the manipulation platform, instability of droplet motion, and so on.

Here, we report that the charge-powered droplet shows electrotaxis in response to external stimuli,
which offers us a flexible yet powerful tool for droplet manipulation. Such droplet electrotaxis is
generic to diverse interfaces, such as liquid-solid interface, liquid-liquid interface, gas-liquid
interface, and so on. Superior to the conventional designs, the droplet electrotaxis decouples
energy-supplying and motion-controlling functions, which dramatically increases its adaptability
for various stimulus materials and charge sources, such as pyroelectricity, triboelectricity,
piezoelectricity, and so on. We also demonstrate that droplet electrotaxis can be harnessed in

various droplet-related applications such as cell treatments and droplet information recording.

Results and Discussion

Figure 1A shows a representative droplet electrotaxis, in which a water droplet on an
electrostatically charged superhydrophobic surface moves following the human finger (Movie S1).
Such a contactless finger-guided droplet electrotaxis shows a facile and precise control for droplet
motion, which is dramatically different from some existing works where the finger cannot regulate
the droplet motion.” 3 Figure 1B sketches out the three key elements to achieve droplet
electrotaxis, including droplet, charged substrate, and contactless external stimulus (such as human
fingers). Here, the stimulus, a term in the taxis, can also be understood as a counter electrode from

the perspective of the electric circuit. The electrotaxis induces the droplet to bead up toward the



stimulus (Figure 1B and Figure S1A), which is totally contrary to electrowetting where the droplet
tends to spread on substrates. In addition, different from electrowetting necessitating an ultrathin
dielectric layer (at the scale of micrometers),>' droplet electrotaxis manifests in the situations of
both the presence and absence of an additional dielectric layer, and the thickness of the dielectric
layer for droplet electrotaxis can be even at a millimeter scale, demonstrating its flexible
configuration. Figure 1C and Movie S2 show the electrotaxis motion of the water droplet on a
copper-supported dielectric alumina ceramic layer (with a thickness of 10 mm) in response to the
stimulation from a shape-regular cylindrical copper rod. In addition to the dielectric ceramic, other
materials, such as polymers, can also serve as the additional layer to support the electrotaxis motion
of droplet (Figure S2A). We also find that the additional dielectric layer imposes a very weak
influence on the droplet electrotaxis, which is verified by comparing the contact angles of droplets
without the dielectric layer and with 10 mm of dielectric ceramic layer (Figure 1D). Figure 1D
also suggests that the droplet electrotaxis is regulated by the electrostatic voltage on charged

substrates, which is further discussed in Figure S3.

Droplet electrotaxis originates from the electrostatic attraction between droplet and external
stimuli, which is discussed in NOTE S1 in detail. Briefly, taking the positively charged substrate
as an example, the substrate can instantaneously conduct the partial positive charges into the

droplets (Figure 2A), which is a process of charge redistribution,’* 3

and the magnitude of droplet
charges is proportional to that of the substrates (Figure S4A, B), Notably, droplet charges always
keep stable during its motion (Figure S4C), which could eliminate the possible manipulation
instability caused by the undesirable triboelectrification during droplet moving on substrate.!> 17
Next, the positive charges in droplets and substrates result in the generation of negative induced
charges in the stimulus rod due to the electrostatic induction.**-* Consequently, the opposite
polarity of charges in droplet and stimulus rod results in the attractive electrostatic force acting on
the droplet. For the situation of negatively charged substrates, the electrostatic force still exists
because the droplet and stimulus rod could acquire negative and positive charges, respectively,
demonstrating the independence of droplet electrotaxis on the charge polarity. The interaction
between the droplet and stimulus rod could also be understood by resorting to the simulation
method (finite-element analysis using the COMSOL-Multiphysics simulation). Figure 2B and the

inset show the electric potential distribution of the whole droplet electrotaxis system and the



Maxwell stress tensor of the droplet, respectively, both of which illustrate that droplet is subjected

to an electrostatic force pointing to the external stimulus.

The above analysis reveals that for droplet electrotaxis, the charged substrates and external stimuli
implement the energy-supplying and motion-controlling functions, respectively, suggesting a
functional-decoupling property. Such a property dramatically eliminates the overall complexity of
droplet electrotaxis in comparison to the traditional electricity-based droplet control strategies in
which droplet motion is simultaneously powered and controlled by the sophisticated electric circuit
or movable electrodes.” !> ! Therefore, we can use the stimulation from not only solid matter made
of different materials, but also liquid matter to trigger the droplet electrotaxis. And the capability
of the different solid stimuli can be quantitatively evaluated by the voltage range for the droplet
electrotaxis motion (left part of Figure 2C). We find that copper, carbon, and wood rod possess
almost the same capability in stimulating droplet electrotaxis. However, ceramic rod with low
electric conductivity needs a higher voltage range for droplet electrotaxis motion. In contrast,
insulated polymeric rods, including acrylonitrile butadiene styrene (ABS) and polyoxymethylene
(POM), cannot activate the droplet electrotaxis regardless of the applied voltages because the weak
electric responsiveness of these materials leads to less induced charges and accompanied weaker
electrostatic attraction toward the droplet (Figure S5). Based on such an understanding, we can
also use the liquid stimulus to trigger the droplet electrotaxis. Figure 2C (right part) and Movie S3
show that the water (blue colored) filled in a pipette could evoke the electrotaxis motion of a water
droplet (red colored), but the empty pipette without water cannot trigger the droplet motion (Figure
S6).

The droplet electrotaxis allows us to manipulate the droplet in a precise and flexible manner, which
profits from the remote and spatiotemporal properties of the electrostatic force between the droplet
and external stimulus. As shown in Figures 2D, E and Movie S4, we can maneuver the water
droplet (~7 pL) to travel along circle tracks with diameters of 5 mm and 20 mm, respectively,
demonstrating a precise control for the droplet motion track. Note that such a dexterous droplet
manipulation is hard to be achieved in traditional electrowetting-based droplet manipulation where
pre-designed and orderly-arranged electrode patterns limit either sharp or circular directional
change of droplet motion. In addition to the single droplet, droplet electrotaxis also allows for the

manipulation of the droplet array. Figure 2F and Movie S5 show the electrotaxis motion of droplet



arrays comprising four water droplets under the stimulation of four metal rods, and Figure S7
shows a single manipulator can also simultaneously manipulate four water droplets. Such
alternative strategies for collective electrotaxis of droplet array offer a promising platform for
applications that need high-throughput droplet transport. Furthermore, the electrotaxis-enabled
droplet manipulation possesses other aspects of merits, such as the wide droplet volume range
(from the scale of 107! to 10 uL, Figure S8), high moving velocity (upper limiting speed in our

experimental conditions, ~ 203 mm/s, Figure S9), and so on.

Electrotaxis is a universal property for various liquid droplets with different physicochemical
features. Theoretically speaking, all the charged droplets could show electrotaxis. And a previous
study has proven that even insulating nonpolar organic liquids can obtain charges from charged
substrates.>> Here, we demonstrate the electrotaxis motion of four liquids, including water, ethanol,
surfactant (10 wt.% sodium dodecyl sulfate aqueous solution), and oil, on the lubricant-infused
slippery surfaces (Figure 3A and Movie S6), and the magnitude of charges in these liquids is shown
in Figure S10. Here, using a lubricant-infused slippery surface, as an alternative to the

3538 which endows a

superhydrophobic surface, forms a preferential liquid-liquid interface,
favorably stable lyophobicity and low surface resistance (Table S1) to the liquid droplets with a
wide range of surface tensions and viscosities. Similarly, we can also resort to the liquid substrates,
that is charged by a short-time contact with the power supply (Figure S11), to form the low-
resistance gas-liquid and solid-liquid interface, thereby achieving the electrotaxis of the gas bubble
(Figure 3B, Movie S7) and solid raft (Figure 3C, Movie S8), respectively. Here, the bubble and
solid raft are subjected to a low resistance due to the low velocity (~ 0.7 cm/s) and low viscosity
of the liquid. Note that manipulation for gas bubbles and solid objects is critical for many
applications, such as the purification of polluted air with particulate matter.** In addition, the

droplet electrotaxis is also applicable to the water droplet under 0il*’

, a liquid-solid interface in the
liquid medium (Figure S2B). We can conclude that, from the interfacial perspective between
droplets and substrates, the droplet electrotaxis is generic to various droplet-substrate interfaces

that are listed in Figure 3D.

Another merit of droplet electrotaxis is its wide adaptability to various sources of electrostatic
charges that are even randomly distributed. In addition to the above-used electrostatic power

supply, we can also use diverse charge sources, such as pyroelectricity, triboelectricity, and so on,



to energize the droplet electrotaxis, which is also a benefit of function-decoupling property. Figure
4A shows the design of pyroelectricity-powered droplet electrotaxis. Such a design mainly relies
on pyroelectric materials, such as lithium niobate crystal LiNbO3 that can generate surface charges
from temperature variation,*! and the conductive layer between droplet and LiNbO; crystal can
prevent the undesired furcated motility of droplet*> 4}, Taking room temperature (~28 °C) as an
initial temperature, the temperature increases and decreases result in the generation of negative
and positive voltage, respectively (Figure 4B). When the surface temperatures change to ~21 °C
or ~36 °C, the generated charges can drive the electrotaxis motion of droplet, as shown in the

infrared picture in Figure 4C and Movie S9.

Figures 4D-F show the triboelectricity-powered droplet electrotaxis. As a demonstration, we chose
plastic petri dishes to generate and store triboelectric charges due to their easy availability and
strong electronegativity.** Being rubbed with other matters, the petri dish surface generates
randomly distributed electrostatic charges (illustrated in Figure 4D), which can form uniform
surface voltage in the presence of a conductive copper sheet due to the equipotential property of
metal copper. The generated voltage on the copper surface is at the scale of several kilovolts (~ -3
kV, Figure 4E), which is enough to power the droplet electrotaxis motion (Figure 4F and Movie
S10). Note that if the conductive substrate is absent, the randomly distributed surface charges on
the petri dish will lead to an unpredictable and uncontrollable droplet motion (Figure S12, Movie

S11), meaning the failure of electrotaxis.

In addition to pyroelectricity and triboelectricity, other kinds of manners to generate electrostatic
charges, such as corona discharge (Figure S13), electrostatic induction (Figure S14),
piezoelectricity, and so on, are also available to power the droplet electrotaxis. And as a
demonstration, we use a video (Movie S12) to introduce how to use the electrostatic charges

generated from the piezoelectric device in the lighter to power the droplet electrotaxis.

Electrotaxis-enabled precise and flexible droplet manipulation can be harnessed for many practical
applications in various fields. Here, we demonstrate the applications of droplet electrotaxis in cell
labeling and droplet information recording, both of which are based on the fact that the droplet is
a good carrier for the substances and information. To accomplish cell labeling, we designed an
enclosed droplet electrotaxis system that takes a disposable petri dish, the most common cell

culture plate found in biomedical laboratories, as the skeleton (illustrated in Figure 5A). Such an



enclosed droplet electrotaxis system offers a low-cost, contactless, high-controllable, and portable
manner for the moving (Figure 5B) and merging (Movie S13) of the droplets that are isolated from
the outside environments. As a demonstration, we manipulated the droplet containing the cells in
such an enclosed electrotaxis system to merge with the droplet containing Hochest and the droplet
containing Dil to stain the nucleus and membrane of cells, respectively, and labeled results are
tested by the fluorescence images (Figure 5C). Additionally, the enclosed system with the skeleton
of petri dish can also provide a pollution-free cell culture environment, which is crucial for some
cell staining scenarios, and one typical example is the proliferation analysis of cells dyed by
carboxyfluorescein succinimidyl ester®®. Furthermore, such an enclosed electrotaxis system also
allows for the integration of more functions, for example, adding gas inlets and outlets to control

the gaseous environment for the cell culture.

To record the droplet information, we select three types of sensors to detect the temperature, color,
and capacitance of the droplet during its electrotaxis motion (Figure 5D). As an illustration, we
first manipulated a water droplet (~16 pL) to dissolve sodium hydroxide (~ 8 mg), and the
temperature sensor recorded the droplet temperature change (Figure SE). Next, the as-reacted
alkaline liquid droplet was moved to merge with the dilute phenolphthalein droplet (8 pL), causing
the color change of the droplet from transparency (recorded as white) to pink, and such a color
change is reflected by the RGB (red, green, blue) values detected by the color sensor (Figure 5F).
Further, the droplet was moved to the declivous interdigital electrode that serves as the capacitive
sensor, which forms a counting peak (Figure 5G). In fact, such a capacitive sensor can also be used

to record other information of the droplets, such as concentration, size, and so on.*®
Conclusion

In analog to the taxis properties of natural lives, abiotic droplets on charged substrates also undergo
a taxis behavior toward the external stimulus, termed droplet electrotaxis. The droplet electrotaxis
demonstrates a generality in the selection of droplets, substrates, and stimuli, as well as a strong
adaptability in charge sources generated in various manners, which provides droplet manipulation
with simplicity, versatility, and flexibility. Further combining the capability of droplets in dealing
with both biotic and abiotic information and substance, droplet electrotaxis can serve as a
promising tool for diverse applications in a wide range of fields, such as cell staining and droplet

information detection.



Materials and Methods

Surface processing

To render copper, ceramic, ITO surface, petri dish, the interdigital electrode of the capacitive
sensor, and other polymer surfaces with superhydrophobicity, these surfaces were first sprayed
using a commercial superhydrophobic sprayer, Glaco (purchased from Soft99 Corporation),
followed by heating at 60 °C for 5 minutes. The lubricant-infused slippery surface was obtained
by dripping the oil (DuPont Krytox GPL 10) on the porous PTFE membrane supported by the
alumina. To enhance the stability PTFE membrane on aluminum, PTFE was wetted with ethanol
and then naturally dried before oil dripping. The ITO coating on the inner bottom surface of the
plastic petri dish (with a thickness of ~30 nm) was coated by a dual-target sputtering system
(Q150TS, Quorum). Bubbles were generated by injecting the air into SDS aqueous solution using

a syringe.

The phenolphthalein indicator (1 wt.% in ethanol, Aladdin) solution was firstly volatilized to 20 %
of the initial volume by heating to 50 °C, and then diluted by deionized water with a volume of 15
times higher than that of concentrated phenolphthalein solution. Such a dilute process allows the
substrate to be superhydrophobic to the phenolphthalein indicator. SDS (sodium dodecyl sulfate,
Sigma-Aldrich) and silicon oil (with a viscosity of ~10 mPa s, Aladdin) were directly used without

further purification.
Cell culture and labeling

HL-60 cells were firstly seeded in Dulbecco's modified eagle medium at 37 °C for 24 hours. Then,
the droplet containing cells was transferred to the enclosed electrotaxis system, and then
manipulated to merge with the PBS aqueous droplet with 1 pg/mL of Hochest, achieving the
staining of the cell nucleus. After that, the reacted droplet was further manipulated to merge with
the PBS aqueous droplet containing 1 ug/mL of Dil, achieving the labeling of the cell membrane.
Finally, the droplet was deposited on a glass microscope slide for fluorescence imaging by a

confocal microscope system (TCS-SP8, Leica Microsystems).

Fabrication of enclosed droplet electrotaxis system



The enclosed electrotaxis system uses a disposable petri dish, the most common cell culture plate
found in biomedical laboratories, as the skeleton. The bottom inner surface of the petri dish was
coated with a conductive superhydrophobic coating (ITO coating) to support the droplets, and the
upper surface of the petri dish was replaced by an elastic film (PDMS film with a thickness of 100

um), which allows us to exert stimuli on droplet by deforming the elastic film.
Instrument and characterization

The surface voltage was measured by a handheld electrostatic voltage tester (FMX-003,
Xiangruide Corp.) with a resolution of £0.01 kV. The charges in droplets on various surfaces were
measured by a Faraday cup connected to a nanocoulomb meter (Monroe Electronics Model 284).
The motion of the droplet, programmatically controlled by a stepper, was recorded by a high-speed
camera (Fastcam SA4, Photron limited) and analyzed by using the software, ImagelJ. The static
and dynamic contact angles of liquids were measured by a Kruss DSA100 contact angle
goniometer at ambient temperature. Infrared images were captured by an infrared camera (FLIR
T1050sc). Unless specified otherwise, the substrates were charged by directly touching the output
lines of the electrostatic power supply (DW-P303-1ACDI1, Tianjin Dongwen High Voltage Power

Supply Corp.)
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Figure 1. Droplet electrotaxis and its configuration. (A) Optical image showing the
superimposed trajectory of water droplet on the charged superhydrophobic copper surface with the
human finger moving. Here, the copper substrate acquires the charges from an electrostatic power
supply. (B) Configuration comparison of droplet electrotaxis and traditional electrowetting. There
are three key elements for droplet electrotaxis, including droplets (labeled as 1), charged substrates
(labeled as 2), and external stimuli (labeled as 3). Electrotaxis induces the droplet to bead up,
whereas electrowetting induces the droplet to spread, as denoted by the dashed lines and red arrows.
(C) Electrotaxis motion of a water droplet on an additional dielectric layer (alumina ceramic with
a thickness of 10 mm) supported by the charged copper substrates. (D) Contact angle of a water
droplet (~ 7 pL) with electrotaxis on the substrates in the presence and absence of the dielectric
layer (ceramic with a thickness of 10 mm). Here, various values of electrostatic voltages, output
by an electrostatic power supply, are used to charge the substrates.
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Figure 2. Mechanism of droplet electrotaxis, and electrotaxis-enabled droplet manipulation.
(A) Schematic charges distribution in an optical image of droplet electrotaxis. The charges in
droplets and substrates induce the generation of opposite polarity of induced charges in stimulus,
generating an attractive electrostatic force, F, . (B) Numerical simulation for the droplet
electrotaxis. The external stimulus affects the distribution of the electric field around the droplet,
thereby imposing an electrostatic attraction on the droplet. The inset shows the distribution of
Maxwell stress tensor exerting on the droplet, and the red area denotes the stronger tensor on the
top of the droplet. The left and right values of the color bar indicate the electric intensity in the
figure and the Maxwell stress tensor in the inset, respectively. (C) The solid and liquid stimulus
for the droplet electrotaxis. Left part: comparison of solid stimulus rods made of different materials
in the aspect of voltage range for the electrotaxis motion of droplet (~7 pL). Right part: optical
image for the electrotaxis of water droplet (red colored) in response to the liquid stimulus (blued
colored water). The sign “X” means that the corresponding materials, i.e., ABS, and POM, cannot
trigger the droplet electrotaxis. The diameter of used solid stimulus rods is 3 mm, and the distance
between stimulus rods and the charged substrate is 5 mm. (D) Superimposed trajectory of a water
droplet moving along the circular tracks with a small diameter (5 mm) and larger diameter (20
mm). The numbered yellow lines denote the direction of droplet motion. (E) The time-evolved x—
y position of the water droplet in (D). (F) The electrotaxis motion of droplet arrays.
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Figure 3. The generality of the droplet electrotaxis. (A) Optical images showing the electrotaxis
of four droplets, including water, ethanol, surfactant (10 wt.% sodium dodecyl sulfate aqueous
solution), and oil. Here, the lubricant-infused slippery surface offers a low drag force of liquid-
liquid interface for the motion of droplets regardless of their viscosity and surface tension. (B)
Electrotaxis motion of air bubble on the surface of charged SDS aqueous solutions. The utility of
the SDS solution aims to promote the generation and stabilization of the bubble. (C) Electrotaxis
motion of solid tinfoil rafted on charged water pool. The reason for choosing the tinfoil raft is
based on its floating capacity on the liquid surface. (D) The list of droplet-substrate interfaces that
are applicable to the droplet electrotaxis.
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Figure 4. Diverse charge sources for droplet electrotaxis. (A) Schematic diagram of the design
that harnesses the pyroelectricity to drive droplet electrotaxis. The pyroelectric effect of LiNbO3
is activated by the underlying temperature controller. (B) The surface voltage of LiNbOs-supported
copper surface as a function of temperature. Temperature increase and decrease result in the
generation of negative and positive voltage on surfaces, respectively. (C) Infrared images for the
electrotaxis motion of droplet on LiNbOs-supported copper surface by increasing or decreasing
temperature. The scale bar is 3 mm. (D) Schematic diagram for the transformation of triboelectric
charges from randomly distributed on plastic petri dish surface to uniformly distributed on the
conductive metal substrate. Here, the utility of uniformly distributed charges on copper surface
aims to denote its identical surface voltage. (E) The surface voltages of randomly selected three
points on the triboelectrified petri surface (orange color) and the metal surface (olive color). (F)
Optical time-lapse trajectory of droplets moving on superhydrophobic copper surface powered by
the triboelectrified petri dish.
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Figure 5. Application demonstration of the droplet electrotaxis. (A) Schematic diagram of
enclosed droplet electrotaxis system fabricated with a skeleton of a petri dish. The upper elastic
film with high resilience allows its momentary deformation and recovery by exerting and
withdrawing external press force. The ITO coating is deposited on the bottom inner surface of the
petri dish and then treated to be superhydrophobic, aiming to enhance the driving force for the
droplet electrotaxis. The thickness of the elastic film is 100 um. (B) Optical image showing the
electrotaxis of red-colored water droplet perceiving the deformation of the elastic film. (C)
Diagram for the cell staining in an enclosed electrotaxis system, and corresponding fluorescence
images. The droplet containing cells of HL-60 is firstly transported to merge with the droplet
containing Hochest to stain the nucleus. Next, the droplet further merges with the droplet
containing Dil to stain the cell membrane. (D) Optical images of electrotaxis-based droplet
information-recording integration. Such integration includes temperature sensor, color sensor, and
capacitive counting sensor, allowing the information record for the droplet transported on the track
of the copper substrate. (E-G) The output results of sensors. (E) The temperature change during
the reaction of water droplet and sodium hydroxide powder. (F) RGB (red, green, blue) values of
the droplet containing phenolphthalein before and after reaction with the sodium hydroxide
aqueous droplet, and the corresponding color showed in the low part. (G) The capacitance changes

when the droplet slides on the interdigital electrode that connects with the high-precision
multimeter.
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