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ABSTRACT: We present an electrically actuated approach for
creating a well-defined centered microparticle cluster within a
sessile droplet on an interdigitated microelectrodes. The method is
demonstrated with different aggregation shapes and particle types
including biological cells for 3D microtissue development. AC
voltage application induces particle levitation and enhanced-
convection through accelerated evaporation. Radial long-range
fluid convection evolves along the substrate surface toward the
droplet’s center and suspended microparticles aggregate within the
central stagnation zone, in an interesting occurrence that is opposite to the well-known coffee ring effect. This remarkable approach
could open new opportunities in immunoassays, rare cell counting, and 3D cell cultures.
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Understanding droplet dynamics as a result of heating and
evaporation is significant in many scientific disciplines and

engineering applications including colloids and interfaces,
microarrays, inkjet printing, and spray cooling for high power
electronics.1−3 Droplets can also be used as target carriers for
biological assays, where it is employed to study probe−target
interactions in proteomics and genomic research.4 However,
poor repeatability and ringlike patterns result in inconsistent
spot profiles that can be rectified by utilizing precise fluid control
mechanisms within these droplets.5 A droplet on an open
substrate undergoes dynamic changes commonly observed in
the form of a ringlike stain when a drop of coffee dries on a
surface.6 The phenomenon was explained as an outcome of a
geometrical constraint created by a pinned contact line, resulting
in fluid movements to compensate for evaporative losses.
Moreover, the reversal of the ringlike patterns from the
periphery of the droplet to a central accumulation zone has
also been reported. For example, centralized accumulation of
fluorescent poly(methyl methacrylate) particles suspended
within an octane droplet have been demonstrated.7 Marangoni
flow of either direction can produce deposition patterns that are
central or peripheral to the drop. Another study reported the
reversal of flow to produce movement of 1 μm polystyrene
particles suspended in methanol/ethanol in a radially inward
direction along the substrate.3 It has been established that one
can manipulate the deposition patterns and direction of flow
through the alteration of the physical characteristics of the
substrate and liquid.8,9

Previous studies have also explored the bulk movement of
fluid within droplets by several means such as noncontact
infrared heating of the fluid, heating of the underlying substrate,
and the use of acoustic forces.5,10,11 One approach used a laser

beam to induce differential evaporation for eliminating the
coffee ring effect and bringing particles, such as double stranded
DNA, to the geometric center of the droplet without leaving any
peripheral stains.12 Another interesting biological application is
the use of droplets for microtissue engineering to create three-
dimensional multicellular clusters in vitro that resemble
biological tissue in function. The main challenge of creating
multicellular organoids using the conventional hanging drop
approach is the small aggregate sizes due to the physical
limitation of low droplet volumes, typically in the range 5−20
μL.13,14 In general, understanding the contributions of certain
physical phenomena within droplets such as surface tension and
wettability is of significance to several fields including micro-
fluidics, colloids, immunoassays, and biosensing.15

In our work, summarized in Figure 1a, electrical actuation of
droplets for centralized aggregation of suspended microparticles
was performed. Voltage is applied to the interdigitated
microelectrodes array and the resulting electrical field within
the fluid causes a dissipation of energy in the form of heat. This
causes a temperature increase that leads to evaporative heat
transfer and hence a thermal gradient triggered flow within the
droplet. In this scenario, with a pinned contact line, the contact
angle and the height of the droplet decreases, whereas the loss of
liquid near the contact line is replaced by liquid from the bulk of
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the droplet. We postulate that an increased evaporation rate and
lower surface tension at the apex compared to the periphery
results in an inward flow, down the air−liquid interface of the
drop, to replenish the liquid at the contact line. Therefore,
suspended microparticles flow toward the droplet’s central
stagnation zone, resulting in a centrally positioned aggregate.
This is essentially the opposite of the coffee ring effect where a
drop of the liquid dries on a surface to create a ring on the
periphery of the droplet.
It is important to note that particle levitation is a key factor in

this method, which prevents particles from settling on the
substrate. An electrokinetic phenomenon, referred to as
dielectrophoresis (DEP), is induced for particle levitation.
Therefore, suspended particles flow toward the droplet’s central
stagnation zone, and get consequently trapped and aggregated
(see Supplementary Video 1). In summary, this work presents a
novel approach for centralized microparticle aggregation,

generated by simultaneously triggering enhanced-convection
through evaporation and negative DEP particle levitations.
The device used to generate these phenomena is a gold

interdigitated microelectrodes array patterned on glass (20 μm
width and spacing). It was fabricated using standard photo-
lithography with 100 nm of gold and 5 nm of chrome, and
occupy an approximate total area of 2 cm2. To activate fluid flow
within the 100 μL drop, a sinusoidal voltage with a frequency of
50 kHz was applied. A hydrophobic vinyl barrier was used to
contain the droplet within a defined area to maintain the pinned
contact line while the contact angle of the droplet decreases due
to continuous accelerated evaporation.16 The fluid flow
observations were performed by using tracer beads suspended
within the fluid droplet. With time, the beads gradually settled
close to the electrode plane but also continued their translational
radial movement toward the central aggregation zone, shown in
Figure 1b−e. Progressively, the aggregate gets larger and tightly

Figure 1. Electrically actuated concentration of microparticles within a sessile droplet placed on a substrate of interdigitated microelectrodes array. (a)
Schematic of aggregating suspended particles in a droplet placed on the AC energized array. Simultaneous induction of particle levitation through
negative DEP and enhanced convection through evaporation. (b)−(e) Inverted microscope images (extracted from Supplementary Video 1) of
microbeads moving and aggregating in the central stagnation zone. Beads being tracked as moving into the central zone.
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packed. Some of the beads were also tracked from time-lapse
microscopy images to demonstrate flow direction, as shown in
Figure 1e. These images demonstrate that aggregation happens
very close to the electrode plane (Z-direction) as the electrodes
and the beads are in the same focal plane.
Evaporation of an aqueous droplet is unpreventable except if

the immediate atmospheric surroundings of the vapor phase of
the droplet are saturated. Our experiments were carried out in a
room with controlled temperature (21 ± 1 °C) and relative
humidity (∼30%). However, due to the effects of Joule heating,
the rate of evaporation is accelerated compared to a room
temperature condition, as shown in Figure 2a,b. Joule heating
occurs due to the interaction of the electrical field with an
ionically conductive solution resulting in heating of the fluid.
These results confirm that the droplet placed on the electrodes
maintains a pinned three-phase contact line, and hence a
constant footprint, throughout the period of the experiment.
This also has an implication of maintaining the spherical-cap
shape, as shown in Figure 2b. It is noteworthy to mention here

that the shape of the droplet slightly deviates from the
mathematical formulation of a spherical cap due to the effects
of gravity. This does not, however, significantly impact the
theoretical basis of this phenomena. The evaporative flux might
vary slightly over the area of the droplet due to this shape
alteration. The effects of gravity are primarily observed in the
sedimentation of the beads within the convective streamlines
and this remains independent of subtle variations in droplet
shape.
The magnitude of the electrical field is negligible above 100

μm from the surface of the electrodes, and as a result, only a thin
layer of fluid at the bottom of the droplet gets heated. However,
due to the convective flows within the hemispherical droplet, a
unique nonuniform temperature profile is generated. An infrared
camera (FLIR T660) placed above the droplet was used to
measure the spatial temperature distribution, and it was found to
be warmer at the droplet apex in comparison to the periphery, by
∼2 °C for 10 Vpk‑pk, Figure 2c. The temperature gradually
decreases toward the edge, indicating a rise of heated fluid to the

Figure 2. Evaporation and thermal analysis of the electrically actuated droplet. (a) Side view microscopic image of a 100 μL droplet on unenergized
electrodes showing a slight reduction in volume (<5%) due to normal evaporation conditions. (b) When electrodes are energized, accelerated
evaporation due to Joule heating results in a 20% reduction in droplet volume over 20 min. (c) Temperature gradient profile captured with an infrared
camera mounted vertically over the droplet. The temperature increases by 2 °C from the periphery to the center of the droplet for an applied voltage of
10 Vpk‑pk. This temperature gradient is maintained even as the peak temperatures at the apex and peripheral increase. (d) Temperature increase
recorded between successive time points for two different voltage settings. The maximum temperature in the droplet at each time point was used to
calculate ΔT. Error bars indicate standard deviation of three measurements. (e) Heat transfer model for a droplet on an energized electrode surface
including thermal resistances through the droplet and substrate.
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apex by means of convective currents. Figure 2d shows the
temperature change over time for different voltages. The
maximum temperature at each time point was subtracted from
the ambient temperature at time zero. The temperature was
recorded over a period of 5 min and was initially found to
increase steeply, and eventually, a steady state temperature was
reached beyond 3 min.
Heat addition by means of Joule heating is balanced by

phenomena such as evaporation, convection, and conduction
within the droplet and its surroundings, which results in a
stabilization of temperature. The temperature at the apex of the
droplet rises slower over time for 8 Vpk‑pk compared to 10 Vpk‑pk
and eventually exhibits a difference of 4 °C (Figure 2d). The
difference in temperature between the apex and periphery of the
droplet also decreases from ∼2 to ∼1.2 °C upon lowering
voltage to 8 Vpk‑pk.
A heat transfer model, shown in Figure 2e, describes the heat

balance for the droplet where the total power can be equated to
the Joule heating term:17

Q E Q Q2
1 2σ= = + (1)

where Q is the total power per unit volume as a function of the
electric field intensity E and the ionic conductivity of the
solution σ. Upon reaching steady state, the heat generated is
directed upward through the liquid (Q1) and down through the
solid substrate (Q2).
For an evaporating droplet, the power dissipated per unit

volume due to evaporation can be equated to the heat
conduction across the fluid (kl∇2Tliq) and the convective
component (ρlclu·∇Tliq) due to internal circulation.18−20 The
contribution due to conduction decays more rapidly with

increasing height from the substrate when compared to
convection due to the presence of ∇2Tliq term. Beyond a few
hundred micrometers, convection is expected to dominate over
conduction. Heat transfer due to evaporation is significantly
higher than those due to convection and radiation at the air−
liquid interface,21 and hence QSurrounding can be considered
negligible. Therefore, Q1 can be equated to QEvaporate:

uQ c T k T Ql1 l l liq
2

liq Evaporateρ= ·∇ − ∇ = (2)

Q mh
VEvaporate

fg
d

= ̇
(3)

Q k T2 s
2

sub= − ∇ (4)

where ṁ is the droplet evaporation rate, hfg is the latent heat of
vaporization, Vd is the volume of the droplet, ρl is the density of
the liquid, cl is the specific heat of the liquid, kl is the thermal
conductivity of the liquid, ks is the thermal conductivity of the
substrate and u is the average velocity of internal circulation,
respectively. Tliq and Tsub denote the temperature of the liquid
droplet and the temperature of the substrate, respectively.
For the sessile droplet experimented here, Tambient < Tliq and

the relative humidity is 30%; therefore, the obtained evaporation
rate is ṁ > 0 and ∇Tliq is significant, thereby driving fluid
convection according to eq 2. It is important to note that these
parameters are different than a typical microchannel config-
uration that is commonly used in electrothermal flow studies,
where fluid at the top of the channel is not exposed to Tambient,
but rather a material of low thermal conductivity such as PDMS
or glass. In such a scenario, the evaporation rate of ṁ = 0 and a
negligible ∇Tliq leads to minimal heat flux through the fluid and
in turn very weak convective forces. This would consequently

Figure 3. Microparticle aggregation within the electrically actuated droplet. White dotted circles represent the droplet contact line and show the
constant footprint on the substrate over time. (a)−(c) Stereomicroscopic images showing a uniform suspension of fluorescent beads of 18 μm size
accumulating centrally within the droplet over 10 min. (d) Aggregation efficiency obtained over time by determining the fluorescent beads that remain
outside of the dense central cluster. Error bars indicate standard deviation for three independent experiments using different electrode substrates.
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lead to more heat loss through the substrate into the
surroundings resulting in increased Q2. Hence, previously
published works in the field of AC electro-hydrodynamics
have not reported and described the unique observation
reported in this study, which results in bulk convective flows
and centralized particle aggregates.
In this setup, experimental velocity measurements were

performed using an inverted microscopy setup for two voltage
settings on beads that were stably suspended while simulta-
neously moving into the central accumulation zone. These
measurements were performed using Fluoresbrite Yellow Green
Microspheres with an average diameter of 18.7 μm. The
conductivity of the bead suspension media (3 × 107 bead/mL)
was adjusted to 125 mS/m using phosphate buffered saline
(PBS). The decrease in temperature, as a result of lowering
voltage to 8 Vpk‑pk, reduces velocity by∼3 μm/s from an average
value of ∼15 μm/s at 10 Vpk‑pk. As a result, the decrease in
velocity causes a change in aggregation rate of the micro-
particles.
Aggregation efficiency is defined as the percentage of beads

within the cluster, which increases over time corresponding to a
decreasing fluorescent bead intensity in the medium surround-
ing the cluster. Figure 3a was obtained using an SMZ18
stereomicroscope to study the gradual accumulation of beads at
the center of the droplet over time. The accumulation efficiency
was calculated for time-lapse images based on the difference in
intensity between the initial suspension and the central bead
aggregate. Image segmentation using Icy and ImageJ were
implemented for active edge detection based on intensity
thresholding to identify and locate the central accumulation
region. The decrease of voltage from 10 to 8 Vpk‑pk results in
approximately 20% lower aggregation efficiency at 5 min (Figure
3b). However, as the experiment progresses, differences in bead
aggregation observed between voltages diminishes and
efficiencies reach a maximum of 99%. The rate of aggregation
is initially steeper due to higher bead amounts present directly
above the aggregation zone in the spherical-cap shaped droplet.
In this geometry, the volume of fluid contained directly above
the substrate is highest within the central region and decreases
sharply toward the periphery. In addition, beads that are initially
suspended further away from the central region, take longer to
arrive at the central aggregation zone because they need to
traverse a longer distance along the substrate once they reach a
stable levitation height. Hence, aggregation efficiency is
significantly higher during the first 5 min and sharply reduces
toward the end of the experiment (Figure 3b).
The results clearly indicate that the fluid movement is

actuated by a temperature gradient. Evaporation is considered to
be the primary process influencing convection within the
droplet, and this was established by performing control
experiments where the immediate environment around the
droplet was saturated by the water vapor phase. This was
performed by placing an energized electrode substrate within a
water bath with a relative humidity measured at over 90%, and
hence the effects of evaporation can be considered negligible. In
this configuration, we did not observe any accumulation in the
center after 20 min of actuating the electrodes, Supplementary
Figure S1. This leads us to conclude that capillary flow due to
evaporation is mainly responsible for the observed phenomen-
on. It is also necessary to establish why the capillary flow
direction is radially inward along the substrate surface. To
understand this further, it will be beneficial to compare the
method employed in our studies with a conventional coffee-ring

phenomenon,22 where the droplet is placed on a heated
substrate. The experimentally measured temperature profiles of
droplets on a heated substrate, especially metal substrates with
very high thermal conductivity, indicate a cooler temperature at
the apex of the droplet compared to the periphery which is
hotter.10 For a droplet on a heated substrate, the cumulative
effects of convective heat transfer through the surrounding air
and radiation results in the periphery of the drop to maintain a
higher temperature than the apex of the drop. In such a setup,
the top of the droplet is colder than the bottom due to the
increased conduction path from the heated substrate, resulting
in increased evaporation at the periphery of the pinned droplet
compared to the apex, causing flow that is directed radially
outward. In our setup, the convection current is reversed,
causing flow that is directed radially inward to the center of the
drop despite the effects of Joule heating taking place at the
bottom of the substrate. This is because the substrate used here
is a very thin (100 nm thick) patterned film of gold on glass,
where glass has a low thermal conductivity approximately the
same as the water droplet. This will result in little heat transfer
from the fluid to the glass maintaining the glass substrate at a
lower temperature than the fluid undergoing Joule heating at the
bottom of the droplet. Therefore, with a stable radially inward
convective pattern, we are able to achieve a temperature profile
where the apex can be maintained at a higher temperature by
means of convection. In addition to capillary flow caused by
evaporation, temperature gradients over the droplet surface also
produce differences in the surface tension that lead to
Marangoni flow. Surface tension is higher in the colder regions,
which in our experiments correspond to the periphery of the
drop along the air−liquid interface, shown in Figure 2c. Hence,
the fluid flow due to the Marangoni effect is in the same radial
inward direction as the capillary flow caused due to evaporation.
The exact contribution ofMarangoni flow is difficult to estimate,
but in smaller droplets, it is generally understood that the
Marangoni convection is more dominant than buoyant
convection. For an aqueous droplet, the transition from
Marangoni toward buoyancy driven flow occurs when the
characteristic length is greater than 1 cm,23 which is not the case
in this work. Experimental evaluation of the circulating
convective fluid flow pattern was performed using 6 μm
fluorescent beads to further substantiate the phenomena
(Supplementary Figure S2 and Supplementary Video 2). It
clearly demonstrates the 6 μm beads moving up from the
stagnation zone at the center of the droplet. From the apex,
where the temperature is higher, the beads are observed moving
toward the periphery along the liquid−air interface and then
radially inward back to the center of the droplet.
In electrically charged fluid, it is also essential to consider the

influence of other electro-hydrodynamic phenomena within our
experiments. Two commonly reported phenomena are electro-
thermal flow and AC electroosmotic flow.24 In the case of AC
electroosmosis, a force on the ions in the electrical double layer
leads to fluid motion close to the electrode edges causing
microparticle accumulation at each electrode within the array,
unlike a centralized pattern observed in our experiments.
Additionally, suspending medium conductivities of 125 mS/m
should exhibit extremely weak flows, and hence the effects of AC
electroosmosis can be considered negligible. In the case of
electrothermal flow, Joule heating gives rise to conductivity and
permittivity gradients within the suspending medium, resulting
in an electrical body force driving fluid flow. The force decreases
significantly with decaying electric field strengths, and hence
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within our droplets, which have a height in the order of
millimeters, it is unlikely to be a major contributing factor.
Levitation is necessary to keep particles suspended in the fluid

without settling on the bottom electrode substrate, and this is
achieved by means of DEP. DEP results in the movement of
particles experiencing a nonuniform electric field, typically
toward the electrode edges in the case of positive DEP and away
from the electrodes in the case of negative DEP.25 When 18 μm
polystyrene beads are suspended in a 125 mS/m aqueous
solution, a negative DEP force dominates a large portion of the
AC frequency spectrum from 10 kHz to 10 MHz. Here, the
microelectrodes were energized with a sinusoidal voltage of 10
Vpk‑pk with a frequency of 50 kHz, which results in particles
moving away from the high field regions toward low electric field
intensity areas. For the 20 μm interdigitated electrodes, negative
DEP results in levitation of the particles above the electrode
plane, typically to a height of 20−60 μm. This prevents the
microparticles from settling and enabling them to be carried
along with the flow into the bottom center of the droplet. It stays
at the geometric center and does not get carried along with the
convective flows upward because the velocity is insufficient in
that stagnation region to overcome gravitational forces. Hence,
the condition for controlled levitation and aggregation at the
substrate surface is when F⃗DEP balances the gravitational
component (F⃗g), and the drag force is negligible in the bottom
center “stagnation zone” of the droplet.

F F r Vand 6 ( ) 0DEP g πη⃗ = ⃗ ⃗ ≈ (5)

Interdigitated electrodes have been used for particle
levitation, where levitation height can be determined as26

h
d V

d g
ln

24 Re CM
4 ( )p

0
2

m
3

m

Ä

Ç

ÅÅÅÅÅÅÅÅÅÅÅÅ

É

Ö

ÑÑÑÑÑÑÑÑÑÑÑÑπ
ε
ρ ρ

= −
[ ]

− (6)

The voltage used was 10 Vpk‑pk on an interdigitated electrode
with a gap (d) of 20 μm. The real part of the Clausius−Mossotti
factor (Re[CM]) is −0.5. The density of the polystyrene bead
and the cells was assumed to be 1055 kg/m3. The density of the
suspending medium containing 10% sucrose is approximately
1038 kg/m3, whereas the density will be approximately 1000 kg/
m3 when the medium does not contain sucrose. εm is the
absolute permittivity of the suspendingmedium, which valued as
710 × 10−12 (F/m).
In order to experimentally measure the levitation height of the

beads, an interdigitated electrode chip was mounted on the
inverted microscope. A suspension of 18 μm beads in the DEP
buffer was introduced onto the surface of the energized
electrodes. The electrode surface was visually observed on a
lower focal plane from the levitated beads. Along with levitation,
the beads simultaneously underwent X−Y translational move-
ment into the center of the droplet. By turning the focus knob on
the microscope, vertical movement of the objective and the
corresponding change in the focal point were used to carry out
levitation height measurements. By precisely measuring the
knob rotation within the electrode and beads focal plane
(Supplementary Figure S3), we were able to estimate the height
of the beads above the surface of the electrodes. On the basis of

Figure 4. Versatility and robustness of the method to achieve aggregation of different shapes and particle types. (a) Oval, triangular, and circular vinyl
hydrophobic barriers result in aggregation patterns that mimic the shape of the droplet. (b) HeLa cells were used to demonstrate that biological
particles achieve similar dense aggregates using this technique signifying wide applicability of the approach. (c) The dense HeLa cell aggregate was
encapsulated with agar and moved to a regular culture plate to form a 3D cell culture. (d) Viability of the cellular aggregates over time was determined
using a live/dead assay.
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10 measurements, we estimated the levitation height as 24.4 ±
4.1 μm. However, using eq 6, the levitation height is expected to
be around 60 μm when the buffer contains 8.5% sucrose. We
postulate that this discrepancy could be attributed to two factors,
namely, electrode polarization effects and slightly downward
pointing fluid flow vectors. Electrode polarization would
effectively lower the net voltage for levitation and Joule heating
due to an electrical double layer on the electrode surface and its
effect on applied voltage has been previously explored.27 In
addition to this, the fluid velocity vector close to the electrode
surface could have a downward component that would counter
the stationary DEP levitation forces, thereby effectively reducing
the net levitation height predicted from the theoretical
formulation provided here. Other factors contributing to this
variation could also include variability in bead size, the density of
beads, and density of the fluid medium.
The discussed phenomenon and apparatus in this work is

extremely versatile given its capability to accommodate different
particles such as biological cells, and it can also be used to
generate aggregates of various shapes resembling the outline of
the fluid droplet. Three hydrophobic barriers were used to
contain fluid within oval, triangular, and circular shapes, to
demonstrate that the clusters mirror the geometry of the droplet
as shown in Figure 4a. The flow pattern generated within the
droplet is symmetrical about the center of the droplet, resulting
in particle accumulation at that point. As an example, the
temporal evolution of the triangular aggregate starts with the
beads forming arms from the center and extending toward the
vertices. These arms subsequently get shorter and wider over
time and eventually withdraw to create a centered triangular
cluster.
Beads were substituted with HeLa cancer cells to show

particles with different composition can also be used to achieve
similar aggregation. HeLa cancer cells were washed and
suspended in an isotonic, pH adjusted 125 mS/m conductivity
media containing 8.5% sucrose and 0.3% dextrose, which is
essential to maintain cell viability. Despite the resulting change
in medium properties, such as density, viscosity, and surface
tension, the observed fluid convection phenomenon is still
efficacious to produce dense clusters as shown in Figure 4b. For
3D cell culture applications, we devised a process of creating
microtissues by the addition of 0.2% low temperature gelling
agar to the cell suspension in DEP buffer media and by placing
the electrode substrate on a warmmetal block to maintain lower
fluid viscosity. Once the cluster was formed with this convective
phenomenon, the 0.2% liquid agar solution was gelled by placing
the metal block with the electrode substrate in an ice bucket. To
further fortify the gelled cellular cluster, an additional 80 μL of
1% agar is added over the sessile droplet. This enables the gelled
cluster to be transferred into cell culturemedia for continued cell
proliferation and viability studies, as shown in Figure 4c. Cell
viability studies on the encapsulated cluster were performed
using a live/dead cytotoxicity assay containing Calcein AM and
Ethidium Homodimer. The fluorescent signal was observed
using FITC and TRITC filters, and a very low but uniform
distribution of dead cells was observed evenly through the
cluster. The viability over a 72 h period was found to be within
standard values reported in the literature, as shown in Figure 4d.
To demonstrate diversity of the method for mammalian cells,
the experiment was repeated with T-lymphocytes (approx-
imately 10 μm in diameter). Results showed similar accumu-
lation patterns (Supplementary Figure S4). The robustness of
the method for creating well-defined 3D microtissues in an in

vitro environment holds exciting applications in engineering of
biopatterned tissues. Several studies have explored methods for
bio-microfabrication of cells integrated within gel sub-
strates.28,29 Our method can be replicated for developing
heterogeneous microtissues consisting of two different kinds of
cells arranged in various shapes and sizes in an extracellular
matrix.30 Furthermore, in future experiments, the microtissues
can be arranged in arrays on a chip for high throughput drug
screening applications.
In conclusion, we present a novel and simple electrically

triggered method driven by accelerated evaporation for
achieving central microparticles aggregation. A droplet of 100
μL used in our experiments maintains a spherical-cap shape, and
when it is subjected to increased evaporative flux, liquid is
replenished bymeans of circulation to keep the droplet’s contact
line pinned. This is the first detailed study that incorporates the
use of microelectrodes to trigger bulk volumetric flow within the
droplet to achieve a defined central aggregation pattern. The
adopted approach works even when the suspending fluid is
altered by the addition of a solute such as sucrose and agar. This
clearly demonstrates the applicability of this technique for use in
biology where the medium composition must contain a high
solute concentration. The robustness of this technique is proven
by the aggregation of particles in various shape configurations
due to its ability to generate symmetrical flow about a central
stagnation zone. This work provides a unique platform that can
be used for biological applications such as microtissue
engineering. Future applications may involve developing
ultrasensitive immunoassays powered with the enhanced mass
transport, extremely low concentration cell counters including
circulating tumor cells, and automated high-throughput plat-
forms for constructing 3D cell microcultures with different
shapes and sizes.
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Figure S1: Stereomicroscopic images showing a uniform suspension of fluorescent 
beads of 18 µm size at 90% relative humidity. White doted circles represent the 
droplet contact line and show the constant footprint on the substrate over time. (a) 
The uniform suspension of beads before energizing the interdigitated 
microelectrodes array. (b) The suspension of beads remains uniform after 
energizing the array for 10 minutes. At 90% relative humidity, evaporation is 
negligible and hence the phenomenon is not triggered, where no central 
aggregation is observed.
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Figure S1: Horizontal microscopic image showing the convective flow pattern using 
fluorescent 6 µm beads. The high apex temperature causes the fluid to rise above 
from the stagnation point at the center of the droplet. The fluid then flows to 
periphery of the droplet along the liquid-air interface due to capillary flow and then 
it follows radially inward to the center of the droplet. This continuous and 
symmetrical fluid circulation is observed in entire 3-dimensional space within the 
droplet. Refer to Supplementary Video 2.
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Figure S3: Microscopic images describing the methodology for measuring the 
levitation height of suspended bead. (a) Before introduction of DEP forces. The 
suspended bead, fixed bead (height reference), and electrodes are all in focus. (b) 
Immediately after introduction of DEP forces. The suspended bead levitates to go 
out of focus while electrodes and the fixed bead remain in focus. (c) After 
introduction of DEP forces and refocusing camera on the levitated bead. Fixed 
bead and electrodes are out of focus.
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Figure S2: Central aggregate formation of T-cell suspension in buffer. The zoomed 
inset shows the inverted microscopic image of T-cells forming a multilayered 
cluster at the center of droplet.


	acsabm.0c00020
	mt0c00020_si_001

