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ABSTRACT: We present an acoustofluidic device for fluorescently triggered merging of surfactant-stabilized picoliter droplet pairs
at high throughput. Droplets that exceed a preset fluorescence threshold level are selectively merged by a traveling surface acoustic
wave (T-SAWSs) pulse. We characterize the operation of our device by analyzing the merging efficiency as a function of acoustic
pulse position, duration and acoustic pressure amplitude. We probe droplet merging at different droplet rates and find that efficient
merging occurs above a critical acoustic power level. Our results indicate that the efficiency of acoustically induced merging of
surfactant stabilized droplets is correlated with acoustic streaming velocity. Finally, we discuss how both time-averaged and instan-
taneous acoustic pressure fields can affect the integrity of surfactant layers. Our technique, by allowing the merging of up to 10°
droplets per hour, shows a great potential for integration into microfluidic systems for high-throughput and high-content screening

applications.

Droplet-based microfluidics enables the precise control and
analysis of (bio)chemical reactions! and provides a powerful
platform for high throughput single-cell screening in large cell
populations.? Droplets play an essential role in numerous fields,
including protein engineering,® oncology,* stem cells research®,
material sciences.®, systems and synthetic biology.”® They act
as picolitre sample carriers that can be systematically sorted,®
trapped,® mixed,? pipetted!? and split'® in a user-defined pro-
cess to reproduce bench-top protocols at higher throughput and
lower cost.

Merging is central to many droplet-based microfluidic systems
since it triggers and starts chemical reactions. Droplet merging
can be performed using passive or active techniques. Passive
techniques are easily implementable in microfluidics as they
rely on microfluidic channel designs which give rise to hydro-
dynamic forces that enable merging of drops in a non-selective,
high-speed manner.!* Active merging is generally preferred
since it permits on-demand coalescence of selected surfactant-
stabilized droplet pairs.2**® Surfactant molecules are used in
droplet-based microfluidic systems because they significantly
reduce the occurrence of non-specific coalescence by lowering
emulsion interfacial tension to preserve sample compartmental-
ization.!” In the widely used electro-coalescence, the droplet in-
terface is destabilized by application of a high frequency and
high voltage electric field.1>?* Recently, a method using fer-
rofluid droplet pairs exposed to a uniform magnetic field was
presented.? Yet, both strategies depend on the contrast between
droplet and carrier fluid physicochemical properties, such as the
conductivity, electrolyte concentration, pH-value or magnetic

susceptibility, and are therefore limited in their scope of appli-
cations.'®22 Another approach based on thermo-induced droplet
merging can overcome this drawback. However, the need to use
thermo-responsive microgels for droplet surface stabilization
limits its applicability and temperatures required can potentially
harm cells or denature proteins in samples.?

The use of travelling surface acoustic waves (T-SAWSs) is a ver-
satile alternative for merging. They provide a fast actuation
mechanism for droplets®'>**2 that can be triggered on-demand
and which is independent of their physicochemical properties.
Furthermore, surface acoustic waves are considered a biocom-
patible manipulation tool, and have been used with a variety of
cells and biological samples.?*2¢ So far, two methods using T-
SAWs for the droplet merging have been reported. In the first,
acoustic radiation forces immobilize droplets flowing through a
channel expansion into a merging chamber.?’ Consecutive
droplets are merged with the trapped droplet, modifying the
drag force to acoustic radiation force ratio until a critical size is
reached, leading to the release of the merged ensemble. This
approach, inspired from passive merging, does not require drop-
let spacing adjustment. However, it involves the use of surfac-
tant-free solutions, which increases the likelihood of unwanted
coalescence events. To overcome this limitation, a second ap-
proach permitting the merging of surfactant stabilized droplets
has been presented.?® Easily implementable, the technique re-
quires no special channel design and allows for the continuous
droplet merging. Nonetheless, as T-SAW generation is not trig-
gered and droplet content is not analyzed, the technology is re-
stricted to unselective merging protocols.
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In this article, we present a new acoustofluidic device that ena-
bles rapid, selective merging of individual droplet pairs, trig-
gered by droplet fluorescence level. We characterize the acous-
tic droplet merger by analyzing the impact of critical operating
parameters on merging efficiency and show that the main con-
trol parameters for merging droplet pairs are the pulse delay,
power and duration.

MATERIALS & METHODS

Hybrid device fabrication. We use a tapered IDT (T-1DT) de-
posited on top of a piezoelectric substrate (polished, 128° rot,
Y-cut LiNbO3), coated with a a 200 nm SiO, layer, to generate
T-SAWs. The theoretical resonance frequency of the IDT
ranges from 160 MHz to 167 MHz, allowing for sub-microme-
ter precision positioning of its 169 um wide acoustic path along
the aperture.?®

Polydimethylsiloxane (PDMS) channels are made using stand-
ard soft lithography. The PDMS channels are manually aligned
on the T-IDT chip with a precision of + 10 pm, using a stere-
omicroscope. Both parts are then mechanically pressed against
each other to create a seal before flushing channels with Aqua-
pel to make them hydrophobic.

Fluidic system. For on-chip production of a binary emulsion,
we use a double cross-junction module with all inlet widths set
to 30 um. 2% w/w FluoSurf (Emulseo, France) in 3M™
NOVEC™ 7500 fluorinated oil constitutes the continuous
phase while deionized water (18,2 MQ, MilliporeSigma) or de-
ionized water with trypan blue and fluorescein (10 uM final)
are used for the dispersed phases. The three inlets of the double
cross-junction module are pressure-driven by the mean of a cus-
tom-made pressure pump system controlled in real-time on
LabView (National Instruments). Typical working pressures
range from 100-600 mbar, depending of the required droplet
sizes and production frequencies. A programmable syringe
pump (PHD ULTRA™, Harvard Apparatus) is employed to in-
ject continuous phase for droplets spacing. Volumetric flows
rates between 20 pl hr and 200 pl hr are used, depending on
droplet frequencies.

Fluorescent signal detection and IDT actuation. To excite
droplets, a 488 nm 200mW DPSS laser is aligned to the drop-
lets’ path. The fluorescence signal of individual droplets can be
collected through a photomultiplier tube (H10723-20, Hama-
matsu) before being analyzed in real-time by a custom-made
LabView routine (LabView 2019, National instruments) com-
plied on a field-programmable gate array (FPGA; NI PCle
7841R, Virtex-5 LX30, 200kS.sec?, National instrument). If a
droplet’s fluorescence signal exceeds a user-defined threshold
adelayed 5V TTL signal is sent from the FPGA to trigger, with
psec precision, a switcher (ZX80-DR230-S+, Mini-Circuits)
permanently fed with an HF signal coming from a signal gener-
ator (SMB 100A, Rohde & Schwarz). Next, the HF signal is
redirected to the T-IDT and a T-SAW pulse is generated to
merge the targeted droplet pair.

All experiments were performed on an inverted microscope
(1X, 73) and recorded using a high-speed camera (Mini AX-50,
Photron).

RESULTS
To achieve acoustic merging, we use a T-IDT composed of 60
finger pairs with finger spacing ranging from 23 um to 24,3 pm
along its 570 um wide aperture, which generates T-SAW pulses

on a piezoelectric LiNbO; substrate across an acoustic path
width of 169 pm. The substrate is bound to a PDMS mold con-
taining the microfluidic structures to enable the delivery of
droplet pairs to the merging region of the chip.

We produce a mixture of two emulsions on-chip using a cross-
junction channel. Through one side of the cross-junction an
aqueous solution containing 10 uM fluorescein is dispersed,
while the other side produces pure deionized water droplets.
The continuous phase is made of fluorinated oil (HFE 7500,
3M™) containing 2% (w/w) FluoSurf™ (Emulseo, France).
Droplets are produced in the squeezing regime at the junction
and form a plug flow (Figure 1a). All three inlet channels com-
posing the cross-junction have width W = 30 um and height H
=25 um. By modifying inlet driving pressures, the volumes and
frequencies of each emulsion are adjusted independently. Con-
trol over droplet spacing is achieved by adding continuous oil
phase to the emulsions (Figure 1b). The likelihood of unin-
tended droplet splitting at the oil injector is reduced by the wid-
ening of its orifice to lower shear forces, while PDMS pillars
prevent potential droplet expansion.

The droplets flow in an expanding channel section at the merg-
ing chamber entrance where fluorescence level is measured
continuously using a laser-induced epifluorescence setup. The
laser beam is focused upon the droplet and detects the fluores-
cence emission signal with a photomultiplier tube (Figure 1c).
When the fluorescence level exceeds the threshold, a trigger ac-
tuates merging downstream. While flowing through the channel
expansion, droplets with a diameter smaller than the maximum
chamber width (Wmax= 100 pm) become slower, allowing drop-
lets that follow and span the channel width in plug-flow to catch
up. This means that smaller droplets become the front drops of
droplet pairs that will eventually merge, while the larger ones
become the rear drops.

When the volumetric flow of the oil injector and the flow rate
ratio between the two emulsions are adjusted, droplet pairs are
precisely spaced such that only one pair arrives in the merging
chamber at a time. Merging is induced by delivering an acoustic
pulse, generated by a T-IDT, that hits the droplet pair as shown
in Figure 1d. In the newly formed drop, aqueous solutions from
both merged droplets mix quickly while the resulting drop exits
the chamber (Figure 1e).

Exact timing and positioning of the acoustic pulse, with respect
to the position of the droplets, is key to merging. When a drop
exceeds the fluorescence threshold and the merging trigger is
set, the acoustic pulse is delayed by a user-defined delay time
D. By using this mechanism and selecting the appropriate oper-
ation frequency for T-IDT excitation, the time and location of
the pulse is precisely controlled.
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Figure 1. Schematic processing of droplets in the acoustic merging
device. (a) Fluorescein (green) and water (blue) droplets of differ-
ent diameters are synchronously produced in the squeezing regime
forming droplet plugs. (b) Droplets are diluted by adding an oil
phase from two sides. (c) Single drops’ fluorescence level is
screened at the merging chamber entrance and a trigger is set. (d)
If the fluorescent signal of one drop exceeds a user-defined thresh-
old, a T-SAW pulse is released and the droplet pair is merged. Blue,
black green and red arrows depict the main channel flow, oil injec-
tion flow, the laser spot and T-SAWSs pulse direction. Micrographs
showing 1a and 1b are provided in SI Appendix, Figure S1.

An advantage of the presented merging device is its flexibility.
By inverting the driving pressures of the two dispersed phases
at the T-junction inlets, we can switch the position of the fluo-
rescein droplets and the aqueous drops to trigger merging from

front to back and vice versa, while still achieving successful
merging (Figure 2a and 2b). If a fluorescein droplet is posi-
tioned in front of the pair to be merged, merging is considered
as front-triggered (FT; Figure 2a). If the fluorescein droplet is
at the rear of merged pair, merging is considered as back-trig-
gered (BT; Figure 2b). Another advantage of a triggered system,
is the ability to control the acoustic path location relative to the
position of the targeted droplet pairs by adjusting the delay time,
defined as D = trsaw — taetect, Where trsaw and teewect are the times
of T-SAW pulse generation and detection of a drop above the
fluorescence detection threshold.

Figure 2. Time lapse imaging of 10Hz (a) front-triggered (FT) and
(b) back-triggered (BT) merging. Flow direction is indicated by the
blue arrows. Acoustic path is depicted by red arrows. In the absence
of T-SAWSs, no merging was observed (SI Appendix, Figure S2)

To characterize the effect of the acoustic path position relative
to the position of targeted droplet pairs, we monitored the FT
and BT droplet merging processes for different D values. By
changing D, the position of droplet pairs within the merging
chamber varies at the point of T-SAW actuation. For FT and BT
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merging, efficiency E, given by the ratio of merged drops and
number of intended merging events, decreases to both sides of
central D values with a half-width time of ~10ms as shown in
Figure 3a. The curve Egr(D) describing the dependence on D
for BT merging is shifted to smaller delays compared with
Err(D) for FT merging, since the droplet pair has already pro-
ceeded further downstream in the merging region with refer-
ence to the position at which the laser detects the fluorescent
drop. This curve displacement between FT and BT, 4D = Der -
Degr, can be estimated from the graph as the difference between
delay values Dgr and Dgr, at which:

J;DXE(D)dD - %J:OOE(D)dD

for FT and BT merging, respectively.
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Figure 3. Distribution of merging efficiency as a function of delay
time. (a) Comparison between FT and BT merging at a fixed fluo-
rescein droplet frequency of 10 Hz. 4D is depicted by the double
ended arrow, while left and right dotted lines show Dsr and Der,
respectively. (b) Comparison between 10 Hz and 30 Hz fluorescein
droplet frequencies. Delay time intervals for highly efficient merg-
ing (> 90%) are represented by the span between dotted lines. T-
IDT excitation frequency (162 MHz), duration (10 ms) and power
(320 mW) were fixed during the experiment. Data were obtained
by analyzing 100 droplet pairs per point.

The average delay shift between both curves 4D = 15.8 ms after
analyzing 1600 droplet pairs (Figure 3a). For comparison, we
define the time taken (4ts) by the back droplet to reach the same
position as the front droplet with reference to the location of the
laser spot as Ats = tsg - tsk, With tsg and tsg being the back and
front droplet screening times, respectively. For 10Hz fluores-
cein droplet production frequency we determine from 100 drop-
lets that 425=15.7 £ 0.3 ms (data not shown), which agrees with
the value calculated for 4D. While merging efficiency depends
upon acoustic path positioning, our hybrid device can adapt to
different droplet pair configurations and still achieve highly ef-
ficient merging.

The position of the acoustic path relative to the position of tar-
geted droplet pairs is influenced by D and by droplet production
frequency, as this latter affects droplet velocity. To understand
how droplet production frequency and signal delay time impact
droplet merging together, we measured merging efficiency at
different combinations of production frequencies and delay
times. Figure 3b shows FT merging efficiency at 10 Hz and 30
Hz fluorescein droplet production frequencies. We find that in-
creasing the frequency of triggering droplets substantially re-
duces the D, as droplet pairs need less time to flow to the merg-
ing position. Higher droplet production frequency is also asso-
ciated with a narrowing of the D range available to achieve high
merging efficiency (> 90%), meaning that that precise timing
becomes essential. The D range is reduced from 4.71 ms to 1.12
ms when fluorescein droplet frequency increases from 10 Hz to
30 Hz (Figure 3b). This reduction is explained by a decrease in
interaction time between the acoustic path and droplets, due to
an increased averaged droplet velocity from 15 um ms to 60
pum ms™. We found that higher merging efficiencies (> 90%)
are achieved when the front edges of rear droplets are first hit
by the acoustic path (Figure 2), regardless of whether the trig-
gering droplet is in front or at the back of the pair.

Another important parameter influencing the acoustofluidic
manipulation of droplets is the amount of acoustic momentum
delivered to the system. To gain insight into how this influences
merging efficiency, we observe merging efficiency as IDT ex-
citation power is modulated. We performed FT and BT merging
at three different fluorescein droplet frequencies (10 Hz, 20 Hz
and 30 Hz). Our results suggest that merging efficiency criti-
cally depends on the power applied to the IDT (Figure 4). While
no merging was observed at lower signal amplitudes, efficiency
rapidly increases for FT and BT merging when signal power
exceeds a critical level of 100 mW and 150 mW, respectively.
This trend, forcing the comparison with a switched on/switched
off phenomenon, is independent of the droplet frequencies con-
sidered within our experiments. Higher signal power is required
for BT merging. This may be because datasets were acquired
during two experiments, using two devices. Variations in the
alignment of channels to T-IDTs may be responsible for the
measured differences, as the amount of acoustic momentum
damped by the PDMS in both devices may change slightly.®
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Figure 4. Merging efficiency depending on electric power used for
(A) FT and (B) BT merging. T-IDT excitation signal frequency
(162 MHz) and pulse duration (10 ms) were kept fixed during data
acquisition. Curves were obtained by sigmoid fit using a Boltz-
mann equation. For each point, a total of 100 droplet pairs were
analyzed. Errors were estimated for 95% confidence intervals.

Since the results shown in Figure 4 suggest that the amount of
acoustic momentum transferred into the system affects merging
efficiency, we quantified the influence of IDT excitation dura-
tion, here referred to as pulse duration (PD), on merging effi-
ciency. Figure 5 shows merging efficiency for pulse durations
at four different T-IDT excitation powers, ranging from 250
mW to 500 mW. The resulting curves, which show system be-
havior at the four different powers, all follow a similar trend and
can be divided into three consecutive intervals: a rising, a plat-
eau and a decreasing phase. The rising phase takes place in be-
tween 1 ms and 6 ms, as merging efficiency increases substan-
tially for each power when the PD is incrementally increased.
For a given PD, higher powers result in higher merging effi-
ciency, as shown by the differences between 250 mW and 500
mW curves. Then in the second time range, between 6 ms and
20 ms PD, merging efficiency stabilizes and curves enter a plat-
eau-like phase. After 20 ms, merging efficiency quickly drops.
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Figure 5. Distribution of merging efficiency as a function of pulse
duration for different powers. IDT excitation signal frequency (162
MHz) and delay (29 ms) were kept fixed through the experiment.
150 droplet pairs were analyzed for each point. Errors were esti-
mated for 95% confidence intervals.

DISCUSSION

The acoustofluidic device presented in this article allows for the
merging of surfactant stabilized droplet pairs. Compared to
other acoustic methods reported so far,?® our device achieves
selective merging as it is triggered following fluorescence
screening of each droplet content. Furthermore, it exhibits a
throughput of up to 10° droplet pairs merging per hour, with the
ability to run continuously for more than 12 hours. By quanti-
fying merging efficiency, we investigate the impact of IDT ac-
tuation delay, power and duration on the merging phenomenon.
Our results show that the position of the acoustic path relative
to the targeted droplet pair, together with the amplitude and du-
ration of the T-SAW pulse, influences merging efficiency. Fol-
lowing each merging event, interfaces of the merged droplets
rapidly form a bridge (< 200 ps) which relaxes to form a spher-
ical drop minimizing its surface energy (SI Appendix, Figure
S3).

As observed, merging successfully occurs when the acoustic
pulse is actuated within a precise time window (Figure 3) of
4,71 ms and 1,12 ms for 10Hz and 30Hz FT merging. respec-
tively. Since these time windows, when associated to droplets
speed, correspond to a range of acoustic path positions relative
to the position of the targeted droplet pair, our results are in
agreement with previously reported work.?® Nonetheless, while
the other technique allows for the merging of droplets posi-
tioned 500 um before and after the IDT, our device achieves
droplets coalescence within a span of = 69 um, only when the
droplet pairs are in close vicinity of the T-IDT so that the acous-
tic path precisely hits the front of the rear drop. This difference
between both devices, which allows us to perform localized and
selective merging of single targeted droplet pairs without com-
promising sample compartmentalization in other droplets, can
be attributed to channel design. The widening of the merging
chamber in our device efficiently reduces pressure perturba-
tions upstream and downstream of the acoustic path when com-
pared to the use of a straight channel.

Once produced, the T-SAW pulse travels along the surface of
the lithium niobate substrate before being refracted into the
merging chamber fluid at a Rayleigh angle 6 = arcsin(v;/v;),
with v; and v, being the sound velocity in the liquid and on the
substrate, respectively.3 The resulting bulk waves are then at-
tenuated, transferring momentum to the medium in form of
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acoustic streaming, also termed microstreaming, as studied be-
fore in detail. 23 Since microstreaming velocity is considered
proportional to the amplitude used to excite the T-SAWSs pulse
atthe T-1DT %% we can infer from the results in Figure 4 that
merging efficiency is dependent upon acoustic flow velocity.
However, this brings forward the question: how acoustic
streaming, which is an effect of the time averaged acoustic pres-
sure field, could be responsible for surfactant stabilized coales-
cence of droplets?

Surfactant molecules are used to stabilize droplets and prevent
coalescence due to steric repulsions of their tails at the interface
between two droplets.’” When two droplets get closer, the drain-
age of the liquid film separating them is responsible for an out-
ward flow that leads to heterogenous distribution of the surfac-
tant molecules along their surface. The resulting surface tension
gradient leads to a stress, named Marangoni stress, which drives
an inward flow counteracting film drainage, hence preventing
coalescence of droplets.®**! Asa T-SAW pulse is generated, the
resulting microstreaming affects fluid flow in the vicinity of the
acoustic path. We therefore hypothesize that acoustic streaming
could disturb the Marangoni flow, permitting effective film
drainage for droplet contact and merging. Moreover, when con-
sidering the on/off profile of the curves in Figure 4, we can fur-
ther hypothesize the existence of a critical microstreaming ve-
locity, above which the Marangoni flow would be sufficiently
disturbed to allow merging. While changing surfactant concen-
tration was reported to have no effect on T-SAWSs merging ef-
ficiency?®, this possibility cannot be completely excluded given
the low amount of data available on the subject. We expect that
increasing surfactant concentration would increase the surface
tension gradient responsible for the Marangoni flow. Conse-
quently, if merging depends upon Marangoni flow disturbance,
higher power might be required for efficient merging.

Another approach to explain the merging phenomenon ob-
served within our device relies on a counterintuitive effect. It
has been shown that when two droplets separate quickly, a pres-
sure difference is created between their interiors and the bulk
fluid, as viscous effects dominate.*> This pressure difference
may overcome surface tension, hence leading to the formation
of two protrusions facing each other at droplets interface. If both
protrusions reach a length higher than half the distance between
the two droplets, contact is made and merging takes place.** In
various simulations, the lengths of formed protrusions was as-
sociated with the acceleration of the front droplet relative to the
rear droplet.*>*® Such a phenomenon may be compatible with
results obtained in Figure 4. In a horizontal plan, acoustic
streamlines can be seen as two vortices, symmetric by the
acoustic path center and rotating counter wise.>*®38 As a result,
if the acoustic path is located at the interface between two drop-
lets, the back droplet might be decelerated while the front one
accelerates, thus leading to their separation at a speed influ-
enced by acoustic streaming velocity. Therefore, we hypothe-
size that microstreaming velocity may influence droplet pairs
separation, with a critical value above which the speed of pro-
trusion formation together with their size enables droplets to
contact and merge.

It should be noted that the merging phenomenon seems to be
independent of the velocity of droplet pairs, as changes in drop-
let production frequency do not affect power threshold mark-
edly for both FT and BT merging (Figure 4). However, this as-
sumption must be taken carefully, as results reflect the phenom-
enon behavior at droplet velocities within the same order of

magnitude. In the perspective of ultra-high throughput merging,
drag force would be increased as it is proportional to speed of
objects in laminar regime. Consequently, if merging relies on
separation speed of droplets, a higher IDT input amplitude
might be required to increase microstreaming velocity and
reach the required separation conditions permitting merging of
droplets.

It has been shown that as T-SAW pulse becomes longer, the
transfer of momentum due to microstreaming is increased until
it eventually reaches a plateau, defined by the acoustic pressure
amplitude.*** Therefore, the curve progression in Figure 5 sug-
gests a merging efficiency directly proportional to the acoustic
streaming velocity. The important point showed by this figure
is the existence of an upper limit of pulse durations required to
achieve effective merging within our device. For pulses lasting
more than 20 ms, the substantial drop in merging efficiency can
be explained by the fact that longer pulses affect the synchroni-
zation process of upcoming droplet pairs (SI Appendix, Figure
S4).

In addition to the effect of microstreaming which results from
the time averaged acoustic pressure field, a potential effect aris-
ing from the instantaneous acoustic field should also be consid-
ered. The 162 MHz AC signal used to excite the T-IDT during
our experiments leads to the generation of millions of acoustic
pressure maximums and minimums per second. These pressure
oscillations, while travelling along the piezoelectric substrate,
leak in the liquid under the form of bulk acoustic waves before
hitting droplet interfaces. Consequently, we hypothesize that a
mechanical effect associated with instantaneous acoustic field
could lead to droplet interface vibration, at a frequency that
could affect the surfactant layer. Indeed, such a vibrational ef-
fect has been theoretically studied*>*® and observed*’* in ex-
periments of droplet coalescence by the use of an AC electric
field. In those studies, rapid changes of the electric field in kHz
range promote dynamic instability in oil-water droplet inter-
faces, causing depletion of surfactant molecules, pore formation
and merging.

To better understand if merging of surfactant stabilized droplets
using T-SAWs is permitted by Marangoni flow disturbance,
separation of droplets or/and by real time acoustic field pressure
oscillations, future works should investigate the impact of sur-
factant concentration and liquid phases viscosities on merging
efficiency as well as how acoustic pulses influence streaming
outside and inside droplets. Additionally, velocities of all drop-
lets involved in the merging process should be studied to vali-
date the hypothesis of droplet separation-associated acoustic
merging. This should be carried out together with an analysis of
the effect of droplet diameters and deformation, since droplet
compression has already been associated with merging of drop-
lets.** Deformation of droplet interfaces was discussed previ-
ously in an article related to merging of surfactant stabilized
droplets using T-SAWS.? In this work, the authors described an
asymmetric deformation of the droplets caused by the acoustic
streaming. We observed droplet deformations in our experi-
ments and their role in acoustic merging is not to be excluded.
The merging of surfactant stabilized droplets by T-SAWSs at dif-
ferent frequencies in the MHz range has been briefly studied
and found to have no influence on merging.? Nevertheless, our
results call for a deeper study on how surfactant layers are af-
fected under kHz, MHz and GHz acoustic fields, to better un-



derstand the potential impact of a vibrational effect on surfac-
tant depletion, as mentioned for AC field electrocoalescence.*®
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CONCLUSION

Droplet-based fluidics has become a well-established and
widely used technology, allowing rapid development in fields
like high throughput single-cell sequencing and screening.
Merging of droplets used as micro-containers is a key step in
the workflow of many of these applications, for example, to add
a drug to be tested* or barcodes in single-cell transcriptomics.>°
Here, we have introduced a versatile acoustic droplet merging
technique that facilitates triggered merging of selected droplets
at high speed using a fluorescence readout. The technology can
be easily integrated with the many other acoustofluidic
tools.®121%2 The ability to flexibly trigger merging, by either
the front or the rear drop of the droplet pair, together with opti-
mal synchronization and spacing of droplets, allows merging of
only the desired droplet pairs, without influencing other drops
in the channel.

In this work, highly specific and efficient merging was achieved
within a narrow time window by means of triggered acoustic
pulse actuation. The timing and position of the acoustic pulse
was also precisely controlled relative to each detected droplet
pair. Thus, we were able to ensure that the acoustic pulse ini-
tially contacted the target droplet pair at the front of the rear
drop, and subsequently switched off before entry of the next
droplet pair to the merging region. Our characterization of the
dependency of merging efficiency on T-SAW power showed a
sharp onset and the existence of a critical value, above which
very high merging efficiency is achieved. The device attains a
merging efficiency of 100% within the range of experimental
parameters tested. In the absence of T-SAWSs, no merging was
ever detected, despite operating at a maximum merging fre-
quency of 10° droplet pairs per hour — a 300-fold increase in
throughput compared to previously reported acoustic merging
techniques.?"?® Following merging, rapid and complete mixing
of droplet contents was also observed.

Future work should firstly be directed towards improving the
detection strategy. For example, the implementation of real-
time image analysis would enable live modulation of delay time
and/or T-IDT excitation frequency, and thus, enhance system
versatility. To finally realize ultra-high throughput merging in
the kHz range, the method of droplet pairing should be revised,
for example, by improving the microchannel design. Further-
more, comprehensively characterizing the influence of delay
time and acoustic path width relative to the contact point of the
acoustic pulse on the droplet interface would enable more rapid
and efficient merging. To exploit the many advantages that
acoustically driven micro total-analysis system bring over alter-
native methods, we aim to implement the existing system into
other microfluidic workflows to achieve more complex tasks
such as: drug screening, study of enzymes kinetics for directed
evolution, and genetic and/or transcriptomic profiling of single
cells.
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