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ABSTRACT: Serial femtosecond crystallography (SFX) is a
powerful technique that uses X-ray free-electron lasers (XFEL) to
determine structures of biomolecular complexes. Specifically, it  ojiphase
benefits the study of atomic resolution structures of large membrane

protein complexes and time-resolved reactions with crystallography. \ e Electrode -
One major drawback of SFX studies with XFELs is the consumption 7 \ ml 'm \
of large amounts of a protein crystal sample to collect a complete X- " ) P = r
ray diffraction data set for high-resolution crystal structures. This Aqueous ) Electrode '

increases the time and resources required for sample preparation Phase =
and experimentation. The intrinsic pulsed nature of all current X-ray

sources is a major reason why such large amounts of sample are

required. Any crystal sample that is delivered in the path of the X-ray beam during its “off-time” is wasted. To address this large
sample consumption issue, we developed a 3D printed microfluidic system with integrated metal electrodes for water-in-oil
droplet generation to dynamically create and manipulate aqueous droplets. We demonstrate on-demand droplet generation
using DC potentials and the ability to tune the frequency of droplet generation through the application of AC potentials. More
importantly, to assist with the synchronization of droplets and XFEL pulses, we show that the device can induce a phase shift in
the base droplet generation frequency. This novel approach to droplet generation has the potential to reduce sample waste by
more than 95% for SEX experiments with XFELs performed with liquid jets and can operate under low- and high-pressure liquid
injection systems.

S erial femtosecond crystallography (SFX) is an emerging produced in small quantities.” Any wastage of sample increases
crystallography technique and among the most powerful costs and experimentation time enormously.

tools to determine structures of proteins. SFX allows for an To circumvent the problem of large sample loss due to the
atomic level analysis of challenging protein structures, time- inherent pulsed nature of XFELs, several methods for sample
resolved diffraction at room temperature, and the study of delivery have been proposed including reduction of the speed
submicrometer- and micrometer-sized protein crystals, which of sample delivery, drop on-demand injection, interrupting the
are considered too small for conventional crystallography.l_° jet of a GDVN, or breaking the continuous sample delivery
In most cases, SFX is performed by employing a high-intensity into droplets through a segmented flow approach.'® Reduced

femtosecond X-ray free-electron laser (XFEL). The XFEL
pulses irradiate ideally one protein crystal at a time, and the
resulting diffraction pattern is acquired before the protein
crystal is destroyed.*”® Since many thousands of such
diffraction patterns are required to construct an electron
density map of a protein structure, SFX experiments with
XFELs commonly use a continuous sample delivery method,
which is realized with a gas dynamic virtual nozzle (GDVN).*”
Using this delivery method, protein crystals are jetted into the
path of a pulsed X-ray beam, either in a vacuum chamber® or
under atmospheric pressure.” This continuous sample delivery
method coupled with the intrinsic pulsed nature of XFELs is
the primary reason why SFX experiments consume a large
amount (up to grams) of protein sample. With the current
XFEL repetition rates and the flow rates required for a stable
liquid jet injection through a GDVN, nearly 95-99% of Received: March 21, 2019
injected protein crystals are wasted in between laser pulses. Accepted: July 1, 2019

This is particularly problematic for proteins that can only be Published: July 1, 2019

sample speed approaches rely on slowing down the speed of
the jet extruding the crystal slurries. Weierstall et al. developed
a viscous lipidic cubic phase (LCP) injector that extrudes
sample at low speeds with a reduction in sample waste by a
factor of 20."" Other viscous media have been reported to be
suitable for LCP injection, including poly(ethylene oxide)s,
hydrogels, agarose, or grease, as recently summarized.'> With
agarose, for example, the sample waste could be reduced by up
to 2 orders of magnitude.’” However, the LCP injector
approach is not suited for all SFX experiments because many
protein crystals cannot be grown in or are unstable when
mixed into LCP or other viscous media. In addition, large
background X-ray scattering is induced because of the large
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diameter of the LCP jet.*'"'® Furthermore, to populate an
undamaged crystal for each pulse, XFELs that operate at MHz
X-ray pulse frequencies require a high velocity jet (>50 m/s)."*
One such example is the European XFEL (EuXFEL), which
delivers pulse trains that repeat at 10 Hz, whereas each train
may contain several hundred MHz frequency pulses.'” The
microfluidic electrokinetic sample holder (MESH) is another
reduced sample consumption technique with continuous
sample introduction at low flow rates,'® whereas the concentric
MESH (CoMESH) injector alleviates issues associated with a
vacuum.'”

An alternative approach consists of droplet injection. For
example, Mafuné et al. developed a setup that introduced
pulsed liquid droplets containing protein crystals in the path of
X-rays'® delivering sample via a piezoelectric element where
the droplet release is stimulated by an external trigger.'” This
injector has been used at the SPring-8 Angstrom Compact
free-electron LAser (SACLA) for SFX studies on lysozyme'”
and bacteriorhodopsin.”’ Other approaches employed acoustic
droplet ejection (ADE). Roessler et al. have generated crystals-
containing droplets on-demand and have demonstrated the
intersection of the majority of generated droplets with the X-
ray pulses.”’ This approach is, however, affected by crystal
settling, generates fairly large droplets and introduces large
background scattering. ADE has also been combined with a
conveyer belt system for time-resolved crystallography where
droplets are ejected acoustically onto the conveyor belt. This
approach is also known as droplet on tape (DOT) and
facilitates the time-resolved study of photoinitiated and gas-
initiated reactions.””** However, while sample delivery on tape
has allowed time-resolved studies,”* the delivery of droplets on
a tape in combination with ADE is not suitable for time-
resolved studies where substrates are in solution.

Segmented sample delivery for XFELs has been proposed on
microfluidic platforms previously by Echelmeier et al.”® based
on established two phase droplet manipulation for droplet
generation, transport, sorting, coalescence and splitting on
microfluidic devices.”~** Conventionally, by introducing an
immiscible fluid into another, droplets or a segmented flow can
be produced passively for sample delivery.””*° We recently
developed a method based on this segmented-flow approach to
generate droplets carrying crystals and conserve sample at SFX
experiments.”’ In order to conserve substantial sample
amounts, the droplet generation and the X-ray pulses at the
XFEL must not only be of identical frequency, but also in
phase. It is also important to ensure that the frequency of the
segmented droplet approach is compatible with current XFEL
repetition frequencies ranging from 10 up to 120 Hz. Thus,
precise control of the droplet generation frequency and phase
is necessary, which can be established with an external stimuli
such as electrical, magnetic, centrifugal, optical, thermal, or
mechanical approaches.””*° Among these, electrical stimuli
have been demonstrated to be useful for controlling droplet
generation by tuning of electrowetting characteristics when a
direct current (DC) or an alternating current (AC) potential is
applied between sets of electrodes.” ™ *

In this paper, we present a 3D printed microfluidic device
with integrated metal electrodes to dynamically create and
manipulate aqueous droplets. This approach is designed to
address the limitations of continuous flow protein crystal
sample delivery methods in SFX experiments. Based on the
type and duration of the electrical potential applied between a
set of electrodes, we are able to generate droplets in various
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modes. These include (i) on-demand droplets where a droplet
is generated upon application of an electrical pulse, (ii)
inducing a phase shift in a stream of continuous droplets by the
application of an external electrical trigger signal and (iii)
tunable frequency modulation, where the frequency of a
continuous stream of droplets is changed for the duration of
the applied electrical pulse. These three modes may be suitable
for the synchronization of the pulsed XFELs with sample
delivery in picoliter to nanoliter droplets. We further relate the
observed phenomena with physical interface phenomena
allowing for the operation in the three triggering modes. The
presented microfluidic device can be fully integrated into SFX
injection systems and is expected to reduce protein sample
consumption for SEX experiments significantly in the future.

B EXPERIMENTAL SECTION

All materials and chemicals used as well as data acquisition
details are described in the Supporting Information.

Preparation of 3D Printed Device. The droplet
generator device was designed using Autodesk Fusion 360
(Autodesk, CA, U.S.A.) and 3D printed using a Photonic
Professional GT Printer (Nanoscribe GmbH, Germany) as
described previously.”' In brief, IP-S photoresist was used to
print via dip-in laser lithography and two-photon polymer-
ization. The printed device was developed in SU-8 developer
and washed with isopropyl alcohol. Polished fused-silica
capillaries, 30 cm in length, were inserted in the fluidic
channels of the droplet generator and glued permanently with
epoxy. Both oil and aqueous channels were then coated with
Novec 1720 as described in previous work.”

To insert electrodes, the liquid gallium was loaded into a 1
uL glass syringe and immediately injected into electrode
channels of the 3D printed device through the inlets*® while
vacuum was applied to the electrode channel outlets with a
vacuum pump (Model 2027, Welch, Prospect, IL, U.S.A.).
Subsequently, S cm long Ni—Cr wires (diameter = 320 ym)
were attached to each metal electrode channel and connected
to an external power source. An epoxy adhesive was then
applied to the metal channel inlets and outlets and cured at
room temperature for 1 h. Schematic drawings of the device
are presented in Figure 1.
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Figure 1. (a) 3D schematic representation of the droplet generator
with fluidic T-junction (yellow) and two inlets for the aqueous phase
and the oil phase. The diagonally arranged metal electrodes (black)
were connected to an external power source (not-to-scale). The arrow
shows the distance between the electrode and the fluidic channel
along the y-axis. (b) A microscopic image shows a droplet generated
at the T-junction. The flow directions of oil (red) and aqueous phase
(blue) are depicted with arrows. The dashed lines indicate the portion
of the aqueous channel masked by the solid electrodes. The scale bar
represents 100 ym.
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Fluidic Setup. A mixture of perfluorodecalin (PFD) and
1H,1H,2H,2H-perfluorooctanol (PFO) (v/v = 10/1) was used
as the oil phase. Two mother liquor crystallization suspensions
for proteins, termed buffer 1 and 2, were used as aqueous
phase. Buffer 1 for crystallizing KDOS8PS (3-deoxy-D-manno-
octulosonate 8-phosphate synthase) contained 46 mM KCl, 8
mM tris hydrochloride (Tris-HCl), 7.2 w/v% SK poly-
(ethylene glycol)methyl ether (PEGME).”” Buffer 2 for
crystallizing photosystem I contained S mM 2-(nmorpholi-
no)-ethanesulfonic acid (MES) at pH 6.4 and 0.02 v% of n-
dodecyl f-D-maltoside (B-DDM).” The viscosity of oil and
aqueous phase was measured with a viscometer (Brookfield LV
DV-II+ Pro, U.S.A.) and resulted in 13.3 + 0.5 cP and 3.6 +
0.4 cP, respectively.

For experiments at low-pressure (<14 psi), a flow controller
(MFCS-EZ, Fluigent, France) delivered liquid through
aqueous and oil reservoirs of Fluiwells (Fluigent, France) to
the device through 40 cm long fused-silica capillaries (100 ym
inner diameter (ID) and 360 pm outer diameter (OD)). For
high-pressure experiments (>14 psi), HPLC pumps (LC-
20AD, Shimadzu Co., Japan) were connected to reservoirs
filled with oil or aqueous phase as described lpreviously to
displace liquid toward the droplet generator.’’ Liquid-flow
sensors SLI-0430 and SLG-0075 (Sensirion, Switzerland)
monitored the flow rates after the reservoirs. PEEK tubings
(250 pm ID and 1/16-in OD) with fittings and ferrules were
used to connect the HPLC pumps to the reservoirs and
sensors, while fused-silica capillaries and PicoClear unions
were used downstream from the droplet generator. After any
adjustment of the flow rates, the system was allowed to
equilibrate for 5—10 min until pressures stabilized within the
system. The aqueous flow rate (Q,) range was between 0.2 and
S yL/min, and the oil flow rate (Q,) ranged between S and 25
uL/min.

B RESULTS AND DISCUSSION

Delivering droplet suspensions at a defined frequency and
synchronized with an XFEL laser will reduce the sample
amount required for SFX experiments dramatically. Our
approach to reduce the amount of sample wasted in SFX
experiments consists of a microfluidic droplet generator
fabricated using a high-resolution 3D printing technique.
Droplet generation control is attained by applying a potential
difference between embedded electrodes. Under pressure-
driven flow, the shear forces induced by the oil phase acting on
the aqueous phase elongate the aqueous droplets leaving the
T-junction downstream, until eventually the droplets get
pinched off.>° The frequency of the resulting droplet
generation is a complex interplay between the fluid viscosities,
the surface tension of the involved interfaces, the channel
geometry, as well as the flow rates and pressures acting in the
system.

A representative schematic of the droplet generation device
with integrated electrodes is shown in Figure la. Figure Sla
depicts a computer-aided rendition of the device used for 3D
printing and illustrates the T-junction, the microelectrodes,
and their respective inlets and outlets for the melted metal in
close proximity to the fluidic channels. The distance between
the electrode and the fluidic channel along the y-axis is
indicated as d,,,; in Figure la. This distance was varied from 50
to 5 um and could withstand experimental pressures ranging
from a few up to several hundred psi and flow rates of 0.5-20
uL/min. Figure S1b shows the top view of an assembled
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droplet generator with inserted capillaries and integrated
electrodes. A representative image of droplets generated at Q,
= 8 yL/min and Q, = 1 yL/min is shown in Figure 1b.
Three different droplet generation modes based on DC or
AC electric potentials were investigated, as shown in Figure 2.
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Figure 2. Overview of the three triggering modes. Applied DC or AC
potentials with duration (t,) and amplitude are shown in green in the
top row. The corresponding droplet detector signal (S) is shown
below each trace. The blue and red droplet detector signals
correspond to the droplet generation frequency (prior (f;) and
after (f,+) the trigger) and increased frequency (f,), respectively. (a)
In mode 1, on-demand droplet generation is induced by a DC pulse of
amplitude Uy, for a duration t,,pe. (b) In mode 2, a short pulse (t,4¢
=10 ms) of an AC potential with amplitude U, leads to a phase shift
(A¢) in a continuous stream of generated droplets without affecting
fi (c) In mode 3, a longer AC trigger signal (t,,c > 100 ms)
accelerates f;, (blue), into a faster droplet generation frequency f,
(red) for the duration of the applied signal.

The top row represents the applied trigger signal (green), and
the bottom row represents the droplet signal obtained from the
droplet detector (photodiode). In mode 1, no droplets are
generated unless a potential is applied, serving as a “drop on-
demand” method. Each DC electrical pulse generates a single
droplet. Mode 1 generates droplets on-demand when a DC
voltage with an amplitude, Upc (210 V < Upe < 1000 V) is
applied for a duration, f,,pc (300 ms). In mode 2, an AC
trigger potential with a peak amplitude (U,c), a frequency
(f.), and a short duration (f,,4c) is applied to induce a phase
shift (A¢) in an already established droplet train with a stable
frequency (f3), as shown in Figure 2b. Characteristic for mode
2 is the recovery of f,« after the application of the electrical
trigger. Finally, mode 3 employs an AC electrical trigger signal
with an amplitude U, (250 V < U, < 400 V) and f, (100 Hz
< f. < 400 Hz) applied for £, 5 (>100 ms) as shown in Figure
2c. During the application of the electrical stimulus, f, (blue)
increases to a frequency f, (red). After the electrical stimulus,
the droplet generation frequency returns to f;« (blue), which as
in mode 2 is similar to f,. The parameters we investigated for
the operation of these three modes are summarized in Table
S1 (see Supporting Information).

Mode 1: Drop On-Demand. The capability of a device to
generate droplets on-demand is important as it allows a single
aqueous droplet to be dispensed in the microfluidic chip with
precise controllability over trigger timing. Thus, mode 1 can be
used to synchronize the injection of protein crystal suspension
droplets with XFEL pulses. To explore this mode, a low-
pressure setup (<14 psi) with the PFD/PFO oil mixture as the
oil phase and buffer 1 as the aqueous phase was employed. A
DC potential in the 200 V < Upc < 1000 V range with a
duration of t,pc = 300 ms was used as electrical stimulus. It
was important to establish an equilibrium at the aqueous—oil
interface in the microfluidic T-junction achieved by optimizing
the pressures to both phases such that no droplets were
generated while allowing the aqueous medium to protrude
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Figure 3. (a—d) Sequential droplet images at the T-junction in mode 1. (a) Snapshot of a stable interface (t = 0) between the oil (PFD:PFO 10/1,
v/v) phase and aqueous phase (Buffer 1) at the T-junction; (b) A droplet composed of the aqueous phase medium is pulled out into the oil phase
after a short DC pulse was applied (Upc = 210V, £,,pc = 300 ms); (c) The formed droplet leaving the T-junction, and (d) droplet generated is no
longer in field of view. P, was 197 mbar and P, was 190 mbar. The flow in the fluidic channel proceeds from left to right. All scale bars represent
100 pum. (e) Relationship between d,,;; and the threshold voltage for droplet generation. Origin software was used to create a quadratic trendline
(red) for the relationship between d,,; and Upc
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Figure 4. (a) A trace of stable droplet generation frequency (f}) in mode 2. Upon application of an AC potential (U,c =250V at f, = 100 Hz, ¢, =
10 ms), the droplet generation is shortly interrupted (response to trigger). This leads to a A¢, without change in f,. The dashed red lines during ¢
are representative of the droplets that would have been generated at f, without a stimulus. (b) Example droplet trace showing multiple trigger
signals (U, = 250 V at f, = 100 Hz, f,,,c = 10 ms), all generating a similar response to the trigger (silent time), whereas the frequency f;« recovers
to f, after each electrical trigger. The droplet signals were acquired using the droplet detector and recorded with Powerlab and Labchart (see
Supporting Information for details). (c) Analysis of the droplet frequency and width over 10 s before and after the trigger. The base frequency and
droplet length (in time) are consistent before and after the trigger with errors. In the box plots, boxes extend from the 25th to the 75th percentiles
with a line at the median. Whiskers extend to the max/min data points. (d) Brightfield microscopy images of droplets containing lysozyme crystals
before (top) and after (bottom) an electrical trigger signal (Uyc = 300 V at f, = 100 Hz, f,,,c = 100 ms) in the outlet capillary. After the trigger, the
ts is indicated (red arrow) which leads to A¢) of 60 ms. Black spots within droplets are lysozyme crystals. The scale bar represents 200 ym.

slightly into the oil channel, as depicted in Figure 3a. Once this + 30 pL. A single droplet was successfully generated each time
was achieved, DC trigger pulses of variable amplitudes but the stimulus was above Upc . Supporting Information Video
fixed t, pc were tested until eventually a droplet was generated. S1 shows a series of single droplet on-demand generation
This potential was characterized as the threshold potential, events using a DC trigger signal (Upcy;, = 210 V and t,,pc =

Upc,ri- Below Upc 1y, the aqueous—oil interface fluctuated, and 300 ms) in the device (d,; = 5 um).
no droplets were formed. Above Upcry, one droplet was We further explored the relation between Upcr, and d,
formed per stimulus pulse. (see Figure 3e). As d,,,; was decreased from S0 to S pm, the
Figure 3a—d depicts typical sequential images recorded for required threshold potential, Upcry, decreased from nearly
on-demand droplet generation using a high-speed camera. 1000 to 210 V. When the applied potential was below the
Milliseconds after the trigger pulse started, a droplet was threshold, or the duration of the trigger was too short, t, pc <
generated as observed in Figure 3 resulting in a volume of 240 300 ms, the aqueous phase only fluctuated at the aqueous—oil
9795 DOI: 10.1021/acs.analchem.9b01449
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interface, and no droplet was released. Experiments showed
that a DC pulse of at least 300 ms was required to induce
droplets (data not shown). Each stimulus with a duration from
300 ms to 60 s resulted in a single droplet release. There was a
minimum time interval required between two consecutive
droplet generation events, which was observed to be around
300 ms. In conclusion, by controlling Upc and ¢, pc, mode 1
can be used to trigger droplets on-demand in the device, with
potential for synchronizing each droplet with an XFEL pulse.
With our current experimental setup, the maximum frequency
of on-demand droplet generation in this mode is about 1.7 Hz.
While this droplet generation is below the typical XFEL
repetition rates, improved design layouts and further studies
will allow drop on-demand generation to reach a repetition
frequency of at least 10 Hz. This would thus allow exploiting
X-ray crystallography, taking advantage of the MHz bursts
within the 10 Hz trains generated at the EuXFEL, since the
droplet volumes cover the length of the MHz bursts.

Mode 2: Inducing a Phase Shift. The significance of
mode 2 is underlined by the required synchronization of a
droplet generation base frequency with the nontunable XFEL
repetition rate. We thus explored the potential to synchronize
the phase of the droplet generation frequency with the XFEL
repetition rate, without changing the oil or aqueous flow rates
by use of electrical stimulation in a device generating droplets
at f;, and retard the droplet release for a defined time at the T-
intersection to achieve a required A¢. This was explored via
the application of a short AC trigger signal (t,,c = 10 ms) to
induce a delay in f,. We chose to investigate mode 2 for the
pulse train repetition frequency matching the EuXFEL of 10
Hz. A high-pressure setup as described in the methods section
was used to mimic the XFEL facility requirements. A
representative trace of the droplet frequency (f, = 10.9 +
0.3 Hz) is shown in Figure 4a, where Q, = 6.5 and Q, = 0.21
pL/min, generating droplets with an average volume of 378 +
13 pL. While droplets were passively produced at the T-
junction, a short AC trigger signal (U, = 250 V at f, = 100
Hz, t, 4c = 10 ms) was applied, causing droplet generation to
stop for a brief silent time (¢, = 54 ms), as shown in Figure 4a,
after which droplet generation resumed at the base frequency
(Figure 4c) within error margins. This can also be observed as
a difference in the droplet distance resultant from the
triggering event, as shown in Supplementary Video S2. The
phase shift can thus be characterized by the following
equation:

1
Ap =t —n—
A (1)

where n represents the number of droplets that would be
generated during , at f, without the stimulus. The stimulus can
be repeated as needed, as shown for a total of five consecutive
stimuli (Uyc = 250 V at f, = 100 Hz with t,,c = 10 ms)
exemplarily in Figure 4b. We further investigated whether the
droplet volume varied before and after a trigger signal as shown
in the box plot in Figure 4c. This figure shows that the droplet
volumes are not significantly different before and after the
trigger. Similar findings apply to f, and f,..

Further, we investigated how A¢ varied with repetitions of
the same stimulus (U, = 250 V at 100 Hz, t,, 4 = 10 ms). Out
of 14 consecutive stimuli, the resulting A¢ values ranged from
3 to 90 ms. Since the droplets have a finite reproducible size,
this range of phase shift is suitable for phase synchronization
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between the droplet and the XFEL pulse. Finally, we also
investigated if the phase shift induced through triggering in
mode 2 can be achieved in droplets containing crystals. We
therefore tested mode 2 with lysozyme crystals in the mother
liquor (see Supporting Information for details of crystallization
conditions). Figure 4d depicts droplets containing lysozyme
crystals generated at a base frequency of 10.6 Hz. As shown in
Figure 4d, a phase shift is apparent after the triggering event
due to a larger droplet distance corresponding to t. In
summary, mode 2 showed that short AC triggers were able to
cause a phase shift in f, without affecting f+ after the stimulus.
We also showed that the size of the droplets remained stable
before and after the phase change, and we demonstrated
triggering in mode 2 with an aqueous solution containing
lysozyme crystals. This mode has the potential for synchroniz-
ing droplets that are out of phase but at the same frequency as
the pulsed XFELs for SEX experiments.

Mode 3: Tuning the Droplet Frequency. In mode 3, we
explored whether an electrical trigger can induce a change in
the frequency of a continuous stream of droplets to improve
synchronization with an XFEL for the duration of the applied
trigger without altering flow rates. Even if flow rate control
instrumentation would allow fine-tuning of the droplet
generation frequency, any adjustment in flow conditions
requires hydrostatic pressure changes, which induce instability
in the droplet generation and generate droplets irregularly with
a large variation in droplet size.”® Droplet generation may take
up to 30 min to stabilize, depending on the flow conditions,
and lost time is always disadvantageous for an XFEL
experiment. Thus, increasing the droplet generation frequency
(f,), without changing flow rates and affecting adjacent flow
streams, is a useful technique.

To operate the droplet generator in mode 3, a continuous
stream of droplets is generated at f, by holding Q, and Q,
constant for a range of AC potentials (100 < Uy < 400 V)
with a frequency (f, = 100 Hz) for t,,c > 100 ms. We
characterized the relationship between U, and f, at the T-
junction using high- (>14 psi) and low-pressure (<14 psi)
systems, as demonstrated in Figure Sa. Before the trigger, f,
was 49.1 + 5.7 Hz and 5.6 + 0.3 Hz for high- and low-pressure
settings, respectively. By increasing Uy, f, increased to f,. The
increase in f, as compared with f; is not very evident between 0
and 240 V, but it becomes more significant after 250 V for
both pressure systems with a maximum of an approximately 4-
fold increase. Video S3 (Supporting Information) shows
acceleration of a droplet frequency under various AC trigger
signals in the device.

In addition to this, we also tested the stability of the droplet
generation related to f, and fj«. As shown in Figure 5b, we
observed that f, settled to f,« after the electrical stimulus was
stopped, and fy« is similar to f, within error margins. This
demonstrates that the droplet generation frequency only
changes during the application of an electrical stimulus and
remains unaffected otherwise. We also tested mode 3 for a
duration of 5 min and successfully observed the change from f,
to f, for the entire duration. In summary, mode 3 allows
frequency increments in both high- and low-pressure systems,
indicating that the increase in droplet generation is
independent of the fluidic setup. While the tuning of the
droplet frequency was demonstrated with mode 3, the droplet
generation frequency becomes unstable if the applied stimulus
is above a certain intensity Uyc or frequency f,. We attribute
this to electrical instability, which is illustrated in Figure S2.
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Figure 5. (a) Dependence of the achieved droplet generation
frequency (f,) on the applied AC amplitude (U,c) at f, = 100 Hz in
both high-pressure (black) and low-pressure (blue) systems. The base
frequency was 49.1 + 5.7 Hz and 5.6 + 0.3 Hz for high and low
pressure, respectively. Droplet volumes ranged from 374 + 8 pL for
no potential applied, over 367 + 8 pL for 100 V, 246 + 13 pL for 250
V, 139 + 16 pL for 300 V to 105 + 13 pL for 400 V. The lines
represent quadratic curve fits. Error bars represent the standard
deviation. Some error bars in (a) are obscured by the size of the
symbol. (b) Analysis of f, 2 min before and after the trigger signal for
Uye = 250 V at f, 100 Hz, t,4c = 1 s. Droplet generation
frequencies, f;, f, and f,s, were 5.0 + 0.4 Hz, 9.2 + 0.7 Hz, and 4.7 +
0.5 Hz, respectively. The droplet generation frequency is accelerated
during t,, 4, and f« is similar to f;, within error margins. In the box
plots, boxes extend from the 25th to the 75th percentiles with a line at
the median. Whiskers extend to the max/min data points.

Above a certain Uy (or f,) however, the droplet size and
frequency becomes unstable, leading to an “electro-spraying”
regime, as illustrated in Figure S2. Clearly, in extreme cases, f,
can no longer be increased to a stable f, during triggering, but
rather results in irregularly sized droplets and irregular
frequencies. It is also evident that the wetting properties
change, as the aqueous droplets contact and wet the
microchannel walls.

We note that droplet volumes ranged from 374 + 8 pL for
no potential applied, over 367 + 8 pL for 100 V, 246 + 13 pL
for 250 V, 139 + 16 pL for 300 V to 105 + 13 pL for 400 V.
These droplet volumes as well as those for mode 1 and 2 (see
above) are comparable in magnitude to the droplets (~80 ym
in diameter) obtained through piezoelectric droplet triggering
as reported by Mafune et al.'® Further comparing to
piezoelectric droplet generation, we note that the latter cannot
be easily interfaced with a mix-and-diffuse serial crystallog-
raphy setup and that the here reported droplet triggering
approach is fully compatible with regular crystal suspension
delivery, including sample shaking to prevent crystal settling
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and cooling to avoid degradation. Our approach thus is
favorable to avoid clogging and decreases in crystal hit rates
over time as previously reported with piezoelectric droplet
generation.'® We note that similar drawbacks are also to be
expected with ADE droplet approaches.

On the basis of the achieved electrically induced triggering,
we investigated two major phenomena previously described in
literature that could be responsible for the here demonstrated
effects,”” namely, electrowetting on dielectrics (EWOD) and
dielectrophoresis (DEP). Electrowetting on dielectrics
(EWOD) refers to changes in the contact angle of a dielectric
material initiated upon application of a voltage. The control of
wettability on a dielectric surface is allowed by controlling the
interfacial energy changes between the liquid and the surface.*”
Similarly, in the droplet generator, the interfacial energies of
the involved surfaces may be altered, leading to the release of
aqueous droplets. The major force (F,,) actin§ on the aqueous
liquid on a dielectric substrate is given as’”*

@)

where the prefactor, @, is the ratio of involved permittivity and

. €0€; 40,41 cepios
a correction factor £, *>*! Here, £, denotes the permittivity of

vacuum and &g, the dielectric constant of the insulator (i.e., the
photoresist employed to fabricate the 3D printed device), U is
the applied voltage, and d, is the thickness of the dielectric
layer. A larger F, is thus induced through larger applied
potentials and a shorter d, ;. This was observed in our study,
as lower threshold voltage amplitudes were required for
decreased d,,,; as observed in mode 1 (Figure 3e). Moreover,
the study conducted in mode 3 showed that increased voltage
amplitudes lead to acceleration of the droplet frequency. This
can also be explained with increased F,, as demonstrated in
Figure Sa,b. In addition, analysis of the video sequences
demonstrated wetting of the hydrophobic inner channel walls
with the aqueous droplets, when being released from the T-
junction upon triggering. This effect is dependent on employed
flow rates, droplet sizes, and applied voltage amplitudes, but is
a strong indication for EWOD effects during electrical
triggering. Similar arguments may be used for the effect of
DEP on droplet release, as the dielectrophoretic force scales
with the applied potential squared.*”** In DEP, a polarizable
particle or a polarizable interface experiences an attractive or
repulsive force under a nonuniform electric field.’”** In our
case, the electrode geometry used in the droplet generator
induces a nonuniform electric field. While the detailed
mechanism of DEP at the T-junction needs further study, it
seems reasonable that DEP forces may push the aqueous—oil
interface into the T-junction thereby facilitating droplet
release. However, previous reports have shown that DEP
forces are typically weaker than EWOD effects in the frequency
regime studied here.”””” Therefore, it seems likely that
electrowetting forces dominate the droplet release in the
presented device. A more detailed study, however, needs to be
conducted to quantitatively compare the magnitude of EWOD
and DEP forces.

B CONCLUSIONS

We demonstrated a 3D printed microfluidic platform with
embedded gallium electrodes to enhance control of aqueous
droplet generation in a stream of oil. The microfluidic T-
junction with embedded gallium electrodes can be operated in
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three different modes to generate droplets. First, on-demand
droplets can be generated through programmable DC
potentials. We demonstrated on-demand droplet generation
with a maximum frequency of 1.7 Hz. Future optimization and
device design may likely allow an increase in the on-demand
droplet generation frequency to match current XFEL
repetition rates. Second, the phase of the droplet generation
frequency can be tuned under short AC signals that can be
employed to assist the synchronization of the aqueous droplets
with the XFEL pulses. Third, the droplet generation frequency
can be increased by AC trigger signals without hampering
droplet generation stability, before and after the trigger. In
addition, we discuss the origin of the observed phenomena and
conclude that electrowetting is predominantly responsible for
the observed droplet triggering effects. This innovative
approach of controlling droplet production and delivery in
the path of X-rays can be utilized to improve synchronization
of droplets and the X-ray beam and consequently play a crucial
role in saving protein crystal sample in SFX experiments. In
addition, 3D printing technology will allow for future
integration of the 3D printed droplet generator with 3D
printed GDVN injectors recently developed for XFEL sample
delivery.
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