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Abstract: Manipulation of high-density materials, such as crystals and liquid condensates, is of great
importance for many applications, including serial crystallography, structural and molecular biology,
chemistry, and medicine. In this work, we describe an acoustic technique to focus and harvest flowing
crystals and liquid condensates. Moreover, we show, based on numerical simulations, that the acoustic
waves can be used for size-based particle (crystals, droplets, etc.) separation. This is an essential
technological step in biological research, medical applications, and industrial processes. The presented
technology offers high precision, biocompatibility, ease of use and additionally, is non-invasive and
inexpensive. With the recent advent of X-ray Free Electron Laser (XFEL) technology and the associated
enormous importance of a thin jet of crystals, this technology might pave the way to a novel type of
XFEL injector.

Keywords: microcrystals; liquid-liquid phase separation; microfluidics; acoustic radiation; particle
separation; focusing; serial crystallography; free electron laser; crystal harvesting

1. Introduction

Microfluidic technologies benefit from a high surface to volume ratio, well-defined residence time,
and precise control over mass and heat transfer. This allows for the optimization of crystallization
conditions and the formation of high-quality crystals [1–3]. Moreover, microfluidic technology offers
exceptional control for the investigations of biological phenomena. Finally, microfluidics allows to
precisely manipulate material inside the microfluidic device. With the advent of the free electron
laser (FEL) sources, high-quality X-ray data can be extracted from crystals measuring only a few
micrometers (2–5 µm). However, moving these crystals from a conventional crystallization experiment
to the XFEL beam remains challenging [4,5]. Many different devices, such as optical tweezers [5],
acoustic wave-based devices [4,6–8], and robotic devices [9,10], have been made to automate the
transfer of microcrystals from the growth plate to the X-ray beam. These techniques are sophisticated,
expensive, and might create unwanted forces which can compromise the quality of the data set and
alter the structure of the crystal. Moreover, they manipulate crystals initially at rest. Given the
importance of jet technology to XFEL crystal injection, the inability to manipulate moving crystals has
been a limitation in acoustic implementation at XFEL sources [6–8]. In contrast with previous methods,
acoustofluidic devices allow for X-ray analysis to be performed in flowing streams, thereby eliminating
the crystal mounting step that might be detrimental to the quality of the crystal and the data [11].
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Recent discoveries in cell biology also attracted the attention of scientists to liquid-liquid phase
separation (LLPS), which is often observed in the test tube and is thought to occur in eukaryotic
cells. LLPS is a process which allows different components, above their saturation concentration,
to de-mix from the homogeneous solution state to form concentrated liquid droplets. When they form
in cells, they are considered to constitute membraneless organelles (MLOs), also termed biomolecular
condensates [12]. MLOs are necessary for normal cellular physiology; however, it was shown that
they are also involved in neurodegenerative diseases, such as amyotrophic lateral sclerosis (ALS) and
frontotemporal dementia (FTD) [13–16]. Recently it has been shown that bacteria may also contain
MLOs [17]. Manipulation of these high-density liquid condensates, especially focusing them, can create
opportunities for new experiments, and thus lead to new insights in the pathology and treatment of
these type of diseases.

In this contribution, we propose the use of standing bulk acoustic waves to manipulate flowing
dense material, either crystals or liquid condensates, formed in microfluidic devices. In the presence of
a standing pressure wave, crystals or high-density droplets will experience a radiation force arising
from the scattering of the pressure wave. Depending on their material properties, they will migrate
towards the pressure node or antinode (Figure 1c). The migration velocity towards the pressure
(anti)node is called the radiation velocity [18]. The idea of manipulating solid materials using bulk
acoustic waves has already been applied on polymer microbeads and on cells [19–22]. A common
application of standing acoustic wave is the size-based separation hereof [19,23]. While exposure
to acoustic energy is capable of causing damage, the gentleness of the radiation force and the
biocompatibility of bulk acoustic waves on living cells has been documented [24–26].Crystals 2019, 9, x FOR PEER REVIEW 3 of 9 
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Figure 1. (a) Schematic representation of an acoustofluidic channel: A piezoceramic element is vibrating
at 1.93 MHz. Vibrations are transferred to the channel wall, creating a standing pressure wave.
(b) Picture of an acoustofluidic chip, showing two inlets and two outlets together with the acoustic
zone. (c) The behavior of large particles (>2 µm) in an acoustofluidic device. “Hard” particles focus on
the pressure node while “soft” particles focus on the pressure antinodes. (d) The behavior of small
particles (<2 µm) in an acoustofluidic device.

In this contribution, we demonstrate the possibility to use bulk acoustic waves to manipulate
flowing crystals of active pharmaceutical compounds (API) and proteins as well as liquid condensates.
The radiation force is applied to focus dense biological material at the pressure node of a microfluidic
channel. This technology might set a new path in the field of serial crystallography and in XFEL
experiments. Additionally, a proof of concept for size-based separation of crystals is shown numerically.
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2. Materials and Methods

2.1. Microfluidic Chip Design and Set-Up

Rectangular microfluidic channels (375 µm × 310 µm and 375 µm × 210 µm) were etched in
a silicon wafer with a total thickness of 525 µm. The channels were sealed with an anodically bonded
borosilicate glass lid. Two inlets and outlets were provided and connected to syringe pumps (KDS200,
KD Scientific Inc. Hollistion, MA, USA) by means of capillaries. A standing pressure wave was
generated in the microfluidic channel with a piezo-ceramic element (PZT) (30 mm × 20 mm × 1 mm,
APC International Ltd. Mackeyville, PA, USA). To ensure a good energy transfer from the PZT to the
chip, a thin glycerol layer served as a coupling layer. An in-house built PMMA holder provided a good
connection between the microfluidic chip, PZT, and fluidic connectors. Schematic representation
and a picture of the acoustofluidic chip are shown in Figure 1. The PZT was driven by a frequency
generator (AFG1062, Tektronix UK Ltd. Bracknell, United Kingdom) around 2 MHz. The applied
voltage was amplified by an RF power amplifier (210L, Acquitek S.A.S) with a power output of 10 Watt.
The voltage amplitude across the PZT was monitored with an oscilloscope (TBS1104, Tektronix UK
Ltd. Bracknell, United Kingdom).

2.2. Preparation: Pharmaceutical Compound, Protein, Liquid Condensate

A broad spectrum of biological compounds was introduced in the acoustofluidic channel.
As a reference for small active pharmaceutical ingredients (API), miconazole nitrate was chosen.
Miconazole nitrate, kindly offered by Ajinomoto Omnichem N.V., was dissolved in dimethyl sulfoxide
(DMSO) (276855-1L, anhydrous >99.9%, Sigma Aldrich, Schnelldorf, Germany) until a concentration
of 5 w/w%. Deionized (DI) water was used as an antisolvent. Trace amounts of fluorescein sodium
salt (FITC) (F6377-100G, Sigma Aldrich) were added to this solution to enable visualization under the
fluorescence microscope (IX71, Olympus Corporation, Shinjuku, Japan). Lysozyme was chosen as
a model protein. A 50 mM sodium acetate buffer was prepared with deionized water and adjusted to
a pH of 4.5. Hen egg white lysozyme (89833, Thermo Fisher Scientific) was dissolved in the prepared
buffer to a concentration of 72 mg/ml and used as a stock solution. Before experiments, the lysozyme
solution was filtered with a 0.1 µm PTFE syringe filter to remove impurities. A sodium chloride
stock solution of 200 mg/ml was used in the same buffer as precipitant. A trace amount of FITC
was added to this solution for visualization purposes. High-density liquid droplets were formed
using heterogeneous nuclear ribonucleoprotein A2 (hnRNPA2) which belongs to a protein family
involved in RNA metabolism. hnRNPA2 is a disordered and very dynamic protein which samples
a broad ensemble of conformations. The used protein consists of 155 amino acids representing a low
complexity domain (LCD) of full-length hnRNPA2. The induction of LLPS of the low-complexity
domain (LCD) of this protein will be published elsewhere. In brief, the LCD of the hnRNPA2 protein
was expressed in Escherichia coli BL21, purified under denaturing conditions (3 M urea) and stored
in a high pH buffer (0.01 CAPS, pH 11) at a concentration of 0.3 mg/ml. For visualization purposes,
hnRNPA2 LCD was labeled with Dylight®488 and was mixed with non-labeled hnRNPA2 LCD at
a ratio of 1:200.

2.3. Experimental Procedure

All experiments were visualized with an inverted fluorescence microscope connected to a CCD
camera (C9100-13, Hamamatsu Photonics, Hamamatsu, Japan). For the crystallization experiment
with an API, the miconazole nitrate solution was brought in the microfluidic channel at a flow rate of
2 µl/min. DI water with trace amounts of FITC was used as an antisolvent and pumped through the
channel at a flow rate of 8 µl/min, giving a total flow velocity of 1.4 mm/s. Once complete mixing of
the solvent with the anti-solvent was reached, crystal formation was monitored in the absence of the
acoustic field. Upon observation of small miconazole nitrate crystals, the acoustic field was turned
on, and the formed crystals were focused on the pressure node. The applied voltage was equal to
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10 Vp-p. For the protein crystallization experiment, the lysozyme and sodium acetate stock solution
were mixed until a final concentration of 35 mg/ml and 65 mg/ml, respectively. Preparation of the
supersaturated solution was done at an elevated temperature (45 ◦C) to avoid crystallization outside
the microfluidic channel. The supersaturated solution was pumped in the microfluidic channel and
was then stopped to allow crystals to grow. Once crystals were observed, the acoustic field was turned
on (7 Vp-p), and the formed crystals were focused in the center of the channel. Phase separation of the
high-density droplets of the hnRNPA2 LCD solution was induced by concentrating the protein five
times and decreasing the pH from 11.0 to 7.0 with 0.5 M MES buffer. LLPS high-density droplets were
observed in the absence of the acoustic field at a flow velocity of 143 µm/s. Focusing of the droplets
was achieved by activating the acoustic field.

2.4. Numerical Simulations

By providing a quantitative description of the radiation force, we show that it has different effects
on particles of different hardness and size, that is, it can be used for their separation and manipulation.
The radiation force for a spherical particle is given by [18]:

Frad = 4πφa3k0Eac sin(2k0y) (1)

with a as the radius of the particle, k0 the angular phase number, y the channel width, Eac the acoustic
energy, and φ the acoustic contrast factor. The contrast factor defines how “hard” a particle is compared
to the surrounding liquid. A “hard” (0 < φ) particle will migrate towards the pressure node while
a “soft” (φ < 0) particle will migrate towards the pressure antinode (Figure 1c). It is important to
mention that particles smaller than around 2 µm are not affected by the radiation force but by drag
forces (Figure 1d). These arise due to the vortex flow of the surrounding liquid in the presence
of the acoustic wave [18,20]. To gain more insight in the size dependence of the radiation force,
simulations were carried out in COMSOL® Multiphysics. As a substitute for crystals, polystyrene
particles were used for their known acoustic properties. The numerical model used has been described
elsewhere [27]. Briefly, the first order acoustic wave was calculated followed by the second order
time-average flow. The amplitude of the wall displacement was set to 0.25 nm. The Particle Tracking
interface was used to visualize the trajectory and velocity of polystyrene particles. Radiation velocity
of different particle size was simulated varying between 4 µm and 10 µm.

3. Results and Discussion

3.1. Crystal Handling in Microfluidic Channel

The radiation force drives material with a positive contrast factor towards the pressure node
of a standing pressure wave according to Equation (1). Rising the local density of crystals or
high-density droplets by focusing them in a specific location increases the signal to noise ratio
significantly. This facilitates the detection and could enable easier characterization of the material
of interest. This is especially of relevance in current serial crystallography experiments where a thin
jet is brought in the X-ray beam. Focusing of miconazole and lysozyme microcrystals is shown
in Figure 2. Miconazole nitrate crystals were grown in the microfluidic channel until an average
size of 15 ± 3 µm (n = 17) and focused rapidly upon activation of the acoustic field (Figure 2a,
Supplementary Materials: Video S1). At an applied voltage of 10 Vp-p, the crystals reach their
equilibrium position in 1.28 seconds. Note that the radiation velocity can be increased by raising the
applied voltage [28]. Moreover, the obtained crystal morphology was significantly different compared
to crystals grown in batch. In the microfluidic reactor, small needle-like crystals were observed in
contrast with a sea urchin morphology (aggregation of needles) obtained in batch.
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In contrast to solid crystals, liquid condensates formed by LLPS behave like liquid droplets. 
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Figure 2. (a) Focusing of miconazole nitrate crystals (15 ± 3 µm). Upon activation of the acoustic field,
crystals are focused in the center of the microfluidic channel. Time needed to focus is 1.28 seconds at
a driving voltage of 10 Vp-p. (b) Focusing of lysozyme microcrystals (30 ± 13 µm) in the center of the
channel, the time needed to focus is 1.22 seconds at a driving voltage of 7 Vp-p.

Focusing of lysozyme microcrystals is shown in Figure 2b. An average crystal size was measured
to be 30 ± 13 µm (n = 17). At an applied voltage of 7 Vp-p, lysozyme crystals were completely
focused within 1.22 seconds. As can be noticed, the migration velocity depends strongly on the
crystal size. This follows directly from the fact that the radiation force is proportional to the
particle diameter (Equation (1): Frad ∝ a3) and can also be seen in the focusing of lysozyme crystals
(Supplementary Materials: Video S2). This size dependence of the radiation force offers a powerful
tool for the separation of crystals based on their size (see Section 3.2). Recent progress in X-ray
structural characterization techniques (XFEL) allows for the collection of high-quality data from
micron-sized crystals (2–5 µm). The amount of crystals needed, however, is extremely high. In most
setups, a jet of micron-sized crystals is injected in the X-ray beam. Bulk acoustic waves allow to focus
flowing crystals in a thin jet and as such this technology can much increase the efficiency of data
acquisition. Moreover, the crystal detection can be performed in situ eliminating the manual handling
of micron-sized crystals. It is important to note that the radiation force pushes material towards the
central plane. To focus material on a line in the exact center of the channel, a second focusing step
has to be performed in which an additional standing pressure wave has to be created between the
top and bottom of the microfluidic channel [29]. This can easily be done by matching the height of
the channel with the width of the channel. Crystals being focused in the center of a channel maintain
their liquid mobility by preventing fouling to the surfaces. Fouling is a common showstopper in the
pharmaceutical industry [30] as well as in XFEL injectors [31]. Typically, only a few minutes of data
collection can be done before the injector must be removed and cleaned. The use of bulk acoustic
waves could not only allow efficient data acquisition but also prevent this enormous clogging problem.

In contrast to solid crystals, liquid condensates formed by LLPS behave like liquid droplets.
These droplets are initially small and over time grow in size. In our experiments, we were able to focus
both small (4 µm) and large (24 ± 7 µm; n = 9) droplets proving that even liquid-like particles can
be focused and manipulated with the use of acoustics (Figure 3, Supplementary Materials: Video S3,
and Supplementary Materials: Video S4). The small droplets refer to droplets formed at the beginning
of the experiment while the large droplets are droplets obtained after 1 h. Manipulation of these
high-density phases in acoustics enables one to increase the signal to noise ratio allowing to visualize
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small droplets which were not visible in the absence of the acoustic field. Therefore, this method offers
a very simple and useful tool for droplet characterization and preparation for further experiments,
such as focusing, droplet fusion, sorting, measurements of formation/maturation kinetics, and medium
exchange. It is of particular importance for the density phases involved in many physiological and
pathological processes, which might lead to designing a new class of diagnostic tools and/or therapies.
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Figure 3. Focusing of high-density droplets. Upon activation of the acoustic field, droplets are focused
in the center of the microfluidic channel, with a driving voltage of 25 Vp-p. (a) Focusing of small
droplets in the center of the channel, (b) focusing of large droplets.

3.2. Numerical Simulations

As mentioned above, the radiation force and related radiation velocity strongly depend on the particle
size (Equation (1)), allowing the separation of particles or crystals based on their size. To gain more insight
in typical time and velocity values related to these phenomena, numerical simulations were performed to
calculate the radiation force on polystyrene particles in water. The effect of the particle diameter on the
radiation velocity was investigated as well. The size dependency of the radiation force is shown in Figure 4.
As expected, the largest particles (10 µm) have the highest radiation velocity (5.5 mm/s maximum) and the
smallest particles (4 µm) a low radiation velocity (0.9 mm/s maximum). Particles of 4 µm and 5 µm have
a velocity difference of 0.5 mm/s. This difference in radiation velocity is sufficient to separate a particle
mixture in different streams, each containing one particle size. It should be noted that the radiation velocity
is not constant over the width of the channel. A decrease in velocity is observed closer to the node, which is
in agreement with Equation (1).
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In the pharmaceutical industry, crystal size has an important influence on the product
behavior; for example, during the formulation or the dissolution and disintegration rate in the body.
Miconazole nitrate, for example, requires different crystal sizes for different formulations, such as
creams or powders. After the synthesis of an active pharmaceutical compound and purification
by crystallization, additional cumbersome operations are often needed to obtain the desired crystal
size. Acoustic separation of the desired crystal size is a fast and reliable technology which can easily
be implemented in a production process. In this work, we present only a proof of concept for the
particle separation based on their size. In a typical setup, microcrystals of different sizes would be
inserted in the microfluidic channel at the outside edges, separated by an inert stream in the center
(see Figure 1b). Upon activation of the acoustic field and with the correct process parameters chosen
(flow velocity, voltage, number of outlets, etc.), the largest crystals focus rapidly in the center of the
channel, where they can be extracted. The smaller crystals, however, have not focused yet and can
be extracted from different outlets. Experiments devoted to the separation phenomenon are being
conducted in our lab and will be presented and discussed in detail in a future publication.

4. Conclusions

We have shown the possibility to use standing bulk acoustic waves to manipulate flowing crystals
inside microfluidic channels, and have evoked the possibility to use this technology within current
XFEL technology. Current serial crystallography methods suffer from an extremely low efficiency,
where the hit rate of the X-ray beam is typically less than 1%. Increasing the local density of crystals in
a thin jet can lead to a much more efficient data acquisition. Moreover, the use of bulk acoustic waves
could also prevent the detrimental clogging problem of XFEL injectors. This technology could bring
fundamental changes to the design of XFEL injectors.

We also showed the possibility to focus the high-density droplets formed by LLPS, which is
a recently emerging topic with high relevance in molecular cell biology. This observation allows for
the use of experimental techniques that previously lacked a high signal to noise ratio and might lead
to designing a new class of diagnostic tools and/or therapies.

Acoustofluidics is a technology that can easily be implemented in a sample preparation process.
Moreover, this technology is biocompatible, ensuring product integrity. The size dependency of the
radiation force has been demonstrated numerically on polystyrene particles. This gives a proof of
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concept for the possibility to separate crystals based on their size. Size-based crystals separation will
be investigated in detail in a future publication.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4352/9/3/120/s1,
Video S1: Focusing of miconazole nitrate crystals, Video S2: Focusing of lysozyme crystals, Video S3: Focusing of
small high-density droplets, Video S4: Focusing of large high-density droplets.
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