Pages 5695-5940

28 July 2018

Number 28

Volume 14

Soft Matter

rsc.li/soft-matter-journal

ISSN 1744-6848

ROYAL SOCIETY PAPER
OF CHEMISTRY Leslie Y. Yeo et al.

Continuous tuneable droplet ejection via pulsed surface acoustic
wave jetting



ROYAL SOCIETY

OF CHEMISTRY

Soft Matter

View Article Online

View Journal | View Issue

Continuous tuneable droplet ejection via pulsed

’ '.) Check for updates ‘
surface acoustic wave jetting

Cite this: Soft Matter, 2018,

14,5721 Jasmine O. Castro, Shwathy Ramesan, Amgad R. Rezk and Leslie Y. Yeo {2/ *

We report a miniaturised platform for continuous production of single or multiple liquid droplets with
diameters between 60 and 500 pm by interfacing a capillary-driven self-replenishing liquid feed with
pulsed excitation of focussed surface acoustic waves (SAWs). The orifice-free operation circumvents the
disadvantages of conventional jetting systems, which are often prone to clogging that eventuates in
rapid degradation of the operational performance. Additionally, we show the possibility for flexibly
tuning the ejected droplet size through the pulse width duration, thus avoiding the need for a separate
device for every different droplet size required, as is the case for systems in which the droplet size is set
by nozzles and orifices, as well as preceding ultrasonic jetting platforms where the droplet size is
controlled by the operating frequency. Further, we demonstrate that cells can be jetted and hence
printed onto substrates with control over the cell density within the droplets down to single cells. Given
that the jetting does not lead to significant loss to the cell’s viability or ability to proliferate, we envisage
that this versatile jetting method can potentially be exploited with further development for cell
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1 Introduction

In the last decade, significant advances in additive manufacturing
techniques have progressed the development of three-dimensional
(3D) printers to a level where they are now sufficiently low cost,
compact and simple to use, especially by non-specialists, thereby
ushering a revolution in the widespread adoption of these printers
even for personal home use, much like those heralded by their 2D
predecessors—the dot matrix, inkjet and laser printers—in
decades past.’ It is anticipated that 3D bioprinting will follow
a similar, albeit more limited, adoption trajectory, potentially
introducing a revolution in regenerative medicine, given the
exciting possibility of assembling 3D structures—cell by cell,
tissue layer by tissue layer—that mimic complex organs.”

The technology for 3D bioprinting has essentially drawn
from that associated with conventional 3D and their predicate
2D printing platforms, namely, inkjet printing (based on thermal,
piezoelectric and electrohydrodynamic droplet generation
mechanisms),’ pressure-driven techniques,* laser-assisted bio-
printing,>® and stereolithography.” Each technique has its own
merit, but nevertheless suffers from various drawbacks when
attempting to extend the technology for printing biomaterials.
Bubble and thermal jets, which are cost-effective printing
solutions that allow fast and efficient delivery, and micron-scale
resolution,>® operate at high temperatures between 200 to 300 °C.
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encapsulation, dispensing and 3D bioprinting applications.

This not only results in the occasional random and nonuniform
droplet,® but is also extremely damaging to biomolecules and
cells—especially stem cells which are prone to heat shock with
mere temperature rises of as little as a few degrees;'® a unique
blend of bio-inks are therefore often necessary to isolate them
from such heating effects."* Transient pore formation, for
example, was observed during thermal inkjet printing, which
were reported to heal after several hours, though longer term
effects on the viability and proliferation of the cells were not
examined."

Piezoelectric and ultrasonic jets, on the other hand, do not
cause as much heating but are also known to inflict consider-
able damage due to transient cavitational and hydrodynamic
stresses.'® Pressure-based methods, known for their compat-
ibility with a broad range of fluid properties,” too have poor cell
viability, especially due to the large shear stresses that the cells
are exposed to when subjected to high extrusion pressures and
speeds.’® Additionally, these methods suffer from low print
speeds and resolution, and are severely limited by the necessity
for critically timing the gelation duration and the need to match
the material and liquid densities in order to preserve the shape
of the printed material.’

Laser-assisted bioprinting methods, in which a laser shock
pulse is employed to vapourise the cell solution housed in a
ribbon in order to expel the cells from the liquid, have better cell
viabilities compared to these other methods and are compatible with
a wide range of materials. These methods, however, have limited
printing capability in the third dimension, require complex and
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expensive optically-absorbing receiving substrates, and are
susceptible to metallic contamination.>*'® On the other hand,
stereolithography—which offers nozzle-free printing, for example,
of light-sensitive hydrogel layers with micron-dimension
resolution,'” is not widely used for bioprinting because the
requisite photopolymers are mainly non-biocompatible or bio-
degradable and the residual photocuring reagents produce
toxic effects that can also denature DNA."®

With the exception of laser-assisted bioprinting and stereo-
lithography, all of the aforementioned methods require a nozzle
or orifice through which the droplets are generated. This necessity,
which the print quality critically hinges upon, is problematic for a
number of reasons. Besides imposing considerable shear stress on
the cells during extrusion of the material through the nozzle or
orifice, which leads to higher cell mortality rates, they are
extremely prone to clogging, which quickly leads to performance
variability and degradation. The droplet size is also inextricably
linked to the nozzle or orifice dimension, which needs the print
head to be swapped every time a different droplet size is required.
To circumvent the use of orifices or nozzles, Demirci &
Montesano proposed the use of surface acoustic waves (SAWs)—
nanometer amplitude MHz order electromechanical waves—in
place of conventional low frequency (Hz to kHz order) vibration
to pulse droplets through orifices which are much larger in
dimension than the droplets themselves.'® Another advantage
of these high frequency waves are that they have lower propensity
to damage biological entities—as demonstrated by their ability to
print a wide variety of cells, even at much higher powers towards
nebulisation.>

The tight correlation between the size of the printed droplet
with the SAW frequency—which, in turn, is governed by the
liquid’s physical properties, predominantly its density and
viscosity, due to the existence of a viscous penetration depth
of the acoustic wave in the liquid®’—is still a practical limitation.
Flexibility in tuning the droplet size, or adjusting it to that
required when altering the working fluid with different physical
properties, remains only possible by using a different frequency
device; in other words, it is not possible to flexibly tune the
droplet dimension on demand using the same device. Moreover,
an upper limit also exists since the sharper attenuation with
increasing frequency results in shorter jet lengths.* If this decreases
below the breakup length associated with the Rayleigh-Plateau
instability,”* droplets can no longer be produced. In any case, only
a theoretical correlation between the droplet size and SAW
frequency was reported in ref. 19—the ability to alter the droplet
dimension in this manner was never proven experimentally.

With the motivation of demonstrating a base platform that
can potentially be developed for cell dispensing and encapsulation,
as well as 3D bioprinting, we adopt a different approach to that in
ref. 19, thus circumventing some of the abovementioned issues
associated with that method. We attempt this by building on the
SAW jetting technique of Tan et al.,>* which only demonstrated the
jetting of a single sessile drop without size control. In order to
adapt the technique for potential printing applications, we allow
for repetitive droplet ejection on-demand through a means of
continuous resupply to the parent drop reservoir, as well as the
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possibility for droplet size adjustment in a single fixed frequency
device, whilst maintaining a nozzle-free solution.

2 Experimental method

The fundamental premise of jetting a single sessile drop using
focussed SAWs is illustrated in the schematic in Fig. 1a. Two
opposing SAWs are generated on a chipscale single crystal
piezoelectric substrate (lithium niobate; LiNbO3) by applying
a sinusoidal electric signal at the resonant frequency to both
circular electrode-width-controlled single-phase unidirectional
transducers (SPUDTSs);** the SAW wavelength and hence the
resonant frequency is set by the gap and width of the finger
electrode patterns that make up the SPUDT.>® As the travelling
focussed SAWs from both ends of the device propagate along its
surface and come into contact with the sessile drop above, they
diffract into the liquid at the Rayleigh angle (~23° to the
vertical axis for water) to generate both acoustic streaming in
the drop as well as an acoustic radiation force at the drop
interface (Fig. 1a);>® the former, ie., acoustic streaming, has
been exploited for driving a host of microfluidic actuation and
particle manipulation schemes such as drop”’> and micro-
channel transport,>*” mixing and particle concentration,**
and nebulisation,?®*'™** whereas the latter, i.e., the acoustic
radiation force, has primarily been employed for bubble, drop
and particle manipulation in microchannels.*”"®" Given that
the opposing but symmetric SAW pair has a focal point beneath
the droplet, the viscous normal stress arising as a consequence
of the acoustic streaming generated in the drop together with
the acoustic radiation force is imparted at the interface pre-
dominantly at the pole of the drop that then extends the drop
upward to form an elongated jet.>* If this extension is beyond
the Rayleigh-Plateau breakup length, the jet then pinches off to
form single or multiple droplets depending on the relative
contributions between the destabilising inertial stress localised
within the drop due to the input SAW energy and the restoring
capillary stress which is governed by the surface tension of the
liquid.

To extend this technique for on-demand continuous jetting
of size-tunable droplets, we engineered the integrated platform
shown in Fig. 1c and d consisting of a 3D printed liquid
reservoir and chip holder together with the piezoelectric chip,
which comprises a 23 mm x 10 mm x 0.5 mm 128° Y-X LiNbO;
substrate. Focussed SAWs are generated on the chip with
SPUDTs with a frequency f of 30 MHz, which corresponds to
a wavelength Asaw = csaw/f = 130 pm given a SAW phase velocity
Csaw = 3990 m s~ ! in the substrate. We note that the placement
of the reservoir interface is outside of the SAW propagation
pathway to avoid damping of the acoustic wave. The liquid
delivery from the reservoir to form a parent sessile drop on the
chip is then facilitated through a 150 pm inner diameter pulled
capillary tube (PEEK Tubing; Labsmith Inc., Livermore, CA, USA).
The tube is adjoined at the end by a 1 mm diameter circular
hydrophilic region, above which the parent drop sits, confined by
a hydrophobic barrier (see Fig. 1c inset). This barrier is formed by
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Fig. 1 (a) Schematic illustration of the experimental setup (not to scale) used for the jetting of a single parent drop from a piezoelectric chip in ref. 24. In
that method, two opposing SAWSs, generated by applying a sinusoidal electrical signal at resonance to the SPUDTSs, are focussed beneath a sessile parent
drop where they (b) leak their energy at the Rayleigh angle 0y into the drop to drive its elongation and jetting. (c) Schematic depiction (not to scale), and,
(d) image of the experimental setup in the present work which integrates a liquid reservoir and self-feed together with the piezoelectric chip, housed in a
chip holder. The insets show automatic refilling of the parent drop from the reservoir after each jetting event due to spontaneous capillary imbibition with

a pulled capillary tube.

spin-coating a thin (approximately 100 pm thick) layer of photo-
resist (SU-8 2010; Microchem Corp., Westborough, MA, USA)**
followed by vapour deposition of an octadecyl(trichloro)silane®®
coating onto the substrate, thus providing a means by which
liquid is imbibed from the reservoir via the capillary tube onto
the circular region to form the parent drop.

Upon jetting this drop via application of a 30 MHz sinusoidal
electrical pulse, generated using a signal generator (N93104;
Keysight Technologies Ltd, Mulgrave, VIC, Australia) and amplifier
(ZHL-5W-1+; Mini-Circuits, Brooklyn, NY, USA), the liquid auto-
matically refills due to spontaneous capillary action to form
another sessile drop of the same diameter Dj, that awaits the next
jetting event. Control of this dimension, which, in turn, correlates
with and hence allows tuning of the diameter of the ejected
droplets Dj, as will be shown subsequently, is afforded through a
balance of the replenishing flow under the hydrostatic pressure in
the reservoir with the SAW pulse (and hence jetting) frequency.

Imaging of the parent drop deformation, jet development
and droplet pinch-off was carried out using a high speed
video camera (SA5, Photron Ltd, Tokyo, Japan) connected to a
magnification lens (K2 Objective CF-4, Edmund Optics Inc.,
Barrington, NJ, USA) at frame rates between 7 and 30 kfps. The
ejected droplets were measured by visual inspection of the
acquired image frames: only those images immediately after
which the ejected droplets returned to their spherical shape
were considered in order to avoid shape distortion during the

This journal is © The Royal Society of Chemistry 2018

ejection event or their shrinkage due to droplet evaporation in-flight;
the same droplet in three different frames was measured for
statistical accuracy.

As a simple printing demonstration, we mounted the entire
platform shown in Fig. 1c and d onto a motorised x-y translation
stage (NRT100/M, Thorlabs Inc., Newton, NJ, USA), above which
a Teflon®-coated glass slide (63434-02, Electron Microscopy
Sciences, Hatfield, PA, USA) as the substrate to be printed on
was placed; the vertical distance between the device and slide
was approximately 0.3 cm. To briefly show the feasibility of the
setup to potentially be extended for cell bioprinting applications,
human embryonic kidney cells (HEK293; Sigma-Aldrich Pty Ltd,
Castle Hill, NSW, Australia) were suspended at known con-
centrations in Dulbecco’s Modified Eagle Medium (GIBCO®
DMEM) supplemented with 10% fetal bovine serum and 1%
penicillin-streptomycin within the reservoir. The cells were
subcultured periodically every 2-3 days and passaged at no
more than 90% confluency. The incubator was constantly
maintained at 37 °C with 95% relative humidity and 5% CO,.
To verify the postjetting cell viability, we conducted a trypan
blue assay using the Neubauer chamber method.®* The cell
proliferation study, in which the post-jetting metabolic activity
was assessed at 24 hour intervals over 72 hours, was carried out
through an MTT (3-(4,5-dimethylthiazolyl-2)-2,5-diphenyltetrazolium
bromide) assay.®® The reduction of MTT by the metabolically
active cells due to the dehydrogenase enzyme results in the
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formation of purple formazan crystals that are then imaged under
brightfield illumination at 20x magnification (ZOE™ Fluorescent
Cell Imager, Bio-Rad Laboratories Inc., Hercules, CA, USA). After
removal of the unreacted MTT solution from the wells, the crystals
are solubilised by incubation in dimethyl sulfoxide (DMSO) over
30 min, and subsequently quantified via absorbance measure-
ments of the solution at 570 nm (Spectramax® Paradigm multi-
mode plate reader, Molecular Devices LLC, Sunnyvale, CA, USA).
All cell culture media and supplements as well as the chemicals
employed for the characterisation of the cells described above
were acquired from Life Technologies Pty Ltd (Mulgrave, VIC,
Australia), unless specified otherwise.

3 Results & discussion

A phase map showing the different jetting regimes observed as a
function of the power and SAW pulse width A¢ (the duration over
which the SAW is activated for each pulse) is shown in Fig. 2a. It can
be seen that a threshold power exists for the formation of a jet from
the parent drop. Below this threshold, there is insufficient inertial
energy to extrude a jet beyond a mere protrusion at its pole. In this
case, the drop simply oscillates back and forth between its relaxed
and elongated shape (regime i). Above this threshold power, three
events are possible. For very short pulse widths, there is insufficient
time for the jet to elongate, and the short energy burst results in its
immediate breakup into a mist of very small droplets (regime ii).
This bag breakup phenomenon is akin to the nebulisation
process.*” The critical pulse width—in this case, around 0.3 ms—
corresponds to the characteristic jet breakup timescale, obtained by
balancing the inertial and capillary stresses in the jet:*°
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p and y are the density and surface tension of the liquid,
respectively. For pulse widths above this critical value, it can
be seen that the jet elongates, forming a balloon at its tip due to
the effect of strong capillary stresses acting there as a con-
sequence of the end-cap curvature. The capillary stresses also
subsequently cause the thread behind it to neck and pinch, thus
ejecting a single droplet (regime iii). At higher powers, the
longer extension of the thread leaves the jet susceptible to
the classical Rayleigh-Plateau instability®”°® in which varicose
perturbations along its length are amplified exponentially with
time when their wavelengths exceed the thread circumference,
leading to its breakup to form multiple satellite droplets
(regime iv).

The interplay between the inertial and capillary stresses, and
its role in the different jetting behaviour observed in Fig. 2a can
be seen more clearly through a modified Weber number We
(Fig. 2a inset). Given that the inertia in the parent drop
responsible for its deformation and potential elongation to
extrude a jet originates from the mechanical energy transmitted
into the drop by the SAW, and as this can be estimated by the
input electrical power to the device and the pulse width At,
we define

e= VIAt
T omyL’

(2)

through which the data in Fig. 2a can be collapsed, as shown in
Fig. 2b. In the above, V and I are the voltage and current of the
input electrical signal applied to the SPUDT, and L is a
characteristic deformation lengthscale of the parent drop.
Given that the tiny droplets produced by bag breakup in
regime ii or the satellite droplet formation in regime iv typically
lead to defects in the print quality, we now turn our attention to
the single droplet ejection events in regime (iii), in particular,
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Fig. 2 (a) Phase map showing the various jetting regimes obtained when an 0.8 plL parent water drop is subject to a pulsed SAW with varying power and

pulse width: (i) parent drop deformation, (i) bag breakup, (iii) single droplet ejection, (iv) satellite droplet formation. The inset comprises image sequences
showing the evolution of the parent drop for each regime as a function of the modified Weber number defined in eqn (2) (regime i: 0 < We < 10 x 10%;
regime ii: 10 x 10* < We < 26 x 10% regime iii: 26 x 10% < We < 40 x 10% regime iv: We > 40 x 10%, which can be used to collapse the data in (b).
Panel (b) also contains additional data beyond that in panel (a) for different parent drop volumes. The time between successive images in the inset in (a) is
5.0, 1.4, 3.4 and 4.0 ms, respectively, for each regime.
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focussing on continuous jetting as well as the ability to vary the
size of the ejected droplet without necessitating separate
devices with different frequencies as that in ref. 19. Both of
these capabilities are demonstrated in Fig. 3. Specifically,
Fig. 3a shows that the ejected droplet size can be tuned through
the parent drop diameter, which, in turn, is controlled by the
pulse frequency (number of pulses per second), as observed in
Fig. 3b. This is because shorter periods between pulses allow
less time for replenishment of the liquid onto the device from
the reservoir before the parent drop is jetted again and hence
D, concomittantly decreases. Through this simple adjustment
of the pulse frequency from just 1 to 25 Hz, we were able to
obtain a wide dynamic tuning range in the ejected droplet
diameter between 60 pm and 500 pm on the same device. The
possibility for continuous jetting is also captured in the data in
Fig. 3: each data point exhibits the average of three successive
pulses (Fig. 3a inset) at a specific pulse frequency that gives a
particular parent drop diameter. It can thus be seen that the
ejected droplet diameter is consistently maintained across
successive pulses from the reasonably small upper and lower
limits in the data, as depicted by the error bars.

To demonstrate the feasibility for the platform to potentially
be used for bioprinting upon further development, we replaced
the water feedstock solution in the reservoir with a suspension
of HEK 293 cells in cell media and mounted the platform onto a
motorised x-y translation stage. Fig. 4a(i) shows a printed array
of these droplets through successive pulsed SAW activation
onto the Teflon®-coated glass slide mounted a short height
above the device, in which relatively uniform printed droplet
sizes and shapes were observed. We note the possibility of both
printing upwards or downwards (Fig. 4a(ii))—the latter by
mounting the device upside down above the substrate—since
the effect of gravity on the drops is negligible at these scales.
Either configuration where the device is moved by mounting it
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on the translation stage over the stationary substrate, or, where
the device is held in a fixed position with the substrate
mounted on the translation stage and moved over the device,
is possible.

As can be seen in Fig. 4b, the number of cells in the ejected
droplet that are thus printed can also be varied by adjusting
either the cell concentration in the feedstock solution or the
volume of the parent drop through the pulse frequency (Fig. 3b).
We not only observe the cell number within the ejected droplet
to decrease both with the feedstock cell concentration and the
size of the parent drop, but that it is also possible to achieve
single cell ejection, which makes the platform particularly
useful, for example, for sample dispensing into cell arrays for
single cell analysis. On the other hand, the ability to tailor the
number of cells that are printed is also useful in other applications,
especially in tissue engineering or bioprinting where larger numbers
of cells in a certain location are required. An application
where the cell-laden droplets shown in Fig. 4a(ii) were inversely
printed within a water-saturated incubator at 37 °C for 24 hours
would be particularly apt is in the generation of an array of 3D
cell spheroids—employed as realistic tumour mimics in drug
testing—using the hanging droplet method.® As can be seen in
the inset, the cells in the inversely printed pendant droplets
quickly settle and aggregate at the bottom, which is the natural
starting point for the culture of a single cell spheroid body.
The cell printing technology presented here thus potentially
represents a fast, user-friendly technique to automate the
printing of uniform array clusters of these cell-laden hanging
drops for large-scale spheroid culture. In addition, we also
envisage the possibility of cell encapsulation for a plethora of
drug delivery applications.

It is nevertheless crucial to verify that the cells are not
adversely affected either by the acoustic radiation or heating
during the jetting process. Using a trypan blue assay, we observe
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Fig. 3 (a) Correlation between the parent drop diameter D, and the ejected droplet diameter D;. Each data point comprises the upper and lower limits
across measurements of the droplet diameter over triplicate continuous jetting experiments, each of which involving 3 ejected droplets from successive
pulses, as shown in the image in the inset. (b) Relationship between Dj and the pulse frequency f,. Unlike in (a), the trendline in (b) was added simply to

facilitate ease of visualisation.
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Fig. 4 (a) Linear array of uniform cell-laden (i) sessile and (i) pendant droplets printed on a Teflon®-coated glass slide. The inset in (i) shows cells
sedimenting and aggregating at the bottom of the pendant droplet, typical of those in the hanging droplet method for 3D cell spheroid culture.®®
(b) Number of cells present in an ejected droplet as a function of the parent drop volume and the feedstock cell concentration. The slight departure from
linearity at high cell concentrations suggests a practical limitation for the 'bio-ink’ to be used with the platform, and the need to prevent the aggregation
of cells in the feedstock solution. Trendlines were added to guide visualisation and the images above the data points provide a rough visual indication of
the cell density in the ejected droplets that deposit on a collection slide; the scale bar below each image denoting a length of 500 pm. (c) Growth of post-
jetted cells over 72 hours, quantified by the absorbance at 540 nm of dissolved formazan crystals converted from the MTT reagent by actively
proliferating cells. The absorbance is directly proportional to the cell number in the solution. In (b) and (c), the error bars indicate the standard error of

each set of experiments.

approximately 93% of the postjetted cells to remain viable
compared to the non-jetted control. Similarly, results of the
MTT assay in Fig. 4c show that the cells continue to proliferate
normally over several days following jetting. These positive
results are, nevertheless, not unexpected given that SAWs at
much higher powers have been employed for nebulisation while
maintaining decent viability.>* A reason for this compared to the
poorer cell fate obtained with other bioprinting techniques—in
particular, piezoelectric printing methods—is the use of high MHz
order frequencies in the current platform, which minimises the
hydrodynamic stresses acting on the cell due to the rapid field
reversal; moreover, unlike conventional piezoelectric jetting
techniques which employ Hz to kHz order frequencies, the
high frequencies ensure that cavitation, which is known to
cause considerable structural and functional damage to cells, is
not present.

4 Conclusion

A miniaturised jetting platform that can potentially be mounted
on a printhead, which does not require nozzles or orifices that
are prone to clogging, and which does not result in appreciable
loss in structural or functional viability of cells, would be
attractive for 3D bioprinting or cell encapsulation and dispensing
applications. In an attempt to demonstrate its feasibility to
potentially be developed for such applications, we show the
possibility of exploiting a focussed SAW jetting device for
continuous on-demand printing of size-controllable droplets.
In particular, we interface a capillary-driven self-replenishing
liquid delivery system with the SAW device and show that single,
or multiple, droplets can be sequentially produced via pulsed
excitation of the SAWs. The size of the droplets, across a range
between 60 pm and 500 pm, were found to correlate closely to
the parent drop size. This, in turn, can be controlled through
the rate at which it is replenished through capillary refilling by

5726 | Soft Matter, 2018, 14, 5721-5727

adjusting the period between the pulses through the pulse
frequency. This parameter, together with the cell concentration
in the feedstock solution, was also found to facilitate tunability
in the cell density within the droplets, down to single cell
ejection. The cells were verified to remained highly viable and
continued to proliferate normally after the jetting process.
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