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This study presents a method for density-based separation of monodisperse
encapsulated cells using a standing surface acoustic wave (SSAW) in a microchannel.
Even though monodisperse polymer beads can be generated by the state-of-the-art
technology in microfluidics, the quantity of encapsulated cells cannot be controlled
precisely. In the present study, mono-disperse alginate beads in a laminar flow can be
separated based on their density using acoustophoresis. A mixture of beads of equal
sizes but dissimilar densities was hydrodynamically focused at the entrance and then
actively driven toward the sidewalls by a SSAW. The lateral displacement of a bead
is proportional to the density of the bead, i.e., the number of encapsulated cells in an
alginate bead. Under optimized conditions, the recovery rate of a target bead group
(large-cell-quantity alginate beads) reached up to 97% at a rate of 2300 beads per
minute. A cell viability test also confirmed that the encapsulated cells were hardly
damaged by the acoustic force. Moreover, cell-encapsulating beads that were cultured
for 1 day were separated in a similar manner. In conclusion, this study demonstrated
that a SSAW can successfully separate monodisperse particles by their density. With
the present technique for separating cell-encapsulating beads, the current cell
engineering technology can be significantly advanced. © 2012 American Institute of
Physics. [http://dx.doi.org/10.1063/1.4718719]

. INTRODUCTION

Cell encapsulation is a highly promising method for forming spherical cell bodies, which
can mimic a multi-cellular in-vivo environment, for use as a three-dimensional cell culture
model.' A single cell or cell cluster encapsulated in a biocompatible polymer (alginate,*®
poly ethylene glycol (PEG),”™® hyaluronic acid (HA),'*'? etc.'?7'%) is a promising tool for tis-
sue engineering applications, such as drug screening,'” ™' cell therapy,”®*' transplantation,?>*
or organ bioprinting.”> These encapsulated cells can be used in a variety of applications because
of their essential features: they are less vulnerable to both mechanical stress and the host’s
immune system, and their properties are better controllable for the purposes of exchanging
nutrients and therapeutic agents than normal cells without encapsulation.?*’

Cell encapsulation technology has been required to produce mono-disperse polymer beads
containing a large quantity of cells (such as embryonic stem cells'*>*® and embryonic carcinoma
cells*>'®). In particular, in cell therapy, including a large number of cells in a bead is advanta-
geous for delivering a sufficient number of cells with a minimum loss in cell viability.”**="
Recent microfluidic encapsulation studies have demonstrated successful production of monodis-
perse polymer beads containing cells using microfluidic techniques.*®'®-27* These techniques
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produced highly uniformly sized beads®® with a complex, multi-layered structure* using various
biocompatible polymer materials.*'® In fact, the dimension of the bead is an essential parame-
ter for determining the biocompatibility and immune response of the encapsulated cells.*>*
Despite the advancement of microfluidic encapsulation technology, it is difficult to produce
polymer beads encapsulating a uniform quantity of cells because of the tendency of cells sus-
pended in a suspending fluid to aggregate. In fact, in the past, random amounts of cells were
encapsulated in each polymer bead, resulting in some beads having no cells (empty beads) and
some having a small number of cells.”® Thus, an innovative sorting technique that sorts cell-
encapsulating beads according to the cell quantity needs to be developed.

Microfluidic separation technology has advanced significantly. Passive separation techniques
used to utilize the channel geometry’’ > and flow characteristics,***! whereas active ones adopted
external forces such as optical,** electric,”*™*® pneumatic,”’** and acoustic**~? forces. These sepa-
ration techniques can successfully separate various types of particles, including polymer beads. In
particular, surface acoustic wave (SAW)-based acoustophoresis® has shown a promising potential
for various applications because of its exceptional features for handling particles and cells.**>*
The SAW-based separation method is label-free and noninvasive and features relatively low elec-
tric power consumption and a smaller effect on cell viability.”>>® Most previous studies adopting
the SAW method have demonstrated excellent performance in particle separation according to
particle size.”>>**” However, density-based separation of particles using SAWs has not yet been
reported, even though the theoretical equation apparently indicated the possibility of particle sepa-
ration using solely the effect of the density difference among the particles.”

In this article, therefore, we describe a simple but novel approach to separation of cell-
encapsulating beads using standing surface acoustic waves (SSAWs) to separate beads accord-
ing to the bead density in a microfluidic channel. The essential feature of this method is that it
separates uniformly sized polymer beads containing different quantities of cells according to
the bead density, or, in other words, it performs the so-called density-dependent acoustophoresis
of cell-encapsulating beads. In addition, another objective of this report is to demonstrate the
cell viability after separation using the SSAW method. Considering these requirements, interdi-
gitated transducers (IDTs) and microchannels have been carefully designed, and the hydrody-
namic focusing technique has been adopted as well.

Il. MATERIALS AND METHODS
A. Sample preparation

Alginate beads with P19 mouse embryonic carcinoma (EC) stem cells were produced as
described in a previous report.’ Sodium alginate (A2158-250G, Sigma-Aldrich, St. Louis, MO)
was dissolved in culture medium (x-MEM, Gibco, Grand Island, NY) to a 2% (w/v) concentra-
tion and filtered with a 0.2 um syringe filter (Pall Life Science, Port Washington, NY). The P19
mouse EC stem cell line was obtained from American Type Culture Collection (CRL1825; Man-
assas, VA). The detailed culture method is described elsewhere.” The P19 EC stem cells were
prepared and suspended in the alginate solution. Alginate droplets including cells were gelified
with calcified oleic acid using two-phase microfluidics. Next, 1.2 g of calcium chloride (C7902-
500G, Sigma-Aldrich) was dissolved in 50 ml of 2-methyl-1-propanol (Junsei Chemical, Tokyo,
Japan) using ultrasonication (5510-MT, Branson, Danbury, CT). After the calcium solution and
oleic acid were mixed, 2-methyl-1-propanol was distilled overnight at 120 °C to prevent damage
to the cells and filtered with a 0.2 um syringe filter to remove any debris.* The average diameter
of the alginate beads was approximately 150.7 = 11.3 um.” The prepared alginate beads were sus-
pended in a cell culture medium (Dulbecco’s Modified Eagle Medium, DMEM) for separation.
For the separation experiment, the concentration of the sample was 50% (v/v).

B. Cell viability test

The viability of the encapsulated cells was examined using MTT (3-(4,5-dimethylthiazol-
2-y1)-2,5-diphenyltetrazolium bromide) assays. Prior to the MTT assay, we adopted the Trypan
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blue stain, which is most commonly used to distinguish viable cells from nonviable cells. Viable
cells exclude the dye, while nonviable cells absorb the dye and appear blue. The cells were dis-
persed in buffered saline and then counted. In result, the O-day cells, which were selected as a
control, yielded cell viability higher than 95%. Then, for the MTT assay, the optical density of
the control sample was set to 100% cell viability as a reference value, and the relative optical
densities of other cells were evaluated to determine their viability. The encapsulated cells were
cultured in flat-bottomed, 96-well tissue culture plates. A volume of 20 ul of MTT solution was
added to the wells, and the cells were incubated for 4h at 37°C. The MTT dye was reduced to
insoluble purple formazan dye crystals in metabolically active cells. Detergent was then added to
the wells, solubilizing the crystals so that the absorbance could be read using a spectrophotome-
ter. The absorbance was measured at 570nm with a plate reader (Wellscan MK3, Labsystems,
Finland).

C. Working principle

The fundamental principle of the SSAW method is similar to those of methods used for
separating and patterning particles in prior studies.’**>~7 However, the structures and the
dimensions of the flow channel and the IDT electrodes were carefully examined and optimized
for the separation of cell-encapsulating beads. As illustrated in Fig. 1(a), three inlet channels
converge to a single straight channel, and the main test section, in which the acoustic radiation
force is applied, connects to five outlets. The inlet channels introduce the sample flow contain-
ing the alginate beads through a center channel and the sheath flow through two outer channels
(“A” region in Fig. 1(a)). The alginate beads are focused hydrodynamically toward the center
of the channel by the sheath flow. Notably, adopting a sheath flow in the outer inlets allows all
beads of the sample fluid to be initially aligned along the centerline of the stream at the en-
trance of the straight microchannel, as shown in Fig. 1 (inlet). In fact, initializing the particle
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FIG. 1. (a) Schematic illustration of the working principle of the SSAW for density-based alginate bead separation. (b)
Photograph of the device consisting of a PDMS microchannel and patterned IDTs on a piezoelectric LINbO3 wafer.
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position using sheath fluid injection provides a starting line for particles to migrate toward the
side walls.

Two SAWs generated across the channel propagate and encounter each other in the channel
flow. Two SAWs encountering each other superpose and form standing waves, which cause
pressure fluctuations in the channel. Upon the superposition of these two pressure waves, pres-
sure nodes (PNs, minimum pressure amplitude) and pressure antinodes (ANs, maximum pres-
sure amplitude) are formed, and lateral acoustic radiation forces are generated between the
nodes. Therefore, any particle in a suspending medium can be driven laterally to either the PNs
(minimum pressure amplitude) or the ANs (maximum pressure amplitude), depending on the
density and compressibility of the particle relative to those of the medium, as described in Eq.
(1) In the present study, the lateral acoustic force drives alginate beads containing cells to-
ward the PNs (“B” region in Fig. 1).

The acoustic force, which is a function of the bead properties, is described in Eq. (1)

500 =201 By n

2 20, B

Fo= (M)w, psin(2k),
where F,, po, V,, 4, k, x, p, and  correspond to the acoustic force, pressure amplitude, particle
volume, wavelength, wave vector, distance from the AN to the PN, density, and compressibil-
ity, respectively. The p and / subscripts indicate particles and liquid, respectively. The pressure
amplitude is also proportional to electrical voltage.’>> Since the acoustic radiation force is pro-
portional to the particle volume (Vp~r3), poly-disperse particles can easily be separated by
size by the acoustic force.’%>?

In the present study, the alginate beads are almost uniform in size and monodisperse, but
they contain different numbers of cells. Thus, the density of each cell-encapsulated bead is a
unique physical parameter affecting the separation. Fortunately, the acoustic force is a function
of ¢, which includes the particle density (p,), as described in Eq. (1). In fact, ¢ is a function
of the densities and compressibilities of the medium and the particles, and the sign of ¢ indi-
cates whether the particles are trapped at the PN (for positive ¢) or the AN (for negative ¢).
The ¢ values for the present beads, which depend on the quantity of cells in each bead, are
unfortunately unknown. For reference, ¢ is 0.32 for red blood cells (RBCs), 0.97 for white
blood cells (WBCs), and 0.67 for platelets, and these particles with positive ¢ values tend to be
trapped in the PN.”” Since the beads migrated to the PN, we can confirm that the beads have
positive ¢ values. In the present results, the value of ¢ is directly proportional to the acoustic
force, even though its contribution to the acoustic force (F, oc ¢) is smaller than the contribu-
tion of the particle size (F,. oc V), oC ).

Thus, cell-encapsulating alginate beads can be separated according to the bead density.
Specifically, when subjected to the acoustic radiation force under optimized conditions, alginate
beads containing different numbers of cells show different lateral displacements toward the PN.
The more cells contained in a bead, the larger the lateral displacement of the bead is, as shown
in the “B” region in Fig. 1(a). Among the beads, empty beads yield the least lateral displace-
ment. Although all the alginate beads pass through the SSAW working zone at the same time,
the densities of the beads are different. Thus, the displacements of the alginate beads encapsu-
lating different numbers of cells are different at the end of the channel.

D. Microsystem design and fabrication

Fig. 1(b) shows the device used in the present study. An Au/Cr (100 nm/10nm) thin film
was deposited on a piezoelectric LiNbO; wafer using an electron beam evaporator (Ulvac, Ja-
pan), patterned using a conventional lithographic process and wet-etched to form IDTs (128°
Y-cut, X-propagation, 500 um thick; NEL Crystal Co, Fukushima). A polydimethylsiloxane
(PDMS) microfluidic channel with two inlets and five outlets was cured on a silicon wafer,
which was patterned using a SU-8 negative photoresist (MicroChem, MA) and bonded to the
IDTs patterned on the piezoelectric substrate via oxygen plasma treatment (CUTE, Femto
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Science Co., Korea). The width and pitch of the IDTs were 250 um and 500 um, respectively,
corresponding to a SAW working wavelength of 1000 um. The main channel was 300 um in
width and 200 yum in depth (“B” region in Fig. 1(a)). Downstream, the main channel divided
into outlet channels with 5 outlets to collect the separated alginate beads. The variations in the
displacement of the alginate beads were evaluated in this region by normalizing the final dis-
placement of each alginate bead in the direction from the center to the wall (“C” region in Fig.
1(a)).

Experiments were conducted using an inverted microscope (IX71, Olympus, Japan)
equipped with a fast CCD camera (FASTCAM Ultima APX, Photron, Japan). A sample con-
taining the alginate beads was injected through the front inlet and focused by the sheath flow,
which was injected simultaneously through the rear inlet. All flows were driven by two syringe
pumps (KDS101, KD Scientific) and Hamilton glass syringes (5.0ml, 1005TTL SYR, Hamil-
ton). The sample and the sheath flow rates were fixed at 8 ul/min and 16 ul/min, respectively.
The IDTs were actuated using a signal generator (8657 A, HP), an amplifier (ZHL-1-2 W, Mini-
Circuits), and a DC power supply (E3634A, Agilent). The working frequency was set to
3.94 MHz. The applied voltage was altered from 4V to 22V in 2V steps to observe the varia-
tions in the normalized displacement due to voltage changes. The corresponding applied input
power ranged from 55 mW to 1658 mW. For statistical analysis, we conducted five repeated
tests, and the measured values are expressed as mean * standard deviation (SD). The unpaired
two-tailed Student’s t-test was used to determine the statistical significance.

lll. RESULTS AND DISCUSSION

Prior to separating the cell-encapsulating beads according to the bead density, we examined
the effect of the voltage applied to the SSAW on the displacement of the cell-encapsulating
beads in a microfluidic system. Fig. 2 shows the normalized displacements of alginate beads
with different numbers of cells for different applied voltages at a fixed flow rate of 18 ul/min.
The normalized displacement was defined as the ratio of the lateral distance (y) of an alginate
bead from the centerline of the main channel to half the channel width (Y), as defined in Fig.
1(a). For displacement analysis, alginate beads containing various quantities of cells were clas-
sified into three groups: large-cell-quantity alginate beads (LQABs), small-cell-quantity alginate
beads (SQABs), and empty beads. Through microscopic observation and image analyses, the ra-
tio of cell-projected area to a bead area was determined. LQABs were determined when cell
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FIG. 2. Normalized displacements of alginate beads as a function of applied voltage for different cell quantities.
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occupying area in a bead is greater than 80%. Since the cell area ratios for most SQABs are
less than 50%, there was no difficulty in classifying bead groups between LQABs and SQABs.

Overall, the displacement of each bead was approximately proportional to the applied volt-
age between 8V and 14V as well as the bead density: the higher the applied voltage was, the
more the alginate beads moved toward the channel wall. Under the optimized voltage of 12V,
the three groups of alginate beads showed an apparent difference in normalized displacement of
more than 15%. These results imply that the LQABs, which may eventually be used to form a
uniform embryonic body (EB) in a bead,'®®% could be separated from the other beads with
high purity by tuning the applied voltage and controlling the flow rate. After the experiments,
the separation/collection performance was evaluated.

Fig. 3 shows the recovery rate and the captured images of the cell-encapsulating beads in
the divided channels at a fixed applied voltage of 12V. For selective collection of LQABs
among the other beads, we defined the two outermost channels as the collection outlets and the
three remaining channels in the middle as waste outlets [Fig. 3(b)]. The LQABs were observed
to flow into the collection outlets, since they had the largest displacement induced by the acous-
tic radiation force in the straight channel flow. In other words, the target beads encapsulating a
large quantity of cells (LQABs) were successfully separated according to their bead density dif-
ference with high purity by using SSAW-based microfluidics.
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FIG. 3. (a) Recovery rate of alginate beads with large quantities of cells from the collection outlet and the waste outlet. (b)
Captured images of the divided channel separating alginate beads based on cell quantity at 12 V.
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The separation efficiency of the present experiment was evaluated through the recovery
rate, which is defined as the ratio of the number of target alginate beads collected in a particu-
lar outlet to the number of target beads collected at the all outlets. Fig. 3(a) shows the recovery
rate of target beads at each outlet. In the collection outlet, 99% of the unwanted beads (empty
beads and SQABs) were removed through the waste outlets and 97% of the total number of
LQABs was collected under a flow rate of 2300 beads per minute. In addition, when the purity
was defined as the ratio of the number of collected target beads to the total number of all col-
lected alginate beads in an outlet, the LQAB purity was over 98% in the collection outlet.

The recovery rate in Fig. 3(a) shows that only 1% of the unwanted beads (empty beads and
SQABs) flowed into the collection outlet. The unwanted beads could flow into the wrong outlet
because of the different sizes of the alginate beads, even though they were assumed to be
monodisperse particles. In fact, a small difference in diameter among the beads would translate
to a significantly large difference in volume, and the corresponding acoustic effect on the par-
ticles would be quite different. Relatively large-sized empty beads would be strongly affected
by the surface acoustic force and collected along with the normal-sized beads containing cells.
Thus, it is necessary to sort beads by their size in the first step, with adopting either pinched
flow fractionation or acoustic method. It is of note that serial, repetitive applications of acoustic
wave in the first and second stages would be a good option since acoustic separation is sensi-
tive for particle size (FSAWNr3) but not for density (Fgaw ~ p). Then, for mono-disperse beads,
the present density-dependent separation using surface acoustic wave method would be useful.

In addition, we examined the feasibility of separation of encapsulated cells cultured for
1 day in an alginate bead. Through a culture process, the cells in a bead grew and formed 1 or
2 EBs. In fact, the size of the EB formed in the alginate beads was dependent on the quantity,
viability, and proliferation rate of the encapsulated cells."*'®% If the last two parameters are
constant, the EB size simply depends on the initial quantity of cells in a bead. Under the opti-
mal conditions found as mentioned above (12 'V, flow rate = 18 ul/min), the beads encapsulating
EBs were successfully separated according to the size of the EB in each alginate bead using the
same acoustophoresis-based microfluidic system, as shown in Fig. 4. As in the preceding
results, three alginate bead groups were apparently separated based on the size of the EB as a
result of a more than 10% difference in normalized displacement. The separated beads in the
target outlets were analyzed, and the approximate size of the EBs in the beads was found to be
130 = 10 um, which would occupy most of a spherical bead with a 150.7 um = 11.3 diameter.
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FIG. 5. Cell viability in beads separated under different applied voltages in 1 day. The p-value was calculated using the
unpaired two-tailed Student’s t-test to determine whether the differences between the 0V reference sample and the sample
collected under high voltage conditions were significant (¥p > 0.05; **p = 0.015).

In addition, the 1-day cultured beads collected in the target outlets showed slightly more dis-
placement than the O-day cultured beads, as shown in Fig. 4. These results demonstrate that
encapsulated cells can be successfully cultured and became EBs with increasing densities in the
alginate beads. In addition, EB-encapsulating beads were easily separated according to the den-
sity of the beads using the SSAW method.

The viability of the encapsulated cells was also examined using MTT assays, as described
in Sec. II. We used freshly encapsulated cells as a control, and we used encapsulated cells that
had passed through the microchip without an applied voltage as the 0V reference sample. Fig-
ure 5 shows the effect of the acoustic radiation force on the viability of the cells in alginate
beads. As shown in Fig. 5, applying a 12V acoustic force yielded 85% cell viability, whereas
the reference sample had 90% cell viability. Because the corresponding statistical p-value was
greater than 0.05, the reduction in cell viability in the 12V sample can be neglected. For the
24V case, however, the cell viability was 75%, which is significantly decreased from the refer-
ence value (p=0.015). Although the cell viability for such high voltages would vary with the
flow rate and cell-exposure time, the application of high voltages should be carefully considered
based on its effect on cell viability.

The viability of cells would be affected by various factors including electrical, mechanical,
and chemical ones. In the present study, the applying voltages range 0-24 V, but the flowing
current is relatively low (0.013 A-0.075 A). Thus, there would be minimal effect of electricity
on cell viability. In the present study, surface acoustic waves generated in fluid as a mechanical
stress might affect the cells encapsulated in beads and the cell viability might be gradually
decreased with increasing electric voltage, as shown in Fig. 5. In fact, as described in Eq. (1),
the acoustic force is proportional to the pressure amplitude py, which is also proportional to
electric voltage.”>”> However, in the present study, there was no noticeable change in cell via-
bility for an applied voltage of 12V, which was found to be the optimum applied voltage. In
addition, we evaluated the viability of the cells 1day after the separation. The separated cells
encapsulated in the alginate beads were cultured for 1day in «-MEM (Gibco) supplemented
with 10% FBS (Gibco) and 1% penicillin and streptomycin (Gibco), and their viability was
tested. The result indicated a less than 5% difference in cell viability between the 0-day and 1-
day cultures (p > 0.05), and thus we confirmed that the alginate beads provide the encapsulated
cells with good environments protecting them from mechanical and other stresses.
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IV. CONCLUSION

We have demonstrated a simple, novel method for separating cells encapsulated in alginate
beads according to the bead density by adopting SSAWs and hydrodynamic focusing. The pres-
ent study demonstrated that LQABs can be successfully collected with a recovery rate of over
97% and a purity of over 98% at a rate of 2300 beads per minute with acceptable cell viability.
We also confirmed that beads could be separated according to the size of the EBs in the algi-
nate beads after 1day of culturing. The proposed SSAW-based microfluidic method was proven
to separate cell-encapsulating beads according to the quantity and size of the cells encapsulated
in monodisperse beads, which is the same as the bead density. Even though the operating prin-
ciple of the SSAW is well known, its density-based separation capability has been reported for
the first time in the present study. Since the proposed method allows easy tunability of the gov-
erning parameters, it can be further applied to separate various polymer beads, not just alginate
beads, with minimum modification. Above all, the present separation method can be widely
used for biomedical cell engineering as a result of the unique characteristics of the SSAW prin-
ciple, such as local actuation and label-free sorting with high cell viability and high purity. In
addition, the simple design of our device can be easily integrated with various droplet-
generation systems, and thus it can be especially useful for the separation of alginate beads of
uniform size containing different numbers of encapsulated cells.
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