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Abstract- We describe the construction of a ultrasonic devicsuitable for micro patterning particles and cellsfor
tissue engineering applications. The device is forrdeby seven transducers shaped into a heptagon cawiBy exciting
two and three transducers simultaneously, lines ormexagonal shapes can be formed with beads and cells
Furthermore, phase control of the transducers allow shifting the standing waves and thus patterningtadifferent
positions on a surface in a controlled manner. The gper discusses direct patterning of mammalien cellby

ultrasound “stencil”.
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l. INTRODUCTION

Arranging cells in an organised, controlled fashioorder to establish proper intercellular intéi@ts is one of
the main challenges in tissue engineering. Cura@rtnpts to engineer physiologically functionastisin vitro
frequently rely on the use of printing technologiéar instance, soft photolithography stamps haentstudied
as a strategy for spatially controlling the invasiaf cells into the scaffold thus facilitating tgeneration of
organized tissues (Folch and Toner 1998; Zhang, éta. 1999; Wilson and Boland 2003; Charest, Bryd
al. 2004; He, Halberstadt et al. 2004; Khademhags8uh et al. 2004; lwanaga, Akiyama et al. 200®ibel,
Lee et al. 2005). While these methods rely on satestmodification for subsequent cell patternintheo
approaches try to directly manipulate particles eits. Ultrasound devices using acoustic standiages have
been investigated towards this goal. In these amwes, acoustic waves generate patterns of highoand
acoustic energy, and the microparticles aggredateeaacoustic pressure nodes. Both Standing AmoWsive
(SAW) and Standing Surface Acoustic Wave (SSAW)iacks/have been demonstrated to be efficient methods

for patterning cells (Shi, Ahmed et al. 2009; Stigoyun et al. 2011). However, the systems thatdascribed



generate fixed patterns of acoustic pressure nad@sddes and thus do not allow, for example, Hexi
successive patterning of different types of cdfimally, optical tweezers (Ashkin, Dziedzic et 4887; Grier
2003) also allow manipulating and patterning of nminanoscale objects with unprecedented precision.
However, optical tweezers have complex opticalggtwhich are difficult to miniaturize, and are ilied in the
number of cells that can be manipulated at the sanee

Here, we present a device which operates as amstcdstencil”, allowing one to pattern cells into
geometric patterns that can be positioned at wilttlee substrate surface. The device consists @psabgon
enclosure (c.a. 2cm) surrounded by ultrasound d@ress operating at a frequency of 4 MHz. The atous
forces responsible for the particle trapping anenfed by the acoustic standing waves (interfereratéems)
generated by activating two or three transducetsas@n angle to each other. In these standing svive
particles immobilize at the minima of energy. Theastic beams, emanating from the transducerss evitBin
the chamber forming trapping geometries of linefi@xagons, respectively when two or three transguae
simultaneously excited. The patterns of maximunuatio energy, therefore act as an acoustic steimaik the
particles will not immobilize along these patterhst instead settle along the minima of the acoustiergy.
Electronic adjustment of the relative phases ofdkeitation signals allows the standing wave pagdp be
moved at will on the substrate surface. In this gpapghe structure of these acoustic devices, termed

sonotweezers is discussed in detail as well as plagiicle and cell patterning capabilities.

Il. STRUCTURE AND WORKING MECHANISM
The sonotweezers device was created by bonding N@E#iac Ceramic lead zirconate titanate (PZE)P(
Electronic Components Limited, UK) plates to a flexible printed circuit boar@léxible dynamics Ltd, UK) and
folding it into a heptagon. The flexible circuit svdesigned with holes along the folding edges tditate the
shaping of the device. Once the circuit is foldbe, holes are sealed.
As shown in Fig. la, the heptagonal flexible puihteircuit board was first sandwiched between two
poly(methyl methacrylate) (PMMA) plates to creatsealed unit. Silicone rubber aquarium glue wasl @sea
sealant to ensure biocompatibility of the devicecadly, the sealed heptagon was mounted on apigited
circuit board to allow simple electrical connecttoreach transducer element.
To reduce these unwanted effects, an agar layg¥o(BAgar in deionised wateFisher Scientific UK Ltd, UK)
was deposited at the bottom of the device, thuaticig a smaller cavity (0.6 ml of liquid) above thagar that

very effectively reduces streaming. Agar has acoystoperties similar to water and does not chatige



acoustic wave interference patterns (Zell, Spedl.€2007). Fig. 1b shows a schema of the heptagbrenber

with the agar layer.

(b) Cell culture medium

Glass coverslip

Agar layer

Fig. 1 (a) Device shaped into a heptagon and bond&mla PCB for easy connection of each channel (cslze ~ 2 cm), (b) Schematic of

the heptagonal chamber with the agar layer and theover slip placed in the middle of the cavity.

The PZT transducer plates were 5 mm x 5 with a thickness of 0.5 mm. The flexible circuitdsd was a
ribbon of 10 mm width and 72 mm in length, eaclefatthe heptagon being 10 mm long.

Synchronisation between channels was achieved asingrbitrary waveform generator providing fourpuit
channels TGA12104, Aim and Thurlby Thandar Instruments, UK) allowing independent control of the
amplitude, phase and frequency. The signals fraammtaveform generators were amplified and electedlyic
matched by high speed buffers, BUF63Z&xgs Instruments, UK).

This method offers multiple advantages over previ@pproaches, including a small overall device,
compatibility with sterile cell culture, simplicityn experimental setup and control as well as thiemial for
integration with analytic sensors modules.

The influence and combination of two and three #ameously excited transducers was investigated and
discussed in detail elsewhere (Bernassau, Chun&ial. 2011). In this paper, each excited transdweas
separated by at least one inactive transducerthéotwo transducer (1-3) setup, the excited tracesduwere
separated by one inactive transducer (Fig. 2athdrthree transducer (1-3-5) setup, transduceis(8¢parated
by one inactive transducer on each side (Fig. @bdhis study Only 180° phase shifts were used twarthe
micro beads or cells.

Fig. 2 shows the computer simulation results olethiwith two and three transducers excited simutiasky
showing the theoretically expected patterns. Thegmm is based on Huygen’s principle and simuldtes

acoustic pressure distribution within the heptagcaaity. In order to simplify the model, the boamigs were



assumed to be perfectly absorbing. The wave §elterated by one transducefr,), was modelled as the sum

of several simple cylindrical point sourcés):

f(r)=Ae’ cos@t —kr +®)

9(r) =3 1 (1)

Where A is the amplitude, is the damping factok, is the wavelength, andl is the initial phase in degrees.




Fig. 2 Simulation results showing the creation oftanding waves in the middle of the heptagonal cavwitwhen (a) two (b) three
transducers are excited simultaneously. The maximare dark, and the minima are white; (c), (d) showte central area of (a) and
(b) respectively when magnified by 10 times. (c) €rly shows the minima (dark) as edges that are usg for trapping material in

lines, whereas (d) shows hexagonal traps.

It can be seen in Fig. 2 that the most regulardstenwave patterns are situated in the middle efttbptagonal
cavity, at the intersection of the travelling waarsd the experiments follow this behaviour. For taative
transducers a linear pattern of nodes and antinedesmed (Fig. 2c¢). For three active transductrs, nodes
adopt a pattern with a hexagonal shape (Fig. 2dyilllbe shown that the particles and the cellsuamculate at

the acoustic nodes of minimum acoustic energy.

M. RESULTS AND DISCUSSION
In the original device, substantial particle movemwithin the acoustic nodes was observed in thaidi
probably due to streaming effects. For example pdmicles would travel along but within the lineswhich
they are trapped (2 transducers case). This adpéesgomenon was ascribed to the large amount iof tat
the cavity contains (~ 2ml of liquid) and to thebatanced acoustic energy of the travelling wavesgged by
the transducers that are at angle with each dthader these conditions, it was difficult to patténe entities in

a stable manner.



A. Patterning of micro polystyrene beads
Polystyrene particles were first used in a proetmficept experiment to ascertain and optimize thpping
capabilities of the heptagonal device. All expermisewere performed using 10n diameter polystyrene beads
(Polysciences Europe, Germany). The transducers were excited with &, %t a frequency of 4 MHz. In all
experiments particles were reproducibly trappeatxwiting either two or three transducers simultarspoand
the position of the particles could be controllgddhifting the phase of one of the transducergiveldo the
others.
When two transducers are simultaneously excitezintides created are along lines that bisect thie fmgned
by the two transducers. The distantbetween the nodes can be calculated byA/2sin(@/2), whered is the
angle formed by the normal to the planes of the swles with the active transducers. In the cassepited in
the paperd is 105° and. = 375 um.

Fig. 3 shows the results when two transducers @r8gxcited simultaneously. The particles aligmgllines
with a separation distance of 2@6. Fig. 3b shows the effect of a 180° phase shiftamsducer 1: the particles
move towards transducer 3 by about 118 pm. Withsiree combination, if the phase is in transduc#re3
particles moved towards transducer 1.

With three transducers (1-3-5), the particles elustround acoustic nodes of minimum energy fornairgear
hexagonal pattern (Fig. 3c). When the phase ofabribe three transducers is shifted, the nodesaatidodes
of acoustic energy are displaced, and the clustpagticles follow accordingly. Fig. 3d shows theeday of
two photographs of the respective particle patteith the phase of transducer 1 shifted by 180°. Téuk
hexagon shape represents the agglomerated pagiqidsmse equals 0° and the blue one represenpaitieles
trapped when the phase of transducer 1 has beféedshy 180°.

Therefore, in this heptagonal device, particles lbartrapped and displaced in a reproducible andigieble
manner in two dimensional patterns. The patteans ke displaced while at the same time retainimy th

relative positions, simply by shifting the phaseoné of the transducers.



Fig. 3(a) Micrograph showing trapped 10 pm polystyene particles with transducers 1 and 3 active (ingg the distance between
minima is 236 pum. Scale bar = 200 um. (b) Overlayf dowo micrographs taken at two different relative phase shifts of transducer 1
and transducer 3 (black = 0°, grey = 180°) showinthe movement of the particles by 118 pm, (c) Micragph of particles clustered
in a hexagonal arrangement when transducers 1-3-5efe active, scale bar = 200um, (d) Overlay of twoinrographs taken at two
different relative phase shifts of transducer 1 wih respect to transducer 3 and 5 (black = 0 °, grey 180 °), showing the movement of
the particles. For (b) and (d) the microscope andasnple are kept in a fixed position. ImageJ was usetb create a transparent

background for the purpose overlay.

B. Patterning of cells
We further examined if the SonoTweezers technicue lie readily used to pattern mammalian cells sisch
Madin-Darby Canine Kidney (MDCK) cells. In this dert, the ability to maintain a sterile environménta
critical factor. It is also important to demonstréthat the cells keep their viability and were dainaged e.g. by
the ultrasonic forces, or streaming, or excessigat fduring the patterning process. Either two oedh
transducers were excited simultaneously af,8avid 4 \,, respectively.
The heat generated by the ultrasound transducearbea problem for cell viability as overheatindl wifect
cell metabolism and their capacity to develop. Wawehinvestigated the heat generated by two anck thre
transducers excited simultaneously over 90 min wihenagar filled the cavity to the % of the heightthe

heptagon. Fig. 4 shows the temperature over tirhe.sfarting temperature was 25.3 °C (room tempezatnd



increased slowly to 26 °C. It can be noticed thattemperature after 20 min stays stable and doesxceed

26 °C.
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Fig. 4 Evolution of the temperature of the liquid wer time.

We can conclude that under the experimental canditused, that allow a good cell trapping and atigmt, the

heat generated by the transducer will be smallveifichot affect the cell viability.

Prior to the cell patterning experiments, the devi@s sterilized by rinsing briefly in 70% ethafalowed by
three washes with sterile water. A 13 mm glass calip, coated with Poly-L-lysine (PLL, Sigma-Aldh,
Gillingham, UK) to improve adhesion, was placedhia middle of the cavity on top of the agar lay€nally,

0.5 mL of cell culture medium (Dulbecco’s Modifighgle Medium containing 10% fetal bovine serum and
100U Penicillin + 0.1 mg/ml Streptomycin) were addé& PMMA lid with a hole in the centre of the hagon
was placed on top of the device to maintain sterdaditions and to make sure that the cells addethd
medium arrived close to the centre of the cavitiyere the standing wave patterns formed.

For cell patterning, 200 ul of cell suspension atamcentration of 10cells/ml were introduced into the
SonoTweezers. Fig. 5 shows photographs of the MB&lIS patterned with two and three excited transdsic

It can be easily seen that the patterns are id#ntw those formed with polystyrene beads. Thescell

agglomerated at the nodes of minimum acoustic gnerg



Fig. 5 Photographs of MDCK cells patterned with (aYwo (b) three transducers. Scale bar (a) 100 pmb) 200pm.

In order to check the viability of the process widlyards to possible cell patterning by successegling into
acoustically defined distinct places, we also penfed a phase shift of 180° on transducer 1 with-& 1
combination on the patterned cells. A first layecells was introduced and patterned as mentiobetia After
allowing the cells to adhere to the PLL glass cselgrfor 1 hour a 180° phase shift was performed. B
shows photographs of the patterned cells aftangethem adhere for 1 h under ultrasound (a), diedt 20 min
with a 180° phase shift on transducer 1 (b) and thein after adding new cells (c). It can be sthan after the
180° phase shift only a very small amount of cedlse escaped their initial position, while the migyoof cells
remained well attached to the substrate. To quattié displacement of the cells after 10 min of °.pBase
shift from their initial position, Particle Imageelocimetry (PIV) software was usedP(V, (Vennemann
2007)). Fig. 7 shows the displacement of the MD@Hscafter 10 min 180° phase shift. We observe mhast
of the cells moved by less than 5 pixels from theitial position. A possible explanation for tkells being
moved could be that they had been forced on tagtadrs, during the initial patterning, preventirithehment
to the cover slip surface. However, we cannot elelthe possibility that a small subset of cells baén
affected by the exposure to ultrasound thereby lwbauld have prevented them from adhering to thstsate.
After establishing that the initial pattern washétaafter phase shifting transducer 1, we applisda@nd batch
of cells (at the same concentration as before)eXsected these cells were trapped at the shiftedstic
pressure nodes and settled in-between the firshhwdtcells as illustrated in figure 6 (c). Thisu# exemplifies
the general usefulness of the device for cell esgginmg applications that require controlled deposiof cells

onto a substrate.
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Fig. 6 Photographs of MDCK cells patterned with twaransducers (a) after Lhour with the ultrasound swvtch on, (b), (c) after 10

min with a 180° phase shift on transducer 1, (c) @h a second batch of cells added after the phaseifth
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Fig. 7 Histogram showing the MDCK cells movement fsm their initial position and after 10 min of excitation at a phase shift of

180°.

V. CONCLUSION
In this paper we presented a new acoustic devatecin successively pattern particles and cellsdantrolled

fashion by electronic phase shifts. In effect teeick is acting like a spatio-temporal acoustioGtgreventing

10



cells from setting in the areas on high acoustiergyn This device offers multiple advantages ovavipus
approaches, including small device size, genemadmnpatibility and sterile cell culture capabiligimplicity in

experimental setup and control and the potentiaintegration with other analytic sensor modules.
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