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ABSTRACT cells into viable fractions is usually of much gmra
importance than having a high throughput.

To date, several techniques have been evaluateshfor
chip continuous flow cell sorting. The most comnuafrthe

An acoustic microfluidic system for miniaturized
fluorescence activated cell sorting (LFACS) is enésd. By

excitation of a miniaturized piezoelectric transeluat 10 labdled techni f Il sorti | ferred toiagle-
MHz in the microfluidic channel bottom, an acoustic a echnigues Tor cell Sorting, aiso referred fo g 32,
standing wave is formed in the channel. The aooustige" sorting, are hydrodynamic sorting b_)r/?sgwtchwajves,
radiation force acting on a density interface caudgdic opt|c_al sor.tlng“,_ eIectro-_osmotlc .SW'tCh' 9 and_electr(7)-
osmotic sorting in combination with pressure-drifkws.

movement and the particles or cells on either sifiche . ) .

L . . L . Besides the labeled sortindabel-less sorting may be
fluid interface are displaced in a direction pewtienlar to erformed; also referred to as bulk sorting. Bylediag the
the standing wave direction. The small size of theP®’ O ) 9. 9

initial staining of the cells of interest, the nuentof process

transducer enables individual manipulation of cplissing . :
the transducer surface. At constant transducevadicth the steps s adv_antageously redL_Jced. MOSt often thedarting
end to provide a sample enriched in target celiser than a

system was shown to accomplish up to 700 um sid:ewayt . i e
displacement of 10 um beads in a 1 mm wide chafis, homogenous cell populatidnThe label-less separation is

is much larger than if utilizing the acoustic raitia force limited to a physical difference between the celish as

acting drecly on parices, where the limiaton 7 O OPICE, Fceq PORE, | Seetnl,
maximum displacement is between a node and amad#g- P

. 4 . .
which at 10 MHz is 35 um. In the automatic Sortseg-up, medium® (see the Theoretical Model section for an

the system was demonstrated to successfully satescells explangtlon of the acoustic contrast factor). Galnerfew
; cells display strong physical differences and laigebased
of E-GFP expressing beta cells. . . I )
on immunological propertiés is therefore necessary in

many applications. Separating by the wuse of
immunologically labeled magnetic beads is a comiallyc
popular separation method and may be classifiethds
The benefits of on-chip cell sorters as compared tgorting with requirement of an initial labeling pteAs
macroscopic systems are several. Sample purity thed opposed to fluorescent tagging, the magnetic beay e
ability to handle infectious material in closed teyss and undesired in a following step and needs to be remov
integration with other steps are key motivationsaddition  which may be detrimental to the cell. For this orashe
to the ability to handle small sample volumes,ghtentially  beads are often used in negative seledidimne method
lower cost and a lower requirement of trained ofirega evaluated in this article is of type labeled saytin
personnel. The large-scale fluorescence-activated c Most methods for on-chip cell sorters presentethé
sorters,FACS, offer extreme cell throughputs (5 000 to 40 literature display some draw-backs. The hydrodyonami
000 cells 8)" and multi-parameter differentiation. However, systems are often very sensitive to small changes i
cell sorters on-chip may not necessarily have txhethe hydrodynamic pressure, for instance resulting fidewiant
same speed and the aforementioned benefits may Hkevels of fluid in reservoirs. For various electiruiic
important enough to favor an on-chip alternativie far sorting techniques, buffer incompatibilities can deissue
example the total sample volume is small, it may®of  depending on the ion strength and pH required anc
primary importance to complete the sorting in selsoas additionally joule heating needs to be controfiddoreover,
compared to a few minutes. In general, the througlgd  the conditions may change during the sorting prsicesy.
microfabricated cell-sorters can be enhanced bydibgi  electro-osmotic induced flows will be affected byanged
parallel systems which is possible due to theirlssizes. If  electrical charge of the channel walls as a resfilhon-
working with fragile mammalian cells, the ability sort the  specific adsorptioA. The strength of the electrical fields
required may also be high enough to affect theiltialof
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sensitive cell$. While the conventional macro-scale FACS of cells has been evaluated for this exact platf@amty with

uses electrical fields during the cell sorting stee cells are
for the most commonly used set-up enclosed in dthrg
droplets before being deflected in an electricaldfi For
extra high demands of cell recovery negative sgrtis
employed, i.e. only unwanted droplets are deflestdile
the desired droplets move straight ahkadsorting method
that has achieved much attention recently is olpsicging,
but the high light intensity levels employed aréated to
viability issues since not only temperature inceshat also
photodamage ‘optocutiolt are direct effects of the light.
Optical sorting, weather the optical system is tedaoff- or
on-chip requires beam shaping objéct$® and an extra

smaller transduce?}, for instance neural stem cells after 15
minutes trapping (7 Vpp, 12 MHz) against a flow bf
pL/min (26 mm/s) with no indication of viability $3 as
measured by Acridine-Orange staining of the cellke
manipulation performed here is expected to be getian
the long-term trapping and the hydrodynamic dragmfr
displacing the particles is not expected to adessgs to any
large extent.

The method and set-up presented here enables larg
sideways (x-direction) particle displacements ardividual
particle manipulation by a small transducer intezgtan the
channel bottom of a glass and epoxy-based device. A

optical beam branch besides the one for fluorescencacoustic standing wave above the transducer geserat

detection. Furthermore, it is advantageous if toetirsy
method is insensitive to cell properties other thia@ one
employed for sorting. For optical sorting the refiee index
may vary within a cell and the optical force magréfore

radiation forces on an interface between two flumfs
different density, resulting in a repeatable mixjpagtern of
the two initially laminar flows? Particles on either of the
fluid interface are consequently displaced dueh drag

affect the cell dynami¢& and generate a diverse responseforce of the fluid that moves due to the acoustidiation

Regarding dielectrophoretic polarization paramesersh as
the cell morphology, the cell differentiation ankdetcell
physiological state contribute to a large degretthrrefore
generate a diverse restilinsensitivity to cell parameters
may be achieved if the force acts not on the pastic
themselves but on the fluid, as in hydrodynamitisgror as
in the acoustic sorting method presented here whweze
force acts on the fluid rather than on the padicln
conclusion, there is a demand for on-chip sortirethmds
that offer robustness, less stringent requirementbuffers,
gentle sorting principle and simple integration.

forces. To the authors’ knowledge, this method igpldce
and hence to sort particles has not been preseefece. As
opposed to systems exploring the acoustic radidticoe on
particles, the maximum displacement is here noitdidnto a
guarter of a wavelength, i.e. the distance fromressure
node to a pressure anti-node. For a system opee&dté&d
MHz that distance would be approximately 35 pm famch
3 MHz system 100 um. Large displacement is desirédal
sorting since it enable less strict requirementsherfluidics
at the outlets. In addition, separating severaldkirof
particles in a sample is possible by deflectingiplas into

Sorting speeds for on-chip cell sorting devices asmultiple outlets by applying different voltage lévdo the

calculated from the given switching times are i@ tAnge of
?undreds of particles per second for reported tgydramic
speeds in the range of tens of particles per se@ed
reported for systems based on dielectrophot&tiptical*
electro-osmotit® and hydrodynamfcforces. Lower values
of directly measured sorting speeds, in the rarfgsirgle
cells per second, are reported for optoelectf@nand

transducer. Thirdly, the large displacements endideuse
of a low voltage signal thereby minimizing the tesrature

and optical sortintysystems. Directly measured sorting increase in the channel. The direction of the plarti

displacement is parallel to the transducer surféxe
direction), hence allowing for easier observation also
that the transducer can be mounted in the bottoamrodi
wall which is compatible with microsystem manufairtg
techniques. Other ways to obtain separation isiglakting

electro-osmotit systems with emphasis on features such ashe particles in the out-of-plane directidor by exciting a

gentleness and high-resolution detection, respalgtiv
Acoustic forces for separation in continuous floash
been employed in label-less mode, for separatiffgreit

fluid channel mode by an external transdi#éet.In order to
manipulate cells individually in a flow, the acaasenergy
needs to be localized to a small zone as is olddimethe

kinds of particles # and for separating particles from a integrated miniaturized transducers.
fluid?? based on the size and the acoustic contrastrfacto

relative the fluid. Batch-wise sorting has beenvahdy
selectively trapping the cells of interest by mearfisan
acoustic transducer and re-directing the flow aadchk the
trapped cells to a different channel outfut’ A labeled
set-up has been proposed where an acoustic trarsduc
intended to block the particles from entering ohewo fluid
outlets® In several studies acoustic manipulation
recognized as a gentle manipulation method alsdoifug-
term handling such as in acoustic trappthd’ The viability

EXPERIMENTAL DETAILS

Device fabrication
A schematic view of the platform is shown in Figure
1A and 1B. Miniature single layer PZT (lead ziraomi

is titanate) transducers, 900x900x200 um, were intedrato

the channel bottom. The microtransducers were dasd
from a 200 pum thick commercial piezoelectric Pzg2éte
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Figure 1. Top view of the platform showing the glass charlager and the underlying PCB layer with integratesthsducers (A) schematic and (C)
photo. (B) shows the cross-section. The sample {lbwand the shuffle flow (4) are indicated as veslithe relative flow proportions. In the automatic
separation a particle is detected in Eretection zone A. Particles are displaced upon transducer exaitdtidheSeparation zone and exit in théON zone

B, while otherwise transported into tB&F zone C. The cavity was pressure sealed betweetigitened brass plates.

(Ag-evaporated electrodes, Ferroperm, Kvistgard,
Denmark). The transducers were mounted on a printed
circuit board, PCB, (1.5 mm thick, 35 pum Cu coakiby
conducting silver paint. Epoxy was cast around the
transducers and the device was cured upside dowa on
polymer film at 90°C for 24 hrs. The surface was carefully
polished with 1200 grit silicon carbide paper, démebugh-
holes for fluidic connections were drilled in thER plate.
Finally the top electrode was deposited by evapayat5

nm Cr followed by 150 nm Au. A 5 um thick paryle@e
coating (Para Tech Coating Scandinavia AB, Swedes)
added in order to protect the metal surface duchmennel
re-assembly and also to prevent contact between the
sample and the epoxy. This coating step improved th
biocompatibility of the device since both glass and
parylene can be considered as inert materials, with
parylene C even being classified as a Class Vimehby

the United States Pharmacop@ia.

The channel-reflector structure was fabricated ey w
etching borosilicate glass wafers (Emmaboda Glastek
Sweden) to a reflector (channel roof) thicknes9®f pm
and a channel depth of 71 pum. The etch solutiosisted
of HF:HNOs;:DI water (100:28:72, v/v) with 100 nm Cr
and 2 um 1813 resist (Shipley, Coventry, UK) ashetc
mask. The etch bath was ultrasonicated at repeated
occasions in order to achieve even etching. Intdédhin
the glass reflector structure were drilled with iantbnd
drill. Before and after drilling, the etched glastsucture
was heated to 600 °C and slowly cooled down in rotde
reduce any induced stress. Fluidic connectionsherPCB
back side and glass front side were provided byeciing
polyethylene tubings of 0.38 mm inner diameter
(Intramedic BD, Sparks, MD) with epoxy. The glasse?

device was sandwiched between two brass plates an
pressure-sealed by screwing the upper and lowdespla
tightly together. A hydrogel was applied on theepgtdges
of the glass structure to facilitate the alignimgqedure.

The channel was evaluated with four inlet flows and
two outlet flows, see Figure 1A. The primary samidev
(1) with sheath flows (3) and (4) entered the gafitough
the glass, see Figure 1C, while the positioning f{@) and
the outlet flow traversed the PCB plate to the bk
The sample flow was small and therefore all paasicl
entered the main channel at approximately the same
position. The flow (4) has a different density thha other
3 flows and is labelled ‘shuffle flow’ since its mement
relative the sample fluid interface causes the igart
displacement in x-direction. The many inlets givéigh
degree of flexibility in positioning the densitytémface and
the particles (in x-direction) in relation to theoastic field
above the transducer which varies across the tuassd
surface (xy-direction).

Set-up and quantification

We used a solution of 17 % glycerol (Alfa Aesar,
Karlsruhe, Germany) in DI water as shuffle fluidhéerfluid
contained 0.1 mM Rhodamine B (MP Biomedicals,
Eschwege, Germany) to enable easy visualizatiothef
fluidic behavior in the system. If not otherwisatsd, the
positioning fluid (2) and one of the sheath flui@3)
consisted of DI water, all connected to equal sized
Hamilton syringes. A single syringe pump (Univentor
Limited 864) was wused to drive all syringes
simultaneously. A total volume flow in the main anal of
6.9-104.0 pL mii (1.6-24.7 mm ¥ was evaluated,
corresponding to a Reynold's number of 0.2-3. The
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Figure 2. (A) Schematic view of the automated sorting ppieciof the system. The excitation of the transdoesinge rectangle) is controlled by the
optical fluorescent detection of a cell in detattimne A. The time until excitation and the lengttexcitation was set to depend on the flow veloiit
the system. For evaluation of the sorting yields tells were further identified in the two zonesaBd C. (B) Images from the software program
controlling the automated system showing a noreddt® um bead and (C) a sorted bead (bottom to top)

fluorescence was induced by an Hg-lamp and wasedag
using an inverted Nikon TE-2000-U microscope with a
high sensitive cooled CCD camera (SPOT Diagnostic
Instruments). In the acoustic zone the particles/ ne
displaced into a different flow stream if the trduser is
activated, and therefore exiting through a diffem@nlet at
the flow-split. Hence, sorting was performed byptising
particles or by letting them continue in the iHitflow
stream. The sideways (x-direction) displacement of
particles was quantified as a function of the fldiiow
velocity at a position 500 pm downstream from tkeited
transducer. Measurements were performed with 9.9 um
and 1.9 um co-polymeric particles (Duke Scient@iarp.)
dissolved in 17 % glycerol/DI water. The particlesit
green fluorescence and can hence be studied selgarat
from the red fluorescence emitting Rhodamine B le&be
shuffle flow. To avoid particles adhering to eathew, 0.5

% (v/v) Tween was added to the polymeric bead mwlut

A sample flow consisting of fat globules in watéry %
milk) was used to study the movement of particleth w
negative acoustic contrast factor, i.e. particleat tare
attracted to pressure anti-nodes. In addition saltsorting,
the system was evaluated for cell sorting with BPGF

transfected MIN6B-cells. The E-GFP expressirfycells
were provided in DPBS-buffer at a concentratioralodut
1x10 cell mL™. During cell sorting, the device was run
with DPBS as positioning fluid (2) and sheath fli),
Figure 1A, instead of DI water. Automatic switchings
performed by the use of a custom built Labviewsafe
program (8.2.1, National Instruments). At 40x
magnification, the image covered both an identifira
zone (A, Figure 2A) and two output zones (B and C,
Figure 2A), thereby enabling on-chip sorting evtbra
The sample fluid is small which makes the particdaser
the main channel at the same x-position. Upon tleteof

a fluorescently labeled incoming particle or celthe zone

A, a sinusoidal signal was applied to the transdudth a
delay time corresponding to the time required far tell

to reach the transducer. A cell was identified whiea
intensity within the zone exceeded a threshold ealu
Approximately 10 images s were processed by the
program depending on the set exposing time. The
automatic switching was evaluated by displacingneve
second particle and detecting the displaced pestil the
zone B, Figure 1A, as well as the particles nojesttbd to
displacement in the zone C. The length of the zones
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Figure 3. lllustration of the motion mechanisms for particlgith (A) high acoustic primary radiation forc8) (lower acoustic radiation force as in the
case of small particles or particles with low atmusontrast factor and (C) particles with negat®ustic contrast factor attracted to the presantie
node as in the case of lipid cells. (i) The inipaksition of particles relative an interface betweelower-density fluid (white) and a higher-deydiuid
(grey), (i) the time-averaged squared pressureliardp in a standing wave and the primary radiafance that moves the particles to a pressure nodal
plane in the middle of the channel, (iii) the raidia force acting on the interface and (iv) the eotpd initial displacement of the fluids and the
displacement of particles due to the radiationddidack arrows) and due to conservation of mass(firey arrow).

Figure 4. (A) Particle trajectories of fluorescent 10 pm jodes at a total flow velocity of 1.6 mnt sluring continuous transducer activation, (B) fluid
distribution of the fluorescently labeled higherdiy shuffle flow and (C) the two superimposed gmsifor comparison.



optimized to be large enough to recognize a parttlthe
selected fluid flow and small enough not to cowvt tells
as one. The optimizing of the lengths of the zoises
complicated by the fact that particles travellingldéferent
height in the channel have different speed (befme
focusing). With the present channel dimensions, the
velocity of 10 um beads transported at the outetrhagsor
bottom (z-direction) is only about 30 % of the \aifyp for
beads traveling in the centre of the chaririEhe solution
was to close the window of recognition during Osléafter
identification of a cell, thereby assuming cells time

sample to be adequately separated when entering the

platform. Since the particle velocity is highertire middle
of the channel, the sorted identification zone Bs vsat
larger than the other two zones.

The transducer was excited by a high-frequency
function generator (3320A from Agilent) and thevirg
voltage at the transducer was g Mnless stated otherwise.
This excitation signal was decreased at low flovosities
in order to avoid the competitive effect of acoustapping
of cells.

THEORETICAL MODEL

Upon activation of the ultrasonic field, the fluidse
subjected to an acoustic radiation force at thel-flluid
density interface that will cause convective motafrthe
fluids, as recently described by our grd@pParticles
present in any of the fluids adjacent to the dgristerface
will move with the flow motion. A density differeecin
the range of a few percent (> 2 %) is required betwthe
shuffle flow and the sample flow to generate effectluid
motion sufficient for cell sorting purposes. Thenmary
acoustic radiation force acting on a fluid integfat

I:prim,l (X): IAQSN @COSZ(% Z\J{pm - QQZ poz\J ’

will cause a movement of the fluids perpendicutathe
fluid interface (x-direction), in our case in thedikection
in Figure 3.A is the wavelength of the acoustic waveis
the oscillation velocity of the acoustic wave ate th
transducer surfaceg andp, are the densities of the fluid
1 and 2, respectively, in the absence of sound, the
number of interfacedA is the area of the interface andb
the direction of the wave propagatidQsy is the quality
factor of resonance in the channel with fluid 1 &ads the
quality factor with fluid 2. The above expression assumes a
stepwise density difference at an interface andftinee
will be reduced as the density difference decredsesto
the convective motions caused by the radiationefofthe
viscous forces have been omitted for simplicityu&ipn
(1) can be visualized by the schematic model ilatsd in

Figure 3 where a driving frequency matching a stand
wave in the lower-density fluid is assumed. Thehkig
density shuffle flow is marked as the darker fidltie top
and bottom layers (z-direction) experience the édgh
radiation force due to higher time-averaged pressur
amplitude, which is directed towards the fluid after
density. Due to the conservation of mass flow,cavfin
the opposite direction is expected to occur in nfiddle
region where the acoustic radiation force is weaker

A patrticle in the fluid will follow the flow sincea
deviation from the fluid velocity will generate arée
according to Stoke’s drag fordes,’

Fo(X)=6znrv,”,

here expressed for a particle velocity relative fld
velocity, vy, in the mixing direction xn is the absolute
viscosity of the fluid and is the radius of the particle.

In addition, primary radiation forces on the paesc
will cause a pre-alignment in the axiadirection. The
primary radiation force on a particle may be expedsas
follows,*®

dar® i 3 2
F . (2)= fp? f+—=f, |si z
an,P( ) 3 pa[zpocg)( 1+ 2 2)”“[2/2 ]

wherer is the radius of the particlp, is the sound induced
pressure amplitude, is the density of the medium in the
absence of soundy is the speed of sound of the medium
andf; andf, are defined as

fl =1-— IDOCO2
2p + py

2

wherep is the densitfl pf the particle ands the speed of
sound of the particle. The parenthesis contairtied;tand
f, is referred to as the acoustic contrast factarstiation
of particles’ motion in the acoustic zone above the
transducer is shown in Figure 3. If the acoustiiaton
force on the particles is strong, the particlegrafiast in
the vertical direction as shown in Figure 3A. IEthre-
focusing is not strong enough to enable positiorththe
particles at a single vertical position at thei@istages of
the fluid movements, Figure 3B, the particles vhillve
different trajectories depending on a slight défece in
entrance position. Hence, a divergence in the mogition
is expected. A weaker pre-focusing is expectediioaller
particles, for particles with low acoustic contrésttor and
for higher fluid flows (i.e. shorter residence tenabove
the transducer). Regarding particles with the ojos
contrast factor, Figure 3C, for instance lipid€ #toustic
radiation force will attract the particles to thegsure anti-



nodes and they will be displaced as the fluid atdhannel
top and bottom (z-direction), i.e. in the oppositeection
relative the particles with positive acoustic castrfactor.

RESULTSAND DISCUSSION

Standing wave cavity

The standing wave cavity was evaluated by idemtifythe
frequency of maximum displacement of the fluid ifaee,
at which frequency the following measurements were
performed. The optimal driving frequency was idfedi
as 10.3 MHz. According to simulations of the fluaed
reflector thicknessé$ (given sound velocitye = 1500 m
s*, sound veloCitymecor = 5530 m & and acoustic
impedancgfecor =14000 Q) 10.3 MHz is a system
resonance frequency. Still a prediction of an optim
driving frequency is complex due to the 3D chandsties
of the acoustic field.

Particle displacement at the fluid interface

Figure 4A shows the displacement trajectory of I u
polymeric particles for a total fluid flow of 1.6rms" at
continuous transducer activation. The exit positisas
displaced 730 pm relative the entrance positione Th
distribution of the high-density shuffle flow laleel with
Rhodamine is shown in Figure 4B. By superimposhng t
two images in Figure 4C, it is evident that thetipbyr
trajectory correlates with the fluid motion. ThigHavior
agrees with the model discussed in the previousosedt
was also found that the particles can be dissalvesither
the lower or the higher density fluid, i.e. the tides were
displaced to a satisfactory degree independentlyvioat
side of the density interface they were positiopedr to
the acoustic zone. As a result, the flexibility large
regarding cell medium. The level of pre-alignment (
direction) is expected to be stronger in the resoea
matched fluid (in our case the fluid of lower deygibut
no apparent differences in the effect were obseivetie
measurements.

In Figure 5, the water-based fluid, an emulsioriadf
globules (homogenized milk), was fluorescently redi
with fluorescent Rhodamine B and the higher-density
shuffle-fluid was non-labeled. The fat globules éav
negative acoustic contrast factor and pre-aligntte
channel top and bottom (z-direction). Hence, they rhe
used as a marker for the fluidic movements at tipeaind
bottom of the channel. Upon transducer activatitre
sample fluid was observed to move towards the ighe
density shuffle fluid (white arrow) but more evidignin
the middle of the channel being pushed by the Ehfiffid
into the middle of the channel (black arrow), Fy6B.

Further, the fat globules were observed to be &dpp
and hence their position could be easily observedab
strong fluorescent signal. The trapping occurrethattop

and bottom in the channel as expected. The trappin
initiated at the edge of the channel in agreemaétit the

top and bottom fluidic layers moving towards thgHai
density shuffle fluid, Figure 5C. The observatiGupport
the acoustic model presented above. After theairstiages

of fluid motion, the trapping of fat globules walserved

to occur also further towards the middle of therzieh, see
Figure 5D.

Flow dependence and pre-alignment dependence
The degree of particle displacement was evaluated f
increasing fluid velocities, for a small shufflel, V.,
and for a larger shuffle flow, &, where x is the sample
volume flow. The sorting speed was calculated by
assuming a sample concentration with exactly orle ce
above the transducer at any time. The residence, tiie
the time for a particle to pass the acoustic zomas
expected to influence the level of displacement.
Accordingly, a lower level of displacement was aled
for high, compared to low, flow velocities as shown
Figure 6. For example, at the total particle velocif 27
particles & the particle displacement was 220 pm and at 2
particles & the displacement was 650 pm. The level of
displacement was observed to depend on the entranc
position. A larger displacement was observed foinitial
position close to the channel wall as long as thefle
fluid did not constitute a negligible portion ofetHluid
volume, in which case the density difference steys fast
depleted and no strong effect was observed. Demiati
from the trend curve at low flow velocities is exfesl due
to the finite width of the channel. Generally, agrent
with the trend curve requires that the mixing vilods
constant in time since otherwise the finite timersgn the
acoustic zone will give different effect at diffateflows.
Hence, a factor such as depletion of density diffee after
the same fluid segment being exposed to the uliraséor
long times also causes deviation.

An important parameter in cell sorting is the suyti
yield. Above a certain total flow velocity (aboutfim sY),
the exit position of the particles start to varg, seen in
Figure 7. Despite having similar entrance positionshe
x-direction, the particles have different traje@eracross
the transducer (xy-direction) and are hence nqiaigd to
the same extent. In these cases the acousticicedfatce
is not large enough to enable complete pre-alignr{en
direction), Equation 3, for very short residence times. At
8.8 mm & flow conditions, the exit positions for 10 pm
beads were distributed across approximately 120 um
which was twice the entrance sample width. Sina th
acoustic radiation force and thus the pre-alignmisnt
proportional to the particle volume, the divergeitexit
positions also increased with smaller particles. Zqum
beads and a flow velocity of 1.6 mrit, ¢he variation in
exit position was found to be 150 um as comparetwbto
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Figure 5. (A) Fluorescently labeled milk positioned to thght of the
non-fluorescent shuffle flow (the flow entering frioabove). (B) In
analogy with theory it was observed that, at thenctel top and bottom,
the milk upon transducer activation moved towatds tiigher-density
shuffle fluid (white arrow). In the middle of thbannel it was observed
to move in the opposite direction since it is pushg the shuffle fluid
(black arrow). (C) The fat globules in the milk ifit) have negative
acoustic contrast factor and pre-align to the tughlzottom (z-direction).
Hence, they may be used to visualize the fluidi¢ionoat the top and
bottom of the channel. The acoustic trapping ofafathe channel top
and bottom was observed to initiate far into thghbi-density shuffle
fluid (bright spots). (D) The same phenomena imageédhigher
magnificgtion with focus at the channel top. Thtaltiow velocity was
1.6 mms.

800 1 1 ro.2
\ A Vsxshuffle flow, 10 Vpp L
700 \ 0.18
T \ A Vi shuffle flow, 8 Vpp L
E A ! ) . 0.16
= 600 1 & --- Residence time —_
£ 2007 AN a Fo12 E
o A N =
S 400 A A i Fo1 8
& . s
S 300 A~ Foos B
Q 7]
° S~<_ A A Foos &
'% 200 A TS =
S ———— [ 0.04
1001 b 0.02
0 . . T . . 0 . o . .
0 5 10 15 20 25 30 Figure 7. Images at 40x magnification of the particle trajeiets for
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Figure 6. Displacement for 10 um particles versus the sprépeed
obtained by assuming a sample concentration witiicthx one cell
above the transducer at any time, for the fluidvfi@nge of 1.6-24.7
mm s. The particle displacement was evaluated at Aald a shuffle
flow Vs, (A) and for 8 \,, and a shuffle flow if ¥, (A), respectively (x
being the sample volume flow). The calculated thorea fluid volume
above the transducer, i.e. the residence timecisded (dotted line).

significant variation in the exit position for thé pm sized
beads.
increasing the driving voltage from 8,to 10 f, the
deviation in exit positions was noticeably reduckdarger
significant variation in the exit position for th@ pm sized

By increasing the shuffle flow volume and

increasing flow velocities for (A-E) 8 )f and \4, shuffle flowsand for
(F-J) 10 V,p and Vs shuffle flows (M corresponds to the sample
volume flow). The total flow velocity in the systeim given in every
image (flow from the top). The fluorescence sigmnas weaker at higher
velocities for the exposure time of 1 s

beads.
increasing the driving voltage from 8y,Mto 10 \f, the
deviation in exit positions was noticeably reduckdarger
shuffle flow shifts the particles’ entrance positicelative
the transducer in this case to a more favorabjediary
across the acoustic potential landscape overaénsducer

By increasing the shuffle flow volume and



Figure 8. The HFACS-system was tested with E-GFP expregsitg)ls. (A) About 50 % of the cells were expressthg fluorescence with slightly
different intensities. (B) Images from the softwpregram controlling the automated system showingrasorted-cell and (C) a sortefi-cell.

Table 1. Evaluation of the automatic detection and sortingerms of number of beads i) without transduaivation, ii) displacement of every bead,

and iii) displacement of every second bead. Thd flow is 3.4 mm &.

Manually counted Sorting algorithm  Detection zone A Detection zone B Detection zone C
100 (19.6 beads min™) no sorting 99 0 94
100 (28.0 beads min™) all sorted 99 100 7
100 (22.0 beads min™) every 2" sorted 98 50 49

surface (xy-direction). The potential landscape iegar
across the transducer surface and may yield difte® in
efficiency of the pre-alignment and the displaceimen
When increasing the driving voltage care must lkeriao
avoid acoustic trapping. By this fine-tuning of the
parameters, the larger shuffle flow set-up resulted
improved pre-alignment (z-direction) and even an#h s

! flows, 10 pm particles were observed to havert jexit
position. For this higher driving voltage, the #ui
displacement started already upstream the transduce
Compared to the measurements with smaller shufile f
volume, the level of displacement was lower forwflo
velocities below 5 mm % Above 5 mm 3, the
displacement was similar.

Few limitations exist regarding the type of celsitt
can be sorted. If the acoustic contrast factomalls the
pre-alignment (z-direction) effect is low and thenf speed
needs to be reduced depending on the requiremdnts o
sorting yield. If on the other hand the acoustiotcast
factor is large, the driving voltage may need tddweered
in order not to acoustically trap the cells above t
transducer. An option is to include a 3D pre-fongsstep
prior to the acoustic zone, enabling the sortingsioiall
particles, particles with low acoustic contrasttéaand at

high flow velocities. If increased sorting speed df
interest at the expense of a large displacemesmaller
channel width is expected to give a faster response

Switch-time and automatic sorting evaluation

The automatic detection-and-switching step wasuatet

in terms of switch-time at continuous operation gield

for the automatic sorting. The time required fouidl
motion build-up to successfully shift a particleg.ithe
switch time, was found to be 0.36 s for the fllaf of 3.4
mm s, corresponding to approximately 3 particlésTée
fluid response time limits the speed in additiortite size

of the transducer surface. This response time iposithis
device among the slower sorting methods mentionatié
introduction. In the automatic evaluation, a speed
limitation of 0.3 s exists for the operation of thmction
generator. However, due to arrival statistics tbetirgy
speed in practice is lower (0.5 particlé$.sThe detection
yield was evaluated without acoustic switching 0
manually counted patrticles, Table 1. The autonsditing
yield was evaluated by shifting every identifiedadleand
every second identified bead. Compared to manua
counting the statistical results in Table 1 showeatable
degrees of identification for the present optiaitgp (>94



%). The number of identified particles in zone Bgpzone
C differed for a few events from the number of johkes
identified in zone A. The main reason is believeth¢ that
two particles were too close to each other in thede
flow. This may result in two particles being registd as
one in zoneA which travel at different heights, i.e. with
different speeds, may be registered as two in zZ0ne
Alternatively they may be registered in zone B énil the
second particle is affected by the acoustic sifprabnly a
part of the activation time and hence is displaceal lower
degree. The possibility of a second particle catghip
with the first particle also exists.

Fluor escence activated cell sorting
E-GFP expressinf-cells were used as example cells for
evaluating the system for its biological cell saogti
capability. The MIN6B-cells are 10-15 um in size and ~
50 % of the cells were expressing the GFP withightsl
variation in intensity (Figure 8A). DPBS buffer wased
both as cell suspension media and for the positipfilids
to attain a cell friendly environment. The sindglecells
responded well to transducer activation (Figurea®B 8C)
with displacements similar to bead handling. Neitivas
acoustic trapping of the cells experienced at tsedu
driving voltage (8 V), nor were thef-cells non-
specifically adsorbed to the channel walls to antyceable
extent. If a more biocompatible shuffle fluid iseded, a
dextran solution of suitable concentration may &&du

The demonstrated ability to sort biological singégis
makes the presented PFACS-system suitable in
applications for sorting or pre-concentration oflscén
relatively small sample volumes. Examples are mdhea
of early cancer diagnostics, where cancer cellsl neéde
sorted from healthy cells before culturing. A loast
system would enable a larger number of patientbeo
screened at earlier stages. Cancer patients alsd ne
individual cytostatic immunity screenirig,®* where a
miniaturized sorting system would be needed. Other
examples include monoclonal antibody production rehe
the UFACS-system could find a good application if
hybridoma cells producing the sought after antibodyld
be identified by surface-bound antibodies or equfall
Stem cell-sorting, intracellular screening of blamadls for
e.g. malaria parasites, or studies of cellular@asps upon
inserted mutations or various stimuli are other sgpus
applications- The gentleness of the acoustic switch makes
it especially useful in applications for mammaliaells
where viability in the following step is requiresiich as
for transplantation. Also, beads can be functiaeali to
bind and extract smaller cells or analytes of egefrom a
larger mixture and the beads could be sorted frben t
solution for further analysis.

CONCLUSIONS

Successful cell and particle sorting by acoustiiation
forces at a fluid-fluid density interface is demivated.
The acoustic wave originates from a miniaturized
transducer that is fabricated into a printed ctrdoard,
constituting the channel bottom, which makes th&tesy
simple to integrate with a wide selection of mituafic
channel designs. Large displacements were demtattra
and the system shows high flexibility regarding kired of
particles or cells to be sorted. The sorting meismaralso
enables high flexibility regarding the cell mediufhe
described acoustic sorting method is expected tgeinde
and thereby especially suitable for handling viaated
sensitive cells when sorting speed is not the pgma
concern. At constant transducer activation and 220
um cell displacement, a sorting speed of 27 celidgss
obtained for a sample concentration with exactlg oell
above the transducer at any time. Automated switcloi
the transducer, controlled by fluorescence sigriedsn
detected cells, showed that the system is usefumiy for
enrichment but also for high purity sorting. Based
maximum fluid displacement, the switch time is mgad
to 0.36 s corresponding to a sorting speed of aqipedely

3 particles &.
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