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ABSTRACT:
The application is described of a novel, h-shaped ultrasonic resonator for the separation of bio-
logical particulates. The effectiveness of the h-shaped resonator has been demonstrated using
suspensions of the cyanobacterium, Spirulina platensis. Separation of Spirulina at cleared flow
rates from 14 – 58 L/d, as assessed by remote video recording, was evaluated under both
microgravity (£ 0.05 g) and terrestrial gravity conditions. In comparison with previous systems,
the h-shaped resonator provided a more homogeneous acoustic field intensity, flow characteris-
tics and overall separation efficiency (s = 1, ratio of concentration in cleared phase to input),
monitored with a turbidity sensor. The new separation concept also works in the absence of
gravity forces, although gravity forces influenced overall efficiency. During a typical microgravity
period of ca. 22 s, achieved during the 29th ESA Parabolic Flight Campaign, s was 0.96 ± 0.01
at a flow rate of 14 L/d, compared to terrestrial gravity conditions, whereas with increased flow
rates (38 L/d), s reduced to 0.71 ± 0.01. Overall, these results demonstrate that, for optimum
resonator performance under the relatively short microgravity period utilised in this study, flow
rates of ca. 14 L/d are preferable. These data provide a baseline for exploiting non-invasive,
compact, ultrasonic separation systems for manipulating biological particulates under micro-
gravity conditions.
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INTRODUCTION
When exposed to an ultrasonic standing wave field, suspended microparticles are subjected to
acoustic radiation forces, which cause the particles to migrate into the pressure nodal or anti-
nodal planes of the sound field (King, 1934; Yosioka and Kawasima, 1955; Gor'kov, 1962;
Nyborg, 1967; Crum, 1971; Gould and Coakley, 1974). Lateral and secondary acoustic forces,
in turn, induce particles to form compact associates (Weiser and Apfel, 1984; Whitworth and
Coakley, 1992). As a consequence, sedimentation of the cell associates is considerably accel-
erated. This effect is employed by sedimentation-based ultrasonic separation systems. The lat-
ter, and other ultrasonic separation systems (Apfel, 1990; Coakley et al. 1994; Coakley 1997;
Gröschl, 1998a,b; Gröschl et al. 1998), are gaining increasing use over conventional mechani-
cal separation systems, since acoustic separation systems are also free of mechanical flow bar-
riers and are not susceptible to fouling. A further advantage of ultrasonic separation systems is
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their ease of sterilisation, and general reliability of automated, electronically controlled opera-
tion.

Currently, ultrasonic separation systems have a range of biotechnological applications (Hawkes
and Coakley, 1996; Bierau et al. 1998; Gröschl et al. 1998). A key application is in so-called
acoustically enhanced sedimentation systems in combination with bio-reactors of the perfusion
type (Gröschl et al. 1998). A promising flow-through separation concept based on a micro-
chamber has been developed by Hawkes et al. (1998a,b) showing a comparatively high sepa-
ration performance by exploiting the velocity gradient of the laminar flow profile in the chamber.
More recently, an h-shaped resonator (Institute of General Physics, Vienna University of Tech-
nology, Vienna, Austria) has been developed that represents a significant improvement over
earlier flow-through separation systems, e.g. the Y-shaped resonator (Frank et al. 1993;
Trampler, 2000), since both sound field homogeneity and flow guiding geometry have been
optimised (Benes, Atlanta, 2001). Advantageously, the micro-chamber, the Y-shaped and h-
shaped separation concepts are gravitation-independent and, therefore, are expected to sur-
pass sedimentation-based systems if suspensions with low particle/fluid mass-density contrast
need to be separated and when separation in microgravity is required. In the present experi-
ments, the ability of the h-shaped resonator to separate biological particles was investigated
using cells of the cyanobacterium Spirulina platensis. The rationale for using Spirulina as the
assay organism was based on the MELiSSA (Micro-Ecological Life Support Alternative) Final
Report for 1999 (Lasseur and Fedele, 2000) managed by ESA/ESTEC, in which it was noted
that micro-organisms such as Spirulina (Whitton and Potts, 2000) could be exploited to degrade
waste products in future biological life support systems for long-term, manned space missions.

MATERIALS AND METHODS
Characteristics of the h-shaped resonator and experimental configuration
An ultrasonic microparticle filter of the type h-resonator (Institute of General Physics, Vienna
University of Technology, Austria) was used as an cell separation unit (Figure 1). The acoustic
force field was established by a plane standing wave field and cell suspensions were separated
into a cleared (reduced cell concentration) and an enriched phase (increased cell concentra-
tion). The electric power supply was provided by high-frequency power generator (AGC, Biosep
ADI 1015, Applikon Dependable Instruments B.V., Schiedam, The Netherlands). The through-
put of the cell suspension was maintained and controlled by a peristaltic pump (Type 505;
Watson-Marlow, Falmouth, UK). Pulsation dampers (balloons, 5 cm in diameter) reduced the
variations of the input flow velocity (Figure 2).

Figure 1. Schematic diagram of the h-shaped
resonator.

Figure 2. Arrangement of the h-shaped resonator
and associated instrumentation.

A turbidity sensor (Hawkes et al. 2001) was employed to detect the optical backscatter signal of
the suspension in phase, which was directly proportional to the cell density. The cleared and
enriched phases were combined (and stirred) in a 500 ml plastic bottle reservoir (Nalgene,
Rochester, NY, USA). Microgravity was attained aboard an Airbus A300 aircraft during the 29th
ESA Parabolic Flight Campaign (November 21–24, 2000) in Bordeaux, France. A typical gravity
sequence, including ca. 20 s of microgravity, is shown in Figure 3. Gravity was measured by an
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accelerometer (SFIM Industries, Massy Cedex, France) and both the turbidity and acceleration
data were recorded by a laptop PC at a time resolution of 3 sets of data points per second.

Figure 3. Typical vertical acceleration measured dur-
ing one microgravity cycle.

Figure 4. The h-shaped resonator in the opera-
tional position. The insert represents the axial
primary acoustic radiation forces Fpar, Stokes’
forces FSt and gravity g, to which cells are ex-
posed.

Suspensions
Fixed (glutaraldehyde treated) cells of Spirulina platensis were used at a cell concentration
adjusted to 1.16 ¥ 105 ml-1 with culture medium. The dimensions of Spirulina cells were
obtained by light microscopy.

Separation process
Cells were subjected to 3 types of forces; ultrasound-induced acoustic forces (King, 1934;
Yosioka and Kawasima, 1955; Gor'kov, 1962; Nyborg, 1967), shear (Stokes’) forces and gravi-
tational forces. Acoustic forces are induced by a standing wave field: The axial component of
the primary acoustic radiation forces (Fpar) parallel to the z-direction of the co-ordinates
(Figures 1, 4) accelerates the cells towards the pressure nodal planes of the standing wave field
while their lateral components (not shown) in the x-y plane (Figures 1, 4) drive the cells within
the pressure-nodal planes towards areas of local maximum acoustic intensity. In ultrasonic
separation systems, cells are subjected to acoustic and buoyancy forces (gravity). The resulting
different trajectories and speeds of fluid and cells induce shear forces FSt (Figure 4).

The success of the separation process was quantified as
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with ninput  and nclrd  being the cell concentrations in the input duct and in the cleared outlet,

respectively. As the relative change of the scatter signal I sctr  is proportional to the cell concen-

tration n in the cleared outlet stream, s can be calculated from the scatter signals with IInput
sctr

and IInput
sctr  being the signals of the input stream and the perfectly cell-cleared suspension,

respectively. s ranged from 0 to 1, the former representing the input cell concentration retained

at the outlets, the latter indicating an ideal case of an entirely cell-free phase at the cleared out-
let.

s was determined at cleared flow rate values of 14, 23, 38 and 58 L/d at an output flow ratio

cleared/enriched of ca. 0.5. The resonator was positioned inclined at – 45° against the horizon-
tal (Figure 4) and the transducer was operated at a series resonance frequency of about 1.95
MHz. An effective electrical input power of 4 Wrms was chosen.

Statistical Methods
Means and standard errors (S E) were used throughout, as appropriate. Statistical significance
between mean values was assessed, using conventional ANOVA and Student’s t test
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(Snedecor and Cochran, 1989). A probability of P < 0.05 was considered significant.

RESULTS
Characteristics of Spirulina cell suspensions
The Spirulina suspension consisted of both straight and helical-shaped cells (Figure 6), the lat-
ter on average (± standard deviation, n = 10) contributing to 45 ± 4 % of the cell population. The
mean length of the straight cells was 170 ± 85 µm (n = 216), with a typical diameter of 6 ± 1 µm
(n = 15). Curved cells had a mean length of 82 ± 30 µm (n = 95). Their mean outer diameter
was 31 ± 6 µm, with a strand diameter of 7 ± 1 µm (n = 95). Spirulina cells were generally sepa-
rated as single cells in suspension. However, they tended to form lose aggregates.

Separation of Spirulina cells under microgravity
Figure 5 shows the gravity and s curves for the flow rates 14 to 58 L/d, both as a function of
time. At pt. (a), the mean (± standard deviation, n = 3) s values of 0.98 ± 0.01, 0.89 ± 0.04, 0.79
± 0.08 and 0.52 ± 0.07 were obtained with flow rates of 14, 23, 38 and 58 L/d, respectively.
While microgravity conditions only minimally decreased mean s to 0.96 ± 0.01 at 14 L/d, s
declined to 0.77 ± 0.07 and 0.71 ± 0.08 at 23 and 38 L/d, respectively. At a cleared flow rate of
58 L/d, s decreased to a lesser extent, reaching a value of 0.55 ± 0.02.

Figure 5. Mean s  for cleared flow rates (left y-axis)
of 14, 23, 38 and 58 L/d, as well as the vertical
acceleration in multiples of g (right y-axis), as func-
tions of time (n = 3 throughout).

the cell separation pattern was unaffected by gravity. Axial acoustic forces retained most cells in
the pressure nodal planes concentrating the cells in the lower third of the chamber, and the
residual upper part of the volume remained clear. At a cleared flow rate of 38 L/d, separation
was impaired, as illustrated by an example shown in Figure 7. At 1 g (a), the cell-enriched
phase in the lower part of the chamber volume was not as clearly detached from the uppermost
cell-cleared phase as it was at a lower flow rate. Cells were removed from the pressure nodal
planes by Stokes’ forces and increasingly streamed towards the cleared outlet. Under micro-
gravity conditions, more cells were removed from the planes, resulting in steeper cell trajecto-
ries. Interestingly, during hypergravity, such trajectories flattened and the marked wedge-
shaped, cell-rich phase observed previously did not occur.

Figure 6a shows the undesirable influence of lateral acoustic forces on the separation pattern at
a low flow rate (14L/d), with cells being trapped in three columns. Such columns generated by
lateral (x, y-directions) variations of the displacement-amplitude distribution. At higher flow rates
(38 L/d) the columns were comparably less pronounced (Figure 7a).

DISCUSSION
Overall, the present study has demonstrated the effectiveness of the novel h-resonator for the
separation of biological particulates, specifically those of S. platensis. The key advantages of
this separation concept, compared to acoustically-enhanced sedimentation systems, are that its
functionality is not restricted to both the presence of gravity and a different mass density of the
fluid phase and particulates. Compared to previously described Y-shaped systems (Curtis and

Examples of frames from video recordings of
the separation process during the parabolic
cycles are shown in Figures 6 and 7.
Generally, a stable separation pattern in the
re-sonator chamber was attained at 13, 11, 9
and 7 s following the transition from hyper-
gravity to microgravity conditions, when
cleared flow rates of 14, 23, 38 and 58 L/d,
respectively, were applied. Figures 6 and 7
show the separation patterns characterised
by the local cell distributions in the resonator
chamber; the pts. (a) and (c) in the sub-
sections a to d, represent terrestrial gravity
and micro-gravity, respectively (compare with
Fig. 5). Flow rates of 14 and 38 L/d are
compared in Figures 6 and 7. At the mini-
mum cleared flow rate evaluated (14 L/d),
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Stephans, 1982; Frank et al. 1993), the present approach also demonstrates improved field
quality and flow characteristics. Collectively, such features lead to a significant increase in
operability, reliability and, crucially, optimum flow rate. Thus, the new separation approach has
potentially wider applications in biotechnology, including downstream processing and perfusion
systems for bioreactors. One key outcome from the present experiments under microgravity
was that, at a low cleared flow rate (i.e. 14 L/d), s was unchanged compared to terrestrial grav-
ity conditions. Despite the good separation achieved with the novel resonator, one limitation
was cell trapping caused by lateral components of the primary acoustic radiation forces. Related
studies (Whitworth and Coakley, 1992; Böhm et al. 2001) suggested that cell trapping occurring
as a result of acoustic forces obviously can be reduced when the lateral sound field intensity
distribution is more homogeneous.

In this study, whilst good separation was achieved, the efficiency of the process was limited by
the removal of cells from the pressure nodal planes caused by non-parallel trajectories of cells
and fluid. Different z-components of the velocity vectors create shear forces, which may exceed
the z-component of the primary acoustic radiation force. This, in turn, forces cells out of the
pressure nodal planes. Such acoustic forces cannot be arbitrarily increased without the risk of
reducing cell viability (Böhm et al. 2000) or causing cavitation (Giordano et al. 1976; Miller
1986).

Figure 6. Separation pattern in the chamber of
the h-shaped resonator at a cleared flow rate of
14 L/d at (top to bottom) 1 g (a) and 0 g (c, be-
low). Co-ordinates represent orientation of the
system. Gravity vector indicates amount and di-
rection of vertical acceleration. Horizontal arrows
represent input (left), output (right) from the sepa-
ration chamber.

Figure 7. Separation pattern in the chamber at a
cleared flow rate of 38 L/d at 1 g (a), and 0 g (c,
below). Arrows as in Figure 6.

Therefore, one approach for reducing such shear forces is to decrease the relative velocity in
the z-direction. Such forces can also be minimised by introducing a second ultrasonic standing
wave field propagating in the y-direction, thereby moving cells into lines parallel to the x-axis.
Consequently, this would increase gaps between adjacent lines (of cells), thereby reducing
shear forces. Overall, the results from the present study demonstrate that, for optimum resona-
tor performance under the relatively short microgravity period utilised in this investigation, flow
rates of typically 14 L/d are preferred. Whilst it is recognised that additional experimentation is
required to identify factors influencing cell separation in longer-term microgravity experiments,
the present investigation provides a baseline for exploiting non-invasive, compact, ultrasonic
separation systems to manipulate biological materials under microgravity conditions. Such
technology, once optimised, will be valuable in operating biophysical processes, including life
support systems, during space exploration.
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