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In the life sciences, there has been growing awareness that the traditional 2D

cell culture model has its limitations in advancing our understanding of the

mechanisms that underlie cell behavior, as the behavior and response of cells

depend on the 3D microenvironment. Studying models such as suspended cell

clusters and organoids is a step toward closing the gap between in vitro and in

vivo studies. The fact that sample confinement and contact with surfaces have

an impact on cells creates a need for contact-less tools for the inspection of live

biological samples. Recently, we developed an acoustofluidic chip to trap and

manipulate sub-millimeter-sized biological samples, and here, we demonstrate

that this device can be adapted to support high-resolution imaging and

illumination scanning for multi-view image acquisition. After coupling

acoustic bulk waves into a microfluidic chip, the sample is levitated by an

optically transparent transducer in the vertical direction. Two orthogonal side-

transducers give additional control over the sample. By tuning the relative

strengths of the three transducers and thus inducing an acoustic torque, we can

transiently rotate the sample into various orientations for image acquisition.

Under different operating conditions, exciting other modes, we can also induce

sustained rotation of samples by means of other torque contributions and

around axes perpendicular to the imaging axis, which is important to avoid

“missing cone” artifacts in the tomographic reconstruction of the sample. We

will discuss the modifications to our previously established device that were

necessary to comply with the requirements for high-NA imaging and high-NA

illumination. We provide a characterization of the performance and show

examples of rotation and reorientation of biological samples, such as large

pollen grains and cancer spheroids.
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1 Introduction

Cell clusters and organoids are promising in vitromodels compared to traditional 2D

cell culture. Handling and imaging sub-mm-sized live cell clusters and organoids in

solution without any confining structures or gels is important, as these may influence

growth. Acoustofluidics provides a great strategy for contact-less and non-invasive

manipulation of samples that are too heavy to be levitated by optical tweezers.
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Acoustic trapping devices (using, e.g., phased arrays, focused-,

surface,- or bulk acoustic waves) can be manufactured for various

applications, such as patterning, spheroid formation, sorting, and

more [1, 2]. Acoustic trapping or levitation in a microfluidic chip

is particularly attractive, as it allows for nutrient and buffer

exchange, thus lending itself to long-term monitoring of live

samples.

Optical imaging of the levitated sample is of importance.

A multitude of methods have been developed to obtain 3D

information about objects by optical imaging from different

view points, such as optical diffraction tomography and

tomographic phase microscopy [3]. Rotating the object

rather than the imaging system itself is a simple approach

to obtain images from different viewing directions. Sample

rotation can, for instance, be achieved by embedding a

sample in a gel in a capillary and rotating the capillary [4,

5] or rotating a sample attached to a tip [6]. Such approaches,

however, imply some fixation of the object, which is not

freely floating anymore.

To meet the demand of rotating a levitated (but mechanically

unbound) sub-mm-sized biological specimens in solution in

order to get views from multiple directions, we have recently

developed a microfluidic sono-optical device which induces

torques for transient or continuous rotations by means of

acoustic—and optionally also optical—forces [7]. We use

acoustic bulk waves in a fluid-filled chamber containing the

sample(s), which are excited by three independent

transducers, one for each of the three dimensions. Other

acoustofluidic devices for tomographic imaging have been

developed based on surface acoustic waves for trapping and

acoustic streaming to induce rotation of living specimens [8, 9].

Our sono-optical manipulation device provides the

possibility of rotating the sample around different rotation

axes, which can be chosen interactively. Specifically, the

possibility to rotate around orthogonal axes limits the so-

called “missing cone” problem [10] in coherent wide-field

transmission microscopy, which relates to unreachable regions

in the 3D optical transfer function. Rotation of the sample into

various directions also lessens the related problem of standard 3D

microscopy that the axial resolution is inferior to the lateral

resolution due to finite numerical aperture (NA) of the imaging

and illumination lenses.

To achieve more isotropic resolution, it has been

proposed to combine illumination scanning and sample

rotation, to be able to fill the whole Ewald sphere [11].

This has been demonstrated with samples rotated by

attachment to a fiber that is mechanically rotated [6]

which implies fixation of the sample. Illumination

scanning has also been combined with samples rotated by

optical forces [12]. Trapping and rotation by pure optical

forces can be precisely controlled, but has its limitations

concerning sample size [1]. One can reduce the missing cone

problem by increasing the sampled angles, and it can be fully

eliminated provided the imaging angles can cover a range of

360° along two object axes orthogonal to the imaging axis

[13, 14].

In this work, we present a modified 3D acoustic trapping

platform which is fully compatible with imaging and illumination

under high numerical aperture (NA). We demonstrate that the

basic operations for optical 3D inspection and tomographic

reconstruction, i.e., reorientation to a new desired position and

rotation around different (orthogonal) axes with respect to the

sample, which we introduced in our earlier work [7], are also

feasible in this new geometry. Together with high-NA imaging,

this drastically reduces the information missing from the Fourier

spectrum. This is important, since having experimentally

inaccessible regions in Fourier space, e.g., due to single axis

sample rotation, due to limited illumination angles and/or due

to low-NA imaging, generally deteriorates or even prevents

tomographic reconstruction. Moreover, the high-NA compatible

chip not only allows us to acquire high-resolution images of our

samples, but also opens up possibilities for the combination with

optical direct force measurements to characterize the acoustic

forces [15]. The modifications in the current chip design

compared to the previous [7] include direct sample solution

contact from all three transducers and a change in the channel

geometries, and tunable channel-lengths. The functionalities of our

new platform, for instance, include a flexiblemanipulation strategy

along the lines of Lamprecht et al. [16], with two crossed standing

waves operated at the same driving frequency with a tunable

phase-shift between them. Lamprecht et al. used two crossed

horizontal standing waves to induce object rotations around an

axis parallel to the imaging axis. We operate one vertical and one

horizontal standing wave at the same frequency to reach the

targeted acoustic conditions for inducing an acoustic torque on

the object to continuously rotate it around an axis orthogonal to the

imaging axis. In addition, we use a third orthogonal standing wave

to further confine the object in 3D.

The particle manipulation in our device includes 3D

acoustic trapping with individual control of the trapping

strength in each direction, in addition to acoustic torque

contributions that we use to either transiently or

continuously rotate the sample. The acoustic conditions for

sample reorientation or for sustained rotation are different, and

we have optimized our chip so that we can tune between these

two effects. The three standing waves in our device lead to a

trapping landscape where a typical biological sample of

arbitrary shape will be pushed to the 3D pressure nodes due

to the acoustic radiation force [17]. To transiently rotate a

sample, we change the relative amplitude between the standing

waves, and the acoustic scattering by an asymmetric particle

will result in an acoustic torque that aligns the particle to the

new acoustic force landscape [18]. We refer to this contribution

to the acoustic torque as the “restoring torque.” Instead, to

induce a sustained rotation of our samples, we drive two

orthogonal standing wave modes at the exact same
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frequency. This creates a vortex field around the trapping nodes

for certain settings of the relative phase [19]. The angular

momentum of the vortex can then be transferred from the

field to an object by absorption in the particle and in the

thermal-viscous boundary layer around the particle, and the

acoustic dissipation can lead to sustained rotation of objects

[20]. Spinning of trapped particles has also been demonstrated

in focused acoustic vortex beams in air [21] and in water [22].

The torque contribution due to the acoustic absorption in the

viscous boundary layer is also called the “viscous torque” [16].

It is found that the absorption in the particle itself also can play

a significant role [22, 23]. Moreover, the particle rotation can

also be affected by (large scale) flows in the fluid induced by the

acoustic field [24]. We here refer to all dissipative contributions

to the acoustic torque as the “spinning torque.”

The samples we are interested in have unknown parameters.

However, they have asymmetric and visco-elastic parameters.

They will be affected by both the restoring torque and the

spinning torque simultaneously. In this work, we have

optimized our chip geometry and chip operation to improve

the control between reorientation and continuous rotation of

the samples by tuning between a dominant restoring torque

and a dominant spinning torque, respectively. We demonstrate

and discuss the suitability of the acoustic manipulation

technique to acquire data at multiple sample orientations for

illumination scanning tomography and induced sustained

rotation on several examples of large pollen grains and

cancer cell spheroids.

2 Methods

In this section, we describe our acoustofluidic manipulation

device, with respect to design considerations, manufacturing and

FIGURE 1
Microfluidic chip: (A) Schematic showing the three orthogonal fluid channels (blue) of the chamber: two long crossed horizontal channels for
propagating the ultrasound from the side-transducers (8a, 8b, purple) and one short vertical channel where the crossed side-channels intersect for
propagating the ultrasound from the top-transducer (not shown). Schematics from (B) an angled top view and (C) a cross-section of the chip with a
through-cut along the x-channel as marked with a red dashed line in Figure 2A. The propagation direction of the ultrasound from the three
orthogonal LiNbO3 transducers in x-, y- and z-direction (8a, 8b, and 3) are indicated with orange arrows. All transducers are in direct contact with the
fluid and generate standing waves in the three directions by reflection of the acoustic waves at the end of each channel: with the bottom coverslip (6)
for the top-transducer and the steel reflectors (9) for the side-transducers. The particle manipulation and imaging is performed where the three
standing waves intersect under the top transducer (3) and the aluminum spacer (4). (C) shows the chip in the high-NA imaging set-up, with blue
illumination light and immersion oil (2a) between the top of the chip and the immersion condenser lens (1) and immersion oil (n = 1.33, 2b) between
the bottom of the chip and the immersion objective lens (7) respectively. The numbers refer to the components listed at the bottom of the figure, and
figures are not to scale.
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assembly. Schematics of the chip are shown in Figure 1. We will

also give a qualitative characterization of the properties in

the trapping chamber and describe our general operation

strategy. We prefer to keep the chip manufacturing and

operation as simple and low-cost as possible while

maintaining the flexible ability to rotate samples of

unknown properties.

2.1 Manipulation chamber for 3D
acoustics

We have created a mm-sized manipulation chamber that

works as an acoustic resonator by letting three orthogonal fluid

channels intersect, as illustrated in Figure 1A. We machined two

long (≈ 13.7mm) and shallow (≈ 0.5mm) crossed side-channels
at the bottom of an aluminium plate for propagating the acoustic

waves from the two side-transducers. In the intersection of these

channels, we machined a through-hole for propagating the

acoustic wave in the third dimension, with a channel length

of ≈ 0.7mm. Each channel in the three dimensions supports a

standing wave, and the region where the three channels intersect

is where the particle manipulation and imaging is performed.

Here we can independently control acoustic trapping

confinement in three orthogonal directions to trap and rotate

(sub-)mm samples in suspension. Figures 2B,C show the top and

bottom view of our CNC-machined high-NA compatible

acoustofluidic chip.

2.2 Acoustic transducers

Controllable 3D acoustic trapping in our current

microfluidic device follows similar ideas as is described in

detail in our earlier work [7]. Individual control of the

acoustic trapping strength in all directions is achieved by

independent control of three orthogonal transducers. The

optical transparent transducers [25] are made of optical-grade

lithium niobate (LiNbO3) (36° Y-cut, 1 mm thickness, Roditi)

with transparent ITO electrodes (sheet resistance 10Ω/sq,

Diamond Coatings), with a thickness resonant mode

frequency of the bare transducer around 3.4 MHz and a

wavelength in water of about 440 µm. We place a LiNbO3

transducer above the through-hole chamber to levitate the

samples. A microscope coverslip on the bottom side seals the

chamber and acts as a reflector for the acoustic wave.

To excite the ultrasound wave in the horizontal directions, we

place LiNbO3 transducers with the same thickness at one end of

each side-channel, in direct contact with the fluid in the channel.

Steel insets reflect the wave at the other end of the side-channels,

as shown in Figure 1, to generate standing waves. Contrary to our

previous designs, all three transducers are here in direct contact

with the fluid, which provides good coupling between the

transducers and the fluid to improve the strength of the

acoustic waves in the fluid. We aim to excite the transducers

close to their fundamental thickness mode to optimize the

amplitude. When we fine-tune the frequency to a resonance

of the fluid-filled cavity, the bulk waves are resonantly enhanced

FIGURE 2
Chip assembly: (A) shows a technical drawing of themiddle area of the chipmarked in blue rectangle in (B), with aluminium spacer inset for top-
transducer (4, yellow), side-transducers (8a, 8b, purple) and bottom channels visible (white). The three microfluidic channels for filling the chip are
marked with dashed blue arrows and each channel end up at each of the three transducers. Images of the assembled CNC-machined chip is shown
with (B) top view and (C) (mirrored) bottom view, where the crossed fluid channels from the side-transducers are visible. The microfluidic
channels are sealed with cover glass (10). Electrical connection to the transducers is achieved with silver paint and copper foil (11). The numbers refer
to the components listed at the bottom of the figure.
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and we obtain sufficiently strong acoustic forces to trap (sub-)

mm large particles. In each direction, the modes are

approximately plane waves (see Section 2.7).

2.3 High-NA compatibility

The need for compatibility with high-NA optical imaging

and/or illumination required adaptation of the original design.

Apart from supporting higher resolution imaging, this also

widens the options for combining our object reorientation

strategy with other imaging modalities, as illumination angle-

scanning for tomographic imaging. The major design difficulty

arises from the fact that the condenser lens and the objective lens

used for imaging need to be in close proximity for high-NA

imaging, which poses a restriction to the trapping chamber

height. In addition, the top and the bottom of the trapping

chamber need to be flat without any protruding features due to

the large area of the condenser lens and the imaging objective.

To comply with these restrictions, here, we have chosen a

side-channel geometry consisting of two long and shallow

crossed channels so the side-transducers can be moved far

away from their intersecting region where the particles will be

manipulated and imaged. This geometry is similar to the device

presented by Lamprecht et. al [16], where two orthogonal

horizontal standing waves cross to create a manipulation

chamber in their intersection, which supports the rotation of

samples around an axis parallel to the imaging axis. We need a

third transducer propagating along an axis parallel to the imaging

axis, to levitate the particles and to be able to rotate them around

an axis orthogonal to the imaging axis. To achieve this we create a

square through-hole, in the region where the side-channels

intersect, to insert the top-transducer above, as illustrated in

Figures 1B,C.

The high-NA compatibility, together with the transparent

transducers, supports high-resolution optical imaging. It also

facilitates the combination with optical trapping for combined

sono-optical manipulation of particles [7, 15], and acoustic force

characterization by optical force measurements [15], as we have

demonstrated previously. The chip is designed to be compatible

with standard microscopy frames.

2.4 Chip manufacturing

Our design is illustrated in Figure 1, and in Figure 2A, the

technical drawing shows the details of the middle area of

chip. The assembled microfluidic chip is depicted in Figures

2B,C. The chip carrier is machined from aluminium to a 50 mm

×50 mm ×1.7 mm plate that is milled from top and bottom with

1 mm or 0.5 mm milling-tools. The crossed side-channels

(13.7 mm ×4 mm ×0.5 mm, l× w× h) are milled in the bottom

of the plate. Small stain-less steel reflectors are machined to fit

into the side-channels and reflect the wave from the side-

transducers. These reflectors are made in variable lengths, to

make the side-channel length adjustable. Milling a 1-mm deep

8 mm×8 mm square window from the top creates a through-hole

above the crossed channels. This window fits an aluminium

spacer inset for the top-transducer, as indicated by the number

“4” in Figures 1B,C and shown in orange color in Figure 2A.

Because we want to be able to tune the top-transducer

frequency, we designed multiple square aluminium spacer

insets of variable thicknesses, so we can adjust the height of

the top-transducer “channel.” Due to the finite tolerance

(±10 µm) of the CNC-machine used, we design multiple insets

of thicknesses in the range of 160 µm–230 μm, giving rise to a

total chamber height under the top-transducer around 700 µm.

This inset has a 2.6 mm×2.6 mm square through-hole with

rounded corners (R = 0.25 mm) for coupling the top-

transducer into the sample volume, as seen in Figure 1B.

We designed three microfluidic channels ending up at each of

the three transducers, as shown with blue dashed arrows in

Figure 2A, to fill the chamber with a solution (see Section 2.5).

The microfluidic channels are 0.15 mm deep and are connected

between the bottom and the top of the chip with 1-mm diameter

through-holes and sealed with cover glass. The through-hole at

the channel beginning fits standard pipette tips for filling the

chamber.

2.5 Chip assembly and operation

The assembly of the chip is made reversible by using different

types of glue and bonding materials, which enables us to rework

only certain components, for instance, to clean the chamber or to

change the cover-slip. We use hot glue (CrystalBond 509), which

melts when heated above 90°C, to glue the top-transducer to the

aluminium spacer inset and to the main chip. We use standard

(cyanoacrylate) super-glue, which is removable with exposure to

solvents such as acetone, to glue the side-transducers to the

chip. Standard transparent nail-polish is used to seal the bottom

of the chip with a coverslip, and the same procedure is used to

seal the microfluidic channels with cover glass. Tape-spacers and

a small cover glass are placed above the top-transducer (not

shown in Figures 1, 2) to later create an immersion oil layer of

constant thickness between the transducer and the cover glass, in

addition to the immersion oil layer between this small cover glass

and the condenser lens for high-NA imaging (see explanation in

Section 2.9). Electrical connection to the ITO-coated transducers

is achieved by silver-paint (RS: 123-9911) and copper-foil (RS:

176-7500). One side of each transducer is electrically connected

to the aluminium chip which provides a common electrical

ground.

To initially fill the chamber while avoiding air pockets, we

remove the steel reflectors. By this, all channel endings are open,

and we can completely fill the chamber by pipetting the buffer
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solution through any of the microfluidic channels. Air bubbles

can easily escape through both open side channel endings.

Finally, we put the reflectors back in place at the end of the

side-channels. We then place the chip on the microscope stage

and drive each transducer with a signal generator. For this, we use

a dual output signal generator (Keysight 33522B) which allows us

to drive two transducers at the same frequency, but with different

amplitude and relative phase. The signal generator has a

maximum nominal output voltage of 20 V (peak-to-peak)

with 50Ω output impedance. Typically, we drive the top-

transducer with 1–3 V, which is enough to levitate a sample.

The side-transducers are often operated at the maximum voltage

because of the less efficient wave generation in the horizontal

directions. Additionally, we use a Red Pitaya V1.1 device with

power amplifier (ADA4870 from Analog Devices on evaluation

board, RS 836-8714) to drive the third transducer. This device

also allows us to easily measure the electrical impedance of the

transducer (see [15] for more details).

With the acoustic trapping turned on, we load a sample into

the center of the manipulation chamber by pipetting the sample

suspension into the microfluidic channel ending under the top-

transducer.

2.6 Chip geometry and optimization

The region under the through-hole in the aluminium spacer

for the top-transducer is the region where all three orthogonal

standing waves intersect to give rise to the desired manipulation

conditions and the region to which we have optical

(transmission) access. The targeted acoustic conditions for

inducing reorientation or sustained rotation of samples of

unknown properties under the influence of the restoring and

spinning torque, respectively (defined in introduction), are

different and will both be addressed later regarding chip

design considerations and in Section 2.8 regarding operation

strategy and scaling laws.

For our chip design purposes, the main difference between

the two torques is that the spinning torque is addressable by a

phase-shift between two transducers driven at equal frequencies,

whereas the restoring torque is induced by a change in the

relative force strength between our orthogonal transducers

which in this case can be driven at different frequencies.

Designing a chip only for particle trapping in 3D and object

reorientation does not, therefore, require high accuracy in the

channel length manufacturing. One can for instance create a chip

with three orthogonal standing waves coupled into a simple

through-hole cavity as in our previous work, or one can use

longer crossed orthogonal side-channels as presented here. As

long as each of the three orthogonal channels fits an integer

number of λ/2 corresponding to a frequency roughly around the

resonance frequency of the transducer, one can drive each

transducer at its strongest fluid-resonance and achieve

sufficient forces for the desired manipulation. In such a chip

geometry, one can reorient an asymmetric sample between top-

transducer nodes and side-transducer nodes due to the restoring

torque. It is also possible to induce sustained rotations of a

sample in such a chip geometry by generating a spinning torque

larger than the radiation torque. In this case, spinning torque can

be generated by exciting two overlapping orthogonal modes with

a relative phase-shift in the resonator by one (or more) of the

transducers, as presented in our previous work. For additional

flexibility and greater control over the induced rotations and

rotation axis, here, we have added elements to tune the three

channel-lengths, which allows us to operate the transducers at

different or at equal frequencies.

We achieve the targeted acoustic conditions for inducing a

spinning torque, by means of generating acoustic vortices by two

phase-shift controlled transducers operating at the exact same

frequency. To rotate an object around an axis orthogonal to the

imaging axis, the top-transducer and one of the side-transducers

must generate the vortices. A chamber to support this consists of

a vertical channel crossed with a horizontal channel where each

channel length matches an integer number of λ/2. For two

transducers with the same fundamental thickness mode, two

channels of the exact same dimensions would make it easier to

match the two resonance frequencies and their amplitudes in the

fluid channels. However, we have to make the side-channels long

to move the side-transducers away from the condenser lens area,

and the top-transducer channel has to be short for high-NA

imaging compatibility.

Specifically, in our actual device shown in Figure 2, the

different channel lengths for side- and top-transducer

(≈ 63 × λ/2 and ≈ 3 × λ/2, respectively, in sound propagation

direction) and the larger top-transducer coupling area of 7 mm2

to the fluid compared to 2 mm2 for the side-transducers leads to a

stronger coupling of the top-transducer compared to the side-

transducers and also to a more prominent splitting of top-

transducer resonance frequency in the fluid. The geometry of

the side-transducer channels gives rise to a broader peak

response with the strongest fluid resonance close to the bare

transducer eigenfrequency at 3.4 MHz. The top-transducer,

however, has a more narrow peak-response and the resonance

frequency in the fluid splits around 3.4 MHz. This difference

between the transducers and the non-linear relationship between

top-transducer channel height and resonance frequency in the

fluid does not make it straightforward to design a resonator

optimized for driving the top- and one side-transducer at the

same frequency.

To cope with this, we make the side-transducer frequency

tunable by gluing an extra mass (glass slide) to the back of the

side-transducers and tune the frequency further by adjusting the

length of the side-channels by variable steel-reflector lengths. To

tune the top-transducer frequency, we also made the top-

transducer channel length adjustable by manufacturing the

separate aluminium spacer insets of variable heights. With
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these flexibilities in the chip manufacture, which allow us to

fine-tune the channel lengths, one can mitigate or cancel

imperfections related to finite milling precision and

inaccuracies in assembly (such as glue layer thicknesses

and exact material properties).

This extra flexibility of our setup allows us to either use a

configuration where at least two transducers are operated at the

same frequency, which maximizes spinning torque for sustained

rotation [16], or to have independent control of the waves in

different directions, which is more suitable to control

reorientation of particles with different stable alignment

directions. However, in this latter method suitable for

reorientation, a single transducer can also lead to induced

sustained rotations [7] (see also Section 2.8). Therefore, a

fine-tuning of the design and the operation conditions is

required to achieve the desired manipulation.

In this work, we have chosen a configuration for the channel

length where modes in the vertical and one horizontal direction

have the same resonant frequency, and the mode in the

remaining horizontal direction is detuned from this. This

gives us the flexibility to realize both manipulation

methods—reorientation and sustained rotation—at the same

time without the need to modify the chip design.

2.7 Characterization of acoustic modes

Our acoustofluidic channel designs are chosen based on

theory [16, 26–28] and from 2D and 3D finite element

simulations solving the wave-equation under hard wall

boundary conditions for a somewhat simplified geometry. The

sound pressure amplitude in a standing wave varies sinusoidally

in the sound propagation direction with pressure nodes at a

distance of λ/4 from the transducer and reflector, and pressure

minima every λ/2 along the fluid channel. For particles much

smaller than the wavelength, the acoustic radiation forces in a

standing wave are proportional to the square of the sound

pressure [17]. They push samples of positive acoustophoretic

contrast (which depends on the sample’s density and

compressibility) to pressure nodes.

To characterize the actual transducer response and to

experimentally determine the resonances in our chamber, we

use electrical impedance measurements. To get a good indication

of the strongest resonances in our liquid-filled resonator, we first

measure the electrical impedance of the transducers while

scanning the frequency and compare the scans between an

empty and filled chamber.

Furthermore, for a quick qualitative visualization of the

trapping mode-patterns and for a verification of what the

strongest resonances are, we have established an approach

using swimming micro-organisms [7, 29], which tend to stay

a longer time in trapping regions compared to other regions. We

fill our resonator with actively swimming Euglena gracilis, which

measure about 50 μm in length. When scanning the transducer

frequency, we directly observe when the micro-organisms are

most strongly confined by the acoustic forces and in which

regions. As most biological samples, an Euglena protist has a

positive acoustophoretic contrast factor and will be pushed to the

acoustic pressure nodes in the chamber.

We record movies of trapped specimens, with a top-view of

the center region of our 3D resonator, and perform a

“minimum intensity projection” (MIP) of the stack of

images to get the mode-pattern visualization, as shown in

Figure 3. To verify confined trapping planes from the top-

transducer, one can adjust the imaging focus or design a chip

with a prism side-view [29]. The image in Figure 3A shows an

MIP of every 10th of 300 frames while operating only the top-

transducer at its strongest fluid-resonance. The imaging focus

is in the first trapping plane, λ/4 from the bottom coverslip,

and the specimen is free to swim around within this plane. The

standing waves in the vertical direction in a similar chip design

have been studied in detail in our previous work [15, 29]. The

aluminium spacer under the top-transducer is chosen here so

that the fluid-chamber height under the top-transducer

matches 3 × λ/2. As observed, this gives rise to three

trapping nodal planes in the vertical direction. In Figure 3B,

the side-transducer propagating along x-axis is active in

addition to the top-transducer, and the specimen is

confined to a stripy pattern, every ≈ λ/2, within the

z-trapping planes. In Figure 3C, the y-transducer is active in

addition to the top-transducer and the stripy mode-pattern is

parallel to the x-axis. In Figure 3D, all three orthogonal

transducers are active and we can observe the resulting

trapping landscape; more isolated trapping “islands” where

the forces along both x and y are strong, and stripy patterns

dominated by x- or y-transducer, respectively, where their

forces mainly dominate the confinement within the

z-trapping plane. Figures 3B,C is an MIP of every 10th

frame of 600 frames recording.

Euglena gracilis is a strong swimmer and can escape the

acoustic forces up to tens of pico-Newton, while non-swimming

particles would simply accumulate in the trapping islands. The

strength of the transducers can be qualitatively assessed, as a

stronger force confines the particles more and fewer specimens

can escape giving rise to a higher contrast between the dark

stripes and the white background as seen in Figure 3B compared

to Figure 3C. Please note, however, that the color of the stripes

(black to gray) is also influenced by the variable amount of

particles in the center trapping region at a given time, which

makes this only qualitative. The forces and sound pressure in our

previous design, characterized based on bead displacement and

tracking, determined non-uniform forces within the resonator,

which is qualitatively verified. Due to this non-uniformity in

force strength, and due to the higher forces achievable per input

power by the top-transducer relative to the side-transducers

because of their different Q-factor, we need to fine-tune the
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voltage settings for a particle in a specific node to achieve the

desired manipulation.

A sample introduced to the acoustic chamber will

temporarily be under the influence of the maximum acoustic

forces, as it is being pushed to a pressure node. As sound pressure

and forces are not homogeneous, but vary sinusoidally in each

direction in the chip, a sample being drawn into the trap will be

under the influence of varying sound pressure and force gradient

levels. In the trap, a sample of diameter much smaller than the

wavelength will explore only the low-force region around the

trapping site, while a large sample will experience the higher force

region further away from the node, which may lead to a slight

compression of non-rigid samples.

2.8 General operation strategy for
reorientation and sustained rotation

To achieve the controlled trapping and rotation of a sample,

we have developed a general strategy, which we will outline later.

Generally, the acoustic restoring torque, arising from acoustic

scattering by an asymmetric particle, is used to reorient the

particle, and the acoustic spinning torque, arising from

dissipative effects in and around the particle, is used to induce

sustained rotations. Since each new sample has different shape

and size, and it often ends up at a different node with a different

trapping landscape, we need to adjust the settings. To this end, we

follow a specific procedure, while getting direct feedback from

observing the sample: While loading the sample into the chamber

(see Section 2.5), all transducers are active to trap the sample in

3D in a node. Initially, the top-transducer is driven at a high level

to ensure robust levitation of the sample.

The restoring torque can be understood as the torque arising

due to the acoustic radiation forces on individual parts of an

extended, asymmetric object. To reorient a sample into a new

stable orientation, the relative acoustic radiation force strength

between the top-transducer and one side-transducer is adjusted.

To begin with, the sample is aligned to the nodes created with a

dominating top-transducer. To reorient the sample by 90°, we

increase the voltage of one of the side-transducers and lower the

voltage of the top-transducer to the point of which we observe a

reorientation of the sample. The exact ratio at which this

transition occurs varies between samples and position within

the chamber. By switching the ratio of the driving voltage of top-

and side-transducer between well below and above this threshold

value, we can reorient the particle in a controlled manner. An

example is shown in Section 3.1. The other side-transducer is

kept at low voltage to ensure 3D trapping but without influencing

the orientation.

To induce sustained rotation of a sample, the acoustic

spinning torque needs to be larger than the acoustic restoring

torque. To achieve this, the trapping landscape around the

particle needs to be isotropic to allow for free rotation. We

adjust the voltages of the top- and of the side-transducers to a

point where their induced radiation forces are of approximately

equal magnitude at the node of interest. We achieve this by

observing at which ratio the sample is about to reorient. Often,

the sample starts rotating at this step due to the spinning torque.

To optimize the rotation rate, we adjust the phase-shift between

the two transducers to increase the spinning torque contribution.

In this situation, the top- and the first side-transducer are

operated at the same frequency because this is crucial to

generate acoustic vortices and induce sustained rotation by

the spinning torque via the mechanism described by

Lamprecht et al. [16]. In addition, the second side-transducer

is always operated at a different frequency to suppress its

spinning torque contribution. Typically, the second side-

transducer is kept at a low voltage to minimize its influence,

but ensures 3D trapping. However, when operated at higher

power, it will reorient the particle within the horizontal plane

without influencing the rotation induced by the top and the first

side-transducer (see the example in Section 3.2). Sometimes we

observe sustained rotation even when all frequencies are

different. This can be explained by a coupling between modes

FIGURE 3
Mode pattern visualization by means of the actively swimming micro-organisms Euglena gracilis under acoustic trapping from (A) top-
transducer, (B) top- and x-transducer, (C) top- and y-transducer, (D) all three transducers. The images are aminimum-intensity projection of a video
recording from the center region of the trapping chamber.
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in vertical and horizontal direction, which can both be excited by

a single transducer, leading to a spinning torque [7].

The shape and the size of the particle have an impact on

the relative strengths of restoring and spinning torque. In

general, the restoring torque vanishes for perfectly spherical

particles, whereas the spinning torque does not. More

asymmetric particles experience stronger variations in the

restoring torque in different orientations, and thus, the

orientation is more easily locked. For particles smaller than

our typical samples and much smaller than the trapping

wavelength, the scaling of the restoring torque with particle

size a is well known: The peak value of the restoring torque

scales as a3. For our larger samples that are outside the

Rayleigh regime, the particle-size dependence of the

acoustic radiation force and thus the restoring torque may

be more complicated [30, 31]. The scaling of the spinning

torque with particle size is dependent on which contributions

are dominating (dissipation in the particle and in the viscous

boundary layer involved in the dipolar and quadrupolar

oscilliations), and the scaling can vary also within the

Rayleigh regime, and it depends on particle parameters

such as absorption coefficient [22]. We find that among the

samples we have studied, generally, the smaller and more

spherical objects rotate faster, and this generic behavior can be

seen in the results and movies of Section 3. For larger and/or

more asymmetric particles, we find that a more precise tuning

of the trapping strength in different directions is needed to

realize a trapping landscape that is isotropic around the

rotation axis.

In the case that the spinning torque is larger than the

restoring torque, and a sustained rotation is induced, the

rotation rate is mainly determined by the interplay of the

spinning torque and the hydrodynamic drag (~ a3). To

control the rotation rate, e.g., to make it suitable for

tomographic imaging, we change the total driving strength of

all transducers (with a quadratic scaling of the acoustic forces on

the driving voltage), while keeping the trapping landscape

isotropic. Also, the relative phase of the transducers driven

with the same frequency has a strong impact. However,

because of the afore-mentioned coupling between the modes

in different directions in the experiment, an iterative

optimization of the settings for the individual transducers is

often required. Generally, large-scale acoustic streaming can also

affect the particle motion, has been found to slightly reduce the

drag torque [22], and may play a non-negligible role in the case of

slow rotation rate shown in Section 3.

2.9 Imaging set-up and impact on acoustic
modes

For large field-of-view (FOV) and moderate imaging-NA

observations, we use an inverted microscope (Zeiss Axiovert

200M). The experiments presented here are carried out with a

(5×) or a (40×) magnification objective (Zeiss Fluar 5× NA 0.2 or

Olympus UPlanFLN 40×NA 0.75). For high-NA imaging, we use

an inverted microscope (Nikon ECLIPSE Ti2-E). We use a 40×

magnification water immersion objective (Nikon CFI

Apochromat LWD Lambda-S 40× NA 1.15) with a working-

distance of 0.59mm–0.61 mm and an oil immersion condenser

(Nikon C-C Achromat/Aplanat Condenser NA 1.4) with a

working-distance of 1.6 mm. We also use a 10× magnification

objective (Nikon CFI Plan-Achromat 10× 0.25NA) for larger

FOV observation and to localize a particle of interest in the

chamber. Imaging and Köhler illumination is achieved via the

standard microscope beam paths. The camera used in this work

for imaging the specimen is a MatrixVision mvBlueFox3-2071a

with a Sony IMX428 sensor. Throughout the paper, we use NAobj

and NAcon to refer to objective and condenser lens NA,

respectively. The theoretical achievable resolution can be

estimated by r = 1.22λ/(NAobj + NAcon), with λ being the

illumination wavelength.

When performing high-NA imaging in an acoustofluidic

chip, one needs to take into account the coupling between

standing waves in the immersion oil layers between

objective lens and bottom coverslip and between

condenser lens and top-transducer [15]. The influence of

the condenser is easier to avoid, as one can choose a

condenser position which gives rise to little influence on

the trapping forces in the main chamber. We also add a

coverslip above the top-transducer with immersion oil

below and above, to keep the standing waves induced in

the layer above the top-transducer constant and limit the

influence of a condenser position change.

When moving the objective lens to get a desired focus in a

sample, one has to be careful, as certain positions cancel out

the standing waves in the chamber and need to be avoided. But

since the range of unavailable positions is much smaller than

our typical sample sizes, it is always possible to image a slice of

the object. However, if one wants to acquire a full z-stack of

the object, remote focusing would be required. Furthermore,

by careful design or changes to the immersion medium, these

unavailable positions can be placed such that they do not

affect normal operation. The horizontal position of the

objective can also influence the trapping. This effect is less

pronounced and is not important, as the field of view is large

compared to the sample size. In practice, we refrain from

moving the lens after completing the outlined initial

adjustments.

3 Results

The high-NA compatible acoustofluidic chip can trap sub-

mm-sized biological samples in solution for imaging, rotate

samples to a new stable trapping position, or induce sustained
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rotations of samples, as we will demonstrate in this section with

complex-shaped pollen-grains and cancer cell spheroids. With

high-NA imaging, we can achieve high resolution and, possibly

even more important, good optical sectioning. Further, the high-

NA compatibility lends itself to a combination with illumination

scanning tomography, as we will discuss.

3.1 Controlled object reorientation under
high-NA imaging conditions

An asymmetric particle will change its orientation in

response to a change in the acoustic field—giving rise to an

acoustic restoring torque acting on the particle—and settle into a

new equilibrium position. A particle of roughly elliptical shape

will align its shortest axis with the direction of the steepest trap

stiffness at the trapping node. By adjusting the relative voltages of

the three orthogonal transducers in our device, we can thus

reorient a particle, which allows us to image the particle from

multiple viewing axes.We have chosen to use a pollen-grain from

Sansevieria trifasciata for demonstration, cf. Figure 4, since the

pollen of this plant species have a darker and a more transparent

half, making it easy to keep track of the orientation of the grain.

In Figure 4A, the particle is aligned with its shortest axis

along the direction of the steepest trap stiffness created by the

dominant top-transducer, and we see only the absorbing half of

the particle. Increasing the power of the side-transducers along

the x-axis and the y-axis, respectively, tilts the particle up to 90°,

aligning the particle’s longest axis along the direction of the

weakest trap stiffness. The new equilibrium positions are stable

trapping orientations, as can be observed in corresponding

movies provided as Supplementary Movies S1, S2. The high-

NA images are acquired at 40× magnification with NAobj =

1.15 and NAcon = 0.6.

3.2 Sustained rotation of an object around
two axes

Inducing a sustained rather than transient rotation of an

object in a viscous fluid in a stationary acoustic field requires

continuous transfer of angular momentum from the impinging

FIGURE 4
Transient reorientation: By adjusting the relative voltages of the three orthogonal transducers a pollen grain from Sansevieria trifasciata is
transiently rotated. In (A) the particle aligns to the nodal planes from the top-transducer, in (B) and (C) the voltage on the x-transducer is increased
and the particle aligns, within the top nodal plane, to an orientation up towards 90° relative to the orientation in (A). (D,E) shows the particle
orientation due to an increased voltage on the y-transducer. (40× magnification, NAobj = 1.15 and NAcon = 0.6). Corresponding Supplementary
Movies S1, S2.
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waves to the particle. The spinning torque, arising, e.g., from

absorption of acoustic angular momentum in the particle and its

viscous boundary layer, can lead to such rotations. An

asymmetric particle is also always under influence of the

acoustic restoring torque which—due to the different scaling

laws—tends to dominate over the spinning torque.

To induce a sustained rotation, the spinning torque needs to

be larger than the restoring torque. Creating a more isotropic

trapping potential around the particles is beneficial to achieve

this condition. We have different coupling strengths from the

transducers, with higher achievable forces from the top-

transducer than the side-transducers. In general, we keep the

top-transducer at a low voltage and the side-transducer voltages

are then fine-tuned to achieve a desired manipulation, as

explained in Section 2.8. The rotation rate of a particle scales

with the spinning torque magnitude, which is proportional to the

sound pressure squared in the coherent superposition of the two

orthogonal out-of-phase modes, generating the acoustic vortex

around the trapping node. Thus, the rotation rate scales with the

product of the driving voltages of the transducers exiting the two

modes. The rotation is periodic, but during one rotational period,

the angle-dependent restoring torque “assists” the roughly

constant spinning torque at some instances, and “opposes” it

at others, leading to acceleration and deceleration of the rotation

and to a non-constant angular velocity, as evident in the movie

recordings of rotating samples in Supplementary Material.

Sustained rotations of a particle around different axes permit

one to collect imaging data from a variety of viewing directions.

For particles that are not too elongated, such as the Sansevieria

trifasciata pollen grain as seen in Figure 5, we can induce

rotations around two orthogonal object axes. In Figure 5A,

the top- and x-transducer are driven at the same frequency

with a relative phase-shift, giving rise to the observed object

rotation axis: along its longest axis, which lies within a trapping

plane from the top-transducer. The longest axis is here aligned to

the y-axis, which is the direction of the weakest trap-stiffness

from the y-transducer driven at a lower voltage and at a different

frequency, for 3D confinement of the object position. In

Figure 5B, the voltage of the y-transducer is increased beyond

the x-transducer voltage, and the object’s longest axis is oriented

to the now weakest confinement along the x-axis. However, the

viscous torque direction is the same in the chamber as in

Figure 5A, and the particle rotates around its shorter axis.

The pollen-grain is rotating at a rate of 0.1 Hz, which would

be well suited to acquire hundreds of images during one

revolution for tomographic imaging at a typical video frame

rate around 60 Hz. The corresponding movie recordings are in

Supplementary Movies S3, S4.

Rotation around two object axes allows us to collect

tomographic data that can circumvent the “missing cone”

problem, i.e., to fill the Fourier spectrum more completely.

The more elongated the object is, the more difficult it is to

rotate it around a shorter object axis while keeping it levitated

against gravity, because of the high trap stiffness from the top-

transducer. The images in Figure 5 are acquired at 40×

magnification and with an air objective, NAobj = 0.75.

3.3 Sustained rotations under high-NA
imaging conditions

In the high-NA compatible chip, we can acquire full

resolution for the highest NA setting (NAobj + NAcon = 1.15 +

1.15 = 2.3) available by our optics. As seen in Figure 6A, the

highest NA gives us the best resolution (292 nm theoretically). At

the lowest illumination NA (NAcon = 0.15) in Figure 6B, we get

better contrast at the expense of lower effective resolution

(516 nm theoretically). A good compromise between the

resolution and contrast to observe this particle is shown in

Figure 6C, with NAcon = 0.6. In Figures 6A,B, the particle

rotates around the same object axis, and in Figure 6C, around

the orthogonal object axis. The sinogram in Figure 6D was

created by applying MIP inside the blue rectangle in

Figure 6B and shows a periodicity of the rotational motion of

FIGURE 5
Sustained rotation around two orthogonal object axes allows one to collect tomographic data that can circumvent the “missing cone problem”
when reconstructing the object. The timestamp of the selected images from the movie recording are shown in the lower left corner. (40×
magnification, NAobj = 0.75). Corresponding Supplementary Movies S3, S4.
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FIGURE 6
Sustained rotation and high-NA imaging and illumination: There is a trade-off between (A) the highest resolution at NAobj + NAcon = 2.3 and (B)
the highest contrast at NAobj + NAcon = 1.3. Around NAobj + NAcon = 1.75 as in (C) one gets a good compromise between good resolution and good
contrast. The particle in (A,B) rotates around an object axis orthogonal to the one in (C). (D) provides a MIP-based sinogram pertaining to the blue
rectangle in (B). Corresponding Supplementary Movies S5–S7.

FIGURE 7
Optical sectioning, resolution and contrast of a cancer cell spheroid under sustained rotation: Increasing the imaging NA, from (A) NAobj =
0.25 to (B)NAobj +NAcon= 1.3 to (C)NAobj+NAcon= 2.3 increases the optical sectioning and the resolution of the object. In (A) the coverslip is visible
in the background. In (B) the optical sectioning and resolution is better. In (C) the optical sectioning is best and each image of the rotating spheroid
shows a slice through the object at the highest resolution. For large objects, only the periphery is in focus, and there is a trade-off between
highest resolution and sectioning in (C) compared to higher contrast and lower sectioning and resolution in (B) for inspection of a sample.
Corresponding Supplementary Movies S8–S10.
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about 0.07Hz (15 s period), with non-uniform rotation rate and

axis, as evident in the Supplementary Movies S5–S7.

3.4 Manipulation and imaging of cancer
spheroids

Our acoustofluidic chip is suitable to trap and manipulate

sub-millimeter samples, such as cell clusters and organoids.

These in vitro models are valuable tools as they facilitate the

study of aspects related to 3D structure that traditional 2D cell

culture lacks and can give results in biomedical research that are

more representative of the in vivo responses. They are useful

models in, for instance, development and oncology studies,

toward personalized medicine and avoidance of animal

testing. To be able to trap such live models in solution,

without any contact to surfaces or interference with gels for

long-term imaging, acoustic trapping platforms are valuable

tools. Inspection of such structures with optical light allows

for non-invasive observation without any dependence on

labeling, fluorescent dye, or sample preparation.

To demonstrate our manipulation capabilities for 3D cell

models, we use neuroblastoma cancer cell spheroids formed

by cell self-aggregation in external well plates with non-

adhesive rounded bottom. In Figure 7, we show an example

of an elongated spheroid undergoing a sustained rotation in

our acoustic trap at a rotation rate of about 0.017 Hz (60 s

period). With this sample, we demonstrate another practical

reason why working with a larger NA is desirable: Increasing

the total imaging-NA (NAobj + NAcon) not only improves the

achieved resolution, but also leads to stronger optical

sectioning. The image in Figure 7A with the 10×

magnification objective with NAobj = 0.25 has low

resolution, and optical sectioning is practically absent, as

we can see the cover-slip in the background. The image in

Figure 7B with the 40× magnification objective with NAobj =

1.15 and NAcon = 0.15 has higher resolution and an improved

optical sectioning capability. At the highest effective NA of

our setup (NAobj + NAcon = 2.3) in Figure 7C, we only see a

thin slice through the object at a time, which shows good

resolution, but the contrast is much lower than in (B).

Combining acoustic levitation with illumination scanning

of a stationary sample also requires a high-NA compatible

chip. A reconstruction based on illumination scanning

performed at one object orientation, suffers from axial

resolution being inferior to the lateral resolution. But

acoustofluidic manipulation offers a solution to this

ailment: We can trap a sample in a stable orientation from

a dominating top-transducer as seen in Figure 8A and perform

illumination scanning and then reorient the sample (in our

current system up to 90°) by increasing the voltage of a side-

transducer, as shown in Figure 8B, and perform another

illumination scan. The two orientations of the sample are

stable trapping positions as can be observed in the

Supplementary Movies S11, S12.

4 Discussion

Acoustofluidic devices can be manufactured at a wide

frequency range to accommodate specific needs, e.g., different

sample sizes. The acoustic radiation forces scale with the volume

of the particle for samples smaller than the wavelength (and with

its acoustophoretic contrast), and levitating a cell cluster against

FIGURE 8
Reorientation of cell cluster for angle-scanning of the illumination in the high-NA compatible chip. Reorienting the sample to a new stable
trapping orientation allows us to repeat illumination scanning at a different viewing direction, to improve the reconstruction. In (A) the cancer cell
spheroid is trapped and oriented to a strong top-transducer, in (B) to a stronger x-transducer. NAcon = 0.2. Corresponding Supplementary Movies
S11, S12.
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buoyant gravity does not require high voltages. To ensure that the

sample is lifted above the bottom coverslip in our device, the

sample radius cannot exceed λ/4 ≈ 120 µm. The lower limit for

trappable particle sizes is determined by balancing the acoustic

radiation force with the acoustic streaming. One can derive a

theoretical particle diameter for which the acoustic streaming is

dominating, as in [32] for a spherical particle. The critical particle

diameter depends on the particle’s acoustophoretic contrast

factor, the chamber geometry, and on the viscous boundary

layer determined by the trapping frequency and the viscosity

of the surrounding fluid. We find that spherical polystyrene

particles above ≈1 μm–2 µm diameter in water are trapped by the

acoustic radiation force in our device. To trap even smaller

particles, one can increase the trapping frequency, e.g., using

higher harmonics of the device, or modify the resonator

geometry to reduce the effect of streaming, e.g., by reducing

channel heights [24, 33, 34]. To be able to induce sustained

rotations of a sample, the trapped object should not be larger than

the spacing between the trapping nodes from the transducers (λ/

2), as it then could be “locked in” and not free tomove. To levitate

and rotate samples of several mm in size, one should use an up-

scaled design operated at longer wavelengths.

The study of mature organoids poses a serious problem, since

the larger they grow the more opaque they become. Optical imaging

then faces a serious problem concerning penetration depth and

image quality, due to diffraction, absorption, andmultiple scattering.

The reconstruction of 3D structural maps, such as the refractive

index distribution inside the sample, becomes very challenging for

such samples, but inspection from different sides nevertheless

provides essential information. In Figure 9, we show images of a

larger and more spherical ≈100 μm-sized cancer cell spheroid

undergoing a sustained rotation in our device at a rotation rate

of 0.018–0.03 Hz. We see that one can inspect the sample from

multiple viewing axes at a high contrast and higher resolution when

increasing the imaging NA from Figure 9A NAobj = 0.25 to

Figure 9B NAobj + NAcon = 1.15 + 0.15 = 1.3. At a higher

illumination NAcon = 0.4 in Figure 9C, we get higher resolution

images of the spheroid and higher optical sectioning.We can resolve

the periphery of the object in one optical slice at a higher contrast

than the middle part as the refractive index change is larger between

the cells and the medium around than within the more

homogeneous cell cluster core. For even larger samples, the light

from the middle will be deteriorated by scattering within the object.

The larger the object, the less information we get from the center of

the object. Optical diffraction tomography has its limits to how

scattering the object can be (depending on the object parameters) to

reconstruct the 3D structure, and combing our technique with other

optical imaging modalities with a higher penetration depth (e.g.,

multi-photon microscopy, potentially applying adaptive optics or

wavefront shaping) will be advantageous for studies of large cancer

cell spheroids and organoids.

5 Summary and outlook

We have presented a high-NA compatible device for

acquiring high-resolution images of trapped sub-mm-sized

biological samples. While keeping samples in their native state

and in non-contact to confining structures, we can reorient and

induce sustained rotation of samples to image them from

multiple viewing axes to acquire tomographic data. We have

demonstrated induced sustained rotations of pollen grains and

cancer cell spheroids rotating at a rate between 0.017 and 0.1 Hz.

For particles of a more spherical shape, we can induce rotations

around two object axes, by controlling the direction of the

restoring and spinning torque respectively. Rotating an object

around two (largely) orthogonal axes while imaging from the top

allows us to collect data that can circumvent the “missing cone

FIGURE 9
Enabling of the 3D inspection of a larger, more spherical cancer spheroid: Increasing the imaging-NA from (A) NAobj = 0.25 to (B) NAobj +
NAcon= 1.3 to (C)NAobj +NAcon = 1.55 allows us to inspect the cancer cell spheroid from all sides while it is rotating, at increasingly higher resolution.
Corresponding Supplementary Movies S13–S15.
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problem” of tomographic reconstruction, which relates to

inaccessible regions in Fourier space when the rotation axis is

kept constant. Our high-NA compatible chip can also be

combined with illumination-angle scanning, for improving the

resolution in the reconstruction by reorienting the sample and

performing repeated illumination scanning from multiple

viewing directions. Our manipulation strategy to induce

sustained rotations of samples in liquid to collect tomographic

data, compared to rotating the imaging system, relaxes the

imaging setup requirements. However, it also introduces a

problem, as the rotation parameters are unknown. The exact

rotation parameters in such a system have to be retrieved prior to

reconstruction, for example, by recurrent neural networks which

are trained to find the rotation axis and angle of images of test

samples rotated into many directions.

Here, we are addressing only the manipulation strategies

possible in the high-NA compatible chip; investigations into

which samples can be reconstructed with this strategy in

combination with optical diffraction tomography or other

imaging modalities and about the achievable resolution is

ongoing work in our lab. Larger samples, such as developing

cancer cell spheroids, embryos, and organoids with sizes larger

than 1 mm, demand to increase the size of the acoustofluidic device,

in particular the channel height, which is 500 µm for our device, and

to operate it at larger wavelengths using thicker transducers.

However, the restricted working distances of available high-NA

objective lenses poses a limitation on the up-scaling of the device.

A great advantage of the presented acoustofluidic trapping

device is the feature that it can trap and manipulate samples in

solution without any prior knowledge about the samples within a

certain size-range determined mainly by the trapping wavelength.

For samples, such as certain organoids, that require gel matrix

support to grow,manipulating a gel droplet they are encapsulated in

could be an interesting approach. Moreover, the biocompatibility of

such devices is very goodwithin certain sound pressure limits, as has

already been established [2, 8], allowing for acoustic trapping of

living samples over days [35]. With our setup, we have already

performed continuous acoustic trapping of spheroids for up to 8 h,

but for meaningful long-term experiments, we would need to

implement temperature control, media exchange, and check the

biocompatibility of the materials used for the device to ensure the

viability of the samples. Acoustic trapping platforms have also been

used for tissue-engineering, for instance, cell spheroids have been

formed in acoustic trapping platforms allowing for long-term study

of cell organization and development [36, 37]. As the acoustic

radiation forces are pushing the cells together, these strategies allow

for spheroid formation also of cells with lower contractile properties.

This application could also be possible in our device, with the

further capability of collecting tomographic imaging data by

rotating the sample. Quantitative reconstruction of a samples

refractive index distribution by, e.g., optical diffraction

tomography, would yield valuable insight into cell and sub-

cellular morphology and biochemical information [3]. 3D

reconstruction of the samples can be used for live monitoring of

developing cells, 3D cell structures, and organoids. This wouldmake

screening, diagnostics, and monitoring of response to

chemotherapeutic agents, or to pathogens, feasible. With the rise

of spheroid and organoid research, a manipulation platform that

opens up the possibilities to keep samples of a large size range

trapped long-term in a non-contact and non-invasive manner with

label-free tomographic imaging capabilities would be of great

importance.
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