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Abstract

Having a system capable of obtaining high resolution, quantitative, subcellular information of individual live cells through
imaging, while minimizing cell damage, is of great importance in many fields of research. In recent years, optofluidic light-
sheet fluorescent microscopy (LSFM) has emerged as a powerful tool providing a low photo-toxic imaging method utilis-
ing the fluidic environment offered by microfluidics. Here, the benefits of LSFM were integrated with an acoustic single
cell prison for precise single cell handling and 3D multi-imaging in a semi-automated manner. The compact, monolithic,
acousto-optofluidic platform employed standing surface acoustic waves (SSAWs) to sequentially trap an individual cell on
either side of an imaging region, which gathered planar, cross-sectional images of the cell. A cytoplasmic stain was utilised
to not only visualize the cell trajectory throughout the imaging process, but also to verify the cell viability post-acoustic
exposure. A mitochondrial stain was also used to better demonstrate the resolution capabilities of the device. Through post-
image processing, 3D volumetric images of the cell were reconstructed and the results between the first and second rounds
of imaging were directly comparable. Furthermore, the acoustic prison advantageously positions the cells in the upper region
of the channel, enabling the ability to accurately compare temporal changes in cell morphology; a capability that can lead
to advancements in therapeutics and drug delivery to access responses of cells to stimuli over time.
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1 Introduction while they undergo certain processes (Gao et al. 2020). As

such, single cell imaging of live cells, with high spatial and

Obtaining high-resolution, three-dimensional, information
pertaining to intracellular architecture is a key task required
for understanding complex biological mechanisms in a vari-
ety of research disciplines in cell biology and developmental
biology (Jensen 2013). In order to study and understand the
diverse anatomical and functional complexities of living
organisms it is important to be able to visualise how liv-
ing cells dynamically organise their intracellular organelles
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temporal resolution, is required. Although current avail-
able technologies offer advanced imaging of fixed cells
(dead but morphologically preserved), there is still a gap in
microfluidic chip-compatible methods for the three- dimen-
sional imaging of living cells to access temporal responses
to stimuli. On-chip imaging is desirable for a wide number
of applications due to potential for the integration of other
sample preparation methods.

Imaging techniques, such as fluorescent microscopy, have
been optimised for imaging fixed cells, meaning that long
recording times and exposure times are often used without
fear of adverse effects on cell health. In contrast, for success-
ful imaging of live cells, a balance between image quality
and illumination intensity must be found while not com-
promising cell viability. Recent developments in live cell
imaging have predominantly focused on high-throughput
systems for accurate counting and sorting (Cho et al. 2010;
Nitta et al. 2018; LaBelle et al. 2021) or imaging of large
cell populations (Sesen and Whyte 2020). One of the most
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common methods is imaging flow cytometry, which utilises
optofluidics for fast, two-dimensional imaging of live cells,
down to a resolution of 500 nm (Doan et al. 2018; Holzner
et al. 2021). However, obtaining high-resolution volumetric
images, capable of showing internal cellular organisation, of
individual living cells can still be difficult. To tackle these
limitations, the advantages of microfluidics and light-sheet
fluorescence microscopy (LSFM) (Deschout et al. 2014;
Stelzer 2015; Lin et al. 2018; Yordanov et al. 2021) have
been combined, offering 3D single cell imaging capabilities.

LSFM employs the use of a thin (in the order of a few
hundred of nanometers to a few micrometers), planar mono-
chromatic light sheet to illuminate a sample perpendicular to
the observation direction (Weber and Huisken 2011; Strobl
et al. 2017). In a microfluidics setting, the sample is car-
ried by fluid flow through the light-sheet and fluorescent
images of the cell are collected from each plane. Volumetric
information can then be obtained by image reconstruction.
Although this illumination method provides low photo-
toxicity and deeper penetration, current LSFM techniques
are also limited by inadequate resolving power along the
optical axis, leading to difficulties in obtaining high quality
volumetric information. These devices also employ optical
components that are external to the imaging chip and hence
need careful, expert alignment.

To further improve on-chip LSFM, Ordaz et al. developed
a 3D optofluidic LSFM device capable of generating a sub-
micron thick light-sheet allowing for volumetric images of
living cells to be acquired (Vargas-Ordaz et al. 2021). The
micro-optical lenses were incorporated within the microflu-
idic chip by means of soft lithography processes, allowing
for the simplification of the imaging platform and offering
the potential of integration of cell handling approaches. They
were able to achieve a lateral resolution of 0.65 um and an
axial resolution limited by the light-sheet thickness, allowing
for the quantification of changes in endosome numbers after
the cells had undergone a drug treatment (Vargas-Ordaz
et al. 2021). This system has the potential to offer repeated
3D imaging of live adherent cells at low exposure, hence
accessing temporal data. However, to unlock this potential,
it is necessary to add single cell handling capabilities.

Within the realm of microfluidic-based technologies,
surface acoustic waves (SAWs) have been successfully
employed for a wide range of manipulation applications for
things such as fluid mixing (Rezk et al. 2012; Hsu and Chang
2022; Lv and Chen 2022), concentration (Shilton et al. 2008;
Habibi and Neild 2019; Akther et al. 2020), sorting (Muta-
fopulos et al. 2019; Richard et al. 2019; Ng and Neild 2021),
patterning (Nguyen et al. 2018; Maramizonouz et al. 2022),
and droplet production (Castro et al. 2018; Rambach et al.
2018; Jin et al. 2019). The ability to precisely manipulate
target cells using acoustic forces has been utilised in thera-
peutics and diagnostics (Salari et al. 2021; Agostini et al.
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2022; Hao et al. 2022) where the ability to control individual
cells to study cell-cell interactions (Li et al. 2014; Guo et al.
2015), or to perform single cell analysis (Link and Franke
2020; Mejia Morales et al. 2022), is of particular interest.
The capacity of SAW devices in terms of single cell control
was further demonstrated in the work published by Richard
et al. where a single cell micro-dispenser was developed to
trap, release and direct individual cells (Richard et al. 2022).

Building and expanding upon the acoustic trapping mech-
anism discovered and exploited in (Richard et al. 2022), an
acoustic single cell prison was developed and integrated into
a single chip with a 3D optofluidic LSFM device (Vargas-
Ordaz et al. 2021). The resulting hybrid acousto-optofluidic
chip, the first of its kind, allowed for the sequential trapping
of an individual cell on either side of the imaging region to
gather 3D images of the cell over two separate rounds of
imaging in a controlled and reproducible manner. The focus
of this work was to demonstrate the additional single cell
handling capabilities offered by the acoustic components and
not on the resolution proficiency of the optical components,
which was demonstrated in an earlier publication. Further-
more, given the requirement of a piezoelectric substrate for
the excitation of SAWs, this novel platform demonstrates
the compatibility of these two technologies (acoustic and
optical). Not only do the acoustic components allow for tar-
geted single cell control, but they also lead to the realisation
of a semi-automated, imaging platform with the ability to
obtain temporal data in real-time. The acoustic control was
demonstrated using two different cell lines, and stains, and
3D reconstruction of individual live cells were obtained. A
Calcein stain was first used to help visualise the trajectory of
the cell along the horizontal direction throughout the imag-
ing process and to validate the size of the cell being imaged.
This stain also allowed the cell viability post-acoustic expo-
sure to be verified. An intracellular stain, MitoTracker, was
then used to visualise the mitochondrial activity within the
cell, demonstrating the resolution capabilities of the device
as well as the ability to use different stains requiring differ-
ent wavelength. The means to image an individual, living
cell back-to-back and obtain comparable data is an advance-
ment in on-chip LSFM technology.

2 Results and discussion

2.1 Light-sheet generation and device
characterisation

The acousto-optofluidic chip was designed to handle and
image cells flowing within a microfluidic channel (see design
schematic in Fig. 1). The two-component system consists of
a PDMS layer containing all the self-aligned micro-optical
and microfluidic components in a monolithic assembly, and
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Fig. 1 Device schematic and working principle. i Device inlet depict-
ing the sheath flow providing focusing of the cells from the sample
inlet from both sides, as well as from beneath. ii Loading region
depicting interdigital transducers (IDTs) patterned on a lithium nio-
bate (LN) substrate and actuated to excite surface acoustic waves
(SAWs). The resulting acoustic radiation force (ARF), denoted Frad,
overcoming the drag force (Fdrag), is utilised for cell trapping and
vertical positioning. iii Imaging region where the single cell flows

a piezoelectric substrate (lithium niobate (LN)) patterned
with electrodes in order to create the required acoustic
waves. The key features of the optical components have been
described previously (Vargas-Ordaz et al. 2021), where the
optofluidic LSFM chip was entirely fabricated of PDMS.
Here, we ensure that the addition of the LN substrate doesn’t
cause detrimental effects to the light-sheet generation and
image capture. Hence, it is the acoustic trapping part of this
work, and the demonstration of the benefits it affords in gain-
ing temporal data which is the primary focus. As such, the
compatibility of the substrate was first verified by determin-
ing the lateral and axial resolutions of the hybrid device,
followed by the characterisation of the trapping mechanism
responsible for the double imaging process (within the
acoustic prison).

A detailed analysis of the trapping mechanism can be
found in (Richard et al. 2022), but briefly, interdigital trans-
ducers (IDTs) patterned on a LN substrate are actuated via
an externally applied electrical signal leading to the exci-
tation of surface vibrations. These SAWs will couple into
the fluid leading to regions of local pressure minima and
maxima. When an object, such as a cell, is present within

through a light-sheet created by an on-chip optical fibre, and accom-
panying holder (1), micro-lens (2) and mirror (3). The side view inset
depicts the obtained cross-sectional planar images of the cell. iv Col-
lection region where the imaged cell is trapped for a second time, the
flow is reversed via an external control system and the cell is then
pulled through the extraction channel and undergoes a second round
of imaging

the acoustic field it will interact with the field, giving rise
to acoustic radiation forces (i.e., F,,4 in Fig. 1ii). By apply-
ing a sufficient amount of power to the IDTs resulting in an
acoustic radiation force (ARF) with a magnitude larger than
or equal to the drag force (Fg,,), the cell will cease to move.
This mechanism can be utilised for a variety of cell types,
sizes, and offers a non-contact, biocompatible, and precise
manipulation method.

The potential effects of the presence of this optically
nonlinear crystal on the light-sheet generation and imaging
resolution were investigated. Foremost, the lateral resolution
of the device was verified using fluorescent sub-diffraction
polystyrene (PS) beads (210 nm diameter). The beads were
passed through the device without acoustic excitation and
planar images were acquired using a 40x/0.6 NA objective
external to the chip. Although this objective is generally
used in combination with a glass coverslip (n = 1.51), here,
an optically flat PDMS channel sidewall (n = 1.41) was used
in lieu. The quantification of the experimental lateral resolu-
tion of the device was provided by capturing the point spread
function (PSF) of the bead. The PSF also determines any
aberrations potentially brought about by the detection path
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and the substrate. The side view of the produced light-sheet
can be seen in Fig. 2b i, where two locations of interest
are high- lighted; a region near the upper-left area (yellow)
of the channel and a region in the lower-middle (green) of
the channel nearer to the LN substrate. At the region closer
to the LN substrate (green), it is observed that the qual-
ity of the PSF (Fig. 2b ii) renders a lateral resolution of
1.17 pm, which is diminished when compared to our prior
work (Vargas-Ordaz et al. 2021). However, with the employ-
ment of the acoustic prison, when the acoustic actuation is

Top View I

Light-sheet
\

I Side View

Light Sheet <« PDMS channel roof

i PDMS channel boundaries
<LiNbO; substrate
10 um

Fig.2 Light-Sheet generation in an acousto-optofluidic chip. a Top
view image of the fabricated device depicting all optical components
(1: optical fibre, 2: micro-lens, 3: mirror) and the generated light-
sheet. b Side view of the imaging region showing the light-sheet
formation by flowing fluorescein through the sample inlet (i). The
point spread functions (PSFs) were obtained using fluorescent sub-
diffraction polystyrene (PS) beads, at regions of interest near the sub-
strate (green) and at a distance away from the substrate (yellow). (ii)
The lateral resolution at this location was determined to be 1.17 pm
whereas in (iii) it was 1.08 um. The visible Airy rings seen in (iii)
demonstrate the lack of scattering due to interactions of the light-
sheet with the lithium niobate (LN) substrate at this distance from the
substrate (color figure online)
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utilised, the cells being imaged will be pushed further away
from the plane of the substrate by the vertical components
of that acoustic radiation force (ARF), further aided by the
presence of the sheath flow beneath the sample (Fig. 1 i).
The lateral component of the ARF is responsible for the
trapping (Richard et al. 2019). This effect can be observed
from experimental data at the location of the cell undergoing
sequential imaging (Fig. 4c). Hence, the PSF (Fig. 2b iii)
was also examined at a location further away from the sub-
strate (yellow box), this shows a focused central plane of
the bead with visible Airy rings, similar to those obtained in
(Vargas-Ordaz et al. 2021). The measured lateral resolution
at this location was found to be 1.08 um. It is this PSF that
was applied as a kernel for imaging deconvolution of the
cells. However, to more precisely compare the resolution
near to the LN substrate with the resolution more towards
the middle, or upper regions of the channel, PSFs at different
locations were sampled (Nlocations = 6). It was found that
nearer to the LN substrate, the mean resolution was 1.24 +
0.05 um whereas further away from the substrate the mean
was 1.21 + 0.08 um. The results show no significant differ-
ence between these values (unpaired t-test, P = 0.49). We
can thus conclude that the LN substrate does not cause any
significant scattering effects.

The axial resolution of the device dictates the minimum
distance required between cross-sectional images to obtain
high-quality data and is dependent on the numerical aper-
ture (NA) of the detection objective. The axial resolution
was determined to be 1.31 um (detection objective NA =
0.6). Although individual cells are loaded within the sys-
tem through the means of a standing surface acoustic wave
(SSAW) gate (see Fig. 1ii), their movement is governed
by the laminar flow regime provided by the microfluidic
environment meaning that the spacing between each planar
image is controlled by the applied flow rate, the frame rate
of the off-chip imaging camera, and the light-sheet thick-
ness (Fig. liii). The micro-lens used here is designed to
produce a light-sheet with a thickness of 1.8 + 0.2 um. The
flow rate of the sample should then be chosen based on the
diameter of the cell of interest to maximise the number of
planar images obtained, where the distance between con-
secutive images should be less than, or equal to, the axial
resolution of the device. As a result, the device was first
characterised based on the loading flow rate and the cor-
responding number of planar images (slices) acquired. The
device was characterised with COS-7 cells (African green
monkey kidney fibroblast-like cell line), rather than with
particles, to obtain appropriate device operating parameters
for high-resolution imaging. Foremost, the cell concentra-
tion was fixed at approximately 200,000 cells ml~! and flow
rate experiments were conducted with varying sample and
sheath flow rates (Fig. 3a). For all cases the data collection
time was fixed at 85 s.
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Fig.3 Characterisation of the device based on sample flow rate and
the resulting number of planar images (a). Each data point represents
a single cell imaged at the corresponding flow rate. The experiments
were conducted over a fixed period of 85 s. Inset depicting the rela-
tion between the number of planar images (i.e. slices) is inversely
related to the applied flow rate (i.e. velocity). b Characterisation of
the acoustic loading capabilities based on the applied actuation time
of the loading IDTs for the accurate and reproducible loading of
a single cell into the imaging region. The flow rates were held con-
stant at 0.20 pl min~! for both the cells and the sheath flow. A con-
trol system was used to trigger the IDTs in a cyclical manner with a
1 s release time. Data was collected for N=18 cycles. The trapping
outcomes are defined as follows: — 1 is a no trap occurrence (either
a trapping failure or cells flow through during the release time), O is
when no cell enters the region, and 1 is when only a single cell is
trapped

The optimal flow rate was chosen based on the consist-
ent flow of cells into the imaging region balanced with the
number of planar images obtained of the cell from the side
view (Fig. 3a inset). To obtain efficient optical sectioning,
the cell must pass through the light-sheet with a velocity
allowing for a maximum of the cell volume to be exposed.
As expected, at lower flow rates fewer cells are able to
enter the channel within the same time frame as compared
to higher flow rates, not only due to the lower velocity but
also due to the fact that the cells will have more time to
sediment and interact with the channel walls at the entry
point (channel inlet) (observed at 0.10 ul min~' cells/0.20
ul min~! sheath). After flowing at relatively low flow rates
over a period of time, the cells will again almost cease to
flow entirely, potentially due to a build-up of adhered cells
at the inlet (observed at 0.30 ul min~! for both cell and
sheath flows). As the flow rates are increased (i.e. equal
to and larger than 0.25 ul min~! and 0.5 ul min~!, for the
sample and sheath flow respectively), more cells begin to
flow into the channel and in a more homogeneous manner.
However, as the flow rates increase, the number of planar
images obtained decreases. As such, the optimum flow
rates were chosen based on a balance between the two, cell
flow consistency and sufficient planar images. This was
found to occur at flow rates of 0.20 ul min~! for both the
cells and the sheath flow resulting in a mean of approxi-
mately 14 planar images for a singular cell. At these flow
rates, the corresponding cell velocity (136 ul s™!) along
with a capture frame rate of 100 frames per second (fps)
(detection objective), allows for an image to be captured
every 1.36 um. Although this value is slightly above the
device’s axial resolution of 1.31 um, the chosen param-
eters still avoid under-sampling for the 3D imaging of the
cell. Note that more freedom can be afforded in the process
of identifying the desired flow rate by use of a camera with
a wider range of available frame rates.

Once the flow rate was determined, the acoustic loading
mechanism was tested to determine the trapping time (the
SSAW excitation time) that allows for the most consistent
loading of an individual cell into the imaging region. For
accurate and reproducible operation, a control system was
used to trigger the actuation of the loading IDTs (Fig. lii)
in a cyclical manner; the chosen actuation time (4 s, 6 s,
or 8 s) with a fixed release time of 1 s. Data was collected
for N = 18 cycles for all three cycle times and the number
of occurrences for each of the trapping outcomes was plot-
ted (Fig. 3b). The trapping outcomes are defined as follows:
1 represents the desired scenario when only a single cell
is trapped and released, O is when no cell enters the trap-
ping region, and —1 represents the case where a cell flows
through the loading region but is not trapped (either a trap-
ping failure or during the release time). The actuation time
resulting in the most desired trapping outcomes at the flow

@ Springer



35 Page60of13

Microfluidics and Nanofluidics (2023) 27:35

| Top View | | Side View |
a . - " - c. :
| | Loading | ii Imaging | i | 15t Imaging I
To imaging
region
e} ——
&2 extraction
&
E
- 27 Imaging
b
i
Overlap

e <+ 1st imaging
®
£ 2n imaging
2
~N

To imaging

region

1Wm To imaging

region

Fig.4 Overview of the double-imaging of an individual COS-7 cell.
a Top view experimental images of the first imaging process; (i) the
single cell is loaded via the actuation of the first pair of IDTs (8 s on),
followed by the triggered release (1 s off) into the imaging region (ii)
showing the cell trajectory. Scale in inset is 10 um. b Top view exper-
imental images of the second imaging process; (i) collection of the
same cell via the second pair of actuated IDTs, a triggered flow rever-
sal (5 ul min~! pull for 3 s) leading to the cell being re-loaded (ii) to
the imaging region (iii). ¢ Side view fluorescent images obtained of

rates for imaging, in this case, 8 s, was chosen for the subse-
quent automated double imaging experiments.

2.2 Acoustic single cell double-pass imaging

The acoustofluidic loading capabilities of the device were
then utilised to image a single live cell multiple times in a
semi- automated manner. The COS-7 cells were stained with
the most common live-cell viability dye, Calcein AM, to
demonstrate the biocompatibility of the acoustics. A control
system consisting of an Arduino and accompanying circuitry
was used to control the cell loading, reimaging, and extrac-
tion process. A pump was used to inject the cell sample
and the sheath flow media at the fixed flow rate previously
determined. The loading IDTs were actuated for 8 s, fol-
lowed by a 1 s release to load the individual cell of interest
to the imaging region (Fig. 4a) to undergo the first imaging
process (Fig. 4a ii).

@ Springer

the stained cell showing the vertical location of the cell during the
first imaging (i) and second imaging (ii), with their overlap shown in
(iii). The white lines in the images represent the PDMS channel side-
walls. An external control system was used to trigger the first pair of
IDTs and the syringe pump responsible for the re-imaging while the
second IDTs were triggered manually. The flow rate was held con-
stant at 0.20 ul min~! for both the cell sample and sheath flow. See
ESI Movie S1 for the corresponding video of this process (color fig-
ure online)

A delay of 15 s was programmed to allow for the first
imaging to take place, whereby the same cell was collected
by a second pair of IDTs (Fig. 4bi) which was manually
triggered. Concurrently, the loading IDTs were actuated dur-
ing the imaging time to withhold any unwanted cells from
entering the system using the acoustic trapping mechanism
as before (Fig. 5aii). After the first imaging, a second syringe
pump connected to the extraction channel was triggered to
reverse the flow with a pull flow rate of 5 ul min~" for 3 s,
simultaneously re-loading the same cell to the imaging
region for a second imaging (Fig. 4bii and iii) and extract-
ing the unwanted cells withheld during the imaging process
(Fig. 5b). See ESI Movie S1 and Movie S2 for the corre-
sponding videos of these processes.

A side view of the double-imaging can be seen in Fig. 4c
showing the location of the cell in the vertical direction
(along the z-axis) during the first imaging (Fig. 4c i) and the
second imaging (Fig. 4c ii). As observed by the overlapping
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Fig.5 Top view experimental |
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double-cell imaging process
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tion regions. a Demonstrates
the single cell loading (i), the
desired cell emphasised by the
red arrow, and the withholding
of the undesired cells during the
first imaging (ii), encircled in
red. b The flow reversal extracts
the undesired cells that were
trapped (i) and pulls the imaged
cell back for the second round

of imaging and can be seen i | Flow Reversal

Extraction |

being removed from the system
through the extraction channel
following the second imaging
(ii). In this experiment, MG63
cells were used, which have
slightly smaller diameters com-
pared to COS-7 cells. See ESI
Movie S2 for the correspond-
ing video of this process (color
figure online)

2"d Imaging

of the two imaging processes (Fig. 4c iii) the cell remains
localised within the same channel height in both instances.
As previously discussed, the ARF acts to push the cell
toward the channel roof, with the aid of the sheath flow, thus
positioning the cell at an elevated vertical location. When
the cell arrives at the collection region, the vertical force of
the ARF from the second pair of IDTs works to maintain the
cell’s vertical position in the channel.

This mechanism allows for some predictability of the cell
position in the vertical direction, allowing for the cell to
be imaged sequentially in the same area of the light-sheet,
and therefore maintaining the same optical characteristics to
facilitate image-to-image comparison. Being able to main-
tain a similar imaging trajectory for both rounds of imaging
enables obtaining precise and comparable information. This
is of particular importance for future applications such as
in drug uptake studies where changes within the cell before
and after drug uptake can be accurately observed with the
same resolution.

2.3 Light-sheet fluorescence microscopy (LSFM)
on chip

During the acoustic single cell double-imaging process,
planar images were collected at 100 fps using an off-chip

objective and a high-speed camera aligned with the sidewall
of the imaging region (as shown in Fig. liii). A select few
of the obtained, deconvoluted cross-sectional images from
the imaging plane (xz) can be seen in Fig. 6a for the first
imaging and in Fig. 6¢ for the second imaging. Although
only 7 images are shown here, the full stack consisting of
16 and 15 images, are available in ESI Movie S3 and S4 for
the first and second imaging respectively. The Calcein dye
stains the cytoplasm of the cell (the cell content between
the membrane and the nucleus), leaving the nucleus unaf-
fected. This is in agreement with the results obtained and
what is known in the literature (i.e. the nucleus of COS-7
cells is approximately 25 um) (Son et al. 2020). Based on
the spacing between the obtained images (1.36 um), the total
number of images obtained (16 slices), and the average range
of COS-7 cell diameters (between 20 and 25 um (Sagi et al.
2009)), the majority of the cell volume could be imaged with
good resolution during the first round of imaging.

As a reference, a 2D image of the same cell obtained
using a standard fluorescent microscope can be seen in con-
trast to the 3D image obtained here in ESI Fig. S1, demon-
strating the advancements enabled by this device.

For the second imaging process, the applied flow rate
required to reverse the flow to pull the cell results in an
increase in the cell velocity, and thus, a slight increase in the
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Fig.6 3D double imaging of a single cell. Deconvoluted cross-sec-
tional micrographs of a Calcein AM-stained COS-7 cell in the zx
plane for the first imaging (a) and second imaging (c). The 3D recon-
struction of the cell from these images are shown in (b) and (d) for

distance between consecutively captured images (approxi-
mately 1.48 um). Unfortunately, as the camera used for these
experiments was limited to 100 fps, it can be observed in
the acquired cross-sectional images (Fig. 6¢) that there is
a slight loss in resolution in the form of blurring predomi-
nantly around the edge of the cell in comparison to the first
set of images. While this can be improved for future appli-
cations of the demonstrated device, the resolution obtained
here is still sufficient to display similarities between both
rounds of imaging and prove the capacity for accurate com-
parison for single cell studies. For instance, along the bottom
of the cell there is a region of higher intensity (labelled as
1 in Fig. 6) that can be seen throughout all of the images in
both cases, along with two smaller high-intensity regions in
the upper left and right region (predominantly seen in both
Fig. 6a and c, labelled 2). The deconvoluted stacks were used
to obtain a 3D reconstruction of the cell, as shown in Fig. 6b
and d, where the high-intensity regions (labelled 1 and 2),
and the overall structure of the cell, are emphasised further.
The reproducibility of the sequential imaging is critical for
accurately observing temporal changes in the cell, which is
a need for applications in therapeutics and drug delivery to
observe morphological changes within the cell over time.
To further demonstrate the resolution and applica-
tion capabilities of the device, a mitochondrial stain,
MitoTracker, was used to gather volumetric images of the
intracellular organelles. Since mitochondria are essential
to many cellular processes, monitoring their activity within
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both instances. Red arrows point to regions of higher intensity. See
ESI Movie S3 and S4 for the complete stack of planar cross-sectional
images obtained for the first and second imaging, respectively (color
figure online)

a cell is valuable. COS-7 cells were again used and were
stained attached to the culture flask surface. As a refer-
ence, inverted fluorescent images of the attached cells were
obtained to verify the activity of the mitochondria within
the cells (Fig. 7a and c). As expected, the mitochondria are
primarily located within the vicinity of the cell nucleus, and
their activity (correlated to the intensity of the stain) var-
ies from cell to cell based on which stage of the cell cycle
(Mitosis, G1, S, or G2) they’re in (Antico Arciuch et al.
2012; Herrera et al. 2018). The double imaging experiments
were performed as previously described, and planar images
were obtained for both rounds of imaging. The mitochon-
drial activity within the cell was visualised via 3D recon-
struction and the results can be seen Fig. 7b and ¢, where the
insets show the cell undergoing a rotation about the z-axis.
Similarly to the adhered cells in Fig. 7a, the volumetric data
collected for the single cell in suspension depicts a high
localisation of the mitochondria near to the nucleus (empty
space depicted by the yellow arrow), and concentrated to one
side. Between the first and second rounds of imaging there
is no clear change in overall mitochondrial localisation, or
area (approximately 9.8 pm, by 6.5 um, by 12 um (x, y, z)),
and the same regions of higher intensity can still be seen.
However, as seen with the Calcein stain, the second round
of imaging has a slightly lower resolution due to the slight
increase in cell velocity during the flow reversal. Based on
the degree of rotation and the corresponding view of the
mitochondria in the inset images, the cell has undergone an
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Fig.7 High-resolution 3D double imaging of mitochondria within
a single cell. COS-7 cells were stained with MitoTracker deep red
(MTDR). a Adhered cells in a culture flask stained for comparison,
image taken with an inverted fluorescent microscope. b 3D images
obtained of a single cell during the first round of imaging. ¢ 3D
images of the same cell during the second round of imaging. In both

overall rotation between the first and second rounds of imag-
ing but can still be directly compared. Given that mitochon-
dria, on average, have diameters ranging from 0.5 to 1 um
(Alberts et al. 2002), the ability to image these intracellular
organelles demonstrates the high resolution capabilities of
our acousto-optofluidic LSFM device. See ESI Movie S5
for the top view of the double cell imaging process at the
imaging region of the device, and ESI Movie S6 and S7 for
the complete 3D reconstruction of the cell for the first and
second imaging, respectively.

3 Conclusions

A monolithic acousto-optofluidic chip was successfully
developed to perform single cell double imaging of live
cells utilising LSFM technology; also demonstrating the
compatibility of the piezoelectric substrate with the optical
components. Through the actuation of IDTs, surface acoustic
waves were used to perform reliable, accurate and control-
lable single cell loading, and to re-collect the same cell for a
second round of imaging. This process was semi-automated
using an external control system capable of triggering the
first pair of IDTs and the extraction syringe pump respon-
sible for the flow reversal to pull the re-collected cell for a
second imaging. Furthermore, during the imaging process,
the loading IDTs behave as a gate to keep any unwanted
cells from entering the imaging region and interrupting the
imaging process of the cell of interest.

The acoustics allows for the targeted and tailored
control of cells and is applicable to a range of cell types
with varying dimensions and characteristics. Although
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cases, subset images demonstrate the cell at different rotations along
the z-axis. Yellow arrow points to the empty space where the nucleus
should be located. See ESI Movie S5 for the top view of the double
cell imaging process at the imaging region of the device, and ESI
Movie S6 and S7 for the complete 3D reconstruction of the cell for
the first and second imaging, respectively (color figure online)

hydrodynamic forces have been used for particle and cell
trapping and manipulation in other applications (Tanyeri
et al. 2010; Kumar et al. 2020a, b), the use of acoustic
forces allows for a more flexible level of control. The on-
chip trajectory control allows for the possibility of fully
automating the device for cell loading and multi-pass
imaging. In the future, the control system could also be
used to trigger the camera for imaging.

Appropriate sampling of the cell volume was achieved
to obtain high-resolution planar cross-sectional images
of the cell cytoplasm and mitochondria, which were then
used for 3D reconstruction. Thanks to the acoustic radia-
tion force, utilised not only for loading and collecting
the cell but also for positioning and maintaining the cell
location in the vertical direction (away from the LN sub-
strate), further aided by the sheath flow, the cell could be
imaged within the same intensity region of the light-sheet
in both sequences. This positioning mechanism is impor-
tant not only for reducing potential scattering effects when
the imaging takes place near the LN substrate, but more
importantly for repeatability. The accurate and reproduc-
ible imaging capabilities of the device allow for sequen-
tial imaging of a single cell where temporal data can be
obtained. This is of critical importance for comparing
morphological changes within the cell over a period of
time, for instance when monitoring cell drug intake or effi-
cacy. Furthermore, observing mitochondrial levels within
cells is important in applications like cancer research,
where mitochondrial populations, or activity, are increased
in cancerous cells. Being able to better probe and under-
stand the role of mitochondria would provide researchers
with more therapeutic opportunities.
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4 Methods
4.1 Device fabrication

To ensure that the optical fibre holder and the micro-lens
used to form the light-sheet are aligned with the channel,
the device was fabricated from a single PDMS mould. The
cylindrical micro-lens is formed by an air pocket (with a
refractive index of n = 1), within the PDMS (n = 1.41).
The optical fibre used to couple the light in the system is
held within an on-chip fibre holder (open-ended channel)
such that it is centred on the optical axis of the micro-
lens (see Fig. 2a for top view images of the fabricated
device depicting all optical components (i) and the gener-
ated light-sheet (ii), and Fig. 2bi for a side view image of
the light-sheet). The fabrication process of this optofluidic
system overcomes the effects of drift experienced by tradi-
tional imaging platforms (Louvergneaux et al. 2004; Gus-
tavsson et al. 2018) since the alignment accuracy is only
dependent on the microfabrication tolerances. Since the
micro-lens and fluidic channels are fixed, the only spatial
variable is the distance of the fibre tip to the micro-lens.

The acoustic components, microfluidic channels and all
optofluidic components were fabricated utilising microfab-
rication techniques as described by Richard et al. (2022)
and Vargas-Ordaz et al. (2021), respectively. Briefly, the
focused IDTs were patterned on a 128° YX lithium nio-
bate (LiNbO;) piezoelectric substrate via a standard pho-
tolithography and lift-off process. The metal deposition
consisted of a 10 nm thick chrome adhesion layer and a
290 nm aluminium layer. To prevent corrosion of the metal
layers, as well as to improve bonding of the PDMS micro-
fluidic channel, a 300 nm thick layer of SiO, was deposited
using Electron beam evaporation. The SAW wavelength
of the IDTs was designed to be 30 um. For actuation of
the IDTs, the contact pads of the IDTs were electrically
connected to a signal generator via copper wire and con-
ductive silver paint.

The microfluidic channels were fabricated from PDMS
(5:1) (Sylgard 184; Dow Corning, Midland, MI, USA) via
soft lithography using an SU-8 (MicroChemicals GmbH,
Ulm, Germany) master mould. The channel design incor-
porated all inlets, outlets, trapping microchannels, as well
as all of the required imaging components. The micro-
channels had varying channel heights, the imaging com-
ponents (imaging chamber, optical fibre holder, and the
micro-lens) were 120 pm in height whereas the remainder
of the channels, where cell loading and collection takes
place, were 40 um in height. As such, the SU-8 mould was
fabricated in a two-step lithography process where a mask
aligner (EVG620, EV Group, Austria) was utilised to align
the features. Prior to casting, the mould is silanised using
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trichloro (1H,1H,2H,2H perfluorooctyl) silane (Sigma-
Aldrich, Missouri, USA) for improved detachment.

The PDMS was then cast over the SU-8 master, degassed
to remove all air-bubbles and cured overnight at 70°C on a
hotplate. The microfluidic channel was then bonded directly
to the lithium niobate chip using plasma activation (PDC
32G, Harrick Plasma, USA). To ensure high-resolution
imaging, optical aberrations and scattering must be elimi-
nated by ensuring that the sidewall facing the detection lens
is as smooth as possible. Thus, uncured, degassed PDMS
was cast onto the sidewall and moulded using a silanised
glass slide pressed up to the side of the device with a 90°
angle. Curing was done as before.

4.2 Experimental setup and light-sheet
characterisation

For experiments, the acoustofluidic imaging chip was
mounted on a stage of a custom optical setup on an optical
table (Thorlabs, New Jersey, USA. ITEM #T1220D). The
optical stage was a 3-axis linear translation stage (Thor-
labs, New Jersey, USA. ITEM #XR50C/M, XR25C/M,
XR25C/M, XR25-YZ/M). The loading IDTs were actuated
at a frequency of 127.4 MHz using A/C pulses by a signal
generator (APSIN3000HC, Anapico, Switzerland). The out-
put signal was amplified by a high-power amplifier (ZHL-
S5W- 1+, Mini-Circuits, USA). The output power applied to
each loading IDT was 63 mW (126 mW total). The actua-
tion was triggered via a custom control system composed
of an Arduino (Arduino Mega 2560) and accompanying
circuitry. The second IDT pair used for collecting the cell
for re-imaging was actuated at 132.3 MHz via a separate sig-
nal generator (PowerSAW, BelektroniG GmbH) with a total
applied power of 185 mW (which was then split between
the two IDTs). The cell sample and sheath flow media were
continuously introduced into the microfluidic channel using
a syringe pump with two modules (Cetoni GmbH, Korbus-
sen, Germany. ITEM #NEM-B101-03 A)) via 1 ml syringes
(Tuberculin, Becton Dickinson). The extraction channel was
connected to a separate syringe pump (KDS100, KD Scien-
tific, Holliston, MA, USA) that could be triggered using the
control system.

The light-sheet was generated using a 488 nm (green)
benchtop laser source (Thorlabs, New Jersey, USA. ITEM
#S4FC488) was used for imaging the Calcein, and a 637 nm
(red) benchtop laser source (Thorlabs, New Jersey, USA.
ITEM #S4FC637) was used for imaging the MitoTracker.
Both were connected to a single-mode optical fibre (Thor-
labs, New Jersey, USA. ITEM #P1-460B-FC). The side
view microscope system consisted of a 40 X objective lens
with NA =0.6 (Olympus, Tokyo, Japan. ITEM #LUCPL-
FLN40X), a GFP emission filter (Thorlabs, New Jersey,
USA. ITEM #MF525-39) for the green laser, which was
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swapped for a longpass filter (Thorlabs, New Jersey, USA.
ITEM #FELHO0650) for the red laser, a fixed tube lens of
200 mm (EHD imaging GmbH, Damme, Germany. ITEM
#FT160) and a CMOS camera with a pixel size of 4.8 pm
(Basler AG, Ahrensburg, Ger- many. ITEM#acA1920-
150um— Basler ace). The top view microscope system
utilised a 5 X objective with NA =0.14 (Mitutoyo, Japan.
Y86038815), with a fixed tube lens of 160 mm (EHD imag-
ing GmbH, Damme, Germany. ITEM #FT160), a LED
light source (EHD imaging GmbH, Damme, Germany.
ITEM #IL100), and a second CMOS camera, with a pixel
size of 1.465 pm (The Imaging Source Asia Co., Ltd. DMK
33UX174). Both imaging components were assembled on a
rail system (Qioptiq, Rhyl, UK. X 95 Profile System).

The light-sheet was observed from the top view by flow-
ing a solution of fluorescein (a contrast agent) and for the
imaging resolution was characterised from the side view
using a solution of 210 nm fluorescent beads (Bangs Labo-
ratories, Inc., Indiana, USA. Catalog number CFDGO0O01,
streptavidin coated microspheres. (480, 520)) diluted in a
2% PEG solution (PEG-PPG-PEG, Aldrich Product Number
542342).

4.3 Image processing

All of the image post-processing and analysis were per-
formed using Fiji. The collected planar images of the Cal-
cein-stained cell were deconvoluted to obtain Fig. 6a and c
using the DeconvolutionLab2 plugin with the PSF shown
in Fig. 2b iii. The Richardson-Lucy algorithm was imple-
mented four times, with an iteration of 10 for each. To obtain
the volumetric 3D reconstruction of the cell (Fig. 6b and d),
the CleanVolume Fiji plugin was used. The ClearVolume
plugin requires the voxel depth to accurately recreate the
3D cell. The voxel depth is defined as the velocity of the
cell times the time between planar images. Here, since the
frame rate was 100 fps that means an image was obtained
every 10 ms. The top view microscopic system was used to
determine the velocity of the cell by relating the number of
frames and time it took the cell to travel a 100 um, and to
measure the cell diameter.

For the MitoTracker-stained cell, the collected planar
images were stacked using the 3D Project option in Fiji to
obtain the 3D volumetric reconstructions of the cell mito-
chondria seen in Fig. 7. No deconvolution was performed.
The same voxel depth was used.

4.4 Cell culturing and sample preparation

COS-7 cells (African green monkey kidney fibroblast-like
cell line) were maintained in Dulbecco’s modified Eagle

medium (DMEM) containing high levels of glucose (1 g
L~! and 110 mg L~! of sodium pyruvate, supplemented
with 100 U mL~! of penicillin- streptomycin (P/S) (Life
technologies) and 10% (v/v) fetal bovine serum (FBS)
(Scientifix). The cells were conserved in humidified condi-
tions at 37°C with 5% CO,. The MG63 cells were cultured
in the same manner.

For experimentation the cells were trypsinized, counted
using a hemocytometer, re-suspended in a 1 ml solution
of Calcein (2.5 pl of Calcein AM (Life Technologies,
USA) in 5 ml of PBS), and incubated for 10 minutes at
room temperature. The cells were then re-suspend in a
fresh solution of PBS with 10 % of FBS, warmed to 37°C.
The same media was used for the sheath flow. All solu-
tions were filtered using a syringe filter (0.45 pm pore
size, Acrodisc, Pall Corporation) prior to use to eliminate
any unwanted debris (i.e. dust, leftover waste after a cell
dies, precipitates of proteins, peptide aggregates, or phos-
phates) that would be large enough to clog the channels.
For the Mitotracker staining, 2 ml of the staining solution
(2.5 ul of MitoTracker deep red (MTDR) FM (Invitrogen,
ThermoFisher Scientific, USA) in 12.5 ml of non-complete
DMEM, high-glucose media) was added directly to the
culture flask and the cells were incubated, adhered to the
flask, in the incubator at 37°C for 45 minutes. Non-com-
plete media consists of only the DMEM, no added P/S or
FBS so that oxidisation of the MTDR stain does not occur.
The staining procedure was done for adhered cells due to
the metabolic nature of the stain. After incubation the cells
were trypsinized, counted and solutions were prepared as
before.
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