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Fluorescence-based multifunctional light sheet
imaging flow cytometry for high-throughput optical
interrogation of live cells
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Multifunctional light sheet imaging flow cytometry of a large population of live cells at high
throughput is challenging and requires new technological advancement. Existing cytometry
techniques are limited due to point-based illumination that does not allow volume inter-
rogation and biophysical parameter estimation on the go. Here, we propose a multifunctional
(multichannel, multisheet and multicolor) imaging cytometry (M3IC) system that employs
vertically-aligned multi-sheet array (VAMSA) illumination for interrogating cells flowing
simultaneously through multiple microfluidic channels. We studied cancer cells (volume
interrogation with organelle-level resolution and high signal-to-background-ratio(SBR)) at
high throughput (~2500 nl/min). M3IC system demonstrates organelle-level resolution with
a SBR comparable to that of confocal, especially at low flow rates. In addition, the multicolor
imaging capability of the system facilitates multi-organelle investigation, determination of
critical biophysical parameters, and drug (Paclitaxel) treatment studies on cancer cells. M3IC
system is expected to advance the field of fluorescence microscopy, cell biophysics, disease
biology and optical physics.
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biophysical parameter estimation, and statistical analysis)

on the go is a demanding task that potentially calls for new
technological breakthrough. This is true for the field of imaging
flow cytometry, which still depends on the point illumination!-8.
Although imaging flow cytometry (IFC) techniques have been
used to screen biological specimens but high-throughput volume
interrogation of an entire cell population with organelle-level
resolution and high signal-to-background ration (SBR) remains
elusive. Further advance is expected with the availability of new
capabilities to make it a full-fledged diagnostic system. In this
respect, the arrival of light sheet has shown promise and potential
to match the current expectations. The research disciplines that
are most likely to get boost from the emerging light sheet tech-
nology range from clinical biology to optical imaging.

Since its first inception in the year 2013, light sheet cytometry
has been quite successful for a variety of studies ranging from cell
to organism biology®10. Subsequent years have seen accelerated
development in diverse disciplines ranging from biological to
physical sciences. In the year 2016, Lau et al reported light sheet-
based optofluidic time-stretch imaging for high throughput
interrogation of MIHA cells!!. An exciting development is the
on-chip cytometry realized by integrating light sheet on a mirror-
embedded microfluidic chip!2. Other variants include scanned
Bessel beam for stem cell research, and a label-free imaging flow
cytometry for cell screening!3!4, On similar lines, Jiang et al have
demonstrated cytometry by integrating droplet microfluidics and
light sheet!”. In another development, successful imaging of large
live organisms (such as, C elegans) is achieved by iLIFE imaging
cytometry!®, and SCAPE especially at high speed!”. The devel-
opments continued, with our group succeeding in high speed
interrogation of cells using a single light sheet!®, and Ben-Yakar
group using a line excitation array detection (LEAD) fluorescence
microscopy for mega-Hertz line-scanning using a virtual light
sheet!®. Another advance has been the use of high throughput
imaging cytometry system for cell imaging?®. There are many
such advancements made in the past few years that have con-
solidated and brought forward the potential of light sheet in
imaging cytometry. Here, we report a full-fledged multiple light
sheet imaging cytometry that can be used for a variety of studies
including disease biology.

The existing cytometry techniques use point-illumination that
necessitates colineating cells to enable sequential interrogation.
This necessitates two fluids, of which one is the specimen flowing
fluid and the second is the sheath fluid required for hydro-
dynamic focusing of the flowing specimens?l:?2, This arrange-
ment makes the system complex and quite cumbersome to
operate. The existing systems are not suitable for all kinds of
specimens (with varying shapes and sizes) and need special
arrangements for optimal operation. Moreover, existing point-
based cytometry techniques are largely limited to counting,
sorting, mixing and imaging. However, existing techniques have
found several applications in diverse research disciplines ranging
from cell biology (asymmetric cell division, receptor activity,
autophagy, nuclear translocation and cell cycle analysis) to
medical health-care (drug-discovery, disease biology and
immunology)?3-32. Recently reported complex multichannel cell
analysis based on machine learning techniques have advanced
point-illumination-based cytometry techniques33-3°. Apart from
these benefits, there are some limitations as well. One of the key
obstacle with existing techniques is their inability to image
internal structure in a specimen (such as, a cell) and thus are not
particularly suitable for deciphering underlying biological
mechanisms in live cells. Specifically in drug-discovery, it would
be advantageous to interrogate a large population of cells (both
healthy and diseased) with the ability to obtain organelles level

T o be able to carry out multiple tasks (volume visualization,

information. This requires uniform illumination of cells flowing
through the channels, similar to one provided by a sheet of light.
The compelling properties of light sheet that stand out are, large
field-of-view (suitable for cross-sectioning imaging of large spe-
cimens), selective plane interrogation, uniform illumination, high
contrast and better signal-to-background ratio (SBR). Overall, the
existing techniques somewhat limit its use to trivial tasks, and
new technology needs to step-up to further its progress. In the
present scenario, light sheet technology seems to provide such a
capability as evident from recent developments. A detailed dis-
cussion of light sheet technology and its applications in diverse
disciplines can be found in Refs. 36-38.

In this article, we propose M3IC optical system powered by
vertical-aligned multi-sheet array (VAMSA) illumination for 3D
imaging cytometry on a commercial Y-type microfluidic chips.
The system was calibrated and tested on a known test sample
(fluorescent beads in solution) for optimal operation. Subse-
quently, it is employed to image internal organelles (mitochon-
dria) in HeLa cells, and healthy HEK cells. Fine sectioning
enabled by sheet-based illumination has revealed the distribution
of mitochondria in the cell volume for both untreated and treated
cells. In addition, drug treatment studies were carried out to
access its efficacy and determine critical biophysical parameters
related to cell physiology.

Results

The M3IC optical system. The schematic diagram of developed
vertical light sheet array based M3IC system is shown in Fig. 1.
M3IC has three major sub-system apart from fast data acquisition
system. The illumination sub-system is at the heart of M3IC, that
is comprised of three major optical components arranged in an
unique configuration to generate the desired illumination PSF
(VAMSA). A light of wavelength 532 nm is used as an excitation
source for the specimens (fluorescent beads and fluorescently-
labelled HeLa cells). The laser light is directed to a beam-stearing
system (consists of a series of mirrors) for precision alignment.
Subsequently the beam is allowed to pass through a specialized
transmission grating beam-splitter (80 grooves/mm, Edmund
Optics, Singapore) to derive a maximum of five intense beams.
The beam is then subjected to the beam-expander (which is
placed at the focus of the first lens L1) for 2X expansion to fill the
back-aperture of cylindrical lens. The enlarged beams then goes
through a combination of cylindrical and high numerical aperture
objective lens to realize collinear but well-separated multiple
vertically-aligned light sheets. The second sub-system consists of
a fabricated microfluidic chip (containing multiple Y-type
200 x 100 ym? sized channels) for flowing the specimen. The
illumination PSF intersects the channels for optically sectioning
the fluorescently-labelled cells flowing through them. During
experimentation, freshly prepared cells were loaded in the
reservoir and a flow-pump (New Era flow pump, NE-1002X,
USA) is connected to other end for inducing flow. The pump is
operated in the suction mode, and flow is computationally con-
trolled by an interfacing software. The third sub-system is
essentially an widefield 4f detection setup. The fluorescence from
specimen is collected by a separate objective lens (10X, 0.30 NA
Olympus, Japan) placed orthogonal to the illumination objective
and focussed by the tube lens to the detector where image for-
mation takes place. Note that, the objective and tube lens com-
bination forms a 4f optical configuration, with a magnification of
~12X. On its way to the detector (Zyla 4.2 sCMOS camera,
Andor, UK) the light is filtered by optical filters (532 nm Notch
filter, ZET 532NF, Chroma Technology, USA and 550 nm
Longpass filter, Thorlabs, USA) arranged in the filter box. Finally,
the data (sectional images) are recorded and cell volumes are
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Fig. 1 The schematic diagram of the proposed multichannel, multisheet and multicolor light sheet imaging flow cytometry system. The major
subsystems comprise multiple vertical light sheet illumination, a microfluidic chip-based specimen flow platform, and a widefield 4f detection system. The
proposed multifunctional system comprises three major units i.e, multibeam generation unit, multisheet generation unit and microfluidic chip-based cell
flow unit. The illumination subsystem consists of two key units that include optical components such as transmission grating, beam-expander, cylindrical
lens for realizing vertical spaced light sheets, and a high numerical aperture objective lens to generate diffraction-limited multiple vertical light sheet PSF.
The inset (red box) shows a schematic realization of one of the light sheets sectioning the channel. The second subsystem is a pre-fabricated microfluidic
chip-based cell flow unit with Y-type channel geometry. The inset shows cells flowing through the channels which is transected by one of the light sheet.
The third sub-system is essentially a fluorescence-based 4f widefield detection system equipped with a filter box for recording the sectional images of
flowing cells. Details related to the actual system and chip fabrication can be found in Supplementary Notes 1 and 2.

reconstructed using the available inbuilt MATLAB scripts for
data handling, deconvolution and stacking.

The Illumination VAMSA PSF. The next critical stage in the
M3IC system development is the characterization of illumination
PSF and flow-induced detection PSF, along with other calibra-
tions (related to flow-rate and detector exposure time). Figure 2a
shows the schematic of the optical setup used for characterizing
the illumination PSF. To obtain a 3D map of the illumination PSF
(hi), a CCD camera is placed in the beam-path of illumination
sub-system, at and about the focus. The intensity field at every z-
position is recorded by scanning the camera (placed on moving
platform) and the images are recorded. To obtain the 3D field
distribution, the images are then stacked together and the illu-
mination 3D PSF is reconstructed (see, Fig. 2a). An average size of
light sheet in the multi-sheet array is about ~211.0um (full-width
at half maximum) which can section the entire channel (size
~100 ym). Specifically, the illumination PSF shows 5 prominent
peaks (corresponding to 5 channels) for a specific grating-beam-
expander distance, D = 10 mm. However, the M3IC system allows
one to adaptively choosing the number of light sheets by just
altering the distance between transmission grating and beam-
expander (see, Supplementary Note 4). Practically, this is
accomplished by placing the grating on a precision linear trans-
lator. Figure 2b shows three, four and five light sheets for D = 10,
20, 25 mm, respectively. This brings in an additional flexibility
when designing microfluidic chips with the desired number of
light sheets and user-defined inter-channel spacings. Since flow
induces optical aberration (blur), this has a direct effect on the
recorded images. To minimize this effect, flow-variant detection
PSFs are obtained by flowing point sources (such as fluorescent
beads of size ~ 1um) and the same is recorded in the detector as
shown in Fig. 2¢c. Calibration and analysis show a change of PSF
from 4.410um to 5.726um for flow rates 100 to 2000 nl/min. In
addition, PSF versus fluid velocity shows a near-linear increase in
PSF in the velocity range, 2—12 nm/s. This is crucial since it
allows better estimation of detection PSF for subsequent proces-
sing of images. The PSF is used to deconvolve recorded cross-

sectional images and reconstruct cell volume as detailed in
materials and methods section.

Cell Counting Statistics. In cytometry, the quantification of
specimen count statistics with flow-rate is critical. At a relatively
moderate flow-rate of 1000 nl/min, the sCMOS captures a max-
imum of 5 high quality sectional images, whereas high flow-rate
(>2000 nl/min) result in <5 images of low quality. This is pre-
dominantly due to limited photon budget at large flow-rate. Both
beads and cell specimens are flown and the corresponding count
statistics is estimated. The count statistics for cell is shown in
Fig. 3a, while bead statistics can be found in Supplementary
Note 6. To determine the flow-variant PSF, fluorescent beads are
used that act as a point source. Subsequently, the PSF is used to
deconvolve the recorded images. In the present study, three types
of chip geometries are used, one with a straight single channel
and the others with Y-type two and four channels. It can be
inferred from cell flow data (see, Fig. 3a), the count doesn’t fol-
lows a linear increase with flow. However, bead flow data shows
close to linear increase in the count with flow (see, Supplementary
Note 6). This is due to many reasons including, cell accumulation
at the corners of channels and the adhesive nature of the cell that
tend to make cluster. In addition, low cell count can be attributed
to its relatively large mass. It may be noted that we have used cell
culture medium for flowing cells in the present study, and no
additional chemicals (such as, Tripsine) are used in order to
prevent clustering. Numerically, we got a maximum count of
1421 cells per minute at 2000 nl/min as compared to bead count
for which a count of >2000 beads per minute is estimated. In
addition, the system facilitated counting of live and dead cells as
shown in Fig. 3b, c. This is possible due to the high-resolution
high-throughput screening capability of M3IC system.

Sectional Imaging and Volume Reconstruction. The quality of
sectional images and the reconstructed cell volume are central to
the newly developed M3IC system. Figure 4a shows the simul-
taneous interrogation capability of the system (considering all 4
channels) along with the ability to reconstruct cell volume in near
real-time. The sectional images of the HeLa cells (spherical in
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Fig. 2 System point spread function characterization. a The system PSF is characterised by scanning a CCD camera along the beam path about the focus.
Corresponding 2D and 3D system PSFs are also shown along with the intensity plots. b The change in system PSF at varying grating-beam-expander

distance, D is also shown, suggesting adaptive change in the number of light sheets. ¢ The detection PSF at varying flow-rates from 100 nl/min to 2000 nl/
min. The corresponding intensity plots along with PSF barplot (PSF vs. fluid velocity) shows the PSF-broadening at large flow-rates. These flow-variant PSFs
are subsequently used for deconvolving the recorded sectional images. The details related to actual optical system used for VAMSA-PSF characterization
is discussed in Supplementary Note 3. In addition, flow-variant PSF at each flow-rate is detailed in Supplementary Note 5. Raw data of fluorescemt beads

flowing at varying flow-rate is shown in Supplementary Movie 1.

shape during flow) displaying the distribution of organelle
(mitochondria labelled with Mitotracker Orange) are recorded by
the sCMOS camera during flow (at 1000 nl/min). Five high-
quality planes of a sample HeLa cell (cell #1-5) are captured,
which are then deconvolved using flow-variant PSF and stacked
together to reconstruct the cell volume. A few cell samples along
with 5 sectional cross-sections and reconstructed cell volumes are
shown in Fig. 4b (cell 1-4). The distribution of mitochondria
inside a live HeLa cell can be ascertained from the volume images.
In addition, high resolution facilitates organelle count during flow
(see, Fig. 4c). More details for both HEK and HeLa cells at
varying concentration can be found in Supplementary Note 8.
This is advantageous considering the availability of organelle-level
statistics for an entire cell population, making this as a new fea-
ture in imaging flow-cytometry. The corresponding raw data of
the cells passing through all the 4 channels can be found in
Supplementary Movie 2. Overall, this demonstrates organelle-
level resolution at high throughput of M3IC system.

The developed M3IC system is compared with state-of-the-art
point-illumination-based imaging cytometry system and confocal
microscopy, both in terms of performance and estimation of
biophysical parameters as shown in Table 1. The study confirms
the fact that, although traditional imaging cytometry is 10 times
faster but M3IC system has the distinct ability to reconstruct 3D
volumes of an entire cell population. The system facilitates

organelle count in a cell volume which is largely due to its sub-
cellular resolution. Moreover, the proposed light sheet-powered
system outperforms traditional imaging cytometry in terms of
signal-to-background ratio (SBR). With the available computing
power, the system is capable of reconstructing ~121 cell volumes
per minute (at a flow-rate of 1000 nl/min). In addition, a
comparison of M3IC and the existing light-sheet cytometry is
provided in Table 2. All these advantages makes M3IC quite
unique as far as diversity is concerned. Moreover, the availability
of multiple light sheets, organelle-level resolution, and non-
requirement of hydrodynamic focusing, and the real possibility of
minijaturization (due to microfluidic chip-based specimen flow
platform) makes M3IC as the future of imaging flow cytometry.

Multicolor imaging of organelles (Mitochondria and Lyso-
somes) in a HeLa cell. The ergonomic design of the M3IC system
allows easy adaptation for multicolor imaging. This is a great
advantage for studying multiple organelles and understanding their
roles in a specific biological process. For enabling multicolor inter-
rogation, the output fluorescence (emanating from organelles labeled
with distinct fluorophores) is separated in the detection sub-system
using a dichroic mirror. We chose to study two key organelles,
mitochondria and lysosomes in HeLa Cells, which were labeled
using mitotracker red FM and lysotracker (Thermofisher, USA),
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Fig. 3 Flow statistics. a Both the number of Hela and HEK cells as counted by the M3IC system at varying flow-rates (500 - 2000 nl/min.) through the
Y-type multichannel system. b, ¢ The system is further configured to selectively count live, and dead cells passing the specimen flow system. The
fluorescent beads used for characterizing flow in microfluidic channels and the corresponding count-rate is discussed in Supplementary Note 6. Raw data
of cells flowing through two and four channels can be found in Supplementary Movies 3 and 2. Here, error bars represent the standard deviation. The
statistical analysis is based on a total of 15 cells from 5 separate experiments.

respectively. This is based on recent studies that indicate the roles of
mitochondria and lysosomes in a variety of diseases and metabolic
disorders, including cancer®®. It may be noted that Mitotracker
orange is used for multisheet single color imaging, whereas, Mito
tracker red FM and Lysotracker green is used for multicolor ima-
ging. For multicolor imaging, significant change in diffraction angles
is not observed as the difference in the angle (for the first and second
order splitting) between the combined beam was very small, speci-
fically when the distance between the grating and beam-expander is
small (<10 mm). Consider a grating of pitch-distance (distance
between the grooves) of d. Given m™ order of diffraction for an
incident light of wavelength A, the angle of diffraction is given by,
sinf,,, = mA/d. In the small angle approximation, sinf),,,~0,, = mA/d.
For different wavelength (say, A; and 1,), the respective diffraction
angles are given by, 0, = mA,/d and 0, = mA,/d, respectively. So, the
difference between the angles is, A= (0,—0,) =mAl/d. For
our case, d=100 um/80=125um,m=1 and AL=532 nm
—488 nm = 44 nm, giving, AG = 3.52 x 1073 and Af=7.04 x 103
for order 1 and order 2, respectively. Figure 5 shows the cross-
sectional images of cells flowing at 1000 nl/min. The raw sectional
images are filtered using the maximum likelihood technique, which
is then correlated, corrected for lateral shift, and finally merged
together to reconstruct multicolor cell volume (see Fig. 5). The
process is repeated for multiple cells (at a rate of > 100 cells/min)
flowing through all the channels in parallel. Cell volumes show the
distribution of two different organelles (mitochondria and lyso-
somes) in HeLa cells during flow. The sectional images and volume
of other cells (cell 1 and cell 2) is shown in Supplementary Note 9
and the corresponding 360° view of the cell volume is displayed in

Supplementary Movie 9. These cell volumes indicate disruption of
the mitochondrial network and its accumulation at the cell mem-
brane. A similar effect is noted for lysosomes. The exact reason for
disruption and accumulation is not known, and needs additional
investigation and targeted studies. From the perspective of techno-
logical advancement in imaging cytometry, M3IC system with
multicolor imaging capability at high throughput and organelle-level
resolution paves the way for better investigation of an entire cell
population.

Optical Screening of HEK and HeLa Cells (both Control and
Treated). To elucidate the potential of M3IC system for large-
scale cell population studies, we have carried out drug treatment
studies on cancerous HeLa cells and normal HEK cells. Live cells
were passaged few times before proceeding with the drug treat-
ment studies. The cells were incubated with Paclitaxel drug for 24
hrs and then washed with PBS. The cells were washed with PBS,
paletted and resuspended in PBS for carrying out cytometry
studies. To study the effect of drug concentration on the mito-
chondrial structure and ultimately cell viability, the concentration
of drug is varied from low (75 nM) to high (5 yM). Subsequently,
the cells were labelled with Mitotracker orange (A.y; =551 nm;
Aemi =575 nm) using the developed protocol as discussed in
methods section. Analysis shows that the mitochondria in HeLa is
distributed throughout the cell volume at low drug concentration,
whereas increase in concentration caused fragmentation of
mitochondrial network that appear as loop. This is consistent
with the confocal images of mitochondria distribution, both at
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slow-motion movie (frame-by-frame) of cells flowing through microfluidic channel and few cell volumes are shown in Supplementary Movie 4 and

Supplementary Movie 5, respectively.

Table 1 Comparison of Biophysical Parameters between M3IC and Traditional Imaging Cytometry.

Technique #cell count #cell vol./min. organelle count resolution Multicolor Signal-to-Background Ratio (dB)
Confocal NA NA NA organelle Yes 4.0%4

Traditional Cytometry >10k - No cellular4® No -

M3IC (Raw) > 1k ~121 Yes organelle Yes 1.67

M3IC (Deconvolved) >k ~121 Yes organelle Yes 4.80

Key biophysical parameters (cell count, organelle count, # reconstructed 3D cell/cell volumes) and its performance comparison with existing imaging cytometry systems.

Table 2 Imaging Parameters.

low and high concentrations for HeLa cells (see, Supplementary
Note 7). The looping effect in HeLa cells is further conformed
using line intensity plots that exhibit U-shaped distribution (see,
Fig. 6). This strengthens the fact that effect of Paclitaxel in dis-
rupting mitochondrial network followed by its accumulation at

Imaging Existing Light Sheet Cytometry MS3IC Cytometry

Parameters

Resolution Cellular Sub-cellular

Throughput >800 >1300

Multicolor No Yes

Imaging

Light Sheet Type Single Multiple

# Microfluidic 1&4 1&4

Channels (w=100 um; 5w =100 um) (w=200 um;
Sw =100 um)

Multicolor No Yes

Volume Imaging

Real-time Yes Yes

Multi-organelle  No Yes

Imaging

the cell-membrane for HeLa cells (see, Fig. 6b). For comparison,
control experiments were also performed on untreated cells that
exhibit normal mitochondria distribution in a cell volume. To
understand the effect of drug on normal cells, we have carried out
treatment studies on HEK cells as shown in Fig. 6a. It is clear that
the mitochondria is distributed throughout the cell when treated
with varying concentration of Paclitaxal drug. Random multi-
peak distribution is evident from intensity plots that indicate
throughout distribution of mitochondria in the cell volume. This
is further confirmed by the confocal studies. The control
experiments on untreated HEK cells are also shown (see, Fig. 6a).
Note that, the characteristic U-shaped distribution is missing for
HEK cells (see, Fig. 6¢). The distribution of mitochondria can be

Comparison between M3IC and the existing light-sheet cytometry where, w and 6w are the

channel-width and inter-channel separation, respectively.

alternately evaluated by entropy metric, which is the measure of
randomness. Figure 6d plot shows the degree of randomness in

COMMUNICATIONS PHYSICS| (2024)7:25 | https://doi.org/10.1038/s42005-024-01522-y | www.nature.com/commsphys


www.nature.com/commsphys

COMMUNICATIONS PHYSICS | https://doi.org/10.1038/s42005-024-01522-y

ARTICLE

channel 1
(mitochondria)

8um
L)

channel 2
(lysosomes)

i

i \

cell 1 séctional :

images |
i

I

l

merged

4 H S

1
: cell 3séctionol

1 images e
I '
\

I
I
I
1

\ [

ML filter, correlation, shift-correction,
merge and stack

Fig. 5 Multi-organelle imaging on the go. The M3IC system allows imaging of more than one organelle during flow. The organelles (here, mitochondria
and lysosome) labelled by two different dyes are flown through the microfluidic channel array. Then the signals are separated by using a dichroic mirror
and focussed on to the camera. The images thus formed are correlated, shifted and merged together to generate the multicolor image of treated Hela cells.
These multicolor sectional images are then stacked to reconstruct the cell volume which is then subjected to further analysis. The corresponding sectional
images and reconstructed volumes are shown in Supplementary Note 9 and Supplementary Movie 9, respectively.

the cell volume. The entropy plot indicates fragmentation of
mitochondria and its accumulation in a specific pattern (loop) at
the inner cell membrane, whereas HEK cells display random
distribution thereby increasing entropy. This illustrates the dis-
tribution of mitochondria in a cell for both healthy HEK and
cancerous Hela cells post treatment.

One of the key aspect of drug-treatment study is to determine
the viability of cells post treatment. In the present study, both
healthy and cancerous cells were exposed to Paclitaxel drug, and
population study was carried out. Cell mortality statistics shows
enhanced apoptotic nature of HeLa cells with increasing
concentration. Specifically, a maximum of upto 80% cell mortality
is observed at 5uM for HeLa cell, whereas healthy cells show
~11% cell apoptosis (see, Fig. 6e). The corresponding mortality
statistics for live and dead cells (HEK and Hela) is shown in
Fig. 6f, g. This is in line with the observations reported in other
studies04l, We do see a small fraction of cells that represent
neither and we classified them as ‘unknown’. We further note
peripheral accumulation of mitochondria in apoptotic cells,
whereas the distribution is throughout the cell cytoplasm for live
cells. This is further evident from the reconstructed volumes for
dead cells. Additional volumes of treated cells at low and high
throughput is shown in Supplementary Movie 8. Overall, the
proposed M3IC system has enabled organelle-level understanding
of an entire cell population. This has facilitated better visualiza-
tion of organelle distribution in several cell volumes during flow.

Conclusion & Discussion

The ability to image, count, analyze multiple organelles, and
visualize cell volume with organelle-level resolution at high-
throughput, all on a single platform is the need of future

diagnostics. A newly developed multifunctional imaging cyto-
metry system (M3IC) is demonstrated and successfully tested on
cells. The system is primarily based on diffraction-limited
VAMSA illumination PSF. The selectivity of the number of ver-
tical light sheet and the adaptive change of inter-sheet distance
makes the system versatile, and ensures optimal performance,
both in terms of selectivity and resolution. VAMSA PSF has the
distinct advantage of cross-sectional imaging and simultaneous
interrogation of several cells in-parallel. In addition, a flow var-
iant detection PSF ensures high-quality volume reconstruction
with an increase in both SBR and resolution. The system enables
rapid volume visualization at high throughput (>1400 cells per
minute) which is a distinct feature of M3IC system. Studies on
cancer cells reveal healthy count rate and instant volume recon-
struction with a sub-cellular resolution. The effective spatial
resolution after deconvolution is found to be 2.53um, which is far
from the resolution of confocal images (~0.95um). Moreover,
M3IC has the potential to carry out a variety of studies. We
anticipate the system to vastly advance the field of fluorescence
microscopy, bioinstrumentation and optical physics.

At the heart of the developed M3IC system is the VAMSA PSF,
which is versatile due to its ability to adaptively alter the number of
light sheets (see, Fig. 2b and Supplementary Note 4). This is
beneficial in applications that require imaging through multiple
channels of variable shape, size and inter-channel distances,
thereby making it commercially viable. However, one of the hurdle
is PSF-broadening, which is predominantly due to motion-blur
introduced by flow. This hampers the quality of sectional images
recorded at high flow rate. To reduce the artifact, image decon-
volution is employed. Specifically, M3IC system use flow-variant
PSF for deconvolving raw sectional images and reconstructing cell
volume (see, Supplementary Notes 5 and 7). It may be noted that
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Fig. 6 Cell treatment studies. a Normal human embryonic kidney (HEK) cells treated with Paclitaxel at varying concentration ranging from low (75 nM) to
high (5uM). M3IC images show mitochondria distributed throughout the cell cytoplasm. This is further confirmed by intensity plots (along white line
across the cell) that suggests the presence of multiple peaks. The observation is further confirmed by confocal images of treated cells and the associated
intensity plots. Corresponding images of control i.e, non-treatment cells are also shown. b M3IC and confocal images of cancerous Hela cells at varying
concentration of Paclitaxel (75 nm—5um). Images suggest disrupted mitochondria and its accumulation at the inner cell membrane, forming a loop pattern.
This is better demonstrated by well-like pattern in the intensity plots. Corresponding images for control cells are also shown indicating regular throughout
distribution of organelles. ¢ The intensity plots indicate a well-shaped pattern for treated Hela cells whereas, healthy HEK cells show multi-peak pattern,
suggesting the presence of mitochondria at the cell-membrane for Hela cells. d The entropy based statistics suggests throughout random distribution of
mitochondria for HEK cells at large drug concentration, whereas patterned distribution is noted for treated Hela cells, suggesting loop pattern. The study
related to organelle (mitochondria) count at varying concentration, and dynamic resolution at varying flow-rates can be found in Supplementary Note 8.
Reconstructed cell volumes related to control (confocal and M3IC), and treated cells (at varying concentrations ranging from 75 nm to 5 um) are shown in
Supplementary Movies 6 and 7, respectively. e Mortality statistics suggests better viability for healthy HEK cells as compared to cancerious Hela cells.
f, g The statistics for live and dead cells (HEK and Hela). Specifically, the effect of drug cause enhanced apoptosis of Hela cells at high concentration
(5 uM) of Paclitaxal drug, whereas HEK cells seems to inhibit apoptosis even at high concentration. For comparing more than two groups, we have used
one-way ANOVA with the Kruskal-Wallis test. The corresponding statistical significance (P-values) is indicated as, nsp > 0.05, *p < 0.05, **p < 0.01, and
***p < 0.001. The statistical analysis is based on a total of 15 cells from 5 separate experiments for each group.

the light sheets have different peaks/intensities, which is due to the High-throughput is a key aspect of M3IC system. Given the
optical properties of the grating (as specified by the manufacturer). additional requirement of high-quality volume imaging, it is
This may cause SBR to vary in different locations while exciting imperative to quantify other parameters such as, live and dead
with different sheets. To overcome this issue, we have used image  cell count statistics. M3IC demonstrates a unique combination of
processing techniques. The images are normalized, followed by high flow-rate (>1000 cells/min) and cell volume visualization
deconvolution to improve the overall image quality and reduce the  (see, Fig. 4). Our results show consistent recording of 5 cell planes
SBR variation (see Fig. S10 in Supplementary 10). In addition, we  at a flow-rate of 1000 nl/min, and enabled near real-time volume
have used relatively low intensity for illumination to avoid pho- reconstruction. Specifically, M3IC system allowed visualization of
tobleaching/saturation. To minimize the effect of rotational motion 121 cell volumes per minute in addition to organelle (mito-
of flowing cells, a laminar or near-laminar flow is ensured during chondria) count per cell, all at high flow rates (see, Figs. 3 and 4).
experimentation. However, the flow may become turbulent at flow The system allows easy adaptation to multicolor imaging where
rates > 3000 nl/min. Since the flow rate is maintained in the range two different organelles of interest can be observed at high
500—2000 nl/min, cell rotation is not observed. Moreover, the throughput. This is demonstrated by simultaneously imaging
interaction time of the cell during its stay in the light sheet is mitochondria and lysosomes in a HeLa cell (see, Fig. 5). All these
minimal, which ensures that the effect due to rotational motion is  factors give M3IC a distinct advantage, both in terms of adapt-
minimal. During sample preparation, we calibrated the illumina- ability and new features. We believe this as a remarkable
tion intensity with the concentration (100 nM to 250 nM with a  achievement over the existing point-illumination based imaging
step of 25 nM) of MitoTracker Orange. Specifically, a concentra-  cytometry systems since this integrates the capability of high-
tion of 175 nM is found to be nominal (a good balance between a  resolution microscopy, and imaging cytometry for large-scale
strong signal and minimal background noise) for all the light population study.

sheets. However, for > 225 nM, we noted a proportionate increase To elucidate the potential of M3IC system, we carried out drug
in both saturation effect and background. Overall, this did not (Paclitaxel) treatment studies on cancerous HeLa cells (see,
affect the performance of M3IC system. Fig. 6). Intensity plots and entropy measure show fragmentation
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of mitochondrial network followed by its accumulation at the cell
membrane indicating cell-apoptpsis. A similar trend is observed
in confocal studies. Surprisingly, this effect is minimal for healthy
HEK cells. To ascertain the effect of Paclitaxel, cell viability tests
were conducted on both cancerous and healthy cells (see,
Fig. 6e-g). Using cytometry, we noted for the first time the effect
of Paclitaxel on a large population of HeLa cells indicating cell
death at large concentrations (~5 pM). Specifically, apoptosis is
noted for a large fraction of HeLa cells (nearly 80%) as compared
to healthy HEK cells (~11%) at moderate to large drug con-
centrations (see, Fig. 6e-g). Based on the respective cell volumes
with organelle level resolution, M3IC can also be used for
understanding underlying biological mechanism.

The availability of critical cell physiological parameters related
to disease diagnosis (drug concentration study, high-throughput
interrogation, volume visualization, organelle count, and live cell
count.) on a single platform is the future of biomedical physics.
Specifically, the system is able to count organelles (mitochondria)
and access its distribution for varying drug concentration (see,
Supplementary Note 7). This is in addition to regular features
offered by existing flow cytometry systems. With the advantage
of organelle-level resolution and high SBR (which is due to a key
aspect associated with the selective nature of light sheet), and
multicolor interrogation, the developed multifunctional cyto-
metry system can be an asset for microscopy, optical imaging,
clinical biology, and biomedical physics.

Materials & Methods

System design, optimization and automation. M3IC is an
advanced flow-based imaging cytometry system comprises of
three major sub-units: illumination, specimen flow platform and
Detection.

Mumination Sub-system: The illumination (multi-sheet array)
is at the heart of M3IC system that enables high-throughput
optical sectioning of cells, simultaneously flowing through
multiple microfluidic channels. This is achieved by a combination
of transmission diffraction grating, beam-expander and high
numerical aperture objective lens. The multi-sheet array illumi-
nation enables independent interrogation of cells flowing through
individual microfluidic channel by a dedicated light sheet (see,
Fig. 2a). In addition, the technique allows change of key
parameters (light sheet size and inter-sheet spacing) as per
microfluidic channel geometry/type. A laser (532nm Excel Laser,
Quantum Lasers, UK) of wavelength 532nm having a beam width
of 1.5mm is used as a source of light. A set of steering mirrors are
employed for precision aligment in a 30 mm cage system (Thor
Labs, USA). The beam is then passed to a transmission diffraction
grating (80 grooves/mm, Edmund Optics, Singapore) that splits
the beam into 5 intense beams (others higher-order beams are
relatively weak). A beam expander (consists of two biconvex
lenses of focal lengths, 25 mm and 50 mm) is employed to expand
the beam by a factor of 2. Subsequently, all the 5 expanded beams
are directed to the cylindrical lens to form an array of light sheets
(a set of 5 light sheets). The expansion is carried out in order to
fill the back-aperture of cylindrical lens (focal-length, 75 mm).
Finally, a low numerical aperture objective lens (0.3NA, 10X,
UPlanFL, Olympus, Japan) is placed at the focus of cylindrical
lens to generate an array of diffraction-limited vertical light sheets
(see, Fig. 1). The resultant multi-sheet array is generated at the
working-distance (10 mm) of objective lens.

Specimen Flow Sub-system: The specimen (cells) to be
investigated need to be flown through a transparent and flexible
material. We choose to use PDMS for fabricating microfluidic
based microchips. The process begins with the imprinting of a
master-mold (containing Y-type patterns on a 4 inch silicon disc)

that was carried-out in the dedicated Nanoscience Facility at
Indian institute of Science, Bangalore, India (see, Supplementary
Note 2). The design of the channel was made in clewin 4 software
and saved in .gbr format. The master-mold is then used to
fabricate PDMS chips.

Silicon elastomer and curing agent were mixed thoroughly
using vortex or by spatula in a ratio of 10:1. Once mixed
thoroughly, it is kept in a vacuum chamber to remove all the
bubbles generated during mixing. After 2 hours, the mixture is
poured on to the master-mold (silicon disc with imprinted
channels) and left to dry at room temperature for 3 h.
Thereafter, the chips were cut by a surgical-blade, and taken
for plasma bonding with the cover-slip (No.1 thickness). The
chip is baked at 60-90 degree for 2-5 min with coverslip side
towards the heater so that coverslip is attached properly with
the PDMS. Subsequently, it is punched to make inlet-outlet for
the channels. Teflon Tubing of diameter 0.5 mm is used to
connect the inlet with the reservoir (with a capacity of 0.5 plit),
and to the outlet with suction pump (New Era Flow Pump,
Model No: NE-1002X). The resultant chip (PDMS attached
with coverslip) is then connected to a glass slide for fitting with
the chip-holder (PDMS chip Interface Starter Pack, Dolomite,
UK). The PDMS holder is mounted on a XYZ-translator for
necessary alignment with the multi-sheet array. The PDMS chip
is placed at 45° with respect to both illumination and detection
arm. The pump is controlled by the acquisition desktop
computer by interface software. Needle of flow pump is
attached to one end of the Microfluidic channel through the
teflon tubing of diameter 0.5 mm to withdraw water from the
channels. 1 ml syringe of diameter 4.80 mm is used to suck the
medium containing cells.

Detection Sub-system: The detection is carried out at
orthogonal to the illumination system or equivalently at 45°
with respect to PDMS chip (see, Fig. 1). Orthogonal detection is
a necessity to record the sectional views of specimens and has
many advantages including, selectivity, better contrast, and
better signal to background ratio. The fluorescence from the
cells were collected by a detection objective. The detection
system is a 4f optical system comprising of objective lens, tube
lens and the sensitive sCMOS (Zyla 4.2, Oxford Instruments,
Andor, UK). A set of optical filters (high-pass (550 nm
Longpass, Thorlabs, USA) and notch filters (ZET532NF,
Chroma, USA)) are used to reject the excitation light and
background. In addition, we have employed an iris to remove
non-parallel rays that cause spherical aberration. A fast sSCMOS
camera of high quantum efficiency (Zyla 4.2 plus, Andor, UK)
is used to record the sectional images.

Optimization : Calibration and optimisation of the system is
critical for obtaining quality images of the flowing specimens
through multiple channels. This include determination of
illumination and detection PSF. The illumination PSF is
calibrated by placing a camera in the illumination arm at the
working distance of the objective (10X olympus) with the
translator to record the light field for both lateral (XY) and axial
(Z) axis. The images are taken at regular intervals of 10um.
Approximately 390 planes were taken at varying z-positions and
stacked together to reconstruct the 3D field (see Fig. 2a). Special
care is taken to align the light sheet array with the microfluidic
channels (here, 4 channels). Accordingly, the FOV for each light
sheet in the multi-sheet array is ~211 ym. Here, 170um is the
dimension of each light sheet along the direction of light
propagation (here, z-axis). The FOV for the detection sub-system
is calculated to be 2.65mm. Specifically, the FOV, SBR and
resolution of the complete system are determined to be,
Immx170 ym (211pym x 170 ym for individual light sheets),
4.8 dB (post deconvolution) and 2.5 ym, respectively.
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A high throughput is ensured by counting the number of cells
flowing per minute through all the channels. We have varied the
count from 620 to 1470 (considering all the channels). Here we
targeted a maximum of 4 channels for simultaneous volume
visualization and recording. We have flown the specimen (HeLa
cells in medium) at varying flow-rates (100—2000 nanolits/min)
and matched that with appropriate camera frame-rates during
data collection. At each flow-rate which is controlled by the
programmable syringe pump, the sSCMOS camera is synchronized
to collect data in tandem. For appropriate location matching of
the light sheets with microfluidic channels, the distance between
the diffraction grating and the beam-expander system is varied by
placing the grating on a translating stage.

Sample Preparation. Beads Sample Preparation: Fluoro-spheres
carboxylated modified microspheres (size ~1um, Invitrogen,
USA) are used to calibrate the system. The bead is excitable at
532 nm for which the emission occurs at 575 nm. The bead stock
solution is mixed with 1 ml of milli-Q distilled water and mixed
thoroughly by vortexing. Diluted bead solution is loaded in the
reservoir and flown at varying flow-rate to calibrate the M3IC
system and also to determine the flow variant PSF.

HeLa and HEK Cell Culture: Hela and HEK (Human
Embryonic Kidney) cells of Passage 5 and 14 respectively are
obtained from our collaborator, Prof. Annapoorni Rangarajan,
MRDG, Indian Institute of Science in a frozen form. The cells are
thawn from -80 degree and centrifuged to get the palette and
remove the DMSO. The palette was resuspended in 1 ml Culture
media (DMEM, Gibco, Thermo Fisher Scientific (89%) + FBS,
Gibco, Thermo Fisher Scientific (10%) + Antibiotic, Gibco,
Thermo Fisher Scientific (1%)) and seeded in T25 flask (2 ml of
culture media and 1 ml of resuspended cells media). The cells are
incubated for 24 hr. in 37 degree + 5% CO,. After 24 h, the cells
are washed with PBS and kept for 48 h in incubator. The cells
were split and cultured for 2-3 passages before going for the
experiment. Cells are seeded in 35 mm dish for a count of 10°
cells per dish using Hemocytometer.

Fluorescence Labelling of Cells: Mitotracker orange is used for
labelling Mitochondria. Mitotracker is a dye, it reacts with thiol
groups of cysteine residues and get accumulates in the
mitochondrial Matrix. It diffuses across the plasma membranes
passively. Mitotracker orange is bought in a Powder form from
Invitrogen (Catalog-M7510). Powder Form is diluted in DMSO
to make stock concentration of ImM. Accordingly, it is diluted to
a concentration of 1mM, and further diluted in DMEM to make
working concentration of 175 nM. The working stock is then used
for the experiments.

Multi-organelle Labelling of HeLa Cells: Cells were seeded (10°
cells) in T25 flasks 24 h before mitochondrial and lysosomal
labelling. Mitotracker red FM and Lysotracker green DND-26
(purchased from Invitrogen) of 1mM concentration in DMSO
was used as stock. Subsequently, 6 different working concentra-
tion of mitotracker red FM and Lysotracker green DND-26 (50,
100, 150, 200, 250, 500 nM) in DMEM was tested to find the
optimum concentration with respect to the density of HeLa cell,
staining efficiency and quantum yield in imaging flow cytometry.
Cell with 70% confluency was taken and washed with PBS to
remove cell debris. It was incubated with Mitotracker Red FM of
150 nM concentration and kept for 30 min in the incubator with
5% CO, and 37 °C to lable mitochondrial network thereafter cells
were washed with PBS and again incubated with 100 nM of
Lysotracker green DND-26 and kept for 30 min in the incubator
with 5% CO, and 37 °C to lable Lysosomes. After incubation, cells
were trypsinized to detach them from disc-surface and the cells
were centrifuged at 2000 RPM for 5 min. Subsequently, the

cells were resuspended in PBS and prepared for experiments. The
cells were loaded in the sample reservoir and flown through
microfluidic chip for cytometry.

Drug Preparation: The drug, Paclitaxel is bought from Sigma
Aldrich in powder form (T7402). Paclitaxel (molecular Weight
853.91) is diluted in DMSO to make the final concentration of
1 M. 1 molar Paclitaxel stock solution is diluted down to the
required concentration of 75, 250, 500, 1000, 5000 nM. After
24 hr of seeding (confluency is around 70%) the cells were treated
with paclitaxel at different concentration and the control cells are
culture in the cell media. After 24 hr post drug treatment, cells
were washed 2-3 times with PBS and were stained with
Mitotracker orange and then incubated for 1.15 hr at 37 degree
5% CO,. Cells were trypsinized using trypsin and then centrifused
at 1400 rpm to get pallets, which is further resuspended in PBS
and taken for the flow cytometry experiments.

Image Processing. Images were captured using Andor sCMOS
zyla 4.2 camera (pixel size, 6.5 ym). The images are captured in
sif format in Andor software compatible with zyla 4.2 camera.
Using Andor software, the captured images are saved in tiff
format (batch conversion) as image sequences. The exposure time
and the flow rates are adjusted such that we get a minimum of 5
cross-sections of a single HeLa cells for volume reconstruction!.

Flow-variant PSF: Beads are flown through the channels and
captured at different flow rates. The generalized bivariant
Gaussian is fitted using a written script in MATLAB and the
PSF at different flow rates are calculated. The central lobe of the
airy-disc pattern is approximated as bivariate Gaussian function.
The beads appear elongated with the flow, termed as Flow variate
PSF. The size of PSF at different flow rate (ranging from 100 to
2000 nl/min) is calculated as shown in Fig. 2. The Flow variate
PSF is used to remove motion-blur induced by flow using
deconvolution operation. For counting cells and beads, we have
used object-based tracking algorithm using kalman filter, written
in Matlab. It is observed increased flow rate linearly increases the
PSF as shown in Fig. 2. Beads counts increases from few hundred
to few thousands as the flow rate increases by an order.

Cell Imaging: HeLa and HEK cells are loaded in the reservoir
and using the pump in the suction mode it is flown through
microfluidic channels. The images of stained Cells are captured
using SCMOS camera at a different flow rate (500, 1000, 1500,
2000 nl/min). The cells are counted at different flow rates. It is
noted that the increase in the number of cell with respect to flow
rate is not linear, which is predominantly due to the fact that cells
get clumped together at lower flow rates. Raw images captured by
sCMOS are deconvolved using flow variate PSF. These decon-
volved sectional images are then stacked together using
MATLAB. The stack imaged is then combined to form a volume.
The intensity-based thresholding is used while reconstructing the
volume, so that the noise is eliminated from the volume.

Image Deconvolution : Images captured by M3IC system are
deconvolved using a maximum likelihood algorithm using flow-
variant PSF. In short, the goal of maximum likelihood estimation
is to determine the parameters for which the joint probability
(likelihood function, L(g| f)) of the observed data has the highest
probability*>43 i.e,

n AN AFY
max L(g|f) = r;1>a0x {Hﬂ (1)

f>0 e g;!

where, g is the recorded image of the object ‘0" flowing through
the microfluidic channel with A is the convolution operator
expressed as, Af = h*f. Maximization of the likelihood function
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fives rise to the following iterative equation:

k+1 T &
fn - |:A Af:| nfn (2)
where, we have ignored the normalizing constant.

Maximum likelihood algorithm are standard operation im
Matlab and the same is used to determine the maximum
likelihood estimate of the recorded sectional images of HeLa and
HEK cells. Subsequently, the images are stacked together to
reconstruct the 3D volume of flowing cells.

Confocal fluorescence microscopy studies. A Zeiss LSM 510
inverted microscope (Indian Institute of science, Bio Facility) was
used to compare M3IC with the conventional microscope. The
microscope was operated at room temperature using objective
lenses, 10X, 0.40 NA and 20X, 0.70NA. The cells, prepared using
the protocol mentioned in sample preparation, was trypsinated
and kept in live imaging dish using pipette and was let down to
settle for few minutes. Once the cells are static, images were taken.
The cells were illuminated by 514 nm laser (argon multiline)and
the emission fluorescence signal was captured beyond 550 nm by
using long pass filter (spectral filter) using a 1 airy unit pinhole.

Multisheet and multicolor detection. The detection system is
specially designed to record images from two different organelles
(labeled with two different dyes) in cells flowing through all four
channels in parallel. The multicolor detection is achieved in a 4f
optical configuration comprising two lenses (objective and tube
lenses), a set of mirrors, and optical filters. The mirrors are
arranged so that the distance between the tube lens and the
detector is the same for both the optical arms (see Supplemen-
tary 9, Fig. $9-1). A linear translator is used in one of the arms to
ensure equal distance (i.e, focal length of tube lens) for both
optical arms. On each optical arm, specific dichroic mirror (cut-
off wavelength = 600 nm, Edmund Optics, Singapore) and filters
(488 Notch and 532 Notch filters) are placed to ensure separation
of fluorescence (from lysotracker green DND-26 labeling Lyso-
somes and MitoTracker red FM labeling mitochondria) to pass
through and reach the detector (Andor sSCMOS Zyla 4.2 camera,
Orford Instruments, UK). It is ensured that both the images are
formed on different regions of the sSCMOS detector chip (pixel
size = 6.5 ymx6.5 ym, chip size in pixels = 2048 x 2048,
Quantum Efficiency = 0.82). Two additional band-pass filters
(641/80 nm, OD = 6.0, Edmund Optics, Singapore, and 525/50
nm, Chroma, USA) are introduced in the optical arm to reduce
background. This ensures parity with respect to intensity fluc-
tuations, contrast and signal-to-noise ratio. Such an optical
arrangement in a 4f system with integrated dual-channel detec-
tion (two optical arms) ensures high throughput. After capturing
the image data, the images from respective channels are sepa-
rated, correlated, shifted, and merged to obtain a multicolor
image/volume. Each image obtained from the respective micro-
fluidic channel is processed separately. Since 5 planes of a single
cell are captured, they are stacked together to reconstruct cell
volume. This ensures near real-time multicolor volume imaging
on the go.

Correlation and calibration. For multicolor imaging, the corre-
lation of both red and green channel images is critical while
merging to reconstruct multicolor image/volume. The process is
initiated by separating the fluorescence based on their distinct
wavelengths using a dichroic mirror. To determine the shifts,
fluorescent beads (FluoSpheres Carboxylate-Modified Micro-
spheres, 1.0um, Invitrogen, USA) with broad emission spectra
(550—700 nm) are flown through the microfluidic channel. This

ensures that the beads are visible in both the channels. Upon
recording the images, they are subjected to correlation analysis
using Matlab built-in scripts. For our case, we observed a shift of
AX=2346 ym and AY =3.45pum, with a correlation factor of
0.83. Subsequently, the sectional images of flowing cells were
subjected to respective shifts, normalized, deconvolved, and
overlapped to obtain multicolor sectional images. The images are
then stacked to reconstruct cell volume.

Data availability
The data that support the findings of this study are available from the corresponding
author on reasonable request.

Code availability
All MATLAB codes generated for the current study are available from the corresponding
author on reasonable request.
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