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Imaging flow cytometry (IFC) combines conventional flow cytometry with

optical microscopy, allowing for high-throughput, multi-parameter

screening of single-cell specimens with morphological and spatial
information. However, current 3D IFC systems are limited by instrumental
complexity and incompatibility with available microfluidic devices or
operations. Here, we report portable light-sheet optofluidic microscopy
(PLSOM) for 3D fluorescence cytometric imaging. PLSOM exploits a
compact, open-top light-sheet configuration compatible with commonly
adopted microfluidic chips. The system offers a subcellular resolution (2-4
um) in all three dimensions, high throughput (~1,000 cells/sec), and
portability (30 cm (I) x 10 cm (w) x 26 cm (h)). We demonstrated PLSOM for
3D IFC using various phantom and cell systems. The low-cost and custom-
built architecture of PLSOM permits easy adaptability and dissemination for

broad 3D flow cytometric investigations.

Introduction

The advancement of optofluidics has allowed us to analyze and
enumerate cellular properties across large populations with
high throughput and multi-parameters!-. In particular, imaging
flow cytometry (IFC) marries flow cytometry and fluorescence
microscopy, offering unprecedented spatial details, sensitivity
and specificity of high-content biological specimens® 6. Recent
developments of IFC have further enhanced the resolution and
throughput by implementing strategies such as camera
functions?, inertial focusing® 9, stroboscopic illumination&-19,
However, these IFC techniques are
primarily focused on 2D image data acquisition.

In contrast, the recent advances of 3D IFC have been
reported to achieve the volumetric information of various
biological specimens!2, Amongst these efforts, light-sheet

and virtual freezing!l.
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microscopy-based IFC has emerged as a promising approach
with effective optical sectioning, low photobleaching, and high-
resolution 3D reconstruction?37. In particular, light-sheet
microscopy utilizes a slice of light to illuminate the sample
perpendicular to the direction of observation!® 19 The
combination with microfluidics facilitates continuous light-
sheet illumination on flowing objects in versatile formats such
as refractive index-matching tubes?0, novel microchannels 2122,
imaging capillaries!* 17. 22 and microfluidic chips3 1> 24 25,
microfabricated optical elementsl®, and engineered
microfluidic chips2. However, the applicability of these major
3D IFC advances limited due to the complex
implementation and less compatibility with general microfluidic

remains

devices and settings.

Meanwhile, open-top light-sheet microscopy has been
proposed to locate all the optical components in an inverted
fashion?7-32, thus enabling easy access to standard sample
holders and imaging conditions. For instance, recent studies
relying on the open-top light sheet have demonstrated mouse
in microfluidic conditions2? 33,
However, such an open-top strategy remains unexplored for 3D

and Drosophila embryos

flow cytometric single-cell study.

Here, we introduce PLSOM, a portable 3D IFC system based
on the open-top light-sheet configuration for high-throughput
single-cell investigation. PLSOM offers a compact, high-
resolution IFC platform compatible with a wide range of
microfluidic chips. In particular, the system provides subcellular
resolution (2-4 um) in all three dimensions, a high throughput
(~1,000 cells/sec), and high portability (30 cm (1) x 10 cm (w) x
26 cm (h)). The low-cost optical elements and custom-built
architecture permit easy adaptability and dissemination for
broad flow cytometric studies.

Results

System design and experimental setup
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The PLSOM system is illustrated in Fig. 1(a, b) and detailed in
Fig. S1. The open-top light-sheet configuration contains
perpendicular illumination and detection paths located
underneath the sample holder. The flow speed in microfluidic
channels is controlled by an external syringe pump (#55-2222,
28 cm (I) x 22.2 cm (w) x 14 cm (h), Harvard Apparatus). The
illumination from a laser diode (LD, peak wavelength = 658 nm,
L658P040, Thorlabs) and a power driver (#L.DC 205C, 14.6 cm (l)
x 6.6 cm (w) x 29 cm (h), Thorlabs) is collimated and propagated
through a customized excitation filter (ET660/20m, Chroma)
and an achromatic cylinder lens (CL, #68-160, NA 0.25, diameter
=12.5 mm, Edmund Optics). The CL generates a light sheet at
the focal plane, where the sample inside the microfluidic
channel is excited. The emitted fluorescence is collected by an
aspheric plastic lens (OL, #66-001, NA 0.63, diameter = 25 mm,
Edmund Optics), placed perpendicular to the illumination path,
a customized emission filter (ET720/60m, Chroma), and a tube
lens (L2). The images are recorded with a CMOS camera (GS3-
U3-51S5M-C, camera pixel size = 3.45 um, Edmund Optics) (Fig.
1(a, b)). The low-cost compact CL and OL, replacing
conventional objective lenses, are mounted in customized
chambers (Fig. 1(c)). The illumination path is oriented at an
angle of 36° with respect to the horizontal microfluidic channel
to accommodate the physical profiles and the focal lengths of
the CL and OL (Fig. 1(a) and Fig. S1). A 3D-printed platform is
accordingly used to adjust the entire setup by 9° to level the
horizontal sample plane (Fig. 1(b)). The chamber was designed
with SolidWorks and 3D-printed to contain the immersion
water to reduce refractive index mismatch?® 32, and secure the
positions of the CL, OL, and microfluidic chips (Fig. 1(c)). The

(a)

chip

Syringe
pump

Illumination

‘ Detection

Light-sheet illumination

(d)

' Light-sheet

= -

N,

5 . thickness
) . B ! i
8 ! 4 I Vertical
e O ! range of '
¢ T | Fov & % ¥ illumination !

(flow direction)

PLSOM setup exhibits a compact profile at 30 cm (I) x 10 cm (w)
x 26 cm (h) and is weighted at 4 kg.

Data acquisition and processing

The PLSOM system acquires and processes data
reconstructs the volumetric information of objects following
the pipeline as illustrated in Fig. 1(d), Fig. S3, and
Supplementary Information. The light-sheet illumination
provides the optical sectioning capability, in which the thickness
and Rayleigh
illumination of single-cell specimens?'® (Fig. 1(d, left)). Taking
advantage of the fluidic motion, the system can acquire the
plane of illumination that continuously sections the sample (Fig.
1(d, middle)). The reconstruction algorithm first addresses the
mismatch between the flow speed and camera acquisition rate
with the stacked images. We utilized 1D kymography from the
acquired image stacks and identified the missing frames based
on the centroid location of the sample in each image. After the
interpolation of missing frames, the image stacks are then
realigned to obtain the full volumetric reconstruction (Fig. 1(d,
right) and Fig. S3). Finally, we processed the 3D images using
deconvolution to enhance the resolution and image quality
(Supplementary Note 2).

and

range determine the effective plane of

System characterization

To characterize the performance of PLSOM, we first measured
the magnification of the system using a laser diode (PL450B, 450
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Figure 1. Portable light-sheet optofluidic microscopy (PLSOM) for 3D Imaging Flow Cytometry. (a) Schematic of the PLSOM setup. The open-top configuration places the system

underneath the microfluidic chip. The cylinder lens (CL) forms the thin light-sheet illumination at an angle of 36° with respect to the horizontal sample plane, and the objective lens

(OL) collects the emitted light at the focal plane perpendicular to the axis of illumination. Both CL and OL are immersed in water to reduce the mismatch of refractive indices. (b)

Photograph of the system. The details are illustrated in the Supplementary Information. LD, laser diode; L, lens; M, mirror; Ex, excitation; Em, emission. (c) Customized water-

immersion chamber for the CL, OL, and sample holder. Insets (i, ii) show the CL and OL compounds (see Supplementary Information). (d) Data acquisition, kymography processing,

and 3D reconstruction of PLSOM. Scale bar: 25 mm (b).
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nm wavelength, Thorlabs) and a customized excitation filter
(ET450/30%, Chroma). We imaged a water-immersed negative
USAF target (R1DS1N, Thorlabs), and based on the known
physical distance, we derived the magnification (14.5x) and
effective pixel size (240 nm) of the system (Fig. 2(a-c)).

We then used a reflective mirror with a customized holder
compensating for the tilted optical axis (9°) to measure the
thickness of the light sheet (3.79 um) (Fig. 2(d, e)) at the peak
wavelength of 658 nm. The thickness of the light sheet
determines the optical sectioning capability of the system.
Here, PLSOM offers slightly lower optical sectioning in
comparison with the theoretical prediction® (3.2 um), mainly
due to the residual aberrations caused by the use of the plastic
lens. We also verified the FOV of the PLSOM system at 490 um
x 25 um using the full camera sensor (8.5 mm x 7.1 mm) and
the effective vertical range of illumination (25 um x sine (36°) =
14.5 pm) (Fig. 1(d, left)).

Next, we implemented microfluidic chips with 500 pum
(width) x 30 um (depth) channels (10001824, clear glass lid
thickness = 170 pm, Microfluidic ChipShop GmbH). An
experimental throughput (~1,000 cells/sec) was measured by
counting Hela cells labelled with the plasma membrane
throughout the entire FOV in the microfluidic channel at an
average flow speed of 207.9 um/sec, (Fig. 2(f, g)). Notably, the
flow speed was limited by the number of frames needed to
acquire the entire sample volume, Fig. S2. With the light-sheet
thickness of ~¥4 um, we reason that at least three frames are
needed to seamlessly scan the diameter of a cell (10-15 um). As
a result, the flow speed can be theoretically predicted at 206
um/sec with the frame rate at 60 Hz, resulting in the analytical
throughput (1,180 cells/sec at the 80% cell density in the
channel with the cell diameter of 10 um), consistent with the
experimental measurement. In this work, we chose to use
various flow rates below this limit to facilitate sufficient light-
sheet sectioning for reconstruction. The potential interference
of the light sheet and the microfluidic channel can be controlled
by locating the microfluidic chip on a proper focal plane.

Lastly, we imaged 200-nm fluorescent beads (T7280,
TetraSpek, Invitrogen) on a glass slide and cover slide (thickness
=170 um) and recorded the point-spread function (PSF) of the
system by mechanically scanning the sample stage at a 1-um
step size along the flow direction (Fig. 2(h-j)). With the
reconstruction process as shown in Fig. S3 and Supplementary
Information, the 3D PSF images were Gaussian-fitted, showing
the full width at half maximum (FWHM) values at 2.9 um
laterally and 3.43 um axially (Fig. 2(i, j)). The axial measurement
indicates a good agreement with the thickness of the light sheet
(3.79 um in Fig. 2(e)).

PLSOM imaging of phantom and Hela cells

To validate the performance of PLSOM, we first imaged and
reconstructed flowing phantom samples that contain two
mixed types of fluorescent beads (7 um, FSFRO07, Bangs
Laboratories; 15 um, F7238, Invitrogen) (Fig. 3(a-g)). The
measurements of the reconstructed objects yielded two distinct
populations, in which both the intensity and 3D volume are

This journal is © The Royal Society of Chemistry 2022
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Figure 2. System characterization. (a) Selected region of the bright-field image of a USAF
target taken by PLSOM. (b) Zoomed-in image of the boxed region in (a). (c) Cross-
sectional intensity profile of the boxed region in (b). The three bars span 37 pixels,
corresponding to 14.5x magnification and 240-nm effective pixel size, based on the
known physical size of the caliber sample (4.4 um between adjacent bars). (d) Image of
the mirror-reflected light sheet at the focal plane of illumination. (e) Cross-sectional
intensity profile of the boxed region in (d), displaying the FWHM value of 3.79 um. (f)
Raw light-sheet image of Hela cells stained and segmented for the plasma membrane in
the microfluidic channel. (g) Histogram of cell counts across the FOV yields the
experimental throughput of the system at ~1,000 cells/sec at the average flow speed of
207.9 um/sec. (h) Reconstructed PSF images of a 200-nm fluorescent bead in x-y, x-z, and
y-z dimensions. (i,j) Cross-sectional profiles across the dashed lines in (h) of the PSF in x-
y (i) and z (j), exhibiting the FWHM values of 2.9 um and 3.43 pum, respectively. Scale
bars: 50 um (a), 5 pum (b), 30 um (d), 15 pm (f), 3 um (h).

consistent with the known physical sizes and the 2D
measurement of the samples (Fig. 3(h, i)). Next, using PLSOM,
we imaged the plasma membrane of Hela cells circulating at the
flow speed of 111.39 um/sec (Fig. 3 (j-p)). The 3D imaging
capability exhibited effective optical sectioning that allows for
the synthesis of the focal stacks of the entire objects, showing
the native, sphere-like morphology of cells in the flow (Fig. 3 (j-
m)). The 3D reconstructed images display a consistent cell size
(radius at ~5 um, Fig. 3 (n,0)) in all three dimensions, in
agreement with the volumetric measurement (mean volume =
955.5 um3, Fig. 3 (p)), as well as consistent with the known 10-
15 um Hela cell size in the flow34.

Imaging human T cells and Jurkat cells

Next, we examined PLSOM by imaging mixed human T cells (hT)
and Jurkat cells (JK) both stained for the plasma membrane in
the microfluidic The system
reconstructed the sequential focal stacks of the cells flowing
through the light sheet (Fig. 4(a)). Compared to conventional 2D
methods, the 3D reconstructed images allow us to differentiate

channel. recorded and

the hT and JK cells based on the volumetric rendering of the
samples (Fig. 4(b-g)). The images also showed a consistent
measurement of the membrane stain (~3 um) that agrees with
the PSF of PLSOM using the caliber samples (Fig. 2(i, j)). The
total fluorescence intensity originating from the 3D
reconstructed volume showed a linear relationship as a function
of the volume, where the slope is determined by the
fluorophore labelling density (Fig. 4(h)).

Furthermore, the size histogram measured using the
reconstructed 2D focal stacks displayed two distinct groups of
cells (Fig. 4(i)). The two distinct maxima show the mean
diameters of hT cells (7.4 pum) and JK cells (11.7 pm) in the

Lab on a Chip 2022, 00, 1-3 | 3
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Figure 3. PLSOM imaging of microspheres and Hela cells. (a) Raw light-sheet image of mixed fluorescent microspheres (7 um, orange arrow; 15 um, green arrow) flowing through
the microfluidic channel. (b-d) 3D reconstructed images of a 7-um throughout-labelled bead at an average flow speed of 181.5 um/sec in x-y (b, focal stack image), y-z (c, maximum
intensity projection, or MIP), and x-z (d, MIP). The insets show the corresponding cross-sectional intensity profiles along the orange dashed lines. (e-g) 3D reconstructed images of a
15-um surface-labelled bead at an average flow speed of 133.8 um/sec in x-y (e, focal stack image), y-z (f, MIP), and x-z (g, MIP). The insets show the corresponding cross-sectional
intensity profiles along the green dashed lines. (h) Histogram counts of the 3D reconstructed volumes, differentiating two distinct populations of microspheres with maxima at 224.4
+49.6 um3 and 1650.4 + 330.6 um3. The dashed lines indicate the volume values (179.6 um? and 1767.1 um3) derived based on the respective physical sizes of 7 um and 15 pum. (i)
Scatter plot of the total volumetric fluorescent intensity of the microsphere mixture as a function of the diameter as rendered from the experimental volume measurement in (h).
(j-1) 3D reconstructed images of a membrane-labelled Hela cell at an average flow speed of 111.4 um/sec shown in x-y (j), y-z (k), x-z (I) stacks (step size = 2.4 um). (m) 3D
reconstructed volume of the cell in (j-I), where the hollow cellular structure was clearly observed. (n,0) Radial profiles (gray) of the cross-sectional intensity, as indicated by the
arrows in (j-1), of the cell population in the lateral (n) and axial (o) dimensions, exhibiting the mean radii of 5.36 um and 4.65 pum, respectively. (p) Histogram of cell volumes, showing

the mean volume at 955.5 + 322.8 um?3 of Hela cells. Scale bars: 15 um (a), 5 um (b, e, j).

lateral plane, consistent with the previously reported diameters
of hT35 (8 um) and Jurkat cells® 3¢ (11.5 um). Also, the results
agree with the same measurement from the pure population of
hT cells (mean = 6.9 um) and the measurement of the radial
maxima using the raw 2D light-sheet datasets (8.1 um and 12.3
um, Fig. 4(i), dashed lines). Notably, the 3D imaging capability
of PLSOM allows us to directly quantify the volumes of the two
cell types, each with a mean value of 108 um3 (hT) and 675 pum?3
(JK) (Fig. 4(j)). Volumetric imaging effectively considers the
varying 3D morphology of cells, leading to more accurate
cellular quantification in comparison with the values derived
using the conventional measurement from the raw 2D images
in the lateral plane while assuming the cell morphology as a
sphere (280 um3 and 970 um3, respectively) (Fig. 4(j), dashed
lines).

PLSOM imaging of drug-administered Hela cells

Lastly, we administered live Hela cells with paclitaxel (Taxol), a
chemotherapy drug that can destabilize the formation of
cytoskeletons and induce apoptosis by blocking cell cycles37. 38,
In this experiment, 400 nM of Taxol was used for 8 hours of
administration of live Hela cells. Using PLSOM, we performed
cytometric imaging of the mixture of untreated and treated

4 | Lab on a Chip, 2022, 00, 1-3

cells stained for both the plasma membrane (Cell Mask Deep
Red) and the nucleus (SYTOX Deep Red). As observed, this
cytotoxicity assay allows us to label the membrane of both cell
groups while only the nuclei of those drug-affected cells that
possess compromised plasma membrane (Fig. 5(a-c)).
Compared to conventional 2D images that lack optical
sectioning and may thus confuse the emitted fluorescence from
the membrane and nucleus, PLSOM offers the 3D reconstructed
focal stacks that clearly differentiate the two cytotoxic states of
the cells (Fig. 5(b, c)). Quantifying the cell morphology, we
observed that the treated cells exhibited an enlarged volume in
all three dimensions than the untreated group, primarily due to
Taxol-induced cell swelling in the process of cell death3? (Fig.
5(d-g)). Using the 3D datasets, we also segmented the cellular
features and determined the volumetric ratio between the
fluorescence emitted from the nucleus and the plasma
membrane (Fig. 5(h) and Fig. S3). It is clearly shown that the
cells unaffected or less affected by the drug remained at both a
relatively small volume (no cell swelling) and a low ratio (no
nuclei labels), while the drug-affect group exhibited the linearly-
correlated increase in both the cell volume and the fluorescence
from the nuclei (Fig. 5(i)). Furthermore, the principal
components analysis (PCA, MATLAB) of the datasets reveals two
distinctive patterns, identifying the drug-induced effect of the

This journal is © The Royal Society of Chemistry 2022
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of the cell diameters for the pure hT cell population (red, 6.9 um) and the mixed populations (green, 7.4 um and 11.7 um) measured from the reconstructed focal stacks. Yellow bars
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Counts

cytotoxic cell population and indicating an efficacy rate of about
40% (Fig. 5(j)).

commonly adopted microfluidic and imaging settings. The
portability of the imaging system also allows for high
compatibility with diverse fluidic and illumination systems. The
light-sheet illumination allows for the simultaneous acquisition
of single-cell specimens across the entire imaging field of view
(490 pm x 25 um), yielding a high throughput at ~1,000 cells/sec

Conclusions

We have developed the portable light-sheet optofluidic

microscopy system, PLSOM, for 3D flow cytometric imaging.
The system exploits the advantage of the compact, open-top
configuration (30 cm x 10 cm x 26 cm) for easy accessibility to

This journal is © The Royal Society of Chemistry 2022

at a 60-Hz acquisition rate. The 3D imaging capability and
resolution (~3 um laterally and ~4 um axially) of PLSOM reveal
the volumetric subcellular details of cells, enabling a wide range

Lab on a Chip 2022, 00, 1-3 | 5
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of structural and functional assays for enumerating and
interrogating single-cell populations. The performance of
PLSOM can be further enhanced by implementing both
hardware and software developments such as faster sensors,
multi-color excitation, stroboscopic illumination, and advanced
image processing algorithms. Diverse approaches could be
applicable in the PLSOM system for strategic multi-color
implementation on detection® 33.40-42 gnd illumination, such as
mitigating chromatic aberrations by an optimized cylindrical
lens*: 44, combination with a spherical mirror#>, beam
engineering®, separate relay lenses, or achromatic objective
lens. In addition, the implementation of recent deep-learning-
based algorithms could allow the PLSOM system for rapid and
automated screening of samples?’. We anticipate the portable
system as a promising tool for various 3D flow cytometric
applications in basic biological research and point-of-care
clinical diagnostics.
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