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In this study, we present LFC-plus, a next-generation
light-field cytometry platform that enables multiparametric,
simultaneous multi-color, and volumetric single-cell analysis.
The system integrates model-based image restoration,
custom-designed light-field optics, and spectral aperture
partitioning, achieving subcellular resolution in all three
dimensions, a near-millimeter-scale imaging cross-section,
and an analytical imaging throughput of nearly 200 000
cells per second. We validate its performance across diverse
biological applications, including chemotherapy response
profiling, PEG-mediated cell fusion, and stiffness-based flow
migration. These results establish LFC-p/us as a robust and
scalable platform for high-content volumetric cytometry.
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Imaging flow cytometry demands a careful balance between spatial resolution, spectral multiplexing,
throughput, and system complexity. Here, we present LFC-plus, a next-generation light-field cytometry
platform that enables multiparametric, simultaneous multi-color, and volumetric single-cell analysis. The
system integrates model-based image restoration, custom-designed light-field optics, and spectral
aperture partitioning, achieving subcellular resolution in all three dimensions, a near-millimeter-scale
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imaging cross-section, and an analytical imaging throughput of nearly 200000 cells per second. We
validate its performance across diverse biological applications, including chemotherapy response profiling,
PEG-mediated cell fusion, and stiffness-based flow migration. These results establish LFC-plus as a robust
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and scalable platform for high-content volumetric cytometry, with broad
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Introduction

Flow cytometry has become an essential tool in biomedical
research, enabling high-throughput, high-sensitivity single-cell
analysis to characterize and classify heterogeneous cell
populations based on their physical and biochemical properties.
However, conventional flow cytometry provides no spatial
context, lacking the ability to resolve subcellular structures or
the intracellular localization of molecular markers. Imaging
flow cytometry (IFC) bridges this gap by integrating fluorescence
microscopy with flow-based detection, yielding high-resolution
images alongside quantitative single-cell measurements." This
combination facilitates cell analysis not only based on antigen
expression or fluorescence intensity but also on cellular
morphology and spatial marker distribution, enabling extensive
research and clinical settings, including cancer biology,
immunology, and hematology.*
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implications spanning

fundamental biology and translational diagnostics.

Despite significant promises, a major challenge in IFC
lies in achieving high throughput while preserving detection
sensitivity and resolution. To accomplish this, existing IFC
systems employ strategies, such as high-speed sensors,
stroboscopic illumination, and hydrodynamic focusing, to
reduce motion blur, maintain cell stream, and ensure
image quality.® Meanwhile, single-pixel imaging methods
leverage the temporal response of fast photodetectors to
reconstruct images from time- or frequency-encoded
signals.”*° For instance, techniques based on optofluidic
time-stretch and modulated excitation beams with
radiofrequency-tagged emission, or phase-resolved detection

combined with corresponding demultiplexing and
demodulating strategies, have achieved ultrafast acquisition
by  temporally  encoding  spatial  information.”™?

Nonetheless, conventional IFC systems remain primarily
two-dimensional, lacking depth perception and accurate 3D
location, which can lead to signal occlusion and projection
artifacts.*

To capture 3D information, IFC systems have adopted
advanced microscopy techniques, including light-sheet
microscopy,”®?°  confocal microscopy,”® beam-shaping
illumination,”* and optical tomography. While these
methods offer high-resolution 3D imaging, they typically
depend on sequential acquisition through mechanical
scanning or multiple exposures, which can constrain
temporal resolution. Moreover, their optical complexity, large
footprint, and incompatibility with standard epi-fluorescence
microscopes pose challenges for scalability and integration
into high-throughput workflows.
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Light-field cytometry (LFC), in contrast, offers a
compelling alternative by capturing both spatial and angular
information in a single exposure,” achieving volumetric,
single-shot imaging with a theoretical throughput of over
5000 cells per second under sufficient acquisition speed with
near-diffraction-limited resolution (400-600 nm) in all three
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dimensions. Despite its enhanced 3D resolution and cell
throughput, the original LFC implementation possesses a
shallow imaging volume (<10 pum focal range), insufficient
for multicellular depth, and relies on spectral sequences
within each frame for multicolor acquisition. These
limitations necessitate stringent control over flow rates and
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Fig. 1 Schematic and imaging principle of the LFC-plus system. (A) Optical layout of LFC-plus. Dual-wavelength LED excitation (470 nm and 594
nm) illuminates flowing samples simultaneously, generating a spectrally overlapped two-colour image at the native image plane (NIP). The NIP is
Fourier-transformed by a Fourier lens (FL), passed through an aperture-filter-microlens (AFM) array, and projected onto the camera as an array of
dual-colour elemental images. OL, objective lens; TL, tube lens; DM, dichroic mirror; FG, function generator. The inset illustrates synchronized and
stroboscopic signal waveforms and sensor exposure. (B) Time-color-coded elemental images from 0-0.05 s under continuous (left) and
stroboscopic (right) illumination, showing significantly reduced motion blur. The arrow indicates flow direction. (C) Front and rear views of the
custom-fabricated AFM array. The front side (left) reveals a 3 x 3 mosaic of emission filters aligned with the microlens array; the rear side (right)
shows the assembled module in a C-mount housing with pupil-defining aperture. (D) Imaging and processing pipeline, including the capture of
raw light-field images, cropping, and model-based denoising. (E) Parallel image reconstruction by iterative deconvolution using a hybrid point-
spread function (PSF). Scale bars: 100 um (B), 5 mm (C), 50 um (E).
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intercellular spacing, thus restricting experimental scalability
and hindering broader biological applicability that demands
multiplexed fluorescence detection and high-throughput
population analysis.

Here, we present LFC-plus, a next-generation cytometric
imaging platform that enables simultaneous multicolor
acquisition of rapidly flowing cell populations with enhanced
volumetry, subcellular resolution, and throughput. In particular,
LFC-plus integrates a standard epi-fluorescence microscope with
three key system-level configurations. First, LFC-plus leverages a
model-based image enhancement scheme to extract biological
features from comprehensive noise sources, preserving image
quality and analysis, especially during rapid acquisition and
under short stroboscopic illumination. Second, LFC-plus
implements fully custom-designed light-field optics, enabling
an extended imaging flux of up to millimeter scale and spatially
resolved 3D visualization of multicellular dynamics and
microenvironments.  Third, LFC-plus exploits aperture
partitioning that allows for instantaneous capture of spectrally
distinct 3D volumes without temporal multiplexing or filter
switching. We validate the LFC-plus platform across a range of
biological assays, including chemotherapeutic profiling, PEG-
mediated cell fusion, and stiffness-based spatial sorting in
microfluidic channels. These results position LFC-plus as a
robust and scalable solution for high-content volume cytometry,
thereby broadening the landscape of IFC for biomedical
research, translational diagnostics, and therapeutic discovery.

Results
LFC-plus: principle and characterization

Conventional 3D IFC techniques have been explored to
circumvent their inherent trade-offs among throughput,
resolution, and multiparametric acquisition that often
compromise the field of view (FOV) and imaging speed (Table
S1). In this work, LFC-plus realizes simultaneous multicolor
capture of volumetric cytometry data, leveraging three key
advancements (Materials and methods): (i) a custom-built
Fourier light-field microscope**?” integrated with a microfluidic
module (Fig. 1A and S1), which provides a large FOV and
extended depth with subcellular resolution for high-throughput
single-cell imaging and analysis (Table S2); (ii) stroboscopic,
noise-aware acquisition (Fig. 1B) that reduces motion blur and
employs physics-informed sparse-filtering to suppress camera-
induced noise while preserving delicate structural details;*® and
(iii) an integrated array of customized apertures, microfilters,
microlenses (Fig. 1C) that partition the pupil plane into
segments that distinguish and transport distinct spatial,
angular, spectral components into elemental images (Fig. 1D).
Unlike previously reported FLFM configurations, where the
microlens array collects information from nine different angular
perspectives of a single fluorescence channel, our system
incorporates two types of emission filters into a microfilter array
with  distinct bandwidths—ET520/40 m (transmitting
fluorescence from 500 to 540 nm) and ET632/60 m
(transmitting fluorescence from 600 to 660 nm). The filters are
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arranged with four along the sides and five at the center and
corners (Fig. 1D). This configuration unmixes the overlapping
fluorescence at the native image plane into separate spectral
components, enabling simultaneous acquisition of multicolor
fluorescence signals across different elemental images under
dual-color illumination. This implementation underwent wave-
optics-based 3D deconvolution with a hybrid point-spread
function,” facilitating accurate volumetric reconstruction of
multicolor objects in parallel, calibrated for system deviations
while minimizing computational artifacts throughout the entire
imaging depth (Fig. 1E and Texts S1 and S2).

To characterize the LFC-plus system, we conducted
numerical simulations and imaged both phantom and
biological samples. In particular, we verified simultaneous
subcellular acquisition at 100 frames per second (fps) with a
3D resolution of approximately 4 um and 8 pm in the lateral
and axial dimensions, respectively (Fig. S2-S5), transverse
cross-sectional plane of 980 um x 400 um, and a flow rate up
to approximately 36 mm s ' under 100 ps illumination,
corresponding to an analytical flow-rate estimated cell
throughput of nearly 500 000 cells per s, assuming the sensor
is sufficiently fast to capture all passing events without loss,
and the theoretical imaging-based throughput of 200000
cells per s (Fig. S6-S8 and Text S1). These results were
obtained without alternating illumination or channel
registration, eliminating any speed loss and complex
postprocessing, which readies the LFC-plus platform for
rapid, multiparametric cytometric analysis.

Volumetric dual-colour imaging and classification of
heterogeneous single-cell populations

Multicolour information in IFC has provided critical cues for
classifying heterogeneous cell populations by linking cellular
composition, structure, and morphology to cellular
physiology.”® However, compromises in system throughput,
resolution, and complexity hamper the accessibility of
multicolour 3D-IFC toward broader single-cell investigations. To
demonstrate the capabilities of LFC-plus, we first analysed a
mixture of HeLa and Jurkat cells, resolving their morphological
and fluorescent characteristics at the single-cell level. Both cell
types were stained with spectrally distinct fluorophores
targeting the nuclei and membranes (Materials and methods).
The cell suspension was introduced into the microfluidic
system at a flow rate of approximately 80 uL min™, yielding a
moderate throughput of approximately 30000 cells per second
(Fig. 2A and Movie S1). The images were acquired at 100 fps
using stroboscopic illumination (2% duty cycle, 200 pus
exposure) to mitigate motion blur.

Meanwhile, given the reduced illumination time, selective
noise removal became essential and markedly enhanced the
visibility of cellular signals (Fig. 2B). As seen, the
reconstructed volume delineated the 3D spatial distribution
of both cell types across a 100-200 um depth range, enabling
clear differentiation of their 3D morphological heterogeneity
(Fig. 2C and D). Specifically, LFC-plus allowed for 3D
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Fig. 2 Imaging and classification of heterogeneous single-cell populations using LFC-plus. (A) Two-color elemental images showing nuclei labeled
with SYTO 16 (magenta) and membranes labeled with WGA 594 (cyan) in a mixed population of HelLa and Jurkat cells. (B) Zoomed-in views of the
boxed region in (A). Arrows indicate corresponding nuclear and membrane structures from an elemental perspective. White arrows point to
representative Jurkat cells, while yellow arrows highlight HelLa cells, which exhibit relatively larger cell sizes and smaller nuclei. (C) Maximum
intensity projection of the 3D reconstructed volume corresponding to (A) in x-y and y-z views. The inset shows the zoomed-in 3D view (67.2 um x
67.2 um x 73.6 um) of the boxed region. (D) Overlay of reconstructed dual-colour volumes for a representative Hela cell (left, larger volume) and
Jurkat cell (right, smaller volume). (E) Axial cross-sectional images of the cells in (D), spanning depth ranges of 24 um (Hela) and 18 pm (Jurkat).
(F) Density-coloured scatter plot of nuclear volume versus nucleus-to-cell (N/C) volume ratio, revealing two distinct cell populations. (G-I)
Quantitative comparison of 3D features between DBSCAN-classified Jurkat (pink) and HeLa (green) cells: (G) membrane vs. nuclear fluorescence
intensity; (H) nuclear volume; (I) total cell volume. Scale bars: 100 um (A and C), 20 um (B), 10 um (E).

measurement of nuclear and cellular volumes of 912.4 um?
and 1223.9 um? for Jurkat cells, and 424.6 um® and 3605.7
um? for HeLa cells, respectively. The high resolution and 3D
capabilities resulted in the distinction of nucleus-to-cell

This journal is © The Royal Society of Chemistry 2026

ratios of 0.75 for Jurkat cells and 0.15 for HeLa cells, which
facilitated effective cell population classification
(Fig. 2E and F) and closely aligned with the known physical
profiles of the samples.***"
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Analyzing cell-cycle alterations in chemotherapy-treated lung
adenocarcinoma cells

Non-small cell lung cancer (NSCLC) accounts for approximately
85% of lung cancer diagnoses worldwide.>* Etoposide, a widely
used chemotherapeutic agent, functions as a topoisomerase II
inhibitor by stabilizing the transient DNA cleavage complex
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formed during DNA unwinding.*® This inhibition prevents re-
ligation of DNA strands, leading to the accumulation of double-
strand breaks, which, in turn, trigger apoptosis in rapidly
proliferating cancer cells (Fig. 3A and B).>**® Despite its clinical
efficacy, the 3D morphological and biochemical changes
associated with etoposide-induced cytotoxicity remain poorly
characterized at the single-cell level.
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Fig. 3 Analysing cell-cycle alterations in chemotherapy-treated lung adenocarcinoma cells (H460). (A) Mechanism of etoposide, a topoisomerase Il
inhibitor that stabilizes the DNA-topoisomerase complex, prevents DNA re-ligation, and induces apoptosis via accumulation of double-strand breaks.
(B) Bright-field images of H460 cells in control and etoposide-treated groups at 24- and 48-hours post-treatment. (C) Quantification of cellular area
and fluorescence intensity from wide-field imaging (16x) in flow. PDF, probability density function. (D-G) Representative elemental images (D and F)
and corresponding maximum intensity projections of the 3D reconstructed volumes (E and G) of H460 cells from control (D and E) and treated (F
and G) groups. The insets show the zoomed-in images of the boxed regions. (H) Cropped central elemental images of cells at various mitotic stages,
revealing chromosome segregation. (I-L) 3D reconstructions from control (I) and treated (J-L) groups, revealing increased DNA content and
morphological changes due to S/G2/M arrest. (M and N) Density-coloured scatter plots of nuclear volume versus intensity in control (M) and treated
(N) cells. (O) Histogram of normalized nuclear intensity across both groups. (P) Statistical comparison of nuclear volume and sphericity, indicating
morphological shifts associated with cell cycle progression and drug response. Scale bars: 5 um (A and B), 100 um (D-G), 10 um (H).
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Here, we leveraged the high-throughput volumetric
capabilities of LFC-plus to extract multiplexed morphological
and biochemical features from H460 human NSCLC cells
following etoposide treatment. In practice, cells were fixed
and stained with propidium iodide (PI) to label the nuclear
DNA (Materials and methods). Wide-field images of the
floating cells revealed intensified single-cell fluorescent
signals post-treatment as determined by the 2D analysis
(Fig. 3C), which indicates a reduction in the G1-phase
population and an accumulation of cells arrested in the G2/
M phase of the cell cycle (Fig. S9).*® With LFC-plus, 3D
nuclear morphological changes can be observed and analyzed
across a substantially increased population (Fig. 3D-G and
Movies S2 and S3). The results enabled further distinction of
the G2/M phase into pro-metaphase, metaphase, anaphase,
and telophase, details of which were obscured in 2D analysis
because chromosome separation may not be clearly visible
depending on cellular orientation (Fig. 3H).

Meanwhile, intensity variations indicated the change of
DNA content during replication (Fig. 31 and ]). Quantitative
analysis showed enhanced nuclear fluorescence post-
treatment, thus implying elevated single-cell DNA content®”
(Fig. 3K-M) and reflecting cell cycle progression toward the
mitotic phase during which DNA replication has occurred.
Nuclear volumes for both groups remain similar, displaying a
medium volume of 1143 um?® for the control group and 1188
um?® for the experimental group, given the occurrence of
apoptotic shrinkage and the appearance of dividing cells. It
was also noted that nuclear sphericity was disturbed, aligning
with the elongated morphological characteristic of cells
arrested in the G2/M phase (Fig. 3N). These observations
agreed with the heterogeneous response in biomass and area
to drug exposure suggested by previous studies.*® The results
underscore the capability of LFC-plus to capture subtle yet
biologically significant 3D phenotypic and molecular
alterations at subcellular resolution, enabling precise
characterization of drug-induced cellular responses in
complex populations.

3D analysis of PEG-mediated fusion in Jurkat cells

Cell fusion has become an instrumental biotechnology for
understanding cell behavior, generating cell lines with desired
properties, and developing therapies.**** Polyethylene glycol
(PEG) is commonly used to induce and control cell fusion
in vitro due to its low cytotoxicity, cost-effectiveness, and ease of
application.*’ As a dehydrating agent, PEG promotes membrane
juxtaposition, enhancing lipid bilayer interactions that facilitate
hybrid cell formation. Traditional PEG-based fusion assays rely
on 2D fluorescence microscopy to quantify fusion efficiency by
assessing the co-localization of fluorescent markers in labeled
cell populations.***>

Here, we utilized LFC-plus to visualize and quantify the
process of cell fusion in Jurkat cells. Jurkat cells were first
labelled with spectrally distinct green and red mitochondrial
fluorophores and then prepared as untreated mixed controls

This journal is © The Royal Society of Chemistry 2026
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and PEG-treated fusion groups (Fig. 4A, Materials and
methods, Movies S4 and S5). Raw elemental light-field
images showed no fused cells or fluorophore transfer in the
control group, implying the absence of spontaneous fusion
or spectral crosstalk between channels (Fig. 4B). In contrast,
PEG-treated cells exhibited dual fluorescence signals within
the same cellular structures, which indicated increased
proximity and mixing of fluorescent signals indicative of
fusion activity (Fig. 4B).

The multicolour platform enabled simultaneous
acquisition of the two spectral populations at a flow rate of
15 uL min"', enabling high morphological alighment and
fidelity (Fig. 4C and D). Meanwhile, LFC-plus was capable of
observing 3D mitochondrial distributions within individual
cells in the control group and cellular clusters containing
both labels in the fusion group (Fig. 4E and S10). Notably,
LFC-plus allowed for the differentiation of non-associated
cells that appeared aligned laterally but separable in depth,
preventing their misclassification as fused cells in
conventional 2D projections (Fig. 4F). As seen, cellular
volumes and fluorescence intensities remain closely relevant
and consistent from both channels in the control group
(Fig. 4G). Fusion efficiency was quantified by calculating the
volumetric intersection between two fluorescent channels
relative to the total volume of identified cell clusters. As seen,
the controls exhibited an averaged fused cell ratio at 3.7%,
while the PEG-treated group showed a significantly elevated
ratio of 40.2 + 1.1% (Fig. 4H). Correspondingly, the
experimental group showed higher 3D normalized cross-
correlation (NCC) values between the overlapping regions of
both channels (0.76 + 0.08) compared to the control group
(0.68 + 0.12), suggesting a greater extent of true cellular
fusion rather than mere structural proximity or clustering
(Fig. 41I). Moreover, the cell volume increased markedly after
fusion by more than 3 times, from an average of 1123.5 um’®
and 1172.4 um® in the green- and red-fluorescence control
groups, respectively, to 3873 um?® in the fusion group (p <
0.001), indicating close membrane contact and cytoplasmic
integration with PEG-mediated treatment (Fig. 4]). These
results highlighted the capability of LFC-plus to capture and
quantify complex cell-cell interactions with volumetric and
populational precision, offering a powerful tool for
investigating dynamic cellular processes relevant to
biomedical research and therapeutic development.

Capturing stiffness-dependent cell flow dynamics in curved
channels

Understanding stiffness-dependent cell distribution in flow is
critical for both mechanobiology and clinical diagnostics, as
cellular stiffness is closely linked to pathologies such as
atherosclerosis, stroke, and cancer progression.46 Curvilinear
microfluidic channels have been widely adopted to model
vascular geometries and study vasculopathy,”” as well as to
enable high-throughput cell sorting via inertial migration
and secondary Dean flows.*®*® However, most experimental
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Fig. 4 Volumetric imaging and quantification of PEG-mediated cell fusion. (A) Experimental workflow. Jurkat cells were labelled with MitoTracker
Green or MitoTracker Red and combined to form the control group. For the experimental group, labelled cells were fused via PEG treatment. (B)
Representative elemental images in the control (left) and PEG-treated (right) groups. The control shows spatial separation between channels, while
the fusion group exhibits strong colocalization, indicating cytoplasmic mixing. (C and D) Maximum intensity projections of the 3D reconstructed
volumes of the control (C) and PEG-treated (D) groups in the x-y and y-z views. (E and F) 3D views of the boxed regions (i-iv) in (C and D). (G)
Density-coloured scatter plot of mitochondrial fluorescence intensity versus volume for green and red channels in the control group. (H) Density-
coloured scatter plot of intersection volume versus intersection-over-union (loU) ratio for control and PEG-treated groups. (I) Scatter plot of 3D
normalized cross-correlation (NCC) peak values versus loU ratio, distinguishing true fusion from clustering artifacts. (J) Comparison of
mitochondrial volumes in each channel for control, unfused, and fused cells. The fused group shows a significant increase in volume compared

with both control and unfused groups (***p < 0.001), revealing increased volume post-fusion. Scale bars: 10 um (B), 100 um (C and D).

observations of secondary flow dynamics remain restricted to
2D cross-sections obtained through microscopy®® or
simulations.”® Moreover, the influence of cellular mechanical
heterogeneity on 3D secondary flow behavior remains
underexplored, mainly due to the lack of depth perception of
conventional cytometric platforms.

Here, we designed and fabricated an S-shaped microfluidic
channel with a square cross-section of 200 um x 200 pm, and
a bend length of 800 um per half-period (Fig. 5A). Numerical
simulations predicted that rigid cells experience stronger
shear-gradient lift forces and migrate toward the periphery,
whereas deformable cells remain nearer the centreline
(Fig. 5B).”” To model this stiffness contrast, live (compliant)
and heat-treated (stiff) HeLa cells were differentially labelled,
mixed, and introduced at a constant pressure of 20 mbar with
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a flow rate of 15 uL min™" (Fig. 5C and D and Movie S6).>> For
visualization, time-lapse 3D reconstructions averaged 100
time points over 1 second revealed pronounced peripheral
accumulation of stiff, dead cells, while live cells preserved
central streamlines and showed minimal corner-induced
aggregation (Fig. 5E-G). Owing to centrifugal forces, the bulk
velocity profile was observed to shift toward the outer wall,
producing a slightly higher peak speed with respect to the
inner wall (Fig. 5H and I and S11). Furthermore, dead cells
displayed enlarged nuclear volumes, consistent with swelling
typically associated with cell death (Fig. 5]J). This behaviour
was noticed in contrast to the more uniform distribution of
live cells, as revealed in the axial trajectories (Fig. 5K and L).
Longitudinal density plots accumulated over 1000 frames (10
s) exhibited patterns consistent with classic Dean vortices,

This journal is © The Royal Society of Chemistry 2026
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Fig. 5 Imaging stiffness-dependent cell flow dynamics in curved channels. (A) Custom-designed (top) and fabricated (bottom) S-shaped PDMS
microfluidic channels with three turns and a square cross-section (200 um in width and depth). (B) Top: Distribution of cells in a curved
microchannel. Stiffer cells (blue) tend to marginate toward the wall, while more deformable (normal) cells (red) remain closer to the centreline due
to differential inertial lift effects. Bottom: Schematic of inertial and viscoelastic migration. Cells experience wall-induced lift force (Fy,) and shear-
gradient lift force (Fs ). Stiffer cells produce stronger asymmetric flow disturbances, increasing Fs, and promoting margination toward channel
walls. More deformable cells experience reduced lift and remain near the centreline. (C) Wide-field fluorescence image of SYTO16-labeled Hela
cells flowing through the curved channel. The dashed line marks the centreline. (D) Bright-field image of live and heat-treated (dead) Hela cells
stained with trypan blue. (E-G) Time-averaged maximum intensity projections over 1 s (100 frames) showing SYTO16-labeled nuclei of all cells (E,
magenta), cytoplasm of dead cells expressing Live-or-Dye 594 (F, cyan), and their merged volume (G). The inset shows the 3D view. The arrows
indicate margination of dead cells. (H) Tracked trajectories of individual nuclei over 10 s at 10 ms intervals, color-coded by instantaneous velocity.
(1) Scatter plot of nuclear speed versus lateral position across the cross-section, showing increased velocities near the outer wall. (J) Quantification
of nuclear volume for live versus dead cells, indicating swelling in the latter. (K) Schematic of convex and concave channel sides. (L and M) Color-
coded trajectory density maps in 3D. (L) Shows lateral x-y cross-sections at three varying depths in z; (M) shows y-z cross-sections at varying
positions in x, showing cell displacement consistent with counter-rotating secondary flows. Scale bars: 100 um (C, E-H, L and M).

despite a relatively low Reynolds number of 1.25 and Dean
number of 1.77 (Text S3), evidenced by two lateral density
peaks corresponding to counter-rotating secondary flows and
shifts in trajectory peak positions as the channel curvature
evolves (Fig. 5M). Notably, dead stiff cells remained confined
to one side with limited lateral displacement, whereas live
cells traversed the vortex field, populating a wider cross-
sectional distribution. These observations underscore the
potential extension of LFC-plus for elucidating how cell
mechanics and secondary flows jointly govern cellular
transport, with implications for vascular pathology and
mechanobiology.”***

This journal is © The Royal Society of Chemistry 2026

Conclusions

In summary, the LFC-plus platform offers a promising
solution to the long-standing trade-offs between throughput,
volumetric resolution, and spectral multiplexing that have
impeded the adoption of IFC. LFC-plus enables high-
throughput, multiparametric single-cell with
volumetric capability and subcellular resolution via standard
epi-fluorescence settings. The results validated LFC-plus in a

analysis

diverse range of biological and clinically relevant contexts
with rich content and high statistical power. LFC-plus can be
further probes,”>™”  optical

enhanced with novel and
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instrumental configurations,>®! super-resolution
imaging,®*"® and computational frameworks.®>*® The epi-

fluorescence platform adopted by LFC-plus offers feasible
integration to support broad biomedical discoveries with
scalable model organisms,”® high-throughput screening,” 3D
cell culture, organ-on-a-chip,”> and spatial-resolved
transcriptomics.”*”* We anticipate that LFC-plus will serve as
a powerful paradigm for elucidating the fundamental and
translational biological systems beyond current optofluidics
limits.

Material and methods
LFC-plus setup

The Fourier light-field microscopy system (Fig. S1 and Table S1)
was equipped with a water-dipping objective lens (CFI75 LWD
16x/0.8NA W, Nikon) for a long working distance and a large
imaging FOV.*® Samples were epi-illuminated by two single-
color cold-visible mounted light-emitting diodes (LEDs), peaked
at 470 nm (M470L5, Thorlabs) and 590 nm (M590L4, Thorlabs),
simultaneously. Two achromatic doublets (AC254-200-A-ML and
AC254-400-A-ML, Thorlabs) were inserted between the objective
lens and the LED to form Kohler illumination. The fluorescence
emitted from the sample was collected by the objective lens and
was filtered by the dichroic mirror (ZT 405/488/594rpc-UF2, 50.8
mm x 72 mm x 2 mm, Chroma) and a corresponding emission
filter (ZET 488/594 m, 50 mm diam, Chroma), then divided by a
50:50 plate non-polarized beam splitter (#35-947, Edmund
optics, diced into 72.5 mm x 50 mm x 1 mm) into two paths: a
wide-field path focused by a tube lens (TTL200-A, Thorlabs; fi;, =
200 mm) and recorded by an sSCMOS camera (Zyla 4.2, Andor;
pixel size, 6.5 um), and a light-field path focused by a 300 mm
tube lens (AC508-300-A-ML, Thorlabs) on the native image plane
(NIP), then Fourier transformed with a 200 mm Fourier lens
(AC508-200-A-ML, Thorlabs) and focused by a customized
microlens array (fya = 30 mm, pitch size = 3.3 mm, diced from
planoconvex lens of 20 mm diameter round by Edmund optics).
The signals were filtered by corresponding customized micro
filters (3.3 mm x 3.3 mm x 1 mm, ET520/40 m for GFP channel,
ET632/60 m for mCherry, Chroma) to form an array of two-color
images, which were captured on a second sCMOS camera
(ORCA-Flash-4.0 v3, Hamamatsu, pixel size, 6.5 um) at a full-
sensor frame rate of 100 Hz.

Fabrication of customized microfluidic chips

Customized microfluidic chips, including a straight channel
(cross-sectional area of 1000 um x 350 um) and an S-shaped
curved channel, were fabricated. First, the 3D mold was
designed in SolidWorks and printed using the BMF
microArch S140 3D Microfabrication System in Georgia Tech
Biocleanroom. The mold was coated with trichlorosilane
(448931, Sigma-Aldrich) via overnight vacuum evaporation. A
PDMS base and curing agent mixture (10:1 ratio, Silicone
elastomer kit, Sylgard™ 184, 24236-10, VWR) was then
prepared and poured onto the coated mold, placed on
aluminum foil. Then, a vacuum desiccator (Sigma-Aldrich,
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7119008, Scienceware®) was used to remove the bubbles
from the PDMS mixture, which was then cured on a hot plate
at 80-90 °C for 2-4 hours. The PDMS chip was peeled off the
mold after cooling. Holes were punched into the PDMS chip,
and the debris was cleaned with an air compressor. Finally,
oxygen plasma treatment was applied to activate the surfaces,
enabling strong, permanent bonding between the PDMS and
the coverslip.

Flow cytometer and microfluidic preparation

The microfluidic setup (Fig. S1) consists of a single-channel
microfluidic flow controller (OB1, MK3+, Elveflow), a
microfluidic flow sensor (MFS4, Elveflow), microfluidic chips
(10000831, ChipShop), microfluidic reservoirs (LVF-KPT-M-2,
Darwin Microfluidics), a syringe (BD-PLSTPK-LL-01, Darwin
Microfluidics), and a waste tank. Before the experiments, the
reservoirs were filled with deionized (DI) water. During the
experiments, Valve 1 (pump side) was opened to flush the
chip with DI water, cleaning the channels before
measurements. The valve was then closed, and Valve 2
(syringe side) was opened to inject samples into the tubing
and microfluidic chips using a syringe. Injection was stopped
once the cells were visible within the FOV of the microscope.
Finally, Valve 2 was closed, and Valve 1 was reopened,
allowing the sample to be pushed with DI water at the rate
controlled by the microfluidics controller and the flow
Sensor.

Cytometric imaging acquisition

Time-lapse images were captured at 100 Hz using HClmage
Live 4.5.0.0 once the cells appeared in the FOV. Stroboscopic
illumination from both LEDs was implemented to minimize
the motion blur of cells, with an exposure time as short as
100 ps. The LEDs were synchronized with the sensor to
ensure illumination occurred within the camera's exposure
time.

Model-based correction of sCMOS-related noise

A fluorescence microscopy noise-correction method designed
for sCMOS cameras®® was applied to the raw elemental
images to enhance the signal-to-noise ratio compromised by
the short exposure time of stroboscopic illumination. First,
the noisy input image was rescaled using pixel maps of offset
and gain. Next, the noise variation was estimated from the
intensity distribution of a high-pass-filtered image, with the
threshold set at the optical transfer function (OTF) boundary
determined by the instrumental parameters. This estimated
variation was then used as a parameter for sparse denoising,
where each reference patch was grouped with similar patches
into a 3D array, and collaborative Wiener filtering was
performed using a 3D transform.”” Due to the similarity
among patches, the 3D transform provides a sparser
representation of the original patches than the 2D
transforms. Finally, the aggregation procedure returns the
denoised patches to their original locations.

This journal is © The Royal Society of Chemistry 2026
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Preparation and staining of mixed HeLa and Jurkat cells

HeLa cells (93021013, Sigma-Aldrich) were cultured in
Dulbecco's modified Eagle medium (DMEM) supplemented
with 10% fetal bovine serum (FBS) and 1% Penicillin-
Streptomycin (Pen-Strep) at 37 °C in a 5% CO, atmosphere.
On the imaging day, the cells were detached with trypsin-
EDTA, washed, and suspended in a solution containing 3 mL
modified DMEM, 10 puL SYTO 16, and 150 puL WGA 594 to
stain the nucleus and membrane, respectively. After a 30-
minute incubation, the cells were washed with 3 mL of
phosphate-buffered saline (PBS) by centrifugation at 300 x g
for 5 minutes and resuspended in 0.5 mL of PBS. Meanwhile,
Jurkat T cells (#88042803, Sigma-Aldrich) were cultured in
RPMI supplemented with 10% FBS and 1% Pen-Strep at 37
°C and in a 5% CO, environment. On the day of imaging, the
cultured cells were centrifuged and resuspended in 3 mL
RPMI containing 10 uL SYTO 16 and 150 uL WGA 594. The
cells were incubated for 30 min, then washed with 3 mL
phosphate-buffered saline (PBS) in a centrifuge at 300 x g for
5 min. The cells were resuspended in 0.5 mL PBS and mixed
with the HeLa cells at a 1:1 ratio for imaging.

Cell cycle shift in chemotherapy-treated lung
adenocarcinoma cells (H460) and staining

H460 cells (purchased from ATCC) were cultured in RPMI
supplemented with 10% FBS and 1% Pen-Strep at 37 °C and
in a 5% CO, environment. The control group was split 48
hours before imaging, while the experimental group received
20 uM etoposide for the same duration. After 48 hours, both
groups of cells were rinsed with PBS, detached using trypsin-
EDTA, and fixed with 4 mL of 4% paraformaldehyde (PFA) for
10 minutes. The fixed cells were then washed with 3 mL
phosphate-buffered saline (PBS) by centrifugation at 300 x g
for 5 minutes, and resuspended in 2 mL PBS containing 100
pL PI and 100 puL RNase to stain DNA. The samples were
stained at room temperature in the dark for 30 minutes
before imaging. High-resolution wide-field images were
acquired immediately after light-field cytometric imaging
using a 16%, 0.8 NA objective under the same suspension
conditions, serving as a reference for comparison (Fig. S9).

PEG-mediated fusion of Jurkat cells and staining

On the day of imaging, Jurkat cells were centrifuged,
resuspended in 2 mL RPMI containing 2 pL of MitoTracker
Red or MitoTracker Green, and incubated for 30 minutes for
the experimental group. The cells were then washed twice
with 3 mL phosphate-buffered saline (PBS) by centrifugation
at 300 x g for 5 minutes. Labeled cells were co-plated at a
ratio of 1:1 red-to-green and treated with 50% PEG 1500/
RPMI for 2 minutes to induce cell-cell fusion.”® The treated
cells were washed with PBS using the same centrifugation
steps. For the control group, Jurkat cells were labeled with
MitoTracker Red or MitoTracker Green at the same
concentration as the experimental group, washed twice with
PBS, and then mixed for imaging.

This journal is © The Royal Society of Chemistry 2026
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Preparation and staining of live and dead HeLa cells in a
curved channel

HeLa cells were cultured as described above. On the day of
imaging, HeLa cells were rinsed with PBS, detached using
trypsin-EDTA, and divided into two parts. One group was
subjected to heat treatment at 60 °C for 3 hours to induce
necrosis. Live HeLa cells were stained with 10 uL SYTO 16 to
label nuclei and 10 pL Live-or-Dye 594 (cell membrane
impermeant dyes that selectively stain dead cells) in 2 mL
DMEM to label the cytoplasm. The cells were incubated for
30 minutes. Dead HeLa cells were labeled with the same
reagents in 2 mL PBS at 4 °C for 30 minutes. After the
staining, live and dead HeLa cells were washed with PBS by
centrifugation and mixed at a 1:1 ratio in 1 mL PBS for
imaging. 0.5 pL of 0.4% Trypan Blue solution was mixed with
0.5 pL of PBS, then diluted 1:100 into 100 pL of cell
suspension, loaded into a hemocytometer, and examined
under a standard Nikon bright-field microscope to assess cell
viability.
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