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ABSTRACT: We present an ultrahigh-throughput, real-time
fluorescence cytometer comprising a viscoelastic microfluidic
system and a complementary metal—oxide-semiconductor
(CMOS) linear image sensor-based detection system. The flow
cytometer allows for real-time quantification of a variety of
fluorescence species, including micrometer-sized particles and cells,
at analytical throughputs in excess of 400,000 species per second.
The platform integrates a custom C++ control program and
graphical user interface (GUI) to allow for the processing of raw
signals, adjustment of processing parameters, and display of
fluorescence intensity histograms in real time. To demonstrate
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the efficacy of the platform for rare event detection and its utility as a basic clinical tool, we measure and quantify patient-derived
circulating tumor cells (CTCs) in peripheral blood, realizing that detection has a sensitivity of 6 CTCs per million blood cells

(0.000006%) with a volumetric throughput of over 3 mL/min.
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Liquid biopsy, an emerging tool in modern oncology, is in
principle a minimally invasive diagnostic method for the
identification and isolation of circulating tumor biomarkers in
various bodily fluids." The most investigated biomarkers in
liquid biopsies are circulating tumor cells (CTCs), extracellular
vesicles (EVs), and cell-free nucleic acids.” It is well recognized
that the enumeration of CTCs is correlated with cancer
progression3 and metastasis’ and, as such, is an important
biomarker for the early diagnosis, monitoring, and prognosis of
the disease. CTCs were first discovered in patients with breast,
lung, pancreatic, prostate, liver, and colon cancers 150 years
ago.”® Unsurprisingly, CTC detection can significantly impact
not only the early detection of cancer but also its clinical
treatment and management.”® Unfortunately, CTCs are
extremely rare in number when compared to other cells in
whole blood, being found in quantities as low as 1—10 CTCs
per billion blood cells.” Accordingly, the development of
quantitative tools for CTC detection is immensely challeng-
ing.'"” A number of different microfluidic tools for CTC
detection have been reported in recent years. These include
techniques centered on size-based filtration," "
netic enrichment,"'* or antibody immobilization.
However, almost all of these techniques require an initial
enrichment step to enhance sensitivity. Additionally, fluo-
rescence imaging techniques used for CTC detection generally
take long time periods and require manual confirmation of
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detected CTCs.'”"® In this regard, it is important to note that
flow cytometry (FC) can be used to detect CTCs.'”*"

FC is a high-throughput technique for probing single cells
based on their physical and chemical characteristics, and thus
in principle could be used in liquid biopsy applications to
detect CTCs.”' It is widely recognized as the gold standard
method for quantifying the number, size, size distribution,
shape, and morphology of cells within large and heterogeneous
populations.”” In its simplest embodiment, a flow cytometer
consists of a hydrodynamic system to focus cells into a single
file, an optical detector, and a signal processing system.
Integration of all three components enables a large number of
cells to be focused and interrogated with electromagnetic
radiation of various wavelengths. Typically, forward scatter,
side scatter, and fluorescence signals generated by cells as they
transit the optical probe volume are detected using photo-
multiplier tubes (PMTs) or avalanche photodiodes (APDs)>
and converted to electronic signals. Quantitative information
regarding cell size, population size distribution, granularity,
shape, and cell content is then extracted and used to
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characterize the sample under study. In conventional FC, cells
are focused into a single file by enveloping the sample stream
inside a rapidly moving sheath fluid, with volumetric flow rates
typically varying between 10 and 100 #L/min for the sample
and between 100 and 700 xL/min for the sheath flow. Such
flow rates allow the processing and analysis of cells at rates
between 10,000 and 50,000 events/s, depending on sample
concentration.”* Despite the fact that FC is highly efficient at
enumerating large numbers of cells in short periods of time,
conventional flow cytometers are bulky, costly (to both
purchase and run), and commonly require a trained specialist
for operation.”> These features mean that FC is normally
performed within a dedicated (central) facility, and although
portable flow cytometers do exist,”® FC is rarely used as an
analytical tool outside of the lab, for example, in resource-
limited settings where its use in clinical diagnostics would be
invaluable. Additionally, most commercial flow cytometers are
unsuitable for the detection of CTCs, due to their low
operational volumetric throughput rates, typically between 10
and 100 uL/min”” In addition, sample processing times,
including pre-enrichment steps and acquisition, can be
excessively long, taking more than 24 h per sample.”®

In recent years, microfluidic-based flow cytometers have
been used to quantify both particle and cellular populations.””
Compared to their conventional counterparts, microfluidic
flow cytometers have several advantageous features, including
reduced reagent consumption, portability, and lower unit
costs.”’ Importantly, they can also be integrated with other
microfluidic devices to automate FC workflows, including
sample preparation processes, such as antibody incubation and
cell staining.’" All these features point toward a new generation
of portable yet powerful and simple-to-use flow cytometers for
point-of-care or in-the-field applications. Additionally, it should
be noted that microfluidic flow cytometers can operate at
exceptionally high throughput by taking advantage of both
hydrodynamic (e.g, inertial) effects’® and parallelization.*
This means that in principle, microfluidic cytometers can be
used to quantify rare cells within large heterogeneous
populations; a task that typically takes unacceptably long
processing times using commercial flow cy‘cometers.27 Many
microfluidic cytometers mimic conventional flow cytometers in
terms of their structure and operation, with cells being focused
on a single file using a sheath flow.’*”* Sheath flows are useful
at both focusing cells into flow in a narrow core stream and
reducing the possibility of multiple cells entering the detection
area at the same time. Such coincidences occur when two or
more cells occupy (or partially occupy) the detection volume
simultaneously,”® and lead to convoluted signals. While sheath
flows are effective in aligning cells, they involve complex fluidic
control operations and consume significant amounts of sheath
fluid. This not only dilutes the particle or cell concentration
(thus limiting analytical throughput) but also drastically
increases the reagent costs. Accordingly, “sheathless” cell
focusing methods have attracted interest. For example,
dielectrophoretic forces can be used to manipulate and focus
dielectric particles through the application of nonuniform
electric fields.”” Although dielectrophoretic focusing has been
shown to be valuable in enriching particles or cells,
dielectrophoretic systems are complex to both fabricate and
control and operate at relatively low analytical throughputs.*®
Acoustic actuation can also be used to focus cells within chip-
based flow cytometers. Here, cells are driven toward pressure
nodes or antinodes depending on the relative compressibility
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of the cell and suspension medium.” Acoustic focusing can be
achieved by actuating a piezoelectric material with traveling
surface acoustic waves (TSAWs)* or standing surface acoustic
waves (SSAWs).*' Acoustic particle manipulation has many
desirable features, such as being label-free, noncontact, and
biocompatible. However, acoustic components comprise
complex electrode geometries and sophisticated control
equipment. Accordingly, to address the aforementioned issues,
inertial and elasto-inertial microfluidic systems have been used
for single-cell focusing. Such approaches are desirable since
they operate in a passive and high-throughput manner and
only require simple channel structures.*”~** The use of elasto-
inertial phenomena to focus and position cells is of particular
interest since efficient 3-D focusing of micron-sized species can
be achieved within simple microfluidic circuits at relatively low
flow rates.*”*® These features suggest that elasto-inertial
focusing holds great potential in realizing a new generation
of cost-effective, high-throughput, and portable flow cytom-
eters."”

Microfluidic flow cytometers leverage a variety of detection
approaches based on both electrical and optical signals.”"** Of
these, fluorescence-based detection methods are the most
popular. They are exquisitely sensitive and allow multiple
parameters to be analyzed simultaneously.”> Unsurprisingly,
laser-induced fluorescence (LIF) is a universally adopted
detection method in both commercial and chip-based flow
cytometers.”” LIF involves the excitation of (intrinsic or
extrinsic) fluorophores located within or on the surfaces of
cells. Fluorescence photons are subsequently collected using
integrated or free-space optics and detected using charge-
coupled devices (CCDs), APDs, or PMTs. In recent years,
CMOS image sensors have also been used in flow cytometers
due to their low cost, high-speed operation, and large fields of
view. To date, a number of microfluidic flow cytometers
incorporating fluorescence detection have been reported in the
literature. For example, Fan et al. reported a high throughput
multicolor fluorescence cytometer integrating sheath flow
focusing.”® The system includes a multilayer microfluidic
device able to perform parallel 3D flow focusing and
fluorescence detection in 32 channels with a maximum
theoretical throughput of 10° cells/s. Unfortunately, volumetric
throughput was limited to 0.33 mL/min. This means that a
concentration of 2 X 10® cells/mL would be required to realize
a throughput of 10° cells/s; an unfeasible concentration in
most biological assays. Additionally, Zhao and colleagues
developed a fluorescence counting method for CTC screening
in blood.” Here, peripheral blood was directly labeled with
multiple antibodies (conjugated to different fluorophores),
pumped through a microfluidic channel, and interrogated via
line-confocal fluorescence microscopy. Multiple APDs were
subsequently used to detect CTCs at concentrations ranging
from 15 to 3375 cells per 1 mL of whole blood. Despite its
utility, the maximum volumetric throughput in this system was
80 yL/min, a value insuflicient for processing large volumes of
blood samples. Many other fluorescence-based microfluidic
cytometers rely on the use of conventional microscopes
coupled to high-speed cameras®' or complex optical detection
systems.”” In addition, lens-free holographic on-chip cytom-
eters while being simple in construction®”>* have generally
been applied to the analysis of static suspensions and involve
significant computational processing, thus limiting analytical
throughput.”® Accordingly, there remains an unmet need for
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Figure 1. RTCS. (a) Schematic of the RTCS, incorporating a microfluidic device for passive focusing of cells using a viscoelastic fluid, a 488 nm
laser, a 4X/0.13 N.A. objective, a 530 nm emission filter with a dichroic mirror (470—490 nm reflection/508—67S nm transmission bands) and a
CMOS linear image sensor with the readout circuitry for acquiring and transferring frame data. (b) Screenshot of the real-time signal processing
and quantification program. The custom-written program (developed in C++) can acquire and process raw sensor data and display intensity

histograms in real time and at a rate of up to 400,000 events/second.

portable, easy-to-use, and high-throughput systems for real-
time fluorescence FC.

To this end, we present a microfluidic flow cytometer for
quantitative analysis of large populations of cells and particles.
Our real-time fluorescence counting system (RTCS) consists
of a planar microfluidic device, a CMOS linear image sensor, a
simple optical setup for light collection and control electronics
(Figure 1). In brief, cells are passively manipulated and focused
to a single plane within a microfluidic channel using elasto-
inertial forces and subsequently imaged using a CMOS sensor.
Fluorescence signals are acquired using a commercial readout
circuit and processed in real time using a custom-written C++
program. The presented system offers new opportunities for
the real-time and sensitive quantification of large populations
of fluorescence particles and cells.

B MATERIALS AND METHODS

Design and Fabrication of the Microfluidic Device. The
microfluidic device integrates a rectangular cross-section micro-
channel that is 50 mm long, S mm wide, and 50 ym deep. Such a low
aspect ratio, rectangular cross-section microchannel allows for the
focusing of cells (with a mean diameter of 12 ym) in the image
plane.*” Channel designs were drawn using AutoCAD 2019
(Autodesk, San Rafael, USA) and printed onto photolithographic
masks (Micro Lithography Services Ltd., Chelmsford, UK). Standard
photolithographic techniques were used to fabricate an SU-8 master
mold. First, the SU-8 2010 photoresist (Micro Resist Technology,
Berlin, Germany) was spin-coated onto a § in. diameter silicon wafer
(Siegert wafer GmbH, Aachen, Germany). A spin speed of 2000 rpm
resulted in a 25 pm thick resist layer. The spin-coated wafer was
baked on a 65 °C hot plate for 1 min and a 95 °C hot plate for 4 min.
Then, channel patterns in the mask were transferred to the wafer via
exposure to UV radiation for 30 s. After exposure, the wafer was
baked on a 95 °C hot plate for 4 min to facilitate cross-linking of the
exposed SU-8 photoresist. The patterned structures were developed
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in an mr-Dev 600 Developer solution (Micro Resist Technology,
Berlin, Germany), allowing the removal of the unexposed resist.
Finally, the wafer was rinsed with isopropyl alcohol and water,
followed by drying using pressured air. The fabricated mold was hard-
baked on a 150 °C hot plate for 10 min.

Microfluidic devices were fabricated by using standard soft
lithography methods. First, the mold was placed into a desiccator
containing chlorotrimethylsilane (Sigma-Aldrich, Buchs, Switzerland)
for 2 h at a pressure of 150 mbar. A PDMS mixture was then prepared
using a 10/1 (w/w) ratio of PDMS base to curing agent (Sylgard 184,
Dow Corning, Midland, USA). This mixture was poured onto the
mold, degassed in the desiccator for 30 min, and cured overnight in an
oven set at 70 °C. The cured PDMS was then peeled off the mold,
and individual devices were formed by dicing. Inlet and outlet ports
(0.76 mm diameter) were opened by using a hole puncher (Syneo,
West Palm Beach, USA). Devices were bonded to planar glass slides
(Menzel-Glaser, Braunschweig, Germany) after exposing all surfaces
to an oxygen plasma (EMITECH K1000X, Quorum Technologies,
Laughton, United Kingdom) for 1 min. Finally, bonded devices were
left on a hot plate at 120 °C for 2 h to strengthen the bond.

Cell Preparation. HEK293T Flp-in T-REX cells expressed with a
stably integrated mNeonGreen transgene (293T Flp-in T-REX
mNeonGreen from Dr. B. Mateescu, University of Ziirich) were
cultured in DMEM medium (Life Technologies, Zug, Switzerland),
supplemented with Glutamax (Life Technologies, Zug, Switzerland),
10% (v/v) fetal bovine serum (FBS, Life Technologies, Zug,
Switzerland), and 1% (v/v) penicillin—streptomycin (10,000 U/mL,
Life Technologies, Zug Switzerland) at 37 °C and 5% CO, (New
Brunswick Galaxy 170 S, Eppendorf, Schonenbuch, Switzerland). All
experiments were performed on cells in their exponential (log) phase
of growth. Two days before experiment, 6 million cells were seeded in
a 10 cm diameter plate in the presence of 2 pg/mL doxycycline
(Sigma-Aldrich, Buchs, Switzerland) to induce expression of the
mNeonGreen protein. Afterward, adherent cells were trypsinized, and
the corresponding cell suspension was washed once in PBS.

The human glioblastoma cell line, LN229, was cultured in DMEM
medium (Life Technologies, Zug, Switzerland) supplemented with
10% FBS at 37 °C in a humidified atmosphere with 5% CO,. Cells
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Figure 2. Characterization of RTCS throughput using 10 gm fluorescent beads. Fluorescent bead signals were recorded with the RTCS at
concentrations of (a) 10% (b) 2 X 10° and (c) 4 X 10° beads/mL. Plots represent single-pixel readings of the CMOS image sensor as a function of
time. (d) Single frame acquisition at a concentration of 5 X 10° beads/mL, highlighting significant overlap between the detected events. (e)
Maximum RTCS throughput as a function of bead concentration between 10° and 4 X 10° beads/mL. Data points represent the average of three
measurements. Error bars representing one standard deviation (N = 3) are smaller than the data symbols. (f) CV of intensity as a function of bead
concentration. The dashed line reports the CV of intensity as measured using conventional FC. For bead concentrations higher than 1 X 10°
beads/mL, the conventional flow cytometer does not provide accurate enumeration due to the occurrence of coincidence events, and thus, CV
values cannot be obtained for the concentrations higher than 1 X 10° beads/mL. Data points represent the average of three measurements and
error bars representing one standard deviation (N = 3) are smaller than the data points. The range of CV values (21—21.5%) at different bead
concentrations is consistent with CV values measured using a commercial flow cytometer (22%).

were harvested by brief exposure to 0.25% trypsin/1 mM ethyl-
enediaminetetraacetic acid (EDTA) (Thermo Fisher Scientific,
Reinach, Switzerland). The cells were washed with 0.1% bovine
serum albumin (BSA)/phosphate-buffered saline (PBS) and treated
with 1 yg/mL Alexa Fluor 488 antihuman EGFR Ab (Biolegend, San
Diego, USA) for 30 min at 4 °C and then washed with PBS.
Fluorescence data were analyzed using a CytoFlex flow cytometer
(Beckman Coulter, Pasadena, USA).

Optical Setup and Data Acquisition. The optical detection
system consisted of an Eclipse Ti-E inverted microscope (Nikon,
Zurich, Switzerland), integrating a motorized stage (Mad City
Laboratories, Maddison, USA). 488 nm laser light (Coherent Genesis
MX, Glasgow, UK) was focused into the microfluidic channel as a 15
pm-wide light sheet (similar to the average diameter of the cells under
study) using a cylindrical lens (LJ1SS8RM-A, Thorlabs, Liibeck,
Germany). Fluorescence photons were collected via a 4X/0.13 N.A.
objective (Nikon, Zurich, Switzerland), passed through a 530 nm
bandpass filter (F37-520, AHF, Tubingen, Germany) to reject the
excitation light, and focused by a tube lens onto an S11639 CMOS
linear sensor (Hamamatsu, Solothurn, Switzerland). An S13570 data
acquisition printed circuit board (Hamamatsu, Solothurn, Switzer-
land) was used as a readout circuit. Acquired data were transferred to
a PC via a USB 2.0 interface and processed with a custom-developed
program written in C++ (Microsoft Visual Studio 2019) (Figure 1).

Microfluidic Device Operation. Bead and cell suspensions were
prepared at various concentrations (10°~107 beads/mL and 5 X 10°—
3 x 10° cells/mL, respectively) and loaded into 10 mL syringes
(Hamilton Laboratory Products, Reno, USA). Suspensions were
delivered into the microfluidic device using a precision syringe pump
(neMESYS, Cetoni, Korbuflen, Germany) at volumetric flow rates of
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3 and 6 mL/min. The microfluidic device was placed on a motorized
xy translation stage (Mad City Laboratories, Maddison, USA) to
facilitate observation.

Viscoelastic polyethylene oxide (PEO) solutions were used to focus
cells and beads at the image plane in a sheathless manner. When using
viscoelastic carrier fluids, both inertial and viscoelastic forces control
cell/particle migration. Specifically, two hydrodynamic forces (the
elastic force and the inertial lift force) act on contained species and
can be used to control particle trajectories. If the elastic and inertial
forces are comparable, a 3D cell focusing at or near the channel
centerline can be achieved. A detailed analysis of elasto-inertial
focusing in such environments is provided elsewhere.*”*® A stock
solution of 1 MDa PEO (Sigma-Aldrich, Buchs, Switzerland) at a
concentration of 10,000 ppm was prepared in Dulbecco’s phosphate-
buffered saline (DPBS, Life Technologies, Zug, Switzerland) and aged
at room temperature for a month to enhance solution stability. For
FC experiments, the stabilized PEO solution was diluted with DPBS,
resulting in a final PEO concentration of 1000 ppm. Cell suspensions
were mixed with 20% v/v OptiPrep Density Gradient Medium
(Sigma-Aldrich, Buchs, Switzerland) to minimize cell sedimentation.

The maximum accessible frame rate of the CMOS sensor is 4000
frames/s and the horizontal field of view (FOV) of the sensor is 100
pm at 4X magnification. To ensure that each cell was imaged only
once in each frame, cells should have a velocity, v, equal to (FOV)/¢,
where t is the time between two consecutive frames. This time
equates to 0.25 ms at a frame rate of 4000 frames/s, thus yielding a
velocity of 0.4 m/s. This velocity corresponds to a volumetric flow
rate of 6 mL/min, assuming a rectangular cross-section microfluidic
channel. For experiments involving cells, longer exposure times were
used to increase signal-to-noise ratios, and thus, volumetric flow rates
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Figure 3. Optimization of the RTCS exposure time for the analysis of HEK cells at a concentration of 10° cells/mL. (a) Variation of HEK cell
concentration measured using the RTCS as a function of exposure times between 6 and 300 us. Exposure times above 100 us yield sufficient
sensitivity for detecting HEK cells. Concentrations measured with RTCS are in agreement with data extracted from conventional FC (horizontal
dotted line). Data points represent the average of three measurements, with error bars representing one standard deviation (N = 3). (b) CV of the
intensity as a function of exposure time between 6 and 300 ys. The CV value increases with exposure time up to 200 ys. Further increases in the
exposure time result in a lower CV due to the motion blur. Data points represent the average of three measurements and error bars representing
one standard deviation (N = 3) are smaller than the data points. (c) Representative intensity histogram of 56,501 HEK cells recorded for a period
of 1 s using a 200 us exposure time and a frame rate of 2000 frames/s.

were reduced to 3 mL/min to minimize motion blur. In this situation,
the camera frame rate was reduced to 2000 frames/s to match the
modified cell velocity of 0.2 m/s.

Real-Time Quantification. A custom program written in C++
using Microsoft Visual Studio 2019 was used to acquire and process
raw sensor data. The program integrates a GUI with several
functionalities, such as background acquisition, scaling of raw data,
and the ability to display intensity histograms in real time. Since the
excitation laser profile is not uniform across the channel cross-section,
a non-uniform background signal will be present (Figure Sla).
Accordingly, multiple signal processing operations are necessary to
scale the raw data and correctly detect fluorescence signals. First, a
background measurement was performed using the microfluidic
channel filled with a 3 4M fluorescein isothiocyanate (FITC) (Sigma-
Aldrich, Buchs, Switzerland) solution in DPBS. A cubic spline was
applied to the intensity versus pixel number data to suppress local
variations in the background signal (Figure S1b). These local
variations were caused by statistical fluctuations of photons sensed
at a specific exposure time and the dark current of the sensor. Scale
factors were then calculated for each pixel and saved for use in the
real-time detection algorithm. Sensor signals were then reconstructed
by subtraction of the background signal. Fluorescence intensity peaks
(associated with cells) were detected using a peak detection algorithm
with minimum peak-to-peak distance and peak amplitude constraints
(Figure S1c). The detected peaks were multiplied by the scale factors
derived from the background signal (Figure S1d). Finally,
fluorescence intensity histograms were displayed in real-time (with
other metrics such as throughput and cell concentration). The
exposure time, frame rate, and recording time are all adjustable via the
GUI, with the program processing up to 4000 frames in real-time and
saving 50,000 frames (corresponding to 12.5 s of recording time at
4000 frame/s).

B RESULTS AND DISCUSSION

Ultrahigh-Throughput Quantification of Fluorescent
Beads. To investigate the performance of the RTCS,
commercial 10 ym diameter fluorescent beads (FCO6F, PS/
DVB-COOH (480,520), Bangs Laboratories, Indianapolis,
USA) were used as model micron-sized species. Bead
experiments were conducted at concentrations between 10°
and 107 beads/mL. The average linear velocity of beads at a
volumetric flow rate of 6 mL/min was calculated to be 0.4 m/s.
Motion blur, D, can be simply defined as the product of shutter
speed, t, and bead velocity, v. In initial experiments, the
exposure time was maintained at 6 us, to minimize motion
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blur, but at the expense of reduced sensitivity. Under these
conditions, motion blur was calculated to be 2.4 um, which
ensures adequate peak-to-peak separation between adjacent
bead signals up to a concentration of 4 X 10° beads/mL
(Figure 2a—c). Bead concentrations were measured using both
the RTCS and a high-end flow cytometer (CytoFLEX,
Beckman Coulter, Nyon, Switzerland) (Figures S2 and S3).
As can be seen in Table S1, data collected using the RTCS at
concentrations lower than 4 X 10° beads/mL were consistent
with data obtained from conventional FC. The raw signals of
an individual RTCS pixel as a function of time are shown in
Figure 2a—c, with Figure 2d presenting raw signals from all
pixels captured in a single frame for a concentration of 5 X 10°
beads/mL. As the bead concentration increases from 10° to 4
X 10° beads/mL, the peak-to-peak separation of the intensity
signals decreases, with signal peaks beginning to overlap at
bead concentrations higher than 4 X 10° beads/mL (Figure
2d). This provides an upper concentration limit of 4 X 10°
beads/mL using the current RTCS platform. Figure 2e
presents analytical throughputs, as calculated from the intensity
histograms shown in Figure S3, for the various bead
concentrations. It can be seen that the RTCS exhibits a
maximum real-time throughput of approximately 400,000
beads/s; a 40-fold improvement over high-end commercial
flow cytometers, which can operate at throughputs of up to
10,000 cells/s at normal cell concentrations.”” It should be
noted that Fan et al,*” using an array of parallel channels and
sheath flow focusing, predicted an “extrapolated” throughput
of 1,000,000 cells/s (assuming concurrent operation of 32
parallel channels). That said, such an approach does not
provide for real-time quantification and a maximum volumetric
throughput of 0.33 mL/min is over 20 times lower than used
in the RTCS. Finally, the coefficient of variation (CV), which
defines the ratio of the standard deviation of fluorescence
intensities of cells to the mean signal intensity, provides an
excellent measure of relative variabilities in signal and is
therefore useful when comparing the precision and sensitivity
of different flow cytometers.”® Using our RTCS, CV values
(extracted from fluorescence intensity histograms) were
between 21 and 21.5%; values consistent with the CV (22%)
extracted from conventional FC (Figure 2f).
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Optimization of Exposure Time for Cellular Analysis.
After optimizing conditions for the high-throughput analysis of
micrometer-sized beads, the RTCS was used to assay
fluorescent human embryonic kidney (HEK) cells. HEK cells
have fluorescence quantum efficiencies significantly lower than
those of fluorescent beads, with appreciable variations between
individual cells. Accordingly, the exposure time was increased
to allow for the efficient detection of all HEK cells within a
heterogeneous population. Such an increase in exposure time
enhances the detection sensitivity but comes at the expense of
increased motion blur for a given flow velocity. To ensure
minimal blur, the applied volumetric flow rate was decreased to
3 mL/min. This ensured adequate peak-to-peak separation but
did reduce analytical throughput to approximately 75,000
cells/s. In initial experiments, the input cell concentration was
fixed to 10° cells/mL, a value representative of typical
concentrations used in a range of cell-based assays.”” The
exposure time was varied between 6 and 300 us, with
fluorescence intensity histograms being obtained at six
exposure times. As can be seen in Figure 3a, cell concentrations
measured using the RTCS were significantly different from
concentrations extracted from conventional FC measurements
when the exposure time was less than 100 us, due to low
sensitivity. However, for exposure times above 100 us, the
correspondence between the RTCS and FC data was excellent.
Based on both concentration measurements and CV data
(Figure 3b), 200 us was selected as the optimum exposure
time for cell experiments. A representative intensity histogram
for HEK cells over a period of one s and with a 200 us
exposure time is shown in Figure 3c.

Sensitivity Characterization. The sensitivity of a flow
cytometer can be assessed through its ability to quantify
different levels of fluorescence emission. To assess the
sensitivity of the RTCS, experiments were performed using
Quantum Alexa Fluor 488 MESF calibration beads (Bangs
Laboratories, Indianapolis, USA) that possess distinct and well-
defined fluorescence intensities. Bead fluorescence was
quantified in terms of MESF’® (molecules of equivalent
soluble fluorophores) units provided by the manufacturer.
Specifically, four different calibration bead populations were
used, with fluorescence intensities between 3179 and 333,766
MESF units (Figure S4a). Fluorescence intensities of the bead
populations were measured with the RTCS and used to
generate a calibration curve (Figure S4b) that reports RTCS
intensities against manufacturer-specified intensity values. An
excellent correlation between the experimental and manufac-
turer data is observed (R* = 0.9944). Significantly, the lowest
fluorescence intensity bead population (#1), having an MESF
unit intensity value of 3179, can be discriminated and clearly
identified after background subtraction (Figure SS). Accord-
ingly, a detection sensitivity of approximately 3000 MESF units
can safely be assigned to our RTCS. Such a detection limit is
signsigcantly lower than needed for almost all applications in
EC.

Quantification of CTCs. The most used platform for CTC
detection in clinical settings is the FDA-approved CellSearch
system (Menarini Silicon Biosystems, Bologna, Italy).
Detection relies on the expression of epithelial markers such
as EpCAM (Epithelial Cell Adhesion Molecule) and PanCK
(Pan-Cytokeratin) to capture and detect CTCs. Using this
concept, and to assess the utility of the RT'CS in CTC analysis,
we mimicked CTCs using mNeonGreen labeled HEK cells and
patient-derived human brain glioblastoma (LN229) cells
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labeled with Alexa Fluor 488 antihuman EGFR Ab, which
were spiked into ten times diluted blood. The LN229 cancer
cell was obtained from the University Hospital Zurich, and
chosen because it is recognized to be representative of CTCs
that can potentially be found in patients with brain
glioblastoma.>”

Blood samples were obtained from the Blutspende Zurich
blood donation center. Six different cell suspensions were
prepared by spiking HEK and LN229 cells into diluted blood
at the ratios of 1/10,000, 1/100,000, and 1/1,000,000
(fluorescent cells to red blood cells). Figure 4 presents
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Figure 4. RTCS time trace for HEK and human glioblastoma
(LN229) cells in diluted whole blood. Sensor readings for (a) HEK
cells and (b) LN229 cells spiked into diluted whole blood using a 200
us exposure time. Both samples were assayed for a period of 8 s, with
single cells being observed as distinct, high-intensity peaks being
above the noise level (3X the standard deviation) of the instrument.
The background signal is subtracted from raw sensor data, and
fluorescence intensity peaks of the individual cells are detected using
the RTCS.

fluorescence intensity time traces generated from diluted whole
blood containing HEK and LN229 cells at ratios of 1/10,000
over an 8 s time period. Single-cell events that correspond to
strong and weak fluorescence signals can be clearly observed.
CTCs are significantly more fluorescent than white and red
blood cells. Accordingly, to detect CTCs, a detection threshold
three times the standard deviation of the background signal
was used. It should be noted that the threshold value can be
fine-tuned depending on the sample under study. The numbers
of red blood cells and fluorescent cells in each sample were
additionally measured by conventional FC and are listed in
Tables S2 and S3.

Figure 5 summarizes both conventional FC and RTCS
analysis of the spiked HEK and LN229 cell suspensions. It can
be seen that both methods yield almost identical measures of
cell concentration under all conditions. However, it is critical
to note that in this comparative analysis, conventional FC was
performed at a flow rate of 60 yL/min (typical for normal
operation) and using a 1000X dilution factor (to prevent
cartridge blockage and coincident events detection). Signifi-
cantly, the RTCS is able to quantify CTCs as rare as 6 CTCs
per million red blood cells, using a volumetric flow rate of 3

https://doi.org/10.1021/acssensors.3c02268
ACS Sens. 2024, 9, 474—482


https://pubs.acs.org/doi/suppl/10.1021/acssensors.3c02268/suppl_file/se3c02268_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acssensors.3c02268/suppl_file/se3c02268_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acssensors.3c02268/suppl_file/se3c02268_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acssensors.3c02268/suppl_file/se3c02268_si_001.pdf
https://pubs.acs.org/doi/10.1021/acssensors.3c02268?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acssensors.3c02268?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acssensors.3c02268?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acssensors.3c02268?fig=fig4&ref=pdf
pubs.acs.org/acssensors?ref=pdf
https://doi.org/10.1021/acssensors.3c02268?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Sensors

pubs.acs.org/acssensors

a b
350 400
300 350
E E
S 250 15 300
3 8 250
~ 200 1
c c
S S 200
®© 150 1®
= = 150
8 100 {8
S S 100
(] (]
50 1 50
1:10000 1:100000 1:1000000 1:10000 1:100000 1:1000000
spiking ratio spiking ratio

Figure 5. Rare cell quantification using conventional FC and the RTCS. (a) HEK cells spiked into diluted blood at ratios of 1/10,000, 1/100,000,
and 1/1,000,000 measured by conventional FC (blue) and the RTCS (red). (b) Patient-derived CTCs (LN229 cells) spiked into diluted blood at
ratios of 1/10,000, 1/100,000, and 1/1,000,000 measured by conventional FC (blue) and the RTCS (red). The RTCS data show a close
correspondence to the FC data for all three spiking ratios. The height of each bar represents the average of three measurements, with error bars

representing one standard deviation (N = 3).

mL/min and a 10X dilution factor (Figure Sa). To put this
into context, using the microfluidic flow cytometer system
presented by Zhao and co-workers,” CTCs could be screened
at ratios as low as 2 cells per 1 mL of blood. However, the
volumetric throughput of this system was only 80 yL/min, a
value 40 times lower than the throughput achieved using the
RTCS. Due to the high volumetric throughput of 3 mL/min,
our RTCS is able to quantify CTCs contained in a 10 mL
blood sample in just S min, rather than a typical 24 h time scale
needed when using conventional FC or 18 h when using the
fastest microfluidic cytometer.

B CONCLUSIONS

To conclude, we have developed a real-time and ultrahigh-
throughput fluorescence cytometer. The system consists of a
linear CMOS image sensor with readout circuitry, an optical
system, and a real-time particle quantification program. The
program integrates a GUI able to acquire data, process
fluorescence signals from flowing cells, and display intensity
histograms in real time. Significantly, the RTCS is able to
operate at exceptional analytical throughputs, of over 400,000
beads/s and 75,000 cells/s. These values represent a 40-fold
and 7-fold improvement over high-end commercial flow
cytometers. Additionally, the maximum volumetric throughput
of the RTCS was 6 mL/min. This value is 60 times higher than
the maximum flow rates used in conventional FC and crucially
is high enough to enable rare cell analysis in blood within a few
minutes. The real-time quantification capability is a key
advantage of the RTCS when compared to other microflow
cytometers that utilize post-data analysis. To showcase the
utility of the RTCS in biological experimentation, CTC-spiked
blood samples were assayed and quantified in a high-
throughput manner, with the RTCS being able to detect
CTCs at levels as low as 6 cells per one million blood cells.
The sensitivity of the system was calculated to be 3190 MESF
units by using commercial calibration beads. Accordingly, the
RTCS allows for sensitive, high-throughput, and real-time
detection of fluorescent particles and cells. Moreover, the
system is simple to construct, easy to use, and applicable to
point-of-care diagnostic applications. To this end, the RTCS
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has great potential as a rapid diagnostic platform, especially in
resource-limited settings.
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