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ABSTRACT: Circulating tumor cells (CTCs) in peripheral blood serve
as valuable indicators of cancer progression and important biomarkers
for the early diagnosis and prognosis of the disease. Unfortunately,
CTCs are typically present at extremely low concentrations, and the
challenge of enriching and isolating rare cells is often insurmountable.
Herein, we present a fluorescence-based active cell sorting system
designed to isolate rare cells from peripheral blood. Our platform
is based on the principle of positive selection, where cell-surface
markers are specifically labelled with fluorescent antibodies, ranked by
aliquots, and subsequently sorted. The developed system comprises a
multilayer microfluidic device that incorporates 10 parallel channels
equipped with pneumatically actuated control valves. A one-dimensional
complementary metal-oxide-semiconductor image sensor integrated
with a field-programmable gate array enables real-time fluorescence detection across all channels, with the system processing 0.5 mL of
minimally processed whole blood per minute. The platform is validated by spiking cancer cells into 5-fold diluted, minimally processed
whole blood, at a ratio of 1:108 cancer cells to blood cells. Remarkably, after only three rounds of sorting, cancer cells are enriched by 8
orders of magnitude with a recovery rate exceeding 90%. To showcase the utility of the platform as a clinical tool, we assay clinical blood
samples from cancer patients, successfully isolating CTCs at an average concentration of 7.6 CTCs/mL. Such performance metrics
confirm immediate utility in the enrichment of CTCs and as a minimally invasive biopsy tool in clinical diagnostics and cancer research.
KEYWORDS: circulating tumor cells, fluorescence-based active cell sorting system, fluorescent antibodies, ensemble-decision aliquot ranking,
cancer cells

More than 90% of cancer-related deaths are caused by
cancer metastasis, primarily driven by the dissemination

of circulating tumor cells (CTCs) through the bloodstream.1,2

The metastatic process occurs as cancer cells detach from their
primary or metastatic sites and enter the peripheral blood. Sub‐
sequently, these hold the potential to infiltrate and establish sec‐
ondary tumors at distant locations. Studies have demonstrated
that the number of CTCs is closely related to cancer progression
and metastasis,3 making it a valuable predictive marker that
can in principle be analysed through minimally invasive liquid
biopsy methods.4,5 Unfortunately, the detection and analysis of
CTCs is enormously challenging due to their extremely low
abundance in comparison to other blood constituents, with
CTCs being present in quantities between 1 and 100 cells per
mL of blood.6−9

Conventional CTC separation techniques rely on identifying
differences between the (biological or physical) characteristics
of CTCs (1–100 cells/mL) and more abundant red blood
(RBCs, ∼5 billion/mL of blood) and white blood cells (WBCs,
∼7 million/ mL of blood).10 The biological properties of CTCs
are normally characterized through the expression of specific

epithelial surface markers, such as EpCAM, EGFR, HER2, and
MUC1, while properties such as size, shape, deformability,
density, and relative permittivity can be used to assess physical
and mechanical attributes.11,12 That said, it is important to
note that CTCs exhibit significant time-dependent heterogeneity
in both physical and biological attributes, making identifica‐
tion non-trivial.13

In recent years, microfluidic-based cell sorters have emerged as
promising tools for separating and enriching CTCs.14 Such systems
offer several advantages over conventional approaches, including
improved separation efficiency and recovery, biocompatibility,
and cost-effectiveness. Microfluidic cell sorters designed for the
enrichment of CTCs can be classified according to the method of
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enrichment, with physical-based enrichment methods leveraging
variations in the physical and mechanical properties of cells (such
as size and deformability) and immunoaffinity-based enrichment
methods depending on the expression of specific surface mark‐
ers.15,16 Among physical-based enrichment techniques, inertial
microfluidic systems are particularly appealing as they are able
to process samples at mL/min volumetric flow rates.17−20 While
size-based separation methods are attractive by virtue of their
simplicity and “label free” nature, their widespread utility in
CTC isolation is limited by the fact that CTC size distributions
overlap significantly with the size distributions associated with
white blood cells.16 This means that techniques able to capture
small CTCs will also capture large WBCs, compromising the
accuracy of downstream molecular analyses and hampering the
study of individual CTCs.11,17,21 In contrast, immunoaffinity-based
separation methods, which rely on the identification of epithe‐
lial surface markers, provide for more specific enrichment of
CTCs.11,15,22,23 Currently, the CellSearch system, introduced by
Janssen Diagnostics in 2004, is the only immunoaffinity-based
CTC enrichment and detection system approved by the US
Food and Drug Administration for use in clinical applications,
and thus serves as the current ‘gold standard’ method for CTC
isolation. This method is based on immunomagnetic separation,
employing ferrofluid particles coated with antibodies to target
EpCAM. Subsequently, isolated cells are immunostained with
fluorescently labelled antibodies and imaged. While the CellSearch
system has demonstrated real prognostic utility,24 several studies
have identified important limitations in regard to sensitivity and its
ability to detect CTCs in metastatic patients. Of particular concern
is an inability to detect CTCs with low EpCAM expression.25,26

Additionally, tumor cells with low EpCAM expression often
exhibit more mesenchymal characteristics, which are associated
with enhanced cancer progression and metastatic potential.25,27

In such cases, the CellSearch system exhibits low recovery rates,
e.g., 2% for mesenchymal breast cancer cell lines.28 Moreover, the
CellSearch system typically isolates CTCs in the presence of a high
background of contaminating WBCs, resulting in the generation of
low-purity (0.01∼0.1% CTCs) samples for downstream analysis.

Fluorescence-activated cell sorting (FACS) is a powerful tool
for high-throughput cell analysis and can also be used to sepa‐
rate CTCs from peripheral blood.7,29 Unfortunately, commercial
FACS instruments suffer from limitations associated with high
operational costs, large footprints, and high shear stresses that
can damage cells. Additionally, the generation of aerosols during
the sorting process can lead to sample contamination.30−32 While
FACS offers quantitative information such as size, granularity,
and marker expression about individual cells, analysis occurs in
a sequential manner. This means that analysis of just 1 mL of
blood, containing approximately 5 billion cells, will normally take
between 1 and 5 days.26,29 This limitation makes FACS impractical
for sorting rare cells, such as CTCs, which are present in very low
quantities amongst a background of abundant cells. Accordingly,
CTC enrichment workflows that are both efficient and rapid are
urgently needed.

Microfluidic-based fluorescence-activated cell sorters (μFACS)
have emerged as powerful tools leveraging immunofluorescence
staining to efficiently separate, isolate and enrich CTCs. Unfortu‐
nately, the throughput of existing μFACS systems strongly
depends on the actuation method employed, most notably
acoustophoretic,30,33 dielectrophoretic,34−36 optical,37,38 or hydro‐
dynamic.39 Significant efforts have therefore been directed towards
enhancing sorting performance. For example, Wu and co-workers

presented an acoustofluidic device that uses tilted-angle standing
surface acoustic waves to separate CTCs from blood.40 The device
achieved a recovery of over 83%, with 90% of cells being viable
after sorting. While highly efficient, the low volumetric throughput
(20 μL/min) precludes widespread adoption in clinical settings.
Interestingly, other technologies, such as those incorporating
bubble actuators, have demonstrated the ability to sort single cells
at throughputs reaching a few kHz.41 While useful, the presence
of a sheath fluid leads to a 250-fold dilution, drastically lowering
cell concentrations to only 4,000 cells/mL and greatly restricting
practical utility in sorting CTCs from whole blood.

In general, operation at high sorting frequencies is often
accompanied by reductions in sorting accuracy, which in turn
increases the risk of missing “target” cells.30,42 To address this
issue, Chiu and colleagues introduced an elegant technique called
ensemble-decision aliquot ranking (eDAR).26,43−45 Unlike tradi‐
tional sorting methods that analyse individual cells one-by-one,
eDAR probes small (nL-volume) aliquots of blood containing
labelled CTCs, with on-chip filtration being used to further purify
isolated CTCs by removing native blood cells. That said, the
current eDAR platform does not enable (off-chip) collection of
CTCs for downstream analysis. This is a significant drawback. The
collection of isolated cells for downstream analysis has become
increasingly important since cultured CTCs have utility in various
clinical applications.46 Additionally, it should be noted that the
on-chip filtration system employed within the eDAR platform
may not be ideal for isolating CTC populations that exhibit an
appreciable size distribution overlap with co-located blood cells.47

Nevertheless, Chiu and co-workers have recently made additional
refinements to the eDAR technique through development of a
sequential eDAR platform.48 This allows for the collection of CTCs
from co-located peripheral blood mononuclear cells with good
purity (>70%) and without the need for on-chip filtration. While
a useful refinement, this sequential eDAR platform requires the
use of density gradient centrifugation to process whole blood
prior to use. Accordingly, there remains an unmet need to develop
simplified workflows that enable the rapid isolation of CTCs from
whole blood with excellent recovery rates and purities.

Herein, we introduce a high-throughput microfluidic rare-cell
sorter (μRCS) for the enrichment of CTCs from mini‐
mally processed whole blood. Our platform incorporates a
one-dimensional (1D) complementary metal-oxide semiconduc‐
tor (CMOS) image sensor capable of simultaneously detecting
signals from large numbers of cells moving through 10 parallel
microfluidic channels. To ensure efficient cell focusing within
each channel, we employ a sheathless viscoelastic flow able to
precisely align cells into single files.49−51 Subsequently, on-chip
cell sorting is carried out using a pneumatic actuation scheme,
with valve operation controlled by a field-programmable gate
array (FPGA). The platform is not designed for sequential
analysis and sorting of individual cells, but rather sorts cells
into small aliquots, aiming to enrich rare cells of interest. To
evaluate the performance of our system, we initially conduct a
validation study in which fluorescent polystyrene beads (FBs)
are separated and isolated from non-fluorescent beads (nFBs),
with concentrations of FBs ranging from 10 to 1000 FBs/mL, and
nFB concentrations ranging between 105 and 107 nFBs/mL. Sub‐
sequently, we isolate human brain glioblastoma cells (LN-229)
from minimally processed whole blood, at a CTC-to-blood
cell ratio of approximately 1 in 108, assessing both separation
efficiency and recovery rate. Significantly, the μRCS is able to
analyse 5 mL of diluted blood (equivalent to 1 mL of whole
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blood) within 1 hour, producing a 73-million-fold enrichment
after three rounds of sorting. Additionally, the viability of sorted
cells is >96.8%, ensuring simple downstream analysis. Finally, we
demonstrate the clinical utility of our device by successfully isolat‐
ing CTCs from five clinical samples representing different cancer
types. Tumor cells were detected in all samples, with an average
abundance of only 7.6 CTCs per mL. These results highlight the
effectiveness and clinical potential of our microfluidic platform
for rare cell isolation, particularly for the analysis of large-volume
blood samples.

■ RESULTS AND DISCUSSION

μRCS Design

Figure 1 illustrates the primary components of the μRCS, with
the optical detection system being depicted in Figure 1a. Light
from a 488 nm laser is shaped by a cylindrical lens to generate
a light sheet that spans all primary microfluidic channels. Fluores‐
cence emitted by cells that traverse the light sheet is collected
through a 10× objective lens, with a 488 nm longpass filter
being used to eliminate excitation photons. Fluorescence is then
focused onto a 1D CMOS image sensor. The CMOS image
sensor is designed to capture and analyse fluorescence signals
from multiple channels simultaneously, thus enhancing analytical
throughput. A custom-designed printed circuit board (PCB) is
employed as both a readout circuit for the CMOS image sensor
and a means of transferring data to an FPGA board through an
analog-to-digital converter (ADC) board. Subsequently, acquired
data are processed using a custom-developed program written
in Verilog Hardware Description Language (HDL) within
the FPGA. Detailed information regarding fluorescence signal
acquisition and control circuit designs for FPGA-driven cell
sorting are provided in Supplementary Text 1. As shown in
Figure 1b, the microfluidic device comprises two layers: a control

layer and a fluidic layer. The fluidic layer is divided into two zones.
Zone 1 consists of rectangular cross-section channels, and Zone 2
comprises semi-circular cross-section channels. The control layer,
positioned beneath the fluidic layers, is deformed by applying
pressure (2.5 bar) to block the semi-circular cross-section chan‐
nels at desired positions in Zone 2. Zone 1 comprises 10 straight
channels that initially run parallel to each other. These channels
are 3 cm in length, 55 μm in width, and 50 μm in height,
with an 80 μm gap between them. Downstream of the straight
channel array, the rectangular cross-section channels are separa‐
ted and connected to Zone 2, where all sorting and collection
operations are performed. The actuation times of solenoid valves
and on-chip PDMS valves introduce a finite time delay between
the detection and sorting of approximately 50 ms.52 The control
layer (located below the fluidic layer) can then be actuated to
regulate fluid flow in the fluidic layer, allowing for the movement
of cells towards either the waste or collection outlets. Each sorting
region contains a bifurcated channel, equipped with two valves
(control valve #1 and control valve #2). Actuation of these valves
enables flowing cells to be directed towards the waste outlet or
the collection outlet based on a user defined detection threshold
(Figure S1). When control valve #1 is closed and control valve
#2 is open, cells flow towards the waste outlet. However, once a
target cell is detected, control valve #1 opens and control valve
#2 closes, enabling the collection of an aliquot (containing target
cell) via the collection outlet. Solenoid valves, with a response
time of 5 ms, are used to actuate the on-chip PDMS valves.
Taking into account the PDMS membrane actuation time, a total
response time of approximately 25 ms is required to switch valves
#1 and #2.

μRCS Optimization Experiments

To assess operational performance of the μRCS, initial
experiments involved the separation of 10 μm diameter

Figure 1. Schematic of the μRCS system. (a) The system comprises several components, including a multilayer microfluidic device with 10 parallel
channels, 20 solenoid valves, a 488 nm laser source, a 10× objective, a 488 nm longpass filter, a custom-designed readout PCB board, and an FPGA
board for acquisition, real-time processing of the fluorescence signals and subsequent sorting of the target cells. (b) The microfluidic device comprises
two layers: the fluidic layer and the control layer. The fluidic layer consists of two types of channels, fluid layer #1 and #2. Channels in the control
layer are coloured grey. Fluid layer #1 has rectangular channels, while fluidic layer #2 contains rounded channels. The control layer regulates the flow
direction of cells, enabling them to be directed either to the waste outlet or the collection outlet.
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fluorescent beads and non-fluorescent beads were used as
model micron-sized species that mimic typical mammalian cells.
The 1D CMOS sensor provides a maximum frame rate of
4672 frames/s. While increasing the frame rate could potentially
enhance the throughput of the μRCS system, it would inevitably
decrease the integration (exposure) time, consequently reducing
the sensitivity. To balance detection sensitivity and throughput,
the frame rate of the CMOS sensor was set to 973 frames/s,
corresponding to an integration time of approximately 1 ms.
The average volumetric flow rate of the sample flow was set to
500 μL/min (equivalent to a linear velocity of approximately
300 μm/ms), ensuring that each particle is captured in at
least one image, given the pixel width of 200 μm on the
CMOS sensor and the typical particle size of 100 μm after
10x magnification. Single-file focusing of particles was achieved
through use of a viscoelastic 600 kDa polyethylene oxide (PEO)
carrier fluid. Figure S2 shows the flow distribution across
the microfluidic device, obtained via COMSOL simulations,
confirming a uniform flow distribution across the 10 parallel
channels. When the PS bead solutions were supplemented with
0.3% w/v 600 kDa PEO, particles were efficiently focused at
channel centers across a wide range of particle concentrations
(105−107 beads/mL: Figure S3a−c). In contrast, in the absence
of PEO, particles could not be effectively focused under
investigated conditions (Figure S3d).

Due to the Gaussian intensity distribution of the 488 nm
laser beam source, the light sheet generated by the cylindrical
lens is not uniform across channels. Consequently, raw signals
acquired by the 1D CMOS must be corrected. Figures S4a,b show
the raw and normalized signals for 10 μm diameter FBs located
within the 10 parallel channels, respectively, with Figures S4c,d
displaying the corresponding fluorescence intensity distributions.
The coefficient of variation (CV) of the signal decreases from
0.22 (Figure S4c) to 0.16 (Figure S4d), which is comparable

to the CV (0.18) associated with flow cytometry measurements
(Figure S5). Next, we evaluated analytical throughput of the
platform for detecting positive events, specifically 10 μm FBs
(Figure S6). Figure S6a to Figure S6e report the measured
fluorescence intensity distributions for 10 μm FBs at concentra‐
tions ranging from 105 to 3 × 106 FBs/mL. At a concentration
of 2 × 106 FBs/mL, a second distribution emerges, indicating
the presence of doublets (Figure S6d). Figure S6f compares
the concentrations measured by the device with those obtained
using conventional flow cytometry, demonstrating that the μRCS
system can reliably detect 10 μm FBs at concentrations up to 1 ×
106 FBs/mL.

Next, the sensitivity of the μRCS system was measured
using suspensions of five calibration particles containing increas‐
ing amounts of a specified fluorophore (Figure S7). The
vendor-specified MESF (molecules of equivalent soluble fluoro‐
phores) intensities for five bead populations are 0, 3179, 22718,
95426, and 333766 units, respectively. Figure S7a−e displays the
raw signals acquired by the CMOS sensor for each fluorescent
bead population, with the resulting calibration curve being shown
in Figure S7f. Based on this analysis, the limit of detection (LOD)
was determined to be 18,450 MESF units at a flow rate of
500 μL/min and a laser power of 500 mW.

Figure 2 reports performance metrics of the μRCS system,
with the purities of the initial and sorted bead solutions being
determined by conventional flow cytometry. Figure 2a shows
the impact of the sorting pulse duration on both enrichment
factors and recovery rates, while Figure 2b reports particle purities
before and after sorting (see Supplementary Text 2). As shown
in Figure 2a, a sorting pulse of 15 ms is unable to sort FBs,
as the valves have insufficient time to switch to an open state.
As the sorting pulse duration increases, both the enrichment
factor and recovery rate increase. However, for sorting pulse
durations above 25 ms, the enrichment factor declines, while

Figure 2. Performance of the μRCS system. (a) Effect of sorting pulse duration on the enrichment factors and recoveries. Data indicate that a
sorting pulse duration of 25 ms provides for optimal performance, where both the enrichment factor and recovery rate are maximized. (b) Purities
of the samples before and after sorting. After sorting, purity increases from 0.01 to 2.56%. (c) Enrichment factors and recoveries under different FB
concentrations (10, 100, and 1000 FBs/mL) and nFB concentrations (105, 106, and 107 nFBs/mL). Enrichment factors are independent of nFBs,
suggesting that the system can efficiently enrich FBs regardless of the background particle concentration. Moreover, the recovery rates exceed 90% in
all cases, indicating a high level of recovery.

ACS Sensors pubs.acs.org/acssensors Article

D https://doi.org/10.1021/acssensors.5c04510
ACS Sens. XXXX, XXX, XXX-XXX

https://pubs.acs.org/doi/suppl/10.1021/acssensors.5c04510/suppl_file/se5c04510_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acssensors.5c04510/suppl_file/se5c04510_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acssensors.5c04510/suppl_file/se5c04510_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acssensors.5c04510/suppl_file/se5c04510_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acssensors.5c04510/suppl_file/se5c04510_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acssensors.5c04510/suppl_file/se5c04510_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acssensors.5c04510/suppl_file/se5c04510_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acssensors.5c04510/suppl_file/se5c04510_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acssensors.5c04510/suppl_file/se5c04510_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acssensors.5c04510/suppl_file/se5c04510_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acssensors.5c04510/suppl_file/se5c04510_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acssensors.5c04510/suppl_file/se5c04510_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acssensors.5c04510/suppl_file/se5c04510_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acssensors.5c04510/suppl_file/se5c04510_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acssensors.5c04510/suppl_file/se5c04510_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acssensors.5c04510/suppl_file/se5c04510_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acssensors.5c04510/suppl_file/se5c04510_si_001.pdf
https://pubs.acs.org/doi/10.1021/acssensors.5c04510?fig=fig2&ref=pdf
http://pubs.acs.org/acssensors?ref=pdf
https://doi.org/10.1021/acssensors.5c04510


the recovery rate remains constant at approximately 95%. Such a
variation arises because beyond a certain sorting pulse duration,
most FBs are sorted, but increasingly larger numbers of nFBs
accumulate at the collection outlet. This leads to a decrease in
purity within the collection outlet and consequently a decrease in
the enrichment factor. The input suspension contains 100 FBs per
mL and 106 nFBs per mL. Following sorting, the purity increases
over two orders of magnitude from 0.01% to 2.56% (Figure 2b).
Figure 2c additionally presents enrichment factors and recoveries
for concentrations of between 10 and 1000 FBs/mL and 105 and
107 nFBs/mL. Enrichment factors were found, to be dependent
on FB concentration but independent of (background) nFB
concentration. Specifically, average enrichment factors for con‐
centrations of 1000, 100, and 10 FBs/mL were determined to
be 26, 293, and 2138, respectively. Additionally, recovery rates
consistently exceeded 90% for all tested conditions. Finally, since
the error bars in Figure 2c represent the standard deviation
of three independent measurements for each bead concentra‐
tion, recoveries remain above 90%, with only minor variation
between runs.

Rare Cell Enrichment

After characterizing the μRCS system using beads, we next
assessed performance when enriching rare cells. Briefly,
patient-derived human brain glioblastoma cells (LN229) were
used as model CTCs and labelled with fluorescent antibodies.
To minimize autofluorescence plasma was removed prior to
analysis, with the remaining cell suspension being diluted
with 1× phosphate-buffered saline (PBS) and supplemented

with 0.3% w/v PEO. Next, fluorescently labelled LN229 cells
were added to a concentration of 10 cells/mL, resulting in
a CTC-to-blood cell ratio of approximately 1 to 108. Sample
was then injected into the μRCS system and subjected to
three rounds of sorting. Following each round, the collected
sample was diluted to a total volume of 5 mL using 1× PBS,
supplemented with 0.3% w/v PEO. After experimentation, the
eluent (collected sample) was analysed using conventional flow
cytometry. To assess the effectiveness of the sorting process
and quantify LN229 enrichment, sorted samples were compared
with the unprocessed input sample (Figure 3). CTCs within the
cell mixture are identified using a two-parameter density plot
of forward scatter (FSC-A) signal vs fluorescence at 525 nm
(FITC-A). The gating strategy used to distinguish CTCs from
blood cells is described in Supplementary Text 3 and Figure S8.
More specifically, flow cytometry was used to gate events based
on the fluorescence signal at 525 nm (FITC-A), derived from
the conjugated fluorescently-labelled EpCAM antibodies, and
size difference between CTCs and blood cells. The false positive
rate was defined as the fraction of events from EpCAM-negative
control samples that fall within the CTC gate. Analysis of
minimally processed blood from healthy donors showed no
events in this gate (Figure S8), indicating a false positive rate
below the detection limit of the system.

Analysis of eluent collected after each sorting round confirmed
the efficient separation of CTCs from blood (Figure 3b−d).
Specifically, after the third sorting round, the purity of the
collected sample had increased from 10−6% (initial sample)
to 73.40% (Figure 3d). This corresponds to an enrichment

Figure 3. Flow cytometry scatter plots reporting the enrichment of CTCs after multiple sorting rounds. CTCs, spiked into diluted blood at a ratio of
1:108 (CTCs to blood cells), experienced significant enrichment after three sorting rounds. Scatter plots of FSC-A vs FITC-A show the percentages
of the RBCs and CTCs before sorting (a) and after the first (b), the second (c) and third (d) sorting rounds. These data demonstrate the progressive
enrichment of CTCs with each sorting round. After three sorting rounds, a notable improvement in CTC purity is achieved, with a purity value of
73.40%. Fluorescence intensity histograms of LN229 cells in the control sample (e) and the sample collected after sorting (f). Both samples showed
similar viability values (99.31 and 96.79%), highlighting the fact that the microfluidic sorting system does not impart significant stress on the cells.
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of almost eight orders of magnitude. Such a high level of
enrichment confirms the high efficiency of the μRCS in isolating
and enriching CTCs from blood. Notably, the entire process,
encompassing blood pre-processing, is completed within just
1 hour. In contrast, conventional flow cytometry analysis would
typically take 5 days to do the same job, assuming a throughput
of 12,000 cells per second.26,29 To complete this evaluation,
we assessed the viability of collected cells post sorting. This
is important since mechanical stresses arising from shear/fluid
forces can lead to gene upregulation and even trigger apoptotic
responses.53,54 To evaluate CTC viability, we processed a sample
containing fluorescently labelled LN229 cells at a concentration
of 1000 cells/mL to ensure statistical significance. Both the
control sample (comprising cells incubated at room temperature)
and the sample collected after a single round of sorting were
subjected to staining using a Zombie NIR™ viability assay.
Samples were then analysed by flow cytometry, detecting
fluorescence at 690 nm. Such an analysis revealed that processing
through the μRCS leads to negligible cellular damage, with
viability after sorting being 96.79%, a value comparable to the
viability of the control sample (99.31%, Figure 3e,f).

Finally, we used the μRCS system applied to enrich and
purify circulating tumor cells harvested from the blood of cancer
patients. 1 mL blood samples were collected from five patients
diagnosed with small cell lung cancer, non-small cell lung cancer,
or breast cancer. Each sample was stained with an EpCAM
Alexa 488-labelled antibody and processed through the device
at a flow rate of 500 μL/min. Enriched cells collected from
device outlets were subsequently analysed by flow cytometry

(Figure 4a). CTCs were detected in all five samples, with 8,
12, 4, 6 and 8 cells being detected in Samples 1, 2, 3, 4 and 5,
respectively (Figure 4b). The number of CTCs detected using
the μRCS system was validated against measurements obtained
using the FDA approved CellSearch system (Figure 4b). For
the μRCS system, 1.0 mL of whole blood was processed per
sample, whereas 7.5 mL of whole blood was analysed using the
CellSearch system, as per the manufacturer’s instructions. To allow
for a direct comparison, all counts in Figure 4b are reported
as CTCs per mL of whole blood. The mean CTC count (per
mL) for all samples taken together was 7.6 for the μRCS system
and 3.1 for CellSearch, demonstrating that the μRCS system is
capable of isolating and detecting CTCs from clinical samples,
with equivalent (or even higher) sensitivity than the CellSearch
system. Nevertheless, larger clinical studies will be required to
validate both sensitivity and robustness more comprehensively.

■ CONCLUSIONS

To conclude, the developed high-throughput fluorescence-
activated sorting platform offers a novel approach for isolating
rare cells, specifically CTCs, from minimally processed whole
blood. The platform integrates CTC detection, analysis
and separation with a single compact system, offering an
“all-in-one” solution for CTC analysis. The platform comprises
a fluorescence-based optical system, a microfluidic processor
consisting of 10 parallel channels, a 1D CMOS image sensor
with a custom-designed readout circuit that can drive twenty
solenoid valves, and a dedicated logic circuit (FPGA board)

Figure 4. Detection and enumeration of CTCs in patient blood samples using the μRCS system and the CellSearch instrument. (a) Representative flow
cytometry plots (FSC-A vs. FITC-A) for CTC detection in blood samples from five cancer patients, following enrichment with the microfluidic device
and staining with Alexa 488-labelled anti-EpCAM antibody. (b) Table summarizing CTC counts per milliliter of blood detected in each patient sample
by both the μRCS system and CellSearch, along with a statement of the corresponding cancer type. The μRCS system consistently detected CTCs in all
samples, with counts on the same order of magnitude as those obtained by the CellSearch platform.

ACS Sensors pubs.acs.org/acssensors Article

F https://doi.org/10.1021/acssensors.5c04510
ACS Sens. XXXX, XXX, XXX-XXX

https://pubs.acs.org/doi/10.1021/acssensors.5c04510?fig=fig4&ref=pdf
http://pubs.acs.org/acssensors?ref=pdf
https://doi.org/10.1021/acssensors.5c04510


for real-time data acquisition, signal processing and sorting
of the target species. Significantly, the system operates at a
volumetric throughput of 500 μL/min, allowing the complete
analysis of 5 mL of a (5-fold diluted) blood sample in
less than 30 minutes, achieving an enrichment factor in
excess of 72 million while maintaining a purity of 73.40%.
Importantly, the platform maintains high cell viability post
analysis, with sorted CTCs exhibiting a viability of 96.79%,
rendering them suitable for downstream molecular analysis and
functional studies. Significantly, the μRCS does not suffer from
channel fouling/blocking issues when processing large sample
volumes or highly concentrated fluids under the operating
conditions studied. The μRCS avoids such issues by combining
a valve-based sorting mechanism with modular parallel units that
distribute the sample load and dynamically bypass congested
regions. Such an approach prevents backpressure build-up and
allows continuous processing without channel blockage or
excessive mechanical stress on cells, ensuring high viabilities and
capture efficiencies. Sorting in the μRCS platform involves the
generation of small fluid aliquots that may contain zero, one,
or multiple target cells. Target (CTCs) and non-target (blood
cells) cells will simultaneously occupy a given aliquot, and
thus the aliquot volume will determine purity. Accordingly, the
ability to generate small volume aliquots provides a direct route
to improving purity. In the current study, after three sorting
rounds the platform achieves a purity of ∼73% and a recovery
>90% while maintaining cell viability at ∼97%. These values
are entirely compatible with many downstream assays such as
short-term culture, drug testing on enriched populations, or
bulk DNA/RNA sequencing. When compared to other physical
separation technologies that depend on size, deformability or
inertial flow effects, μRCS provides for superior performance
metrics, including outstanding enrichment factors (8 orders
of magnitude), and excellent purities (∼73.4%) and recovery
rates (>90%).11

Compared to conventional flow cytometry, the μRCS system
offers multiple advantages. First, it operates at high throughput
due to its modular integration of ten sorting units. This
eliminates the need for sequential analysis of individual cells
in a single-file format. Second, the μRCS system can be
directly interfaced with downstream analysis, enabling various
applications, including in vitro CTC culture, drug sensitivity
testing and gene sequencing. Third, the adoption of valve-based
sorting ensures that cells are not subjected to excess stress.
Fourth, the μRCS is intended to function as a high-throughput
upstream enrichment module that processes minimally processed
whole-blood samples prior to detailed analytical characterization.
In this context, it complements conventional FACS platforms,
which are almost always applied to enriched cell suspensions
rather than to large volumes of blood containing a complex
background of erythrocytes and leukocytes.

Looking forward, it is important to note that the μRCS
architecture is modular and can be expanded by simply increasing
the number of channel-valve units. Practical limits, however,
exist. First, the hydraulic network must preserve a uniform flow
distribution and stable pressure across all channels. As channel
numbers increase, small variations in hydrodynamic resistance
can lead to measurable differences in volumetric flow rates and
sorting performance. Second, the optical field of view, determined
by the objective magnification and CMOS line sensor dimensions,
constrains the maximum number of channels that can be imaged

with adequate spatial separation, while still operating at the high
frame rates required for real-time sorting. As an approximate
design guideline, a low-magnification objective (4×) together
with the CMOS line sensor (28.672 × 0.200 mm) yields a
field of view of 7.2 mm × 50 μm. This is sufficient to image
twenty 50μm-wide microchannels with an inter-channel spacing
of 15 μm. Under the present operating conditions, the 10-channel
RCS processes 0.5 mL/min of whole blood (5-fold diluted sample
at 2.5 mL/min), i.e., about 30 mL per hour. Extending the device
to 20 parallel channels would increase the analytical throughput
to ∼1.0 mL/min, corresponding to approximately 60 mL of whole
blood per hour. This analysis illustrates that moderate increases in
channel number beyond the current 10-channel configuration are
technically feasible using the same optical concept.

Benchmarking the μRCS system against the FDA-approved
CellSearch platform confirms its clinical utility, with the analyses
of blood from a cohort of five cancer patients demonstrating
that the system can detect equivalent (or higher) numbers of
CTCs. That said, it should be noted that the current dataset
is too small to support definitive conclusions, and larger-scale
clinical studies will be required to properly quantify diagnostic
performance. Since the μRCS system provides for both high purity
and enrichment, downstream applications such as cell culture,
drug sensitivity assays, and sequencing can be directly performed
without additional purification steps. In contrast, the CellSearch
platform typically generates a substantial leukocyte background,
making downstream molecular analyses far more challenging.

The biological validation presented here relies on EpCAM-
based detection, which may not capture the full phenotypic
heterogeneity of CTCs. Accordingly, we anticipate that future
implementations of our microfluidic cell sorter will incorporate
additional epithelial and mesenchymal markers. More specifically,
we envisage replacing or complementing EpCAM with alternative
antibody panels, for example targeting EGFR, HER2 or
vimentin, to enable efficient enrichment of EpCAM-low or
EpCAM-negative CTC subpopulations, while using an identical
fluorescence-based sorting principle.

Finally, a key feature of the μRCS system is its ability
to seamlessly integrate sample preparation, high- CTC
identification, and sorting within a single platform. Indeed, we
are currently advancing single-cell recovery from the microfluidic
device to enable downstream applications such as PCR and
next-generation sequencing. After three rounds of sorting, the
enriched fraction exhibits a purity of approximately 73%, with
a recovery greater than 90% and post-sorting viability close to
97%. These values are compatible with a range of downstream
uses, including bulk molecular assays and functional studies on
enriched CTC populations, for which high viability is more
important than the complete removal of all background cells.
For applications that require near-single-cell purity, such as
certain single-cell genomic protocols,55 the enriched output can
be coupled to an additional purification step (for example,
single-cell isolation or droplet-based partitioning), which is
facilitated by the high starting enrichment provided by the μRCS
platform. These efforts aim to deepen our understanding of CTC
heterogeneity and the molecular underpinnings of metastasis,
potentially identifying clinically relevant CTC subtypes linked
to prognosis and therapeutic response. Overall, the developed
high throughput μRCS system represents a highly promising
technology for efficiently enriching and analyzing CTCs from
whole blood.
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■ MATERIALS AND METHODS

Device Design and Fabrication

The microfluidic device was designed using AutoCAD 2018
(Autodesk, San Rafael, USA) and printed onto film photomasks
(Micro Lithography Services, Chelmsford, UK). Flow fields were
designed and optimized using COMSOL Multiphysics 5.5 (COMSOL,
Burlington, USA). The multilayer sorting device comprises a control
and a fluidic layer consisting of two different channels (Zone 1 and
Zone 2) (Figure 1b).

First, the 15 μm deep control layer master mold was fabricated
using standard photolithographic techniques. SU-8 2010 photoresist
(MicroChem, Westborough, USA) was spin-coated onto a 4-inch
diameter silicon wafer (Siegert Wafer, Aachen, Germany). A spin speed
of 2000 rpm resulted in the formation of a 15 μm thick resist layer.
The spin-coated wafer was then baked on a hot plate at 65 °C for one
minute and 95 °C for four minutes. Channel patterns in the mask were
transferred to the SU-8 coated wafer by UV exposure for 30 seconds.
Subsequently, the wafer was baked at 95 °C for four minutes to facilitate
cross-linking of the exposed SU-8 photoresist. Patterned structures were
developed using 1-methoxy-2-propyl acetate (Sigma-Aldrich, Buchs,
Switzerland) to remove regions of unexposed photoresist. Finally, the
wafer was thoroughly rinsed with isopropyl alcohol and water, followed
by drying with pressured air. The fabricated mold was then hard-baked
at 150 °C for 10 minutes.

To fabricate the master mold for Zone 2 of the fluidic layer,
AZ40XT photoresist (Micro Resist Technology, Berlin, Germany) was
spin-coated on a 4-inch diameter silicon wafer (Siegert Wafer, Aachen,
Germany) to form a 30 μm thick layer. The spin-coated wafer was then
baked at 126 °C on a hot plate for seven minutes. Channel patterns in the
photomask were transferred to the wafer by UV exposure for 30 seconds.
After exposure, the wafer was left inside a closed vessel containing wet
paper towels for 8 hours. This rehydration step was essential to prevent
cracks and bubbles forming within the resist layer. The rehydrated wafer
was post-baked at 105 °C for 100 seconds to facilitate cross-linking
of the exposed AZ40XT photoresist. The patterned structures were
developed using AZ300 MIF developer (Micro Resist Technology,
Berlin, Germany) to remove exposed photoresist. The wafer was
thoroughly rinsed with water, followed by drying with pressured air. A
semi-circular channel cross section was necessary to operate the valves
with minimum leakage. Accordingly, the developed wafer was heated at
142 °C overnight to allow the reflow of the developed structures.

The master mold for Zone 1 was fabricated using standard photoli‐
thographic techniques on top of the Zone 2 patterned mold. First,
SU-8 50 photoresist (Micro Resist Technology, Berlin, Germany) was
spin-coated onto the silicon wafer containing structures for Zone 2.
A spin speed of 2000 rpm resulted in a 50 μm thick resist layer. The
spin-coated wafer was baked at 65 °C for one minute and 95 °C for four
minutes. Channel patterns in the photomask were aligned to patterns
in Zone 2 using a mask aligner (SUSS, Munich, Germany). Next,
the channel patterns in the mask were transferred to the wafer using
UV radiation for 30 seconds. The patterned structures were developed
using 1-methoxy-2-propyl acetate (Sigma-Aldrich, Buchs, Switzerland)
to remove unexposed resist. Finally, the wafer was rinsed with isopropyl
alcohol and water, followed by drying using pressured air. Finally, both
control and fluidic layer molds were placed into a desiccator containing
a beaker of chlorotrimethylsilane (Sigma-Aldrich, Buchs, Switzerland)
solution and incubated for at least 5 hours at a pressure of 150 mbar.
The process of mold functionalization with chlorotrimethylsilane aids
peeling of cured PDMS from the mold.

Microfluidic devices were made using standard soft lithographic
methods.56 PDMS mixtures were prepared at 20:1 and 5:1 (wt/wt)
PDMS base to curing agent (Sylgard 184, Dow Corning, Midland, USA)
ratios when fabricating the control and fluidic layer, respectively. Both
mixtures were first degassed in a desiccator for 30 minutes. Next, the 5:1
mixture was poured onto the fluidic layer mold and the 20:1 mixture was
spin-coated at 2600 rpm on the control layer mold for 40 seconds. Both

wafers were then baked at 70 °C for 25 minutes. Next, the PDMS fluidic
layer was peeled off the wafer and diced. Diced PDMS structures were
carefully aligned with the control layer under a stereoscope. The aligned
devices were then cured at 70 °C overnight, allowing the layers to bond
through the diffusion of the curing agent from the fluidic to the control
layer. Finally, cured devices were peeled from the control layer mold. A
Gauge 22 puncher (I and Peter Gonano, Niederösterreich, Austria) was
used to create inlet and outlet ports in the structured PDMS substrate.
Finally, the structured PDMS substrate and a 24 × 75 × 1 mm glass slide
(Menzel-Glaser, Braunschweig, Germany) were treated in a Zepto air
plasma chamber (Diener Electronic, Ebhausen, Germany) for 1 minute
and contacted. The entire assembly was then placed on a hot plate at
120 °C for 2 hours to strengthen bonding of the PDMS substrate to the
glass slide.

Device Operation and Data Acquisition

Blood samples were loaded into a 10 mL Hamilton syringe (Hamilton
Laboratory Products, Reno, USA), and delivered into the microfluidic
device using neMESYS precision syringe pumps (CETONI, Korbussen,
Germany) at a volumetric flow rate of 500 μL/min. Suspensions of
10 μm FBs (FC06F, Fishers, Indiana, USA) and nFBs (Sigma-Aldrich,
Steinheim, Germany), were prepared at concentrations ranging from 10
to 1000 FBs/mL and 105 to 107 nFBs/mL, respectively. A Quantum
Alexa Fluor 488 MESF calibration kit (Bangs Laboratories, Fishers,
USA) consisting of five microsphere populations labelled with increas‐
ing amounts of a specified fluorochrome, was used for intensity calibra‐
tion measurements.

The microfluidic device was mounted on an Eclipse Ti-E inverted
microscope (Nikon, Zurich, Switzerland), integrating a x-y motorized
stage (Mad City Labs, Maddison, USA) to facilitate observation
and positioning with the laser excitation sheet. A 488 nm laser
beam (Coherent Genesis MX, Glasgow, UK) was transmitted
through an acoustooptical tuneable filter (AOTF nC-400-650-TN,
AA Opto-electronic, Orsay, France) connected to an RF driver (AA
Opto-electronic, Orsay, France). The laser beam was focused to a light
sheet with a width approximately equal to the average cell diameter
(∼15 μm) using a cylindrical lens (LJ1558RM-A, Thorlabs, Lubeck,
Germany). Fluorescence photons were collected via a 10×, 0.3 NA Plan
Fluor objective (Nikon, Zurich, Switzerland), passed through a 488 nm
longpass filter (AHF, Tubingen, Germany) to reject the excitation light
and focused by the microscope tube lens onto an S11639 CMOS sensor
(Hamamatsu, Solothurn, Switzerland). A custom-designed PCB was
used both as a readout circuit for the CMOS image sensor and for
transferring the acquired data to an FPGA board via an ADC board. Data
were processed in the FPGA using a custom-developed program written
in Verilog HDL (Vivado Design Suite 2020, Xilinx, San Jose, USA). And
20 Solenoid valves (MH1, Festo, Lupfig, Switzerland) were controlled
parallelly by the FPGA.

Viscoelastic Fluid Preparation and Characterization

Viscoelastic stock solutions were prepared by fully dissolving 600 kDa
polyethylene oxide (PEO, Sigma-Aldrich, Buchs, Switzerland) in
1×PBS buffer (Thermo Fisher Scientific, Reinach, Switzerland) to
a concentration of 1% (w/v). Stock solutions were aged at room
temperature for 1 week to ensure uniform viscosity. Before each
experiment, a 0.3% w/v PEO concentration solution was prepared by
diluting the 1% stock PEO solution into the particle/cell suspensions.
This step was essential to facilitate focusing of cells/particles in a
sheathless manner. Viscosities (Figure S8) were measured at room
temperature using an MCR 502 compact rheometer equipped with a
double gap (DG 26.7) tool (Anton Paar, Ostfildern, Germany).

Flow Cytometry Measurements

Flow cytometry measurements were conducted using a CytoFLEX
flow cytometer (Beckman Coulter, Pasadena, USA). Forward scattered
(FSC-A) signal vs fluorescence at 525 nm (FITC-A) was used
for gating. A 423106 Zombie NIR fixable viability kit (BioLegend,
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San Diego, California, USA) was used for live/dead cell testing. Cell
viability analysis was conducted using fluorescence emitted at 690 nm
(vFRed-A). For all measurements, the sample flow rate was set to
30 μL/min. Data were acquired using CytExpert software (Beckman
Coulter, Pasadena, USA) and subsequently processed using FlowJo
software (FlowJo, Ashland, USA).

Preparation of Fluorescently Labelled LN229 Cells

A human origin glioblastoma cell line LN229 was cultured in DMEM
medium (Invitrogen Life Technologies, Basel, Switzerland) supplemen‐
ted with 10% FBS at 37 °C in a humidified atmosphere with 5% CO2.
Cells were harvested by brief exposure to 0.25% trypsin/1-mM ethyle‐
nediaminetetraacetic acid (EDTA) (Thermo Fisher Scientific, Reinach,
Switzerland). Cells were washed with 0.1% bovine serum albumin
(BSA)/phosphate-buffered saline (PBS) and treated with 1 μg/mL of
Alexa Fluor 488 anti-human EGFR Ab (Biolegend, San Diego, USA) for
30 minutes at 4 °C, then washed with PBS. Fluorescently labelled cells
were analysed using the CytoFlex flow cytometer (Beckman Coulter,
Pasadena, USA).

Blood Sample Collection

Blood samples were collected in EDTA tubes and obtained from the
blood donation centre, Blutspende Zürich (Schlieren, Switzerland). The
study was conducted in accordance with the principles of the Declara‐
tion of Helsinki and the project was approved by the Swiss Association
of Research Ethics Committees (BASEC-Nr: 2019-01721).

Preparation of Blood Samples

1 mL of blood was centrifuged at 400 g for 5 minutes at 4 °C to
separate plasma from cells. The plasma was discarded, leaving behind
the remaining cells. Next, 1× PBS was added to the cell solution to a
final volume of 5 mL. The suspension was centrifuged again at 400 g
for 5 minutes at 4 °C to remove any residual plasma components.
Finally, the supernatant was aspirated, and RBCs were diluted with 1×
PBS to a total volume of 5 mL. During this step, 0.3% w/v PEO was
supplemented to the solution to aid in focusing of cells.

CellSearch System

CTC enumeration was performed using the CellSearch system
(Menarini Silicon Biosystems, Huntingdon Valley, PA, USA) on
samples obtained from five patients and two healthy donors. For
each sample, the standard CellSearch protocol was applied. Specifically,
7.5 mL of undiluted whole blood was collected in CellSave preservative
tubes (Menarini Silicon Biosystems) to preserve cell integrity for
up to 96 hours. Samples were stored at room temperature prior
to processing. Following storage, 6.5 mL of CellSearch Circulating
Tumor Cell Kit Dilution Buffer (Menarini Silicon Biosystems) was
added to each sample. The mixtures were then centrifuged at 800 g
for 10 minutes. Subsequently, samples were processed using the
CellTracks AutoPrep System in conjunction with the CellSearch
Circulating Tumor Cell Kit (Menarini Silicon Biosystems). The kit
utilizes ferrofluid nanoparticles coated with anti-EpCAM antibodies
to capture epithelial cells, as well as fluorescently labelled antibodies
for cell identification: phycoerythrin-conjugated cytokeratin (CK)
antibodies, and allophycocyanin-conjugated CD45 antibodies to
distinguish CTCs from leukocytes. Cells were classified as CTCs if
they were EpCAM+/CK+/CD45− with nuclear morphology consistent
with intact cells.
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