Showecasing research from Bosch Corporate Sector
Research and Advance Engineering (CR, Renningen) and
Professor Zengerle’s laboratory in the Department of
Microsystems Engineering (IMTEK) at the University of
Freiburg, Germany.

Highly efficient isolation and multistep analysis of tumor
cells from whole blood

Efficient on-chip isolation and analysis of tumor cells in
blood samples was achieved using a microfluidic device.
The core element was a silicon microcavity array with a
novel decanting method, resulting in high precision and
minimal cell loss, promising for point-of-care applications
(image generated with Google Gemini 1.5 Pro).
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We present a microfluidic solution for improved tumor cell analysis based on selection-free isolation of
nucleated cells from whole blood. It consists of a high-density silicon microcavity array combined with the
novel fluidic strategy of microfluidic decanting. This enables multistep on-chip staining protocols comprising
sample loading-blocking-extracellular staining-fixation-permeabilization and intracellular staining to quantify
tumor cells. The performance of the workflow was investigated and proven by spiking colon cancer cell lines
into whole blood for the detection of the epithelial tumor markers EpCAM and cytokeratin. Total cell recovery
rates of =95% were achieved for different sample species. The method allows for rapid reagent exchange
within 10 s each almost without cell loss compared to approximately 50% cell loss in reference centrifugal
processing. The isolation of nucleated cells resulted in a high intra-assay precision with a CV of 2% and a
single cell per well distribution of 90%, which is consistent with the theoretical estimate using Poisson
statistics. The linearity of the method was demonstrated over three orders of magnitude with r? = 0.9998.
These results demonstrate a highly efficient approach for the quantification of tumor cells from whole blood
that could be integrated into automated point-of-care devices in the future.
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Introduction

Circulating tumor cells (CTCs) are the seeds of metastasis
responsible for most cancer-related deaths."” Quantification
and characterization of CTCs holds great potential for early
detection of metastasis, individualized tumor therapy, and
therapy monitoring.>* The rarity and heterogeneity of CTCs
compared to non-tumor cells present in the bloodstream is a
significant challenge. One milliliter of blood contains
approximately 1-10 CTCs compared to 10° non-tumor cells.””’
Various methods have been developed to isolate CTCs from
whole blood, most of them applying either selective enriching
of CTCs or depletion of non-tumor cells.®

One approach is to use positive enrichment methods that
target specific cell surface markers, such as epithelial cell
adhesion molecule (EpCAM), which was mainly established by
the FDA-approved method CellSearch®. This involves
identification of cells through a semi-automated process using
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anti-EpCAM magnetic particles and labeling the nuclei,
cytokeratins, and CD45. The typical CellSearch® CTC is defined
as EpCAM+, DAPI+, cytokeratin+t and CD45-. Multiple studies
have demonstrated a correlation between CTC count and
clinically relevant outcomes.® However, several studies have also
shown that this and similar systems may miss tumor cells with
low EpCAM expression, such as cells that underwent epithelial-
mesenchymal transition (EMT).*°

Other systems utilize methods such as size-based or
deformability-based filtration,""** sedimentation or cell seeding
onto flat substrates,">™” density-gradient centrifugation,'® or a
combination of these approaches.’® Besides the initial isolation
of only a subpopulation of tumor cells, minimizing the
processing cell loss during staining and further analysis is key.
The Epic Sciences system isolates cells without relying on
specific size or surface marker characteristics by spreading
them onto glass slides for fixation and subsequent processing.
On-chip staining for multiple markers, including EpCAM,
cytokeratin and CD45 is also possible as well as single-cell
picking and further downstream analysis.">"? In the maintrac®
method, tumor cells are defined as living EpCAM+ cells and are
identified through simple staining and sedimentation into a
microtiter plate, aiming to minimize selection bias and cell loss
during processing. This method results in two to three orders of
magnitude higher EpCAM+ putative tumor cells than
CellSearch®, but without additional Cytokeratin or CD45
staining or genetic proof of tumorigenic origin.>*** The

This journal is © The Royal Society of Chemistry 2025


http://crossmark.crossref.org/dialog/?doi=10.1039/d4lc00759j&domain=pdf&date_stamp=2025-04-08
http://orcid.org/0009-0001-0578-0494
http://orcid.org/0009-0009-7662-8703
http://orcid.org/0000-0001-6141-4192
http://orcid.org/0000-0003-0890-3709
https://doi.org/10.1039/d4lc00759j
https://doi.org/10.1039/d4lc00759j
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4lc00759j
https://pubs.rsc.org/en/journals/journal/LC
https://pubs.rsc.org/en/journals/journal/LC?issueid=LC025008

Open Access Article. Published on 10 Mé&erz 2025. Downloaded on 29.01.26 06:53:43.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Lab on a Chip

Parsortix® system has recently received FDA clearance for
automated enrichment of CTCs using a combination of
filtration based on size and deformability.”®> This separation
method is not limited to high EpCAM expression and can also
enrich EMT cells and other phenotypes. On-chip staining is
possible within the system, but imaging of the slides requires a
separate device.

Several researchers utilize microwells for cell separation,
allowing for a high density of individual compartments on a
small device footprint. This spatial separation enables the
recognition of single cells without interference from
neighboring cells, simplifying imaging and downstream
analysis. Swennenhuis et al. developed a microwell-aided
filtration chip with 6400 microwells, each 70 pm in diameter
featuring a 5 um diameter pore at the bottom of each microwell
on a 10 x 10 mm silicon chip. This allows for the isolation of
pre-stained or pre-enriched cells into each microwell, resulting
in high single-cell occupancy and subsequent single-cell
isolation possibility.>* Microwell-aided filtration devices can also
directly isolate tumor cells from whole blood using a 9 pm pore
with subsequent staining of cells on the chip, as demonstrated
by Hosokawa et al.>* However, studies have shown that there
can be significant differences in size between model samples
and real patient samples, suggesting that filtration approaches
may result in the loss of non-standard CTCs.” The Sievewell®
slides address this issue by integrating two 2 um pores at the
bottom of each of the 370000 microwells, allowing buffer to
pass through but not white blood cells or tumor cells. This
results in a high single-cell isolation rate of 91% and on-chip
staining capabilities with high total cell recovery rates of 94% in
spike-in experiments.*

In order to facilitate routine counting of CTCs in point-of-
care settings, it is necessary to develop closed systems that can
handle all the steps involved in sample processing, data
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acquisition, and evaluation. To address this need, Loutherback
and Dietz have designed a device that consists of microwells
connected to a narrow channel, in which magnetically labeled
cells are attracted by magnetic force and captured within the
microwells.® Once captured, the device can be flipped, allowing
for continuous exchange of the fluid above the microwells while
the cells stay in place. This enables for example washing of
unbound antibodies within 30 min.

While lots of novel methods were developed and optimized,
none of the methods mentioned above offers a combination of
(i) low loss cell isolation and processing, (ii) versatility to
implement a broad range of assays as well as (iii) an integrable
method into PoC devices for the quantification of tumor cells.
In this study, we developed a solution for the analysis of tumor
cells directly from whole blood using a high-density silicon
microcavity array overcoming the mentioned limitations. This
array is designed with a capacity of up to 340000 cavities,
allowing for the unbiased isolation of nucleated cells, including
tumor cells. To enhance the efficiency of the system, we have
implemented a novel strategy called microfluidic decanting,
which enables rapid exchange of reagents within the
microfluidic environment. This enables multistep on-chip
staining protocols, providing a high level of flexibility in assay
design for the detection of tumor cells. Because of its compact
dimensions, low reagent volumes, and simple fluidic
processing, our method demonstrates the potential for seamless
integration into point-of-care devices.

Results & discussion
Conceptualization & microcavity array

We use an unbiased isolation approach requiring less than
100 pl of whole blood. The blood sample is diluted 1:5 in an
erythrocytes lysis buffer and transferred to a flow cell with a
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Fig. 1 Workflow of the sample processing procedure. Initially, the sample is introduced into a flow cell with a structured silicon microcavity array
at the bottom of the sedimentation chamber (1). During a 20 min stationary phase, the nucleated cells in the sample sediment into the
microcavities at the bottom of the chamber under the influence of gravity (2). To achieve buffer exchange and cellular staining, two methods can
be employed: continuous washing with clear wash buffer (Fig. S21) or microfluidic decanting, where the headspace volume is displaced with an
immiscible air phase (3). The chamber can then be refilled (4) with the desired fluid, such as staining buffer, allowing for rapid diffusive buffer
exchange in each microcavity (5). This decanting and refill process can be repeated (6) to facilitate multiple wash steps or to carry out multistep

staining protocols.
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structured silicon microcavity array at the bottom of the
sedimentation chamber (Fig. 1.1). During a 20 min stationary
phase, all nucleated cells sediment into the microcavities at
the bottom due to gravitational force (2).

Buffer exchange and cellular staining can be achieved by
continuous washing (Fig. S21) or by microfluidic decanting
that mimics macroscopic centrifugal processing.

The liquid volume above the microcavity array is
displaced with an immiscible air phase, while the cells are
retained in the microcavities due to gravitational forces and
fluidic shielding from the flow in the headspace (3). The
cavity and headspace geometry were designed based on
simulations to ensure that they are adequately sized to fit at
least one cell. Due to the large headspace of 640 um
compared to the flat cavities of 25-28 pm, the parabolic
flow profile minimizes flow velocity on the bottom and
prevents the flow streamlines from entering the cavities.
Instead, the flow generates recirculating vortices within the
cavities, thus effectively retaining the cells inside (see ESI-
5.1 for simulation results). Subsequent refilling (4) of the
chamber with the desired fluid (e.g., staining buffer) enables
rapid diffusive exchange in each microwell within a few
seconds due to short diffusion lengths (5). Decanting and
refill take approximately 10 s depending on the applied flow
rate and can be repeated (6) to enable multiple wash steps
or to perform an on-chip fixation-permeabilization-staining
protocol (see ESI-Videol{ for demonstration of the filling
and decanting process). By optical detection and
classification of the cells the count of tumor cells in the
leukocytes background can be determined.

The microcavity array type 1 comprises up to 340000
hexagonal cavities in a detection area of 12.5 mm x 12.5 mm.
Each cavity has a short diagonal length d, = 20 um, a depth d
=25 um, a bar width w = 3 um and a volume V = 8.7 pl. An
image of the microcavity array type 1 is shown in Fig. 2.A.
The 20 pm cavity geometries were chosen to enhance the
single cell isolation, whereas a microcavity array type 2 (d, =
42 pm, d =28 pm, w = 3 um and V = 42.8 pl) was designed to
also enable the isolation of larger cells and clusters.>”*® The
microcavity array was integrated into 3D-printed flow cells for
controlled fluidic processing. A flow cell contains a
microcavity array of type 1 or 2 and is available in two
configurations (Fig. 2.B). Variant A was designed for simple
and fast fluidic processing whereas variant B was designed
for improved volume separation minimizing the dead
volume. The sedimentation chamber inside the flow cell is
the volume above the microcavity array that is used for the
geometric separation of a defined detection volume of 45 pl
in variant A or 100 pul in variant B. Detailed fabrication and
experimental methods can be found in the ESL}

Characterization of the cell isolation step

In order to assess the effectiveness of the sedimentation array
technology in isolating all nucleated cells from whole blood
without bias, we identified several analytical performance
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parameters. These included the initial recovery rate after
sample load, the intra-assay precision, the recovery of cells
during continuous reagent exchange, the assay linearity, and
the distribution of cells after sedimentation. All experiments
were conducted using variant B flow cells, which were
specifically designed for precise volume separation, as
outlined in the supplements (ESI-3.27).

Initial recovery rate after sample load. The initial recovery
rate after sample load refers to the percentage of all cells that
were recovered after transferring the sample into the flow cell
and sedimentation of the cells. Thus, it is a measure for the
capability of the microfluidic setup for cell isolation without
label dependent enrichment or depletion only depending on
gravitational forces and should ideally be 100%. To
determine the initial recovery rate of our method, we
processed n = 6 microcavity type 1 and n = 6 type 2 flow cells
and n = 3 reference samples whose cell count was defined as
100% as described in the supplements (ESI-3.4.1%). The
initial recovery rate after sample load in the flow cells was
103.6 + 2.8% (type 1, d, = 20 um) and 102.7 + 2.5% (type 2, d,
= 42 um), however the difference was non-significant
compared to the reference. Thus, our microfluidic setup and
processing is capable for the unbiased isolation of nucleated
cells by sedimentation into the microcavity array. A loading
rate greater than 100% can be explained by two factors: (i)
slight variations in the 3D-printed parts and manual
assembly of components leading to a larger volume
separation, and (ii) the introduction of cells from the dead
volume. However, even at this early prototype state, the use
of 3D-printed parts demonstrated high reproducibility, with
potential for further improvement in fabrication and fluidic
processes.

Intra-assay precision. The intra-assay precision is a
measure for the repeatability of an assay when performing
individual of the same analyte under
recurring conditions. To determine intra-assay precision, we
processed n = 6 microcavity type 1 and n = 6 type 2 flow cells
at two different days as described in the supplements (ESI-
3.4.21). The average cell counts, and repeatability limits are
displayed in Fig. 3.A. All individual measurements (see Table
S.1f) fell within the corresponding repeatability range,
indicating no statistically significant differences neither
between the six flow cells of the same geometry nor between
all twelve flow cells processed on each day and thus proofing
a high intra-assay precision.

Cell recovery during continuous reagent exchange. Cell
recovery during continuous reagent exchange is a parameter
used to quantify the loss of cells that occurs during reagent
exchange, which is necessary to achieve optical transparency
and enable cell imaging. To obtain accurate and reliable
results, recovery should be as high as possible, ensuring that
the cell counts obtained are not affected by any systemic
losses during the processing. Therefore, we evaluated the
influence of different flow rates during continuous reagent
exchange on the cell recovery at six flow rates (2, 5, 10, 20,
40, and 80 ul s™) as described in the supplements (ESI-

measurements

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 Microcavity array and flow cells. A: Microscopic image of the microcavity array type 1 with approximately 340 000 cavities on 12.5 x 12.5
mm? detection area. B: Microfluidic integration of the microcavity array into the flow cell. The microcavity array was integrated into the 3D printed
slide before the adhesive tape with Mini Luer adapters and glass lid were applied. The fluidic access was realized using a pipette or syringe pump
via the Mini Luer adapters. Left: Variant A flow cell with horizontal sedimentation chamber and phaseguides for integration of 9 x 9 mm
microcavity arrays. Right: Variant B flow cell with 45° rotated sedimentation chamber for integration of 13.45 x 13.45 mm microcavity arrays.

3.4.31). High recovery rates exceeding 95% were achieved for
each flow rate and cavity geometry (Fig. 3.B). The CV was
2.1% for 20 um cavities and 1.8% for 42 pum cavities. There
was no statistically significant difference neither within a
cavity geometry as a function of the flow rate nor between
the two cavity geometries, resulting in an overall recovery of
98.4 + 2.2%. This proves that our solution exhibits high
robustness across a wide range of flow rates, thus not only
being suitable for processing with accurate flow control but
also for simple manual processing using a pipette or LoC
systems with pulsatile flow rate profiles. While higher flow
rates could potentially lead to increased cell loss, exploring
this was beyond the scope of the current study. The flow rates
investigated here established a suitable operational range for
our prototype and its intended application.

This journal is © The Royal Society of Chemistry 2025

Assay linearity. Assay linearity describes the ability of the
method to isolate and quantify tumor cells on the
microcavity array within a large population of non-tumor
cells that is directly proportional to the actual number of
tumor cells introduced. Since real patient samples are likely
to have varying tumor cell counts throughout the course of
therapy, it should at least cover the range of 0 to 1000 cells
per microcavity array, which would correspond to 0 to 50 000
tumor cells per ml whole blood.” To determine the assay
linearity, we spiked HCT-116 cells or fluorescent beads into
whole blood and processed the samples as described in the
supplements (ESI-3.4.41). Assay linearity was evaluated by
plotting the number of HCTs or fluorescent beads recovered
per microcavity array for each of the spike-in concentrations
against the reference samples. The isolation process was

Lab Chip, 2025, 25,1938-1946 | 1941


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4lc00759j

Open Access Article. Published on 10 Mé&erz 2025. Downloaded on 29.01.26 06:53:43.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

A

Sample Mean + SD r Range
20um_d1 [ 119262 + 2946 10713 [108550 - 129975
42pm_d1 | 119575 + 2956 10749 [108826 — 130325
20pm_d2 |108358 + 2938 10681 | 97677 — 119039
42pum_d2 110875 + 3049 11087 | 99789 - 121962
100,000 7 1= 9998
12=0.9997
10,000 - ) A°
g 277
£ 1,000 oA
5 ,:ﬁ‘3
3 100 4 &
s o®
] 10 - A&
O 2%
© 4%
0.1 . . . . . .
0.1 1 10 100 1,000 10,000 100,000

Spiked in Reference

AHCTs ©Beads

View Article Online

Lab on a Chip

Recovery [%]
©
o

80 4

75

2 5 10 20 40 80
Flow [ul/s]

=20 ym_1 =A=20um_2 =0==42pm_1 =<=42pum_2

80 A

o
=1

N
o

Frequency [%]

20

1 cell/cavity 2 cells/cavity > 3 cells/cavity

W42 pm Exp. 842 pm Poisson @20 pm Exp. 820 pm Poisson

Fig. 3 Characterization of the cell isolation setup. A: Average cell counts and repeatability limits of the measurements for intra-assay precision. B:
Recovery during continuous reagent exchange at defined flow rates for 20 um (red) and 42 um (white) cavities, each n = 2. Overall, an average
recovery of 98.4 + 2.2% was achieved. C: Assay linearity assessed by comparing the recovered HCTs (red) or beads (white) on the microcavity array
to the reference. Linear regression analysis revealed high linear correlation over at least three orders of magnitude from 10-10 000 HCTs or beads
with r? of 0.9998 and 0.9997. D: Experimentally determined cell distribution (solid) in 20 um (red) and 42 um (black) cavities loaded with cells

versus theoretical estimate (dashed) using Poisson statistics, each n = 3.

shown to be linear over at least three orders of magnitude (r*
= 0.9998 for HCTs and > = 0.9997 for fluorescent beads),
which makes it suitable for the analysis of both small and
large numbers of tumor cells in a large background of non-
tumor cells. Furthermore, no difference was observed in the
detection of defined, standardized beads compared to a
homogeneous mixture of HCT cells (Fig. 3.C).

Although the results demonstrate a high degree of
linearity, further replicates are necessary, particularly in the
range <10 cells per sample, to minimize the statistical scatter
of the data and achieve reliable results.

If no spike-in was performed (0 cells or beads), no false-
positive events were detected neither in the reference nor in
the microcavity array (data not shown). A definite statement
on the specificity of the staining must be made in further
investigations on real patient samples and is beyond the
scope of this study.

Cell distribution after sedimentation. The cell distribution
after sedimentation describes the frequency of cavities loaded
with a defined number of cells. To ensure accurate optical
detection and classification of the cells, the cavities should
ideally only be loaded with one cell per cavity. The
sedimentation process and the theoretical cell distribution
were modeled using the Poisson distribution as described in
the supplements (ESI-3.4.57). Due to the statistical nature of
the distribution process, also none, two or more cells can be

1942 | Lab Chip, 2025, 25,1938-1946

in one cavity. For experimental validation, n = 3 microcavity
array type 1 and n = 3 type 2 flow cells were processed with an
all-in-one staining and the individual cell count per array was
determined to calculate the theoretical cell distribution over
the whole detection area. In particular, the frequency of the
events 1, 2 and >3 cells per cavity was investigated in cavities
loaded with cells and showed no significant differences (« =
0.05) comparing the experimental with the theoretical cell
distribution (Fig. 3.D). The cell distribution in all cavities
including the empty ones can be found in the supplements
(Fig. S5t). Using the array with smaller cavities results in a
higher percentage of empty cavities (80% for 20 um vs. 40%
for 42 ym). This was due to the increased density of smaller
cavities (~2205 cavities per mm?” for 20 um and ~572 cavities
per mm? for 42 um cavities) and is not indicative of a loss in
overall capture efficiency. The difference was only in the cells/
cavity distribution across the array. From this, the following
hypotheses can be inferred: (i) the sample was uniformly
mixed wupon input into the flow cell, resulting in
homogeneous sedimentation of cells across the entire
detection area, and (ii) the cells sediment independently of
each other, without significant clumping or interactions that
would interfere with cell singulation. Additionally, it can be
observed that the single-cell occupancy in 20 pm cavities was
approximately 30% higher than in 42 pm cavities, which is
advantageous for optical detection and classification. Based

This journal is © The Royal Society of Chemistry 2025
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on our data, the theoretical modeling using Poisson
distribution provides a good approximation of the real
conditions, allowing for a theoretical design of the optimal
ratio of cells to cavities based on the desired occupancy level.
Additionally, the cell distribution could be determined
routinely and used as an internal process control to evaluate
homogeneous mixing or successful loading of the array.

Rapid microfluidic reagent exchange

The previous findings clearly demonstrated that our solution
can effectively isolate nucleated cells without selection bias,
with recovery rates 95% or higher. However, these results are
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limited to a method where all cells are stained together
before being applied to the microcavity array. This approach
only allows for the discrimination of cells based on their
surface antigens and on membrane permeant dyes like
Hoechst 33342 or propidium iodide. Additionally, all the
reagents have the same incubation time and are present in
the lyse and staining mixture, which could potentially
interfere with each other and not provide optimal reaction
conditions, thus limiting the flexibility of potential assays. In
fact, labelling of intracellular antigens would not be possible
with an all-in-one staining approach, as a sequential
introduction of fixation and permeabilization buffer with
subsequent wash steps would be necessary.
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Fig. 4 Multistep staining protocols by microfluidic decanting. A: Cell recovery during intracellular staining procedure. Cells were processed either
on-chip (red) with microfluidic decanting or off-chip (white) with a centrifugation protocol. Normalized to the initial cell count in the blood lysate,
each n = 3. The final yields were 101.3 £ 4.4% (on-chip) and 52.5 + 0.6% (off-chip) with an average on-chip yield of 100.4 + 4.8% over ten reagent
exchanges. B: Fluorescence intensity of cells labeled with EpCAM and cytokeratin antibodies before (white) and after (red) addition of the
intracellular staining cocktail. The successful reagent exchange in the cavities can be detected by a significant signal increase in the cytokeratin
channel after staining, indicating a correct intracellular antibody labeling of the cells. C: Microscopic cell detection of spiked HCT116 tumor cells
in blood on the microcavity array. The cells were sequentially stained by microfluidic decanting and imaged in five detection channels. 1:
Brightfield. 2: Hoechst 33342 (DAPI, nucleus stain). 3: Cytokeratin (Cy3, epithelial intracellular tumor marker). 4: EpCAM (FITC, epithelial surface
tumor marker). 5: CD45 (Cy5, surface leukocyte marker). The red labeled well contained one tumor cell.
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To address this limitation, we developed a process named
here as microfluidic decanting, which aims to implement
reagent exchanges comparable to centrifugal processing into
our microfluidic solution (Fig. 1). This process enables
sequential processing with defined incubation times and
rapid exchange of reagents, as required in most immuno-
histochemical assay protocols.

To quantify cell loss during microfluidic decanting, we
compared cell recovery after reagent exchange using on-chip
microfluidic decanting with the off-chip reference method of
centrifugation, decanting, and resuspension. The comparison
was conducted in n = 3 microcavity type 1 variant A flow cells
for simple processing using a pipette as described in the
supplements (ESI-2.31). The protocol included ten reagent
exchanges, with a final yield of 101.3 + 4.4% on-chip and
52.5 + 0.6% off-chip (Fig. 4.A). For on-chip processing, there
was no significant difference in the cell count per reagent
exchange, indicating an average yield of 100.4 + 4.8%, which
was excellent compared to the approximately 50% cell loss in
reference off-chip processing. This is particularly noteworthy
as the highest cell losses in off-chip processing occurred after
permeabilization of the cells, which is necessary for assays
requiring intracellular staining of protein such as
cytokeratin.

Implementation of multistep on-chip staining protocol

We further wanted to provide a universally applicable
solution to isolate and stain multiple types of cells, without
limitations to only surface antigens or all-in-one staining
cocktails. The previous findings clearly demonstrated that
cells can be processed on-chip with excellent recovery rates.
We also wanted to demonstrate that we are not only able to
recover individual cells during microfluidic decanting but
also successfully exchange reagents within the individual
cavities after refill by diffusion, which can be visualized by
staining cells with e.g. antibodies. Therefore, we analyzed the
EpCAM (FITC-channel) and cytokeratin (Cy3-channel)
intensities of the HCTs in the previous experiment before
and after addition of the intracellular staining cocktail
(Fig. 4.B). Thus, the subset before CK stain corresponds to
step no. 8-block and the subset after CK stain corresponds to
step no. 10-wash. As clearly visible, the average intensity of
all cells in the cytokeratin channel raised significantly from
5.3 + 0.2 before the staining (white) to 34.9 + 16.5 (red),
which corresponds to an approximately 6.5-fold increase,
underlying the successful labeling of the cells. A visual
impression of the sequential on-chip staining can be found
in Fig. S3.f The combination of microfluidic decanting with
the microcavity array thus enables us to successfully
implement highly efficient on-chip staining protocols
regarding processing time, reagent consumption and cell loss
with high flexibility in the choice or combination of reagents.

For optical detection, classification, and quantification of
different cell populations, the microcavity arrays were imaged
with a microscope as described in the supplements (ESI-

1944 | Lab Chip, 2025, 25, 1938-1946

View Article Online

Lab on a Chip

3.57). Fig. 4.C shows an exemplary overlay of 0.05% of the
total detection area of one microcavity array type 1 (20 pm, 9
x 9 mm) with sedimented and on-chip stained cells in the
microcavities (1, brightfield). As a universal marker for all
nucleated cells, Hoechst 33342 (2, blue, DAPI channel) was
used. The HCT116 tumor cells were stained with intracellular
PE-labeled anti-cytokeratin (3, orange, Cy3 channel) and
VioBright B515-labeled anti-EpCAM antibody (4, green, FITC
channel). Additionally, leukocytes were stained with APC-
labeled anti-CD45 antibody (5, magenta, Cy5 channel). By
single cell detection and intensity quantification in each
channel, we were able to clearly discriminate individual cells
and classify into tumor cells and non-tumor cells or
leukocytes as described in the supplements (Fig. S3t). The
inset shows one single tumor cell isolated in a microcavity.

Conclusion & outlook

We have developed a simple solution for cell isolation and
multistep on-chip analysis using a microcavity array. The
method does not rely on specific surface markers for cell
isolation and does not require bulky or expensive fluidic
controls, thus enabling also a processing using a pipette.
Approximately 98.4 + 2.2% of the seeded cells could still be
recovered after a single wash step. The method further
demonstrated high linearity with a correlation coefficient (%)
of >0.9997, using cell culture and bead spike-in over at least
three orders of magnitude from 10-10000 events. The cell
distribution after sedimentation showed no significant
differences to the theoretical estimate using Poisson statistics
with a single cell occupancy of approx. 60% or 90% using the
42 pm or 20 um cavities comparable to sieved microwells.>*?’
In the current study, we fabricated microcavity arrays with up
to 340000 cavities (type 1: d, = 20 um) on a detection area of
156.25 mm?®. This method is easily scalable, so even larger
detection areas for processing of larger volumes or other
cavity diameters and depths could be realized to further
optimize cell trapping efficiency.®?”

The theoretical estimation using Poisson distribution can
be used to determine the minimum number of cavities
needed for a certain cell number range that is expected for
real patients. Additionally, the choice of cavity diameter is
highly dependent on the cell size that is expected. When
targeting single CTCs out of the blood stream, the 20 pm
cavities are advantageous in case of single cell distribution.
However, they will not be suitable to detect CTC clusters of
two or more cells, simply because of spatial limitations.”*®
Therefore, the larger cavities with d, = 42 um should be used.
Depending on the sample species, assay characteristics and
downstream analysis, further optimization of not only the
diameter but also the shape, depth and pitch of the cavities
could be possible as described elsewhere.**2¢27

We further implemented the solution of
microfluidic decanting, mimicking centrifugal processing in
a microfluidic setup. This approach achieved high recovery
rates of 100.4 + 4.8% with minimal cell loss over ten reagent

novel
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exchanges. Currently, the experiments were manually
performed using a pipette, still achieving reproducible
results. However, user variability is a key factor. Depending
on the fluid velocity during pipetting, potential cell losses
could occur. This could easily be avoided by applying good
laboratory pipetting practices, by using a syringe pump or by
integration into LoC systems with controlled flow rates.

Additionally, we successfully demonstrated the labeling of
intracellular cytokeratin in spiked-in cell culture, indicating
the adaptability of the platform to various assay detection
reagents. This makes it a versatile technology for different
tumor phenotypes. Further experiments should explore the
platforms versatility in assay design, including different cell
lines and marker combinations. This could include variations
in cell size and epithelial and mesenchymal marker
expression, allowing analysis of not only the subset of
EpCAM+ cells but also cells that have undergone EMT.*”"°

Our study demonstrates that the combination of
microfluidic sample processing and a high-density
microcavity array offers a (i) low loss approach with high
sensitivity for cell isolation and further processing by
microfluidic decanting, (ii) thus enabling high flexibility in
assay design through multistep on-chip staining possibilities.
As the method was designed for a small footprint and low
reagent consumption and further proved to be robust at
different fluidic regimes, we are (iii) compatible to lab-on-a-
chip systems like Vivalytic from Bosch Healthcare
Solutions.?® This system combines sample processing, image
acquisition, and data analysis in a single device. Thus, by
integration of our method into a LoC-cartridge, a fully
automated workflow for the quantification of spiked tumor
cells in whole blood could be implemented, overcoming the
mentioned limitations of the current state of the art.
However, there are still several hurdles like the influence of
the microfluidics and mechanical stress to the cell
characteristics which is currently unclear and must be
addressed in further studies.

However, the biggest limitation now, or rather the major
uncertainty, is whether the small amount of blood will be
sufficient. The current assay has a limit of detection of 50
tumor cells per ml whole blood, assuming ideal processing
with no cell loss. This may only be achievable if isolation-free
approaches, as described in previous studies, can detect
significantly higher numbers of tumor cells. Although Gold
et al. could demonstrate a clinical correlation of their
putative CTCs, the lack of genetic proof remains a significant
uncertainty.”® As the common opinion in the literature
suggests a CTC count of only 1-10 CTCs ml™, our small
volume approach directly from whole blood will not be
suitable as described.>” The next step would involve
analyzing real patient data to determine the potential for
isolating real CTCs. Alternatively, one could combine a
selective enrichment step as described elsewhere and process
only the enriched fraction with our method to minimize at
least cell loss due to processing.® With a few adjustments,
our solution could also serve as a simple and scalable lab
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consumable for screening different assay conditions and
recovering cells using a single cell picker after staining and
classification.'®*®
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