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Abstract: Circulating tumor cell enrichment and enumeration are advancing early detection
of cancer, monitoring of therapy response, and even next-generation therapies. Efficiently
capturing rare cells from complex biological fluids is essential in both diagnostic and ther-
apeutic applications. EpCAM-positive tumor cells are specifically captured by utilizing
covalently immobilized anti-EpCAM monoclonal antibodies onto the surface of chemically
modified glass microbeads. To maximize the capture efficiency, bead geometry, immobi-
lization conditions, flow rate, and anticoagulant dosage were systematically optimized.
An in vitro flow-capture system was designed and used to evaluate the capture efficiency
of the proposed technology by utilizing HTC116 colon cancer cell-spiked model media.
The effect of substrate surface pretreatment was characterized by goniometry, while the
capture performance was monitored by flow cytometry and fluorescent microscopy. The
specific capture ability of the bioactive microbead substrate reached over 130,000 cells
in the laboratory-scale cartridge (V(cartridge) = 2.6 cm3; m(bead) = 4 g). This capture
efficiency suggests a promising rare-cell capture utilization of the proposed technology
and may be used for research, diagnostic, and therapeutic purposes. In this paper, we
reported on the development and feasibility test of a high-performance bioactive glass-
microbead cell capture substrate. Due to the relevance and novelty of the reported results,
with further development, the versatile platform technology presented could be readily
implemented to capture tumor cells from complex biological samples and represent an
additional complementary tool to existing cancer diagnostics and therapies.

Keywords: CTC; immunoaffinity; microbeads; cell capture; diagnostics; personalized
medicine

1. Introduction
Effective circulating tumor cell (CTC) capture is in the spotlight of rare cell capture

and analysis-related technologies research. CTCs are cancer cells that have detached from
a primary tumor and entered the bloodstream and/or the lymphatic system. These cells
can travel to and colonize distant organs, leading to the formation of secondary tumors
during the metastatic process [1–4]. The presence of these circulating malignant cells is
highly associated with poor prognosis in many types of cancer, including breast, prostate,
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lung, and colorectal cancer [5–11]. Utilizing liquid biopsy tests as a less invasive alternative
for cancer diagnostics, these cells are important indicators of progression, metastasis, and
response to therapy and provide insight into the genetic and molecular characteristics
of tumors without the need for tissue biopsies [11–16]. Isolating CTCs from relatively
small blood volumes presents several challenges that can impact the effectiveness of
liquid biopsy methods. In other words, current technologies may lack the sensitivity
required to reliably detect and enumerate CTCs from blood samples due to their rarity and
heterogeneity [12,17–21].

Several technologies have been developed to capture and analyze CTCs from patient
blood samples, each with varying efficiencies and throughput capabilities. The CellSearch
system, FDA-approved for certain cancers, utilizes immunomagnetic separation targeting
EpCAM-positive cells. Despite improvements, the sensitivity of the CellSearch system is
still not always adequate, especially in cancers with low CTC counts [22,23], and requires
diagnostic leukapheresis (DLA) to process blood volumes larger than 7.5 mL [24]. For the
time being, the only FDA-approved CTC enrichment technology that is able to process
blood samples up to 40 mL is the Parsortix system. The Parsortix PC1 employs size- and
deformability-based microfluidic separation, capturing a broader range of CTC phenotypes,
including those lacking EpCAM expression. However, the Parsortix PC1 system, which is
currently used in clinics, is also optimized for 7.5 mL blood samples [25,26]. GenoCTC, a
technology recently approved by the FDA for breast cancer prognosis [27], and ClearCell
FX1 [28], which is also FDA-approved for diagnostic purposes, are able to process 7.5 mL
of whole blood. ClearCell FX1 utilizes inertial microfluidics for label-free CTC enrich-
ment [29–31]. The GILUPI CellCollector® is an in vivo device inserted into a vein, exposing
it to approximately 1.5–3 L of blood over 30 min. This approach enhances the likelihood
of capturing rare CTCs, but it is clearly more invasive compared to other liquid biopsy
methods [32].

In this paper, we report on the development and implementation of a novel glass
microbead-based platform with efficient specific cell capture capability, proved in an
in vitro model flow-capture system. Soda–lime glass is a widely used material in vari-
ous applications, including biomedical devices, due to its biocompatibility and ease of
functionalization. When combined with innovative functionalization, it offers a simple,
cost-effective, and efficient solution [33].

2. Materials and Methods
GFP-HCT116 and native (i.e., non-labeled) HCT116 colorectal cancer cell lines were

supplied by the National Institute of Oncology (Budapest, Hungary) and the Hungarian
Academy of Sciences (Budapest, Hungary). Furthermore, 2-picoline-borane, RPMI 1640 cell
culture media, and phosphate buffered saline (PBS, pH 7.4) were purchased from Sigma-
Aldrich (St. Louis, MO, USA). Fetal bovine serum (FBS), 3-aminopropyltriethoxysilane
(APTES), calcein-AM, fluorescein isothiocyanate (FITC)-labeled anti-EpCAM antibodies,
anti-EpCAM antibodies, 10× trypsin-EDTA, and penicillin–streptomycin were sourced
from Thermo Fisher Scientific (Waltham, MA, USA). Methanol and absolute ethanol
were obtained from VWR (Radnor, PA, USA). Hydrochloric acid, sulfuric acid, trisodium
citrate dihydrate, dry toluene, and glutaraldehyde were purchased from Molar Chem-
icals Ltd. (Halasztelek, Hungary). Polyethylene glycol was obtained from Merck
(Kenilworth, NJ, USA). FlowCount Fluorospheres were purchased from Beckman Coul-
ter (Brea, CA, USA). Heparibene Na 25,000 IU solution for injection was obtained from
TEVA (Debrecen, Hungary). The FTA32 software 2.1 was kindly contributed by Professor
Gyula Kiss of the Soós Ernő Research and Development Center, University of Pannonia
(Veszprem, Hungary). The Kaluza software was kindly provided by Szabolcs Tamás
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Nagy of Hungarian University of Agriculture and Life Sciences (Keszthely, Hungary).
The CellProfiler software (version 4.2.8.) was downloaded from their official website:
https://cellprofiler.org/ (accessed on 13 January 2025).

2.1. Chemical Cleaning and Silanization of Glass Surfaces

Commercially available monodisperse 400 and 800 µm soda–lime glass beads were
purchased from Glass Sphere (Jablonec nad Nisou, Czech Republic). Glass microscope
slides were obtained from VWR (Radnor, PA, USA). Glass surfaces were pretreated with a
1:1 mixture of cc. hydrochloric acid and MeOH for 30 min at room temperature, followed
by rinsing with HPLC-grade water. After the washing step, the beads were soaked in cc.
sulfuric acid for 30 min at room temperature, rinsed again, and boiled in HPLC-grade water
for 30 min [34]. The beads were oven-dried completely at 100 ◦C after boiling. Subsequently,
the beads were shaken in 3% APTES in dry toluene for 2 h [35]. After rinsing the excess
reagents with dry toluene, the beads were incubated again at 100 ◦C until complete drying.
The effectiveness of the chemical cleaning and uniformity of silanization were evaluated
by contact angle measurements on glass slides, which were prepared the same way as the
beads. The slides were specifically prepared for goniometry measurements, as described
in [31]. The contact angles were measured after each chemical cleaning and silanization
step. The glass slides were dried under a laminar hood prior to each measurement to avoid
further contamination of their surface.

2.2. Antibody Immobilization

Anti-EpCAM antibodies were immobilized onto glass beads and microscope slides as
follows. Silanized glass beads were shaken in 2% glutaraldehyde in HPLC-grade water for
1 h at room temperature [36]. The beads were washed with HPLC-grade water to remove
the excess glutaraldehyde. Then, 1 µg/µL non-labeled anti-EpCAM (EpCAM Monoclonal
Antibody (VU-1D9) MA1-10195) antibody solution was added to the coupling buffer of
1 mg/mL 2-picoline-borane in 5% EtOH (v/v) in HPLC-grade water (pH 7.0) to achieve a
final antibody concentration of 0.78 µg/mL [37]. The beads were transferred to a centrifuge
tube, and the coupling buffer was added. The beads were shaken overnight in the coupling
buffer at 4 ◦C. Control beads were prepared in the same way, containing only linkers on
their surface. Finally, the beads were washed with PBS (pH 7.4), and the excess non-specific
binding sites were blocked by the addition of 2.5 mL of 10 mg/mL PEGmw8000 in PBS per
4 g bead, for both the active and control beads. The immobilization process was evaluated
using FITC-conjugated anti-EpCAM and fluorescent microscopy.

2.3. Cell Culturing and Evaluation of EpCAM Expression

HCT116 cells were cultured in complete RPMI media containing 10% fetal bovine
serum and 1% penicillin–streptomycin at 37 ◦C in 5% CO2 atmosphere. The cultured
cells were detached from the flask walls with 1× trypsin-EDTA in PBS solution. The
detached cells were resuspended in RPMI medium containing 10% FBS and 1% penicillin–
streptomycin and stored in Eppendorf tubes at 37 ◦C in 5% CO2 atmosphere. The cells
were incubated for 1 h prior to further use; thus, the surface of the cells could regenerate
before the actual capture experiments and antibody conjugation. Colorectal cancer cells
were reportedly EpCAM-positive [38,39], but the EpCAM expression of the cells was
investigated using FITC-labeled anti-EpCAM conjugation. To study the over-expression
of EpCAM, 20 µL of FITC-labeled antibody solution was added to the cell suspension per
1 × 106 cells as recommended by the manufacturer. The cells were incubated in the dark at
37 ◦C for 15 min. Finally, the cells were centrifuged at 1800 rpm and resuspended in PBS to
remove excess antibodies. The washing step was repeated 3 times. Fluorescent emission of
the antibody–cell conjugates was measured by flow cytometry.

https://cellprofiler.org/
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2.4. Cell Capture

Laboratory-scale test cartridges (2.6 cm3) were filled with anti-EpCAM antibody
immobilized glass beads (3.6 g of id = 800 µm or 4 g of id = 400 µm) for the cell capture
experiments. HCT116 cells, at an average concentration of 18 pcs/µL, were spiked into
30 mL of 1% (w/v) PEGMW8000 in PBS. The model solution was rinsed through the
laboratory-scale test system using a LeadFluid peristaltic pump (Baoding Lead Fluid
Technology Co Ltd., Baoding, China), ensuring continuous flow. The experimental setup
and its schematics are shown in Figure 1. Two laboratory-scale cartridges were filled with
activated and control beads, respectively. Open-lid tanks were filled with the cell-buffer
suspension, ensuring bubble-free flow, and used as admission/sampling points as well. Cell
suspension homogeneity was maintained by continuous stirring using a magnetic stirrer.
Since the non-specific binding of adhesive cells cannot be avoided, control experiments
were performed to establish a reference point for accurate estimation of specific cell capture.
The setup of the control experiments was identical, as described above, except that the
control beads contained only linkers and the blocking agent on their surface. HCT116
cells containing buffer model solutions were run through the cartridge in a way that the
total volume was recirculated continuously for 2 h. The cartridges were then washed
with PBS, and the beads were transferred to 15 mL falcon tubes. The captured cells were
detached from the beads by rinsing them with 1 mL of 1× trypsin-EDTA solution at 37 ◦C
for 5 min, then 2 mL PBS was added to each tube followed by incubation for another 5 min
at the same temperature. The final volume of the cell suspensions washed from the beads
was 3 mL in each tube. After the second incubation step, the bead–cell suspensions were
vortexed thoroughly. Then the beads were allowed to sink to the bottom of the falcon tube,
and the supernatants were sampled. The cell concentrations were measured using flow
cytometry, as described above. Calcein AM staining was used to determine the viability of
the captured cells. After the capture experiments, the beads were transferred to centrifuge
tubes. Membrane-permeable calcein AM dye was used as a staining solution (5 µM in PBS,
pH 7.4). Then, 1 mL of staining solution was added to the beads, and the bead-staining
solution mixture was incubated in the dark at 37 ◦C for 15 min. After incubation, the
staining solution was discarded, and the beads were placed onto microscope slides for
fluorescent microscopy.

2.5. Cell Capture from Blood by Active Glass Slides

To ensure easier visualization and microscopy evaluation with immunohistochemistry,
the cells were captured from human total blood by bioactive glass slides in a continuous
flow experimental setup. The blood sample of a healthy volunteer was collected into
sodium citrate anticoagulant-containing tubes. The collected blood was spiked with non-
GFP HCT116 cells at an average concentration of 18 pcs/µL, as described above in the
bead-capture experiments. Standard microscope slides were pretreated, and anti-EpCAM
antibodies were immobilized onto them, as described earlier. The slides were then incu-
bated in PBS containing 1% w/v PEGmw8000 at 4 ◦C for 4 h. HCT116 cells were captured
on the prepared slides using the in vitro flow-capture system. The slides were then placed
in a 3D printed polymer case, and the capacity of the tank was 15 mL. The flow rate was
maintained at 5 mL/min (vlin = 78.26 cm/min) by the peristaltic pump. Even the distribu-
tion of the cells was maintained by a magnetic stirrer. After 30 min, the slides were washed
by discarding the spiked blood and rinsing the system with 15 mL PBS 3 times. After the
last washing step, the PBS was completely drained from the system, and the slides were
placed in freshly prepared 2.5% v/v glutaraldehyde in PBS for fixation of the captured cells.
Finally, the captured cells were labeled with FITC-conjugated anti-EpCAM antibodies. All
steps were carried out under a BSL2 laminar hood. Captured cell count was accomplished
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by microscopy and CellProfiler software [40]. Photos of the captured FITC-anti-EpCAM
labeled cells were taken with a Nikon Eclipse Ni microscope equipped with a FITC filter
cube and a Nikon d5600 DSLR camera.

Figure 1. Experimental setup of the flow-capture system (Panel (A)) and its schematic representation
(Panel (B)). Stable circulation was maintained using a peristaltic pump (1). The laboratory-scale
cartridges (2) were filled with activated (right side) and control (left side) beads, and the tanks (3) were
filled with the cell suspension in buffer. The peristaltic pump drives the circulating model fluid in a
bottom-up direction (red arrow) through the bead-filled cartridge (2), where the cells are captured on
the surface of the beads. Homogenous distribution of the cells was ensured by continuous stirring
(4). The test system components were connected by polyethylene tubing. In the case of activated
microscope slides, the setup was identical; only the slides were placed in 3D-printed, closed-design
cases enabling continuous flow on the surface of the slide, and the tank volumes were 15 mL instead
of 30 mL.
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2.6. Anticoagulation

The capture efficiency of the activated beads was investigated in combination with
different, commonly used anticoagulants. Low molecular weight heparin (LMWH) and
Na-citrate were reported to be safely applicable in the case of cancer patients [41,42]; there-
fore, these anticoagulants were taken into consideration. The dosage of anticoagulants was
calculated according to the recommendations used in clinical practice [43], and the biologi-
cal half-life of heparin was also taken into consideration during the experiments. Prior to
all citrate anticoagulation and certain LMWH anticoagulation experiments, the hardware
parts of the experimental setup were pretreated with 10,000 IU/L Heparibene Na solution
in PBS (priming) to assist local anticoagulation within the system. The anticoagulants were
added directly to the carrier medium, and their effect on the specific capture was evaluated
by flow cytometry.

2.7. Flow Cytometry

A 100 µL cell suspension was sampled three times from the supernatant of the
capture experiment. Each sample was injected into the flow cytometer (Gallios, Beck-
man Coulter, Brea, CA, USA) in triplicate. To increase the accuracy of quantitative cell
count measurements in PBS-cell suspensions, 100 µL of FlowCount Fluorospheres internal
standard (Beckman Coulter) was added to each sample (1:1). In this way, absolute cell
counts were measured by using forward scatter (FSC), side scatter (SSC), and FL1 (green
fluorescent) detectors.

2.8. Captured Cell Identification on Microscope Slides

During thorough examination of the entire surface of microscope slides, images of
the captured FITC-anti-EpCAM-labeled cells were taken. The adhered cells were iden-
tified based on fluorescence, and size utilizing the CellProfiler software, employing the
ColorToGray and IdentifyPrimaryObjects modules. The ColorToGray module in CellPro-
filer converted color images to grayscale, which was essential for the subsequent object
identification steps. Next, the Gaussian filter in the Smooth module was applied to re-
duce noise. Additionally, the IdentifyPrimaryObjects module was used to detect objects
in grayscale images based on their characteristics. Initially, the captured HCT116 cells
were manually identified, and their diameters were determined in pixels (average 65 pxls
at 20× magnification). This information enabled the IdentifyPrimaryObjects module to
recognize the HCT116 cells on all pictures based on their size. Accuracy of the given size
range was verified by the use of calibration beads of known size with a 20× objective. To
verify the average measured diameter of HCT116 cells in pixels, the average diameter of
calibration beads in micrometers (400 µm) and pixels (~1583 pxls), as well as the average
diameter of the HCT116 cells in micrometers, were taken into account [44].

3. Results and Discussion
In this study, a laboratory-scale test system was developed and utilized for the feasibil-

ity testing of a high-performance immunoaffinity-based cancer cell capture approach. Cell
capture was performed by spiking the tumor cells into a peristaltic pump-driven buffer
solution circulation. The working mechanism of the proposed technology is shown in
Figure 2. Please note that during the actual capture process, blood would flow through the
cartridge for selective targeted cell removal from the circulation by the active glass beads.
The filtered blood is returned to the tank of the flow-capture system.
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Figure 2. Schematics of the proposed cell capture mechanism. The beads selectively capture CTCs,
while all cellular and molecular blood components pass through the cartridge.

The degree of EpCAM expression in the HCT116 cell line was confirmed using FITC-
labeled anti-EpCAM antibody conjugation. The emitted fluorescence signal of the HCT116
cell–antibody conjugates was evaluated using flow cytometry. The non-labeled (red his-
togram) and the fluorescent antibody-labeled cell population (green histogram) were
observed during the cytometry measurements, as shown in Figure 3. Measurements were
evaluated using the Kaluza software. Following successful antibody conjugation, the uni-
form green fluorescence of the labeled cells clearly demonstrates the high level of EpCAM
expression in the HCT116 cell line used.

Figure 3. Histogram overlay of the flow cytometry evaluation of HCT116 cell EpCAM expression.
HCT116 cells were resuspended in RPMI medium containing 11% FBS, 1% penicillin–streptomycin,
and 20 µL of 30 µg/mL FITC-conjugated anti-EpCAM mAb solution/1 × 106 cells, according to the
manufacturer’s recommendation for flow cytometry. The green fluorescence of the labeled cells was
clearly detectable (green histogram). The lower cell count of the labeled sample was due to cell loss
during the washing step after antibody conjugation.

To achieve effective immobilization, the surface of the glass microbeads was pretreated
to increase the number of the required reactive hydroxyl groups. Goniometry was used to
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determine the effect of the pretreatment by contact angle measurements of the hydropho-
bicity using flat-surface standard microscope slides. The results were evaluated using the
FTA32 software. After incubating in a 1:1 cc. hydrochloric acid and methanol mixture for
30 min at room temperature to degrease their surface, the glass slides were treated with
cc. sulfuric acid at room temperature for another 30 min. As the result of this two-step
acidic treatment, the number of hydroxyl groups on the glass surface increased, proven
by their higher hydrophilicity and significant decrease in the contact angle compared to
the initial (untreated) state, as shown in Figure 4. The APTES molecules bind covalently to
hydroxyl groups, increasing the hydrophobicity of the surface, resulting in higher contact
angles compared to the chemically cleaned glass substrates. After each step of the chemical
cleaning and silanization, the glass slides were air-dried under a laminar flow hood at room
temperature to prevent further contamination prior to each contact angle measurement.

Figure 4. Contact angle measurements were carried out to investigate the quality of the treated glass
surface using standard microscope glass slides prepared specifically for goniometry. As a result of
chemical cleaning, the number of hydroxyl groups increased on the surface, resulting in a significant
decrease in the contact angles (Panels (A,B,D)). Subsequently, due to the hydrophobic property of the
APTES molecules bound to the surface (Panel (C)), higher contact angles were observed compared to
the initial state and chemically cleaned surfaces (Panels (C,D)). The error bars represent the standard
deviations of triplicate experiments.

The antibody immobilization efficiency and bead functionality were investigated
using fluorescent microscopy (Figure 5). Successful immobilization was confirmed using
FITC-labeled anti-EpCAM antibodies. Fluorescence emission of the activated beads was
clearly detectable compared to the control beads, containing only linkers on their surface.
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Figure 5. Microscopic image evaluation of the active and control beads. The effectiveness of the
immobilization method was evaluated using fluorescently labeled antibodies and fluorescent mi-
croscopy. The control beads (A), which contain only the linkers, do not show any fluorescence,
while the activated beads (B) exhibit uniform fluorescence after the successful immobilization of
FITC-conjugated anti-EpCAM mAbs. Panel (C): Bright field image of the 400 µm diameter beads
utilized. All images were taken using a Nikon Eclipse Ni microscope with 10× lenses, equipped with
an FITC (ex.: 475 nm/em.: 530 nm) band-pass filter cube and a Nikon d5600 DSLR camera.

Trypsin-EDTA (1×) was used to release the captured cells from the active and control
beads. Due to the compact size of the laboratory-scale cartridges, it was possible to elute
all cells from the entire bead surface area; thus, the absolute cell count of the cartridges was
readily determined (Figure 6).

The absolute cell count of the samples, obtained after the trypsin-EDTA wash of
beads, was measured using flow cytometry, utilizing the FlowCount Fluorospheres internal
standard. In this way, the specific capture of cells could be determined and used to
characterize capture efficiency, calculated as follows. The difference in the number of cells
released by the trypsin-EDTA wash of the antibody-containing and control beads refers
to the number of cells specifically captured by the immobilized anti-EpCAM antibodies
[captured cells (activated beads) − nonspecific capture (control beads)]. Cell counts were
expressed in cells/g bead.

The surface-to-volume ratio of the substrates affects the degree of both specific and
non-specific binding. A decrease in bead size, i.e., an increase in surface-to-volume ratio,
was also investigated by capture experiments. The filling weight of the identical laboratory
scale cartridges was 3.5 g in the case of 800 µm diameter beads and 4 g in the case of 400 µm
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diameter beads. A significant increase in specific capture was observed with increased
surface area, from an average of 34,000 cells to over 130,000 cells with a 5 mL/min flow rate.
The laboratory-scale cartridge contained approximately 2.6 cm3 glass beads (the effective
volume of the beads is 58% of the total cartridge volume). It is important to note that 7.5 mL
blood of an average cancer patient contains ~5 CTCs in case of a poor prognosis [45–47],
which is significantly lower than the expected capturing capability of the anti-EpCAM
mAb immobilized glass beads reported above. Based on the cell concentration in the eluted
samples, the percentage of captured cells relative to the total number of cells introduced
into the model system was 6% and 24% when using 800 µm and 400 µm beads, respectively.
Based on these results, the experiments were further continued with 400 µm diameter
beads (Figure 7).

Figure 6. Bead surfaces were characterized by microscopy before (left) and after (right) incubation
with 1× trypsin-EDTA to prove detachment of the captured cells. Bright field images were taken
with a Nikon Eclipse Ni microscope, equipped with a Nikon d5600 DSLR camera, in 10× lenses. The
arrows depict the captured cells.

For the verification of the utilized control samples, additional experiments employing
control beads coated with human IgG (HuIgG) were carried out. The specific capture rate
was ~36,665 cells per gram of beads, which did not show a significant difference compared
to the cell counts observed in experiments utilizing linker-only beads. Based on these
findings, it was concluded that control beads containing only linkers were suitable for
determining specific cell capture.

The shear stress caused by increasing fluid flow rates can also affect the cell capture
ability of the glass substrate; thus, specific capture of the activated beads was investigated
at different linear flow velocities. The calculated linear velocities and flow rates are shown
in Figure 8. Please note that the specific capture was elevated with increasing linear
flow velocity, most likely caused by the reduction of non-specific binding of cells due to
weaker stringency [48,49]. Cells were still able to specifically (immuno-affinity) bind to the
immobilized anti-EpCAM mAb molecules at higher flow rates.
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Figure 7. Effect of the increased specific surface area due to the reduction in the grain size of the glass
beads on the number of specifically captured cells from the model system. The decrease in bead size,
i.e., the increase in the surface-to-volume ratio, showed a positive effect on specific capture, which
increased by about 74%. The error bars represent the standard deviation of triplicate experiments.

Figure 8. Effect of linear flow velocity on specific (immunoaffinity) capture in the model system.
Increasing the flow rate reduced non-specific binding; thus, higher specific capture was achieved.

Anticoagulants, such as heparin, might affect antigen-antibody binding; thus, the
possible interaction between the immobilized antibodies and anticoagulants was also
investigated [50,51]. It was concluded that anticoagulants did not unfavorably affect the
specific capture efficiency; however, with increasing heparin concentration, the results
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of parallel capture experiments showed a large variance. Since the beads still captured
a sufficient number of cells from the in vitro circulation system, this phenomenon was
considered negligible in terms of the efficiency of the technology. No significant effects
were observed when Na-citrate with heparin pretreatment was applied (Figure 9). Based
on the results of the eluted samples obtained during the experiments, where the effect of
anticoagulants on specific cell capture was investigated, the percentage of captured cells
relative to the total number of cells introduced into the model system was 27–30%.

Figure 9. Effect of the anticoagulants administered to the laboratory-scale model system on cell
capture. Anticoagulation experiments confirmed that the use of Na-citrate and LMWH did not
adversely affect the function of the beads. The error bars represent the standard deviation of
triplicate experiments.

The viability of the captured cells was investigated using calcein AM assay and
fluorescent microscopy. Viable cells transform membrane-permeable, non-fluorescent
calcein AM to fluorescent calcein by their esterase activity. The viability of the captured
cells is clearly demonstrated by their emitted fluorescence, as shown in Figure 10.

To enable visualization and microscopy evaluation of the HCT116 cells captured from
blood and the non-specific binding of blood cellular elements on bioactive glass surfaces,
cells were captured utilizing bioactive glass slides within the continuous flow system.
Fifteen milliliters of blood from a healthy volunteer was spiked with HCT116 cells at an
average concentration of 18 cells/µL, consistent with the bead capture experiments. Images
of the captured FITC-anti-EpCAM-labeled cells were taken after thorough microscopic
examination of the entire active slide surface. The CellProfiler software was used to identify
the adhered HCT116 cells, captured from whole blood. Based on the images taken during
microscopic evaluation, the capture of single HCT116 cells and HCT116 cell clusters from
whole blood were observed (Figure 11). More importantly, no significant non-specific
binding of blood cellular elements was detected during microscopic evaluation.
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Figure 10. Fluorescent and brightfield microscopy evaluation of the viability of the captured cells.
Non-labeled HCT116 cells, which did not express GFP, were utilized for this experiment, concerning
the similar green fluorescence of calcein. In panels (A–C), the arrows depict the same group of
captured cells visualized using both fluorescence and brightfield microscopy following calcein
AM staining. Panel (D) illustrates viable cells retained on the bead surface, as evidenced by green
fluorescence resulting from intracellular esterase activity. Calcein AM staining was performed directly
on the beads immediately after cell capture from the continuous-flow stream. Based on this method,
the results demonstrated the preservation of cell viability during the process. All images were taken
using a Nikon Eclipse Ni microscope in 20× lenses, equipped with an FITC (ex.: 475 nm/em.: 530 nm)
band-pass filter cube.

Figure 11. Identification of the adhered cells and cell clusters on the microscope slide surface using
FITC-anti-EpCAM labeling and microscope photography (Panel (A)). HCT116 cells were identified us-
ing the CellProfiler software. The ColorToGray module was used to convert color images to grayscale,
followed by Gaussian smoothing to reduce noise. The IdentifyPrimaryObjects module detected cells
based on their size (Panel (B)). The different colors displayed in the IdentifyPrimaryObjects module
of the CellProfiler on Panel (B) are primarily for visualization purposes and to help identify and
differentiate each particular object.

4. Conclusions
In this study, we demonstrated the feasibility of immobilizing human anti-EpCAM

antibodies onto the surface of glass beads for selective capture of circulating tumor cells,
with the goal of further developing an approach to remove CTCs from complex biological
samples. It was demonstrated that the in vitro circulation model setup using EpCAM-
positive HCT116 cell-spiked model fluid was appropriate for testing and proving the
functional feasibility of the proposed technology. Combining the high surface-to-volume
ratio of microfluidic devices and appropriate flow conditions enabled the processing of
larger blood volumes along with efficient capture of target cells. This technology, which
incorporated bioactive bead-filled cartridges into a flow-capture system, ensured that
the entire volume of fluid interacted with the available surface area. In this way, the
technique effectively addressed the challenges associated with limited sample volumes
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and the heterogeneous distribution of circulating tumor cells (CTCs) in the bloodstream.
By scaling up to volumes comparable to standard blood donations and considering an
estimated concentration of 5 CTCs per 7.5 mL, the method may yield a 50-fold increase in
the number of CTCs available for analysis. Following cell capture, enzymatic detachment
yielded a concentrated suspension of eluted cells in a minimal volume, thereby significantly
increasing the concentration of CTCs in the final sample. In combination with widely used
analytic methods, such as FACS or ddPCR, after further development, this technique could
later be easily applied in clinical settings.

Microscopic evaluation of bioactive glass slides proves the feasibility of cell capture
from human whole blood in continuous flow. No significant binding of the cellular elements
in blood was observed in the microscopic examination, due to polyethylene glycol treatment
of the active surface. Based on these findings, it can be concluded that the samples are likely
to require minimal preparation before application. Therefore, after further development,
the method will probably be easily automatable, which will facilitate its introduction into
cancer research and clinical settings.

Based on the contact angle measurements results, it was proven that chemical clean-
ing with 1:1 hydrochloric acid and methanol mixture and cc. sulfuric acid significantly
increased the hydrophilicity of the glass surfaces, and the pretreated substrates contained
an appropriate amount of hydroxyl groups on their surface, making them suitable for
high silanization rate and protein immobilization. FITC-conjugated anti-EpCAM mAb
molecules were successfully utilized to test the immobilization method. Emitted green fluo-
rescence of the active glass surfaces, observed during fluorescent microscopy, demonstrated
successful covalent immobilization of the antibodies. The capture ability of the bioactive
glass surface in the model system reached over 130,000 cells/cartridge at an optimized flow
rate of 5 mL/min.

The capture performance obtained with the use of bioactive glass microbeads was
significantly higher than that required in the case of any cell isolation method currently
applied in clinical practice. Our experiments also demonstrated that commonly applied
anticoagulants did not adversely affect the efficiency of cell capture. All experimental pa-
rameters, including the dimensions of the laboratory-scale cartridge, linear flow velocities,
and the dosage of anticoagulants, were determined according to clinical recommendations;
thus, the results can be readily applied to design a device for diagnostic purposes. Alterna-
tively, for additional treatment in combination with systemic therapy, the substrate can be
used in hemoperfusion devices that are fully compatible with currently used hospital equip-
ment and drugs. In addition, the substrate is produced by using a very simple covalent
immobilization method; therefore, its industrial-scale production could be easily imple-
mented. Glass is biocompatible, chemically resistant, and cost-effective, properties that
make it particularly advantageous in the pharmaceutical and biotechnology sectors, where
there is a growing demand for cost-effective and biocompatible materials. It is important to
emphasize that the anti-EpCAM antibodies used in this study can be substituted with a
wide range of immune-affinity molecules, such as other specific antibodies, nanobodies,
aptamers, lectins, nucleotides, peptides, or a combination of these, making this platform
technology adaptable and customizable for various applications. This flexibility allows
the substrate to be tailored for personalized diagnostics and precision medicine, depend-
ing on specific clinical or research needs. Additionally, the captured cells remain viable
throughout the process and can be efficiently detached from the surface of the beads using
trypsin-EDTA treatment. This enables the cells to be further analyzed through various
omics techniques, including genomic, transcriptomic, proteomic, glycomic, etc., assays, as
well as pathology studies, thereby offering a valuable tool for in-depth investigation into
cellular behavior, disease mechanisms, and potential therapeutic interventions. In the next
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phase of our research, we plan to develop analytical methods that focus on capturing target
cells at lower cell concentrations, aiming to accurately quantify the number of captured
cells with enhanced sensitivity and precision.

During the design of the immunoaffinity-based capture device, high-throughput pro-
cessing was prioritized while ensuring the preservation of cellular integrity. The selected
bead size, combined with an optimized flow rate of 78.26 cm/min, enables the efficient
handling of substantial volumes of whole blood without necessitating prior sample prepa-
ration. This configuration not only enhances processing efficiency but also maintains cell
viability, making it suitable for applications requiring gentle treatment of blood components.
Furthermore, the device’s design allows for its integration into hemoperfusion systems,
effectively serving as a filling material within hemoperfusion cartridges for extracorporeal
blood purification therapies. This adaptability underscores its potential utility in clinical
settings, where rapid and safe blood processing is essential.

In summary, a novel, high-capacity microbead-based separation method was devel-
oped, which combined the high surface-to-volume ratio of glass bead substrates with
optimized flow dynamics to facilitate the efficient capture of target cells from larger blood
volumes. This design alleviated the limitations of small sample volumes and the hetero-
geneous distribution of circulating tumor cells (CTCs) in the bloodstream, enhancing the
likelihood of detecting rare cells. The simplicity of the platform requires minimal sample
preparation, making it well suited for clinical applications. Glass beads, known for their
biocompatibility and cost-effectiveness, serve as the foundation of this system, aligning
with the pressing needs in biomedical engineering for scalable and affordable solutions.
Moreover, the compatibility of the platform with various binding molecules allows for easy
customization to target different cell types. Importantly, the captured cells remain viable
post-capture, enabling a range of downstream analyses, including molecular profiling and
functional assays. This viability ensures that the platform can be integrated into existing
diagnostic workflows, offering a versatile tool for both research and clinical settings.
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