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Abstract Background/purpose: Cancer stem cells (CSCs) are widely recognized as key drivers
of cancer initiation, progression, and therapeutic resistance. Microfluidic chip technology of-
fers a promising approach for CSC isolation and study. This study investigated the efficacy of
a microfluidic chip-based method for isolating single cells from oral cancer cell lines character-
ized by high stem-like phenotypes. Specifically, the study focused on examining the sphere-
forming capability and the expression of CSC markers, including aldehyde dehydrogenase
1A1 (ALDH1A1), CD44, and CD133, in isolated cell clones from OECM-1 and SAS cell lines.
Materials and methods: Oral cancer cell lines were subjected to isolation using a microfluidic
chip. The captured single cells were cultured to assess their sphere-forming capacity in ultra-
low binding culture. Furthermore, the protein expression levels of ALDH1A1, CD44, and CD133
in the isolated cell clones were analyzed using western blotting.
Results: The microfluidic chip-assisted isolation method significantly enhanced the sphere-
forming capability of both OECM-1 and SAS cell clones compared to their parent cell lines.
Moreover, the expression levels of CSC markers ALDH1A1, CD44, and CD133 were upregulated
in the microfluidic chip-assisted isolated cell clones, indicating a higher stem-like phenotype.
Conclusion: This study demonstrates the effectiveness of the microfluidic chip-based approach
in isolating oral cancer cell clones with elevated stem-like characteristics. This method offers
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a valuable tool for further investigation of CSCs and their role in cancer progression, as well as
future therapy development for oral cancers.
ª 2023 Association for Dental Sciences of the Republic of China. Publishing services by Elsevier
B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.
org/licenses/by-nc-nd/4.0/).
Introduction
Cancer stem cells (CSCs) are a subpopulation of cells within
tumors that possess stem cell-like properties, including
self-renewal and differentiation capabilities. CSCs are
thought to play a critical role in tumor initiation, growth,
and therapy resistance.1 Studying CSCs is important for
developing targeted therapies that specifically target these
cells, which may be more effective than traditional thera-
pies that target all cells within the tumor. CSCs have been
identified in various types of cancer, including oral cancer.
Targeting high stem-like phenotypes in oral cancer cell lines
is highly relevant in understanding tumor progression and
therapy resistance. CSC markers serve as essential agents
for identifying cancer cells in precision anti-cancer thera-
pies and improving chemotherapy efficiency. They have the
potential to be exploited as indicators for preneoplastic
lesion malignancy, oral cancer progression, and treatment
prognosis. Various markers for head and neck cancer (HNC)
and oral cancer stem cells have been identified and stud-
ied. Some of the commonly studied CSC markers in oral
cancers include CD44, CD24, CD117, CD133, CD147, Oct4,
aldehyde dehydrogenase (ALDH), and other pluripotency-
associated genes.2e4

Isolation of CSCs can be achieved through various
methods, including surface marker-based approaches and
functional assays.5,6 Microfluidic technology is an efficient
tool for the isolation and characterization of stem cells,
including CSCs.7 Microfluidic devices can create highly
controlled microenvironments for single-cell studies,
enabling observations of cells under specific conditions and
durations. This precision is critical for understanding cell
behaviors and interactions in detail, making them a valu-
able tool for single-cell analysis. Along with their capacity
to efficiently assess numerous samples, thereby facilitating
comprehensive investigations of complex systems and cell
populations in biology.8 The other benefits of microfluidic
systems also include precise control over small volumes of
fluids, enhanced cellular analysis, and low reagent con-
sumption.9 Furthermore, microfluidic platforms exhibit
enhanced operational control and reduced risk of contam-
ination, leading to more efficient high-throughput experi-
ments, and cost savings due to minimal quantities needed
for microenvironment formation.10 Remarkably, micro-
fluidic platforms enable real-time on-chip analysis,
extending even to single-cell levels.11

This innovative approach represents a significant
advancement, enabling researchers to gain a deeper un-
derstanding of the fundamental characteristics of cancer
cells. However, there is still a lack of study on harnessing
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microfluidic platforms in the isolation, culture, and analysis
of oral CSCs. Conducting microfluidic applications to oral
disease studies can hold the promise of improving diag-
nosis, treatment, and patient care in oral health practice.
Thus, in this study, we present a pipette-based microfluidic
cell isolation technique that is capable of conducting the
isolation of single cells from oral cancer cell lines with
elevated stem-like attributes. Specifically, the study
focused on examining the sphere-forming capability and
the expression of CSC markers, including aldehyde dehy-
drogenase 1A1 (ALDH1A1), CD44, and CD133 (prominin-1),
in isolated cell clones from OECM-1 and SAS cell lines.

Materials and methods

Cell isolation and culture using microfluidic chip

Human oral squamous cell carcinoma (OSCC) cell lines
HSC3, OECM-1, and SAS were used in this study. HSC3 is a
cell line established from tumors of metastatic lymph
nodes that originated in tongue squamous cell carcinomas
of a 63-year-old male patient. OECM-1 cell line was iso-
lated from gingival squamous cell carcinoma of male
Taiwanese. SAS is a tongue squamous cell carcinoma cell
line of female Asian patients. Single-cell isolation and
culture from parental HSC3, OECM-1, and SAS cell lines
were performed using a microfluidic chip (CellGem�,
OriGem Biotechnology Inc., Taichung, Taiwan). The
procedure followed the manufacturer’s instructions,
including three major steps (Fig. 1).

Step 1: Cell isolation and single-cell capture
Pre-rinse. Slowly add 1 mL of a priming solution composed
of 30w35% ethanol into either inlet of the microfluidic (MF)
chip. Maintain the solution still for 10e30 s, ensuring even
distribution across the chip. Inject the priming solution
rapidly three times to displace any trapped air bubbles and
ensure complete filling of the chip’s microstructures.
Replace the priming solution by injecting 1 mL of
phosphate-buffered saline (PBS) into the chip three times,
ensuring complete replacement while avoiding bubble
formation.

Cell loading and washing: Introduce 600 mL of cell
suspension (106 cells/ml) into the microfluidic chip. Allow
a 3-min incubation period to facilitate the settling of cells
into designated capture wells. Inject 1 mL of PBS into one
inlet of the chip, followed by another injection into the
opposite inlet. Wait for 2 min to complete the washing
process. Substitute the PBS with 1 mL of culture medium
to create a conducive environment for subsequent steps.
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http://creativecommons.org/licenses/by-nc-nd/4.0/


Figure 1 A. Schematic illustration of the procedure for OSCC cell isolation and culture using the microfluidic chip. B. Repre-
sentative images of HSC3, OECM-1, and SAS cell clones from single cells (top) to the colony of cells in the culture well (middle) and
in the 6-well culture plate (bottom).
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Seal and flip. Aspirate any remaining liquid in the chip’s
reservoirs and remove the reservoirs from the chip. Clear

any liquid from the chip’s surface and refill the inlets with
culture medium. Seal the inlets using sealing tape and flip
the chip 180�. Maintain this position for 20 min, allowing
cells to naturally settle into culture wells. To preserve
culture humidity, add 2 mL of 1X PBS into the reservoirs
located at the carrier’s edge. Cover with lid and put the
carrier with the chip in an incubator.

Step 2: Cell culture
After 1e2 days, when cells were attached to the bottom,
cell culture reservoirs were installed, fresh medium was
gradually injected into one of the reservoirs and hydro-
static pressure differences facilitated gradual medium
replacement. Change the medium every 2e3 days.

Step 3: Cell harvest
After 7e21 days of culturing, the cultured cells were ready
to harvest. The chips were gently disassembled to expose
the culture wells, and 1.5 mL of trypsin was injected into
each culture well to dissociate cells from the well bottom.
The cells were then aspirated from the culture wells using a
2 mL pipet and transferred to an ultra-low binding culture
plate.

To measure the efficiency of single-cell capture and the
ability of isolated single cells to form cell clones using this
CellGem microfluidic chip, we calculated as following:

Capture rate (%) Z (number of capture wells trapping
single cells/total number of capture wells) x 100.

Formation (growth) rate (%) Z (number of culture wells
having cell colonies formed/number of single cells
captured) x 100.
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Because a single capture well was only able to capture
one single cell, the number of single cells captured was also
the number of capture wells trapping single cells.

Sphere formation assay

The harvested cells were cultured in DMEM/F-12 medium
supplemented with 1% penicillin-streptomycin-amphotericin
B, 1% N2 supplement (Gibco BRL, Gaithersburg, MD, USA),
10 ng/mL epidermal growth factor (R&D Systems, Minne-
apolis, MN, USA), 10 ng/mL basic fibroblast growth factor
(R&D Systems), 10 mg/mL insulin (Sigma-Aldrich, St. Louis,
MO, USA) and 1 mM dexamethasone (Sigma-Aldrich). To
initiate the sphere formation assay, OECM-1 and SAS cells
were seeded at a density of 10,000 cells/ml into ultra-low
binding 6-well plates (Alpha PlusS, Omics Bio, New Taipei,
Taiwan). After 10 days of incubation, the sphere formation
capacity of the cells was assessed by measuring the number
of spheres (>75 mm) formed and sphere size (diameter in
mm) under a microscope.12

Western blot analysis

Tumor spheres from non-adherent cultures were collected
for protein extraction and western blot. The protocol was
described in previous research.13 Briefly, cell lysates were
denatured using 5x SDS sample loading buffer at 95 �C for
5 min and loaded onto 10% SDS-PAGE gels with approxi-
mately 10 mg of total protein per lane. The separated
proteins were transferred onto Polyvinylidene difluoride
(PVDF) membranes, and subsequent blocking was per-
formed with 5% non-fat dry milk in Tris-buffered saline
containing 0.1% Tween 20 for 1 h at room temperature.
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Primary antibodies targeting ALDH1A1 (1:2000, #15910-1-
AP, Proteintech Group, Rosemont, IL, USA), CD44 (1:2000,
#15675-1-AP, Proteintech Group), CD133 (1:2000, #18470-1-
AP, Proteintech Group), and GAPDH (1:10,000, NB300-221,
Novusbiologicals, Centennial, CO, USA) were incubated
with the membranes overnight at 4 �C. Subsequently, the
membranes were exposed to secondary antibodies: anti-
rabbit IgG, horseradish peroxidase (HRP)-conjugated anti-
body (1:30,000, Jackson ImmunoResearch, West Grove, PA,
USA), and anti-mouse IgG, HRP-conjugated antibody
(1:30,000, Jackson ImmunoResearch) for 1 h at room tem-
perature. Immunoreactivity was detected using a chemi-
luminescent HRP substrate (Millipore, Burlington, MA, USA).
The blot signals were digitally captured using the Fusion
Solo image system (Vilber Lourmat, Marne-la-Vallée,
France). Quantification of results was carried out using
ImageJ software (National Institutes of Health, Bethesda,
MD, USA), with signal normalization performed relative to
GAPDH, serving as the loading control.

Statistical analysis

Statistical analyses were conducted using GraphPad Prism
(v9, GraphPad Software Inc., La Jolla, CA, USA). Unpaired
parametric comparisons were executed using Welch’s t-
test, with a P-value of 0.05 or less indicating statistical
significance.

Results

Capture rates and clone formation rates

Single-cell capture rates and cell clone formation (growth)
rates of OSCC cell lines using the microfluidic chip were
observed as follows (Table 1): In the HSC3 cell line, the
capture rate was 60%, while the cell clone formation rate
was remarkable at 72.2%. Similarly, in the OECM-1 cell line,
the microfluidic chip achieved a capture rate of 65%, while
the formation rate in OECM-1 cell clones was substantial at
61.5%, indicating the chip’s proficiency in single-cell isola-
tion and clone expansion. In the SAS cell line, the capture
rate and clone formation rate were 63.3% and 42.1%,
respectively. In summary, the average capture rate and
formation rate were 62.8 � 2.1% and 58.6 � 12.5%,
respectively. These results affirm the microfluidic chip
method’s suitability for single-cell isolation and subsequent
cultivation in OSCC cell lines.

Enhancement of the sphere-forming capability of
OSCC cell clones isolated by microfluidic chip

Because HSC3 has poor proliferative and sphere-forming
capabilities in serum-free culture conditions, as reported
Table 1 Capture rates and growth rates of OECM-1 and SAS ce

HSC3

Capture rate (36/60) Z 60%
Growth rate (26/36) Z 72.22%
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by Ohnishi et al., only OECM-1 and SAS cell lines continued
to be included in further investigations.14

Our data showed the utilization of the microfluidic chip
(MFs groups) yielded significant outcomes regarding sphere
formation in both the OECM-1 and SAS cell lines. Specif-
ically, in the OECM-1 MF cell clones, the number and size of
spheres exhibited a significant increase when compared to
the parent OECM-1 cell population (Control group)
(Fig. 2A). A similar trend was observed in the SAS cell line
(Fig. 2B), where the number and size of spheres were
significantly elevated in the MF chip-assisted isolation
clones compared to the SAS parental cell line (Control
group). These findings indicate the MF chip’s efficacy in
isolating cells with high stem-like characteristics, as
demonstrated by the enhanced capacity of sphere forma-
tion in both OECM-1 and SAS cells.

Upregulation of CSC markers ALDH1A1, CD44, and
CD133 protein expressions in OSCC cell clones
isolated by microfluidic chip

ALDH1A1, CD133 (prominin-1), and CD44 are biomarkers
that play a crucial role in identifying and understanding the
characteristics of CSCs in various cancers, including oral
cancers, which are accountable for tumorigenesis, self-
renewal, and therapy resistance. A systematic review from
Singh et al. reported that the three markers CD44, CD133,
and ALDH were the most commonly expressed CSC markers
in head and neck squamous cell carcinoma.15

In the OECM-1 cell line, while ALDH1A1 protein expres-
sion analysis showed only MF2 clone had a significant in-
crease compared to the parent OECM-1 cells, a pronounced
elevation in both CD44 and CD133 protein expressions were
observed in all MF chip-assisted isolation clones (Fig. 3A).

Additionally, in the SAS cell line, all microfluidic chip-
assisted isolations (MFs groups) yielded a remarkable in-
crease in ALDH1A1 and CD133 protein expression compared
to the parent SAS cell population (Control group). Mean-
while, CD44 protein expression also exhibited a significant
increase in the MF2 and MF3 cell clones compared to their
parent SAS cells (Fig. 3B).

The results show that the microfluidic chip-assisted
isolation method was able to isolate cells from the OECM-
1 and SAS cell lines that had higher expression of the stem
cell markers ALDH1A1, CD133, and CD44 than the parent
cell populations.

Discussion

In this current study, we used the microfluidic chip method
for isolating CSCs from the OSCC cell lines. When compared
to the parent cell populations, the microfluidic chip-
assisted isolation cells displayed a significant increase in
ll clones isolated using microfluidic chip.

OECM-1 SAS

(39/60) Z 65% (38/60) Z 63.33%
(24/39) Z 61.53% (16/38) Z 42.10%



Figure 2 Enhancement of the sphere-forming capability of OSCC cell clones isolated by microfluidic chip. A. Representative
images of tumorspheres from OECM-1 cell clones isolated by microfluidic chips (MFs) and their parental cells (Control). Quantifi-
cation of the number and size of spheres formed by each cell line is shown in the charts below. B. Representative images of
tumorspheres from SAS cell clones isolated by microfluidic chips (MF groups) and their parental cells (Control group). Quantification
of the number and size of spheres formed by each cell line is shown in the charts on the right. Scale bars 200 mm. Data are
expressed as mean � SD. n, sample size; *P < 0.05, **P < 0.01, Welch’s t-test.
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the quantity and size of sphere formation, as well as the
expression of CSC markers ALDH1A1, CD44, and CD133.
ALDH is an enzyme that is involved in the metabolism of
aldehydes. The role of ALDH1A1 in tumorigenesis could be
due to its maintenance of CSC properties, modification of
metabolism, and promotion of DNA repair.16 Overexpression
of ALDH1A1 was reported to be correlated with more
advanced TNM tumor stages and nodal stages, reinforcing
its role as an indicator of invasiveness.17 On the other hand,
CD133, a transmembrane glycoprotein, has been used as a
564
stem cell biomarker for the isolation of stem-like cells and
also serves as a significant cancer stem cell marker in OSCC.
A study on OSCC cell lines reported that the CD133-positive
side population has enhanced tumor sphere-forming ability,
and silencing CD133 amplifies chemotherapy efficiency,
suggesting the significant role of CD133 in tumor initiation
and chemotherapy resistance in OSCC.18 CD44 is a multi-
functional cell surface glycoprotein involved in several
cellular processes, including cell adhesion, migration, and
proliferation. CD44 is overexpressed in many types of



Figure 3 Upregulation of CSC markers protein expressions in OSCC cell clones isolated by microfluidic chip. ALDH1A1, CD44, and
CD133 protein expressions in different clones of OECM-1 (A) and SAS (B) cell lines were investigated by western blot. MFs groups:
Cell clones isolated by microfluidic chip; Control group: the parental cell line. The charts on the right show the quantification of
protein expression levels, normalized to the loading control (GAPDH), in each group. Data are expressed as mean � SD. n, sample
size; *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. Welch’s t-test.
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cancer, and it is thought to play a role in cancer metas-
tasis.19,20 Studies revealed that CD44 promoted chemo-
resistance. It was also related to the genetic process called
epithelial-to-mesenchymal transition, which is associated
with metastasis, thus contributing to tumor aggressiveness
in oral cancers.21e23

The substantial elevation in ALDH1A1, CD133, and CD44
expression across microfluidic chip-assisted isolation OECM-
565
1 and SAS cell clones indicates the high efficiency of this
method in isolating CSCs from oral cancer cell lines. This
uniform increase suggests the microenvironment provided
by the microfluidic device’s capability of contributing to the
capture or enrichment of cells with stem-like properties.

Microfluidic chips can be used to isolate cells in a high-
throughput manner, which means that a large number of
cells can be isolated in a short amount of time.24 This is
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important for studying cancer stem cells because they are a
small subpopulation of cells within a tumor. By using
microfluidic chips, researchers can isolate enough cells to
study their biology in detail. Furthermore, microfluidic ap-
plications can be used for rare cell capture, which is not
only helpful in isolating CSC but also critical for analyzing
disease progression.25 In addition, microfluidic platforms
require smaller sample volumes, making them ideal for
working with precious biological specimens, like patient-
derived samples.26 This not only conserves samples but
also reduces the need for extensive cell culture, saving both
time and resources. Additionally, one of the key advantages
of microfluidic chips is their ability to isolate cells with
minimal damage.27 The reduced cell damage is important in
the study of fragile and sensitive cell populations, such as
stem cells or primary cells. Cells isolated with minimal
damage are more likely to yield high-quality data as their
genetic and proteomic profiles remain closer to their in vivo
states, which can help preserve the analytic accuracy of
isolated cells. This is critical in cancer research as well as in
clinical application. Moreover, the microfluidic device’s
capability of providing a controlled microenvironment for
single-cell culture is essential for establishing and main-
taining clonal cultures, which can be used to study clonal
expansion and early neoplastic progression.28 Clonal
expansion in cancer is the process by which tumors arise
from the expansion of a single or a small number of genet-
ically or epigenetically altered cells.29,30 Establishing single-
cell or stem cell clones from primary OSCC tumors would be
a valuable tool for studying the clonal expansion in OSCC
tumorigenesis. By studying single-cell clones from primary
OSCC tumors, we can investigate the clonal evolution of
OSCC and identify the clones that are responsible for tumor
progression and metastasis. Furthermore, by identifying the
key genetic and molecular changes that drive the growth
and survival of OSCC clones, we can develop new drugs that
specifically target these clones.

In addition, microfluidic systems are designed to operate
with reduced reagent volumes.31 This is significant because
it not only conserves expensive reagents but also contrib-
utes to a more sustainable and environmentally friendly
research approach. Some digital microfluidic systems have
been developed to provide precise control over the mi-
croenvironments in which cells are investigated. These
platforms also allow for real-time monitoring of the target
cell behavior.11 This capability is valuable for studying CSCs
and their dynamic processes like migration, differentiation,
and responses to therapy. Finally, while setting up micro-
fluidic systems may require an initial investment, the long-
term benefits, including reduced reagent costs and
increased experimental throughput, can lead to cost sav-
ings over time.

The microfluidic device that we used in our study is a
commercial device that is available on the market. It is a
relatively affordable and easy-to-use device that does not
require any specialized training to operate. As aforemen-
tioned, this microfluidic device can isolate single cells in a
high-throughput manner and provides a controlled envi-
ronment for single-cell isolation, which reduces the risk of
contamination and other errors, thus making it more effi-
cient and reliable. This is in contrast to other methods,
such as ring cloning and limiting dilution cloning, which are
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more time-consuming and labor-intensive.32 Moreover, the
microfluidic chip is versatile; it can be used to isolate single
cells from a variety of cell types, including stem cells,
cancer cells, and immune cells. Meanwhile, other methods
are more limited in their applications, such as ring cloning,
which is only applicable to adherent cells.33

Overall, this current study deployed a microfluidic chip
approach for isolating CSCs in a simple-operative and cost-
effective way, which achieved promising results in cancer
stem-like phenotypes. However, there were limitations in
this present study, which was only conducted on a limited
number of oral cancer cell lines, necessitating broader as-
sessments across various HNC cell lines. Moreover, although
the study evaluated key CSC markers, the inherent hetero-
geneity of CSCs may demand more extensive marker panels.
Nevertheless, our results provide evidence to support this
microfluidic method as a useful tool for isolating and
studying stem cells in oral cancer. Further studies are
needed to confirm these results and to develop new methods
for oral cancer therapy research based on this approach.
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