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Abstract
Tongue cancer is a significant threat to human health due to its propensity to
spread throughout the oral cavity and to other regions of the head and neck.
The challenges posed by its high invasion, metastasis, and late clinical detec-
tion underscore the urgency for effective clinical interventions. In this study, we
elucidate the promising anti-cancer properties of artemisinin, an anti-malarial
drug, in inhibiting cellular interactions within a tongue cancer cell line. Our
findings reveal that artemisinin treatment effectively suppresses phosphorylated
focal adhesion kinase and its downstream AKT pathway, thereby enhancing
apoptotic processes and inducing cell cycle arrest, consequently impeding cel-
lular proliferation. Moreover, artemisinin treatment induces focal adhesion
rearrangement and diminishes the cell’s capacity to generate traction stress,
consequently restraining cell migration on the matrix, as determined via trac-
tion force microscopy. Additionally, a transition from N-cadherin to E-cadherin
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expression occurs at cellular junctions, lowering intracellular stress, asmeasured
by monolayer stress microscopy. This transition significantly curtails cellular
migratory capabilities. Our in vivo studies corroborate these findings, showing
a significant reduction in tumor volume following artemisinin treatment. Our
study highlights the therapeutic potential of artemisinin use as a novel strategy
for tongue cancer treatment, which acts via modulating both intracellular and
intercellular interactions.
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1 INTRODUCTION

Oral squamous cell carcinoma (OSCC), a subset of head
and neck squamous cell carcinoma (HNSCC), represents
the most prevalent form of oral cancer, comprising 90% of
all oral malignancies, with a higher incidence reported in
males than in females.1 Although OSCC can manifest in
various regions of the oral mucosa, the tongue stands out
as themost frequently affected site.2 The delayed diagnosis
of this disease primarily contributes to the elevated inci-
dence of tongue cancer, often leading to malignancy and
increased risk of metastasis to distant anatomical sites.3
The progression to malignancy in tongue cancer is closely
linked to the epithelial-to-mesenchymal transition (EMT)
process, during which normal cells lose their adherence
to the extracellular matrix (ECM), resulting in a transfor-
mation marked by heightened motility and invasiveness.4
EMT plays a pivotal role in the local recurrence and
metastatic dissemination of tongue cancer and worsens
patient prognosis.5 For studies on oral squamous cancer,
Cal27 is one of the most frequently used cell lines. Cal27
has an epithelial-like phenotype and is a low metastatic
cell line, as it expresses EMT markers to a lesser degree
compared to other oral cancer cell lines such as SCC9 and
SCC25.6
Alteration of intracellular signaling pathways represents

one of the several facets contributing to the aggressiveness
of tongue cancer.7 The fibrotic microenvironment of
tongue cancer is a significant factor promoting cancer
migration, as the rigid matrix induces the expression of
transcription factors involved in EMT, promoting acceler-
ated migration.6 Consistently, extended culture of tongue
cancer cells within a stiff niche can heighten migration,
indicating the cellular capability to develop mechanical
memory, which is crucial for infiltrating surrounding
softer tissues from rigid tumors.8 Mechanotransduction,
the process by which cells sense external stiffness and
translate it into intracellular responses, involves the acti-

vation of transmembrane proteins such as integrins and
focal adhesions (FA), which transmit mechanical signals
from the ECM through the cytoskeleton to the nucleus.9
This mechanistic process dictates various cellular behav-
iors, including cell spreading,10 proliferation,11 lineage
commitment,12 and the EMT process crucial for cancer
migration.6 Numerous studies have highlighted the role
of stiffness-sensing in modulating FA and activation of the
PI3K/AKT signaling pathway during the EMT.13
Innovative tools for investigating mechanobiology were

pioneered by Harris et al.,14 who introduced traction force
microscopy (TFM) as a means to quantify forces and stress
between cells and their underlying ECM.15 Cells exert
forces on the ECM to regulate cellular characteristics such
as morphology and migration.16 Further advancements by
Tambe et al.17 and Hur et al.18 facilitated the mapping of
not only cell–matrix forces but also intracellular forces
usingmonolayer stressmicroscopy (MSM). This technique
enables the quantification of stress exerted within and
between cells in a monolayer configuration.19 Current
understanding suggests that in a monolayer, individual
cells exert local physical forces, which collectively con-
tribute to a global tensile stress that propels the movement
of the entire cell sheet.20
Artemisinin, derived from the Chinese plant Artemisia

annua,21 is renowned for its multifaceted effects in
inhibiting cellular inflammation,22 proliferation,23 and
migration.24 Recently, considerable attention has been
directed toward exploring its therapeutic potential as
an anticancer agent.25 Artemisinin can impede the pro-
liferative capacity and EMT processes by upregulating
E-cadherin expression and downregulating vimentin
in ovarian cancer.26 Additionally, the inhibition of the
PI3K/AKT/mTOR signaling pathway by artemisinin
can suppress the migratory and invasive capabilities of
uveal melanoma cells, consequently restraining tumor
growth in vivo.27 Similarly, artemisinin and its derivatives,
such as dihydroartemisinin, inhibit the proliferation and
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migration of OSCC cells through the regulation of reactive
oxygen species production.28 Despite these advances, the
role of these compounds inmodulating themechanotrans-
duction pathway in OSCC remains largely unexplored.
Therefore, to address this gap in the present study, we
aimed to elucidate the potential role and anti-tumor
effects of artemisinin in tongue cancer using the Cal27
cell line and provide a proof-of-concept to establish its
candidacy as an anticancer agent to mitigate cancer cell
growth, migration, and invasion.
In this study, we employed TFM and MSM, using poly-

acrylamide (PAA) with varying stiffnesses to recapitulate
the tumor microenvironment (TME) and to measure cel-
lular forces. This approach facilitated the investigation of
mechanotransduction processes, encompassing the inhibi-
tion of integrin and FA complex to modulate cell behavior.
Collectively, our findings highlight the pivotal role of
artemisinin in modulating both intercellular and intracel-
lular interactions to impede EMT and further establish its
potential as a novel therapeutic agent for oral cancer.

2 RESULTS AND DISCUSSION

2.1 Artemisinin significantly reduces
proliferation, viability, andmotility of Cal27
cells in vitro

Given that cancer is characterized by uncontrolled cell
division, assessing efficacy of potential therapeutic agents
often involves evaluating their ability to inhibit cell
proliferation and induce cytotoxicity in cancer cells.29
Artemisinin and its derivatives have shown anticancer
effects in ovarian cancer cells30 and lung carcinoma,31
although their impact on oral cancer remains unvalidated.
In this study, we conducted various assays to investigate
the effects of artemisinin on Cal27 cells. Initially, we deter-
mined the effect of 50 µM artemisinin treatment on the
viability and proliferation of Cal27. Compared to the con-
trol group, cell viability of the treatment group decreased
by only 2% (Figure 1A,B), indicating that treatment with
50 µM artemisinin did not significantly affect cell viability.
However, proliferation assays conducted every 24 h over a
span of 3 days revealed that cellular proliferation decreased
by 14.35% at 48 h and 26.78% at 72 h in the artemisinin-
treated group (Figure 1C,D). These results demonstrate
that 50 µM artemisinin mildly reduces cell proliferation
after a 24-h treatment.
Artemisinin can arrest the cell cycle in tumor cells,

primarily by disrupting cell cycle kinetics or impeding
pathways involved in cellular proliferation.32 In our study,
artemisinin treatment led to a substantial (>40%) arrest
of cells in the S phase during DNA replication, as demon-

strated using FACS analysis (Figure 1E,F). Consistent with
findings published earlier,23,33 artemisinin also induced G1
phase cell cycle arrest, preventing cells from progressing
into the S phase, thereby attenuating the proliferation of
tongue cancer cells. Artemisinin can enhance apoptosis by
activating phosphorylated-p38 mitogen-activated protein
kinase in lung carcinoma.34 In our study, we also observed
anti-proliferative activity of artemisinin (Figure 1G,H).
Additionally, a colony formation assay followed by crystal
violet staining over a 2-week period revealed the forma-
tion of 86 colonies in the control group, whereas only
11 colonies (87.21% reduction) of smaller size formed in
the artemisinin-treated group. These findings underscored
the significant inhibitory effect of artemisinin on colony
formation by cancer cells.

2.2 Artemisinin inhibits cell migration
and invasion

Cell migration facilitates cancer invasion into surrounding
tissues during metastasis.35 Initially, we performed Tran-
swell assays to assess cell migration and invasion, with
the total area quantified through crystal violet staining
(Figure 2A,C). Compared to the control group, artemisinin
treatment led to a 54.05% reduction in the area covered
by migrating cells (Figure 2B) and a 47.13% reduction in
cell invasion (Figure 2D). Subsequently, a wound-healing
assaywas conducted at 12-h intervals over 24 h.As depicted
in Figure 2E, both the control and artemisinin-treated
groups exhibited similar wound gaps at 0 h. However,
after 24 h, the control group demonstrated 98.61% ± 1.39%
wound healing, whereas the artemisinin-treated group
exhibited only 71.18% ± 7.28% wound healing (Figure 2F).
Notably, these results suggest that although treatment
with 50 µm artemisinin did not affect the viability of
Cal27, it effectively mitigated their motility. Artemisinin
effectively inhibits cell migration in uveal melanoma,27
breast cancer,36 and hepatocellular carcinoma.37 Given the
pivotal role of migration in cancer cell metastasis and
inflammation, the suppression of Cal27 migration follow-
ing artemisinin treatment holds significant therapeutic
implications. Moreover, these results implicate the poten-
tial of artemisinin-based therapies for the prevention and
treatment of metastasis in head and neck cancer (HNSC).

2.3 Artemisinin inhibit FAK/PI3K/AKT
pathway

The intricate molecular mechanisms governing can-
cer cell migration and invasion are finely intertwined
with cell–matrix interactions, orchestrated by complex



4 of 20 ANGGRADITA et al.

F IGURE 1 Impact of artemisinin on Cal27 cell proliferation and motility. (A) Live/dead cell viability assay of Cal27 cells cultured on
tissue culture plates (TCP) and treated with 50 µM artemisinin for 4 h (Art group). Green and red signals depict live and dead cells,
respectively. Scale bar: 150 µm. (B) Quantification of Cal27 cell viability after 4 h exposure to artemisinin, based on image analysis of the
Live/Dead assay. (C and D) Cal27 cell proliferation at 0, 24, 48, and 72 h after treatment using MTT assays. Scale bar: 150 µm. (E and F) Cell
cycle analysis conducted using FxCycle staining after 48 h exposure to artemisinin. (G and H) Colony formation assay using Cal27 cells over
14 days. Scale bar: 5 mm. Data are presented as the mean ± standard error of the mean (SEM). *p < .05, **p < .01, ***p < .001.

signaling pathways and cellular constituents.38 By analyz-
ing the HNSCC TCGA database, we identified elevated
expression of integrin beta 1 (ITGβ1) and FA kinase
(FAK) in tumor tissues (FAK: increase of 7%, ITGβ1:
increase of 5%), correlating with lower patient survival
rates (Figure 3A,B). Subsequent histological and immuno-
histochemical assessments of biopsies from human HNSC
tissue and adjacent normal tissue corroborated the fibrosis
and overexpression of αSMA, FAK, ITGβ1, and Collagen-1
proteins in cancerous tissues (Figure 3C, Figure S1), consis-
tent with findings in other cancer types such as esophageal
squamous cell carcinoma,39 breast cancer,40 and ovarian
cancer.41 ITGβ1 is a pivotal mediator facilitating cellular
adhesion to the ECM. Its interaction with ECM compo-
nents can also trigger intracellular signaling cascades that

govern intricate cellular processes, including migration
and invasion.42 Upon ECMbinding, ITGβ1 activation initi-
ates FA formation, involving the activation of FAK and its
downstream pathways.43
Based on these observations, we posited that artemisinin

treatment might impede cell migration by regulating the
ITGβ1/FAK pathway and its downstream signaling.
Artemisinin treatment attenuated ITGβ1 and FAK
phosphorylation (Tyr397), revealing its role in mod-
ulating ITGβ1/FAK pathway activity (Figure 3D–F).
Inhibition of FAK has been associated with decreased
migration and metastasis in breast cancer cells.44 Con-
sistently, we also noted the downregulation of the
downstream ITGβ1/FAK pathways, specifically phospho-
PI3K (Tyr607) and phospho-AKT (Ser473) pathways,
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F IGURE 2 Suppression of cell migration and invasion following artemisinin treatment. (A and B) Reduced migration of cells through
the Transwell membrane 12 h after artemisinin treatment. Scale bar: 200 µm. (C and D) Decreased invasion of cells through Matrigel
following 24 h of artemisinin treatment. Scale bar: 200 µm. (E and F) Inhibition of cell migration observed 12 and 24 h post-artemisinin
treatment. Scale bar: 150 µm. Data are presented as mean ± standard error of the mean (SEM). *p < .05, **p < .01, ***p < .001.

following artemisinin treatment, mirroring findings in
uveal melanoma.27 AKT phosphorylation is implicated
in cell survival, proliferation, adhesion, and migration.45
We also observed a decreased expression of EMT-related
transcription factors such as Snail2 and Twist1 following
artemisinin treatment (Figure 3D). Artemisinin is known
to counteract the EMT by targeting E-cadherin and
vimentin in ovarian cancer.26 Furthermore, artemisinin
modulated the expression of intercellular junctions by
downregulating neural cadherin (N-cadherin) and upreg-
ulating epithelial cadherin (E-cadherin) expressions. The
transition between N- and E-cadherin is a hallmark of the
EMT process where the interactions are also regulated by
the PI3K pathway during migration.46

2.4 Artemisinin inhibits FAK
expression, cell–matrix adhesion, and
migration

To better define the distinctive characteristics of the
ECM in normal and cancerous environments, we next
investigated cell–ECM interactions. To simulate collagen

deposition in the TME, we cultured cells on PAA gels with
two stiffness levels: 2.55 kPa, resembling the softness of
healthy tongue tissue,47 and 49.4 kPa, representing the
stiffness typical of a cancerous environment attributed
to elevated ECM production (Figure 4A,B).47,48 Initially,
the higher matrix stiffness induced the migration of
Cal27 cells, as revealed by greater cellular movement on
rigid matrices (0.85 ± 0.10) compared to movement on
soft matrices (0.61 ± 0.06) (Figure 4C; Videos S1–S4 and
Figure S2A), which was consistent with previous studies
highlighting the heightened migratory capacity of HNSC
cells in response to substrate stiffening.49 Furthermore,
artemisinin treatment–induced differential single-cell
migration in different matrixes, approximately 33% in
soft matrix and 23% rigid matrix, indicating a slower
cell migration rate on both matrices. These findings
suggest that artemisinin treatment inhibits movement
of single Cal27 cells across matrixes of varying stiff-
nesses. In addition, the movement was slower in the rigid
matrix where the migration is restricted due to the rigid
condition.
We further observed evidence of actin remodeling as

shown by increased F-actin (47%) and phosphorylated
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FAK (p-FAK) (12.7%) intensity along the cellular edges dur-
ing cell spreading across the rigid matrix (Figure 4D–H,
Figure S2B). These findings align with those of previous
research studies indicating that a stiff matrix promotes
stable actin structures, facilitating cell elongation.50 FAK-

mediated integrin activation regulates cell migration, as
integrin assembly occurs during the protrusion of migrat-
ing cells, and its turnover is crucial for cellular retraction
during migration.51 The regulation of cell spreading in
response to different matrix stiffness demonstrates the



ANGGRADITA et al. 7 of 20

mechanosensing behavior of Cal27 cells, whereby they
react to a stiff matrix by altering their behavior, includ-
ing increased spreading,52 proliferation,53 andmigration.54
Alterations in cellular morphology was evidenced by
increased surface area (481.2 ± 20.77 µm2) and the length-
ening of the major axis (27.75 ± 0.67 µm) on rigid matrices
compared to those on soft matrices (344.2 ± 16.41 µm and
24.05 ± 0.70 µm2) (Figure 4I–K). Additionally, we noted
a decrease in cell circularity on rigid matrices (0.55 ± 0.1)
compared with that on soft matrices (0.64 ± 0.11) (Figure
S2C). Cells cultured on rigid gels generally exhibit greater
spreading, resulting in increased cellular area for adhesion
and interactionwith the underlyingmatrix.55 Consistently,
we also observed higher stress (21%) and intracellular
tension (22.5%) in the rigid matrix (Figure 4L–N), indicat-
ing that the cells had the ability to adapt their internal
mechanics to varyingmatrix stiffnesses.Moreover, cellular
viscoelastic changes observed as higher cellular stiffness
(6%) in the rigidmatrix (Figure 4N) alignedwith the higher
cellular and stress.
Intracellular tension plays a pivotal role in cell adhesion

by governing the positioning of adhesions at the lead-
ing edge of lamellipodia during cell migration.56 In our
study, artemisinin treatment reduced cell–matrix adhe-
sion. Artemisinin suppressed FAK phosphorylation, as
evidenced by decreased p-FAK intensity (soft matrix: 30%,
rigid matrix: 36%) and reduced stress fibers size (soft
matrix: 6.67 µm2, rigidmatrix: 7.42 µm2) compared to those
in the control group. Additionally, artemisinin attenuated
the formation of FAs, consequently diminishing cell–
matrix adhesion. Furthermore, artemisinin treatment also
decreased the cell area (soft matrix: 24%, rigid matrix: 32%)
and themajor axis of the cell (softmatrix: 16%, rigidmatrix:
18%), resulting in diminished cellular spreading and lesser
area available for cell attachment and adhesion to the
matrix. Consequently, a decrease in cellular stress (24.7%),
tension (35.2%), and stiffness (13%) was observed follow-
ing artemisinin treatment in the rigidmatrix. Although the
decrease by artemisinin treatment was less pronounced
in the soft matrix, a decrease was still evident posttreat-

ment, reaffirming the role of artemisinin in diminishing
cell–matrix interactions in tongue cancer cells, thereby
reducing cellular spreading andminimizing the area avail-
able for adherence to the matrix. Aligned with the stress
response, the softening of the cells also suppresses cellular
spreading onto the matrix.57

2.5 Artemisinin and soft substrates
inhibit traction and intracellular stresses
leading to reduced cell migration

We investigated collective cell movement using a wound-
healing assay on substrates of varying stiffnesses (2.55 kPa
for soft and 49.4 kPa for stiff). Our findings revealed that
increased substrate stiffness led to a respective 28% and 25%
enhancement in migration at 12 and 24 h (Figure 5A,B).
Additionally, artemisinin treatment notably inhibited cell
migration, with 47% and 46% lower migration on soft
substrates, and 36% and 26% lower migration on stiff
substrates, at 12 and 24 h, respectively. This highlights
the significant effect of artemisinin, particularly during
the initial stages of collective migration. Our results sug-
gest that collective cell migration can be impeded by
both reducing substrate stiffness and artemisinin treat-
ment. These findings alignwith our observations regarding
single-cell movement (Figure 4K–M). Furthermore, we
observed a deceleration in collective migration as the size
of thewound gap diminished. Notably, artemisinin exerted
inhibitory effects on cell migration on both soft and stiff
substrates, highlighting its role not only in modulating
single cell-matrix interactions but also in affecting cell–
cell interactions during collective cell migration. These
results underscore the potential of artemisinin as an anti-
cancer agent, consistent with previous findings in uveal
melanoma.58
Next, to evaluate the impact of mechanical forces on

wound healing, we conducted cellular force analyses on
collectivelymigrating cells across a 500-µmwound gap.We
assessed cell–ECM stress (traction stress) on both soft and

F IGURE 3 Effects of artemisinin treatment on the focal adhesion kinase (FAK)/PI3K/AKT pathway and epithelial-to-mesenchymal
transition (EMT) markers in Cal27 cells. (A) FAK and integrin beta 1 (ITGβ1) transcript levels in normal and tumor tissues from HNSC TCGA
dataset. Sample sizes: normal = 44, tumor = 520. (B) Kaplan–Meier analysis evaluating the overall survival of HNSC patients. Samples were
stratified into three groups based on FAK and ITGβ1 expression levels, with divisions set at the top 25%, bottom 25%, and middle 50%
according to a quartile test. (C) Comparison of fibrosis in tongue cancer tissue versus normal tissue as shown by hematoxylin and eosin
(H&E) staining and immunohistochemistry images of αSMA, FAK, ITGβ1, fibronectin, and collagen-1 expression in normal and HNSC
tissues. Scale bar: 200 µm. (D) qRT-PCR analysis of ITGβ1, EMT markers (Snail2, Twist1, N-cadherin), and E-cadherin expression upon
treatment with 50 µM artemisinin in Cal27 cells compared to control cells. Sample size: n = 3. (E) Immunoblot analysis were performed using
50 µM artemisinin-treated and control cells showing phospho-FAK (Tyr397), FAK, phospho-PI3K (Tyr607), PI3K, phospho-AKT (Ser473),
AKT, ITGβ1, E-, and N-cadherin expression; GAPDH expression was used as a loading control. Artemisinin treatment for qRT-PCR and
immunoblot analyses was conducted for 24 h (n = 3). (F) Relative quantification of immunoblot data. Data are presented as the
mean ± standard error of the mean (SEM). *p < .05, **p < .01, and ***p < .001.
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rigid matrices at 0 and 12 h post-injury. Notably, substrate
stiffness significantly augmented traction stress levels by
1854% and 953% at 0 and 12 h, respectively. However, treat-
ment with artemisinin mitigated these increases by 751%
and 430% at 0 and 12 h, respectively (Figure 5C,E). A

schematic depiction of traction stress magnitude is shown
in Figure 5D. Artemisinin decreased traction stress by
26% on soft substrates and 68% on stiff substrates at 0 h,
with a lesser impact observed at 12 h. These findings sug-
gest that the impact of artemisinin on traction stresses
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diminishes as the wound gap closes, mirroring its effects
on wound-healing kinetics.
Our findings collectively demonstrate a tight correlation

between cell–matrix forces and collective cell migration
in the wound-healing assay. Consistent with another
study, which highlighted that matrix rigidity contributes
to the invasion of breast cancer cells via the integrin/FAK
mechanotransduction pathway,59 we observed that lower
substrate stiffness and artemisinin treatment were asso-
ciated with reduced cell-ECM stresses, which led to
decreased cell migration. Moreover, artemisinin exhibited
greater efficacy at earlier time points.
We also investigated maximum shear stress (ISmaxshear,

Figure 5G) as a quantitative measure of intracellular stress
(IS) anisotropy, as reported previously.17 Elevated values
of maximum shear IS typically correlate with accelerated
directional migration toward the wound. Interestingly,
intracellular maximum shear stresses were heightened
on stiff substrates but diminished upon artemisinin treat-
ment. Additionally, we noted a decrease in the disparity of
maximum intracellular shear stress as the wound gap nar-
rowed. This trend is consistent with observations related
to collective cell migration (Figure 5B), traction stress
(Figure 5C–E), and IS levels (Figure 5F–J). Traction stress
plays a pivotal role in regulating cellular displacement dur-
ing migration.60 Consistent with our findings, inhibition
of traction stress was reported to reduce alterations in cell
shape and collective migration of MCF10A breast cancer
epithelial cells.61 Importantly, decreased traction stress,
coupled with reduced FA turnover, inhibits downstream
regulatory events, leading to diminished migration.62

2.6 Artemisinin attenuates tumor
growth in Cal27 xenograft mouse model

To explore the anticancer effects of artemisinin on tongue
cancer, we utilized subcutaneous xenograft tumor models
established with Cal27 cells. The methodology for tumor
generation, measurement, and treatment is described in
Figure 6A. Upon reaching a volume of 100 mm3, tumors
were treated with artemisinin, cisplatin (as a positive con-

trol), or dimethyl sulfoxide (DMSO) (vehicle control) over
a period of 21 days. Posttreatment analysis revealed sig-
nificant reductions in tumor volume: the DMSO group
exhibited an average volume of 366.46 ± 222.12 mm3,
whereas the artemisinin and cisplatin groups demon-
strated volumes of 161.33 ± 84.54 and 103.57 ± 26.94 mm3,
respectively. This corresponds to a 56% reduction in tumor
volume for artemisinin and a 71.75% reduction for cisplatin
when compared to theDMSOgroup (Figure 6B,C). Further
assessments posttreatment showed a decrease in tumor
weight by 24.36% in the artemisinin group and 47.43%
in the cisplatin group compared to the DMSO control
(Figure 6D,E). These results indicate that both artemisinin
and cisplatin effectively suppress tumor growth in the
Cal27 xenograft model.
In addition, to evaluate the potential toxicity of the

treatments, changes in body weight were monitored. Mice
in the cisplatin group exhibited significant weight loss
(26.52% reduction), aligning with known side effects such
as gastrointestinal disturbances and nephrotoxicity.63 In
contrast, the artemisinin-treated mice showed minimal
weight loss (5.31% reduction), suggesting a more favor-
able safety profile compared to cisplatin (Figure 6F).
These findings corroborate previous studies that have doc-
umented the anticancer efficacy of artemisinin and its
derivatives across diverse cancer models. Notably, stud-
ies have demonstrated that these compounds can suppress
tumor growth in non-small cell lung cancer by inhibit-
ing cellular proliferation and reducing malignancy.64 Our
findings extend this therapeutic potential to HNSCC,
suggesting that artemisinin could serve as an effective
alternative or adjunct to traditional chemotherapy regi-
mens. Importantly, unlike cisplatin, which is associated
with significant toxicity and adverse effects, artemisinin
was characterized by only minimal weight loss in treated
mice (5.31% reduction), indicating a superior safety pro-
file. This observation corroborates reports highlighting
artemisinin’s relative safety and lower incidence of side
effects compared to conventional chemotherapy agents.65
Thus, our study supports the further exploration of
artemisinin as a promising candidate for less toxic cancer
treatment strategies.

F IGURE 4 Artemisinin modulates integrin-mediated focal adhesion kinase (FAK) activity to diminish cell-matrix stress and migration.
(A–C) Validation of reduced epithelial-to-mesenchymal transition (EMT) through diminished single-cell migration 12 h of after artemisinin
treatment. (D–H) Immunofluorescent images illustrating focal adhesion and cytoskeleton remodeling post-artemisinin treatment, as
evidenced by intensity and quantification of FAK area. Scale bar: 25 µm. n = Ctrl soft: 152, Art soft: 97, Ctrl stiff: 138, Art stiff: 126. (I)
Artemisinin influences cellular stress and tension, leading to alterations in cellular morphology. Scale bar = 25 µm. (J and K) Reduction in
cellular area and length of the major axis following artemisinin treatment. (L and M) Artemisinin-mediated regulation of cellular stress and
tension across matrices of varying stiffnesses. n = Ctrl soft: 65, Art soft: 68, Ctrl stiff: 75, Art stiff: 46. (N) Softening of Cal27 cells
post-artemisinin treatment as assessed by nanoindenter. n = Ctrl soft: 6, Art soft: 7, Ctrl stiff: 7, Art stiff: 8. Immunofluorescence, cell shape
analysis, stress, and tension measurements were conducted on cells treated with artemisinin for 24 h (Art) or untreated controls (Ctrl). Data
are presented as mean ± standard error of the mean (SEM). *p < .05, **p < .01, and ***p < .001.
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F IGURE 5 Artemisinin inhibits collective cell migration by regulating cell–matrix and cell–cell stress within cell monolayer. (A and B)
Reduction in collective cell migration of Cal27 cancer cells following artemisinin treatment for 24 h. Scale bar: 150 µm. n = Ctrl soft: 7, Art
soft: 4, Ctrl stiff: 4, Art stiff: 3 (0–12 h), Ctrl soft: 8, Art soft: 3, Ctrl stiff: 10, Art stiff: 4. (C and E) Total traction stress (TSmag) indicates
decreased cell–matrix stress post-artemisinin treatment at 0 and 12 h. (D) Schematic depiction of traction stress within collective cells. (F and
H) Intracellular stress (ISmag) generation at cell junctions controls migration. (G) Schematic representation of calculated intracellular stress. (I
and J) Quantification of intracellular maxshear (ISmaxshear) to determine isotropy degree. Scale bar: 250 µm. n = Ctrl soft: 1375, Art soft: 1166,
Ctrl stiff: 1271, Art stiff: 905 (0–12 h), Ctrl soft: 987, Art soft: 828, Ctrl stiff: 973, Art stiff: 1135. N numbers represent pixel values from one (0 h)
and three biological replicates (12 h). Data depicted in violin plots with lines representing the mean and quartiles. *p < .05, **p < .01,
***p < .001.
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F IGURE 6 Comparative analysis of anticancer effects of artemisinin and cisplatin in a Cal27 xenograft mouse model. (A) Schematic
illustration of the experimental setup for evaluating the effects of artemisinin. (B) Changes in tumor volume over the course of treatment in
tumor-bearing mice. Tumor volumes were measured posttreatment across different groups. (C) Representative images of tumors from the
dimethyl sulfoxide (DMSO), artemisinin, and cisplatin groups, captured at the end of the 21-day treatment period. Scale bar = 5 mm. (D)
Weights of tumors harvested posttreatment. (E) Changes in body weight of mice in the Cal27 xenograft mouse model following treatment
with DMSO, artemisinin, or cisplatin. Data are presented as means ± standard deviation (SD) for n = 5 per group. Statistical significance
compared to the control group is indicated as *p < .05, **p < .01, and ***p < .001.

F IGURE 7 Schematic summary of the findings from this study and the proposed underlying molecular mechanism. Artemisinin
demonstrates anticancer effects against tongue cancer both in vivo and in vitro by inhibiting cellular interactions and signaling pathways.

Taken together, our findings indicate that reducing
substrate stiffness and artemisinin treatment effectively
alleviate cell-ECM stress (traction stress), cell–cell stress
(IS), and stress anisotropy (maximum intracellular shear
stress), thereby curtailing cell mobility (Figure 7). These
findings support the notion that lower substrate stiff-
ness and artemisinin treatment mitigate cell–cell and IS,
consequently impeding cell migration.

3 CONCLUSIONS

This study elucidates how interactions among cells and
underlying matrix dictate cellular behaviors. We demon-
strated that the rigid TME fosters heightened cell–matrix
adhesion, thus leading to elevated stress and tension
and eventually increased cell spreading. Collectively,
enhanced cell–cell interactions among these cells further
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facilitate forward migration. Although our investigation
did not address the disequilibrium of stress signals across
monolayers, future studies are warranted to examine this
phenomenon. It is well established that stress produc-
tion varies heterogeneously across monolayers, with cells
behind the leading edge experiencing higher stress levels,
thus contributing to leading edge formation. Furthermore,
our findings underscore the potential of artemisinin as
an anticancer agent. Our findings provide evidence that
artemisinin attenuates cellular proliferation and inhibits
the downstream integrin-mediated FA pathway. This inhi-
bition, coupled with reduced cell–matrix and cell–cell
stress and tension, modulates cellular migratory behavior.
Although our results need validation in preclinical and
clinical models, we provide a strong proof-of-concept for
the potential utility of artemisinin in the prevention and
treatment of oral cancer metastasis.

4 EXPERIMENTAL SECTION

4.1 Cell culture and artemisinin
treatment

Cal27 cells were obtained from the American Type Culture
Collection (ATCC). The cellswere cultured in high-glucose
Dulbecco’s Modified Eagle Medium (DMEM, cat# 11-
965-092, Corning), supplemented with 10% fetal bovine
serum (FBS, cat# 35-015-CV, Corning), and 1% penicillin–
streptomycin (cat# 15140122, Corning), and maintained
in an incubator at 37◦C with 5% CO2. Artemisinin (cat#
361593, Sigma-Aldrich) was dissolved in DMSO (cat#
D4540, Sigma-Aldrich) to prepare a 100mMstock solution,
which was then filtered using a syringe filter. Cell treat-
ment was performed by diluting 50 µM artemisinin from
the stock in culturemedia. For the control group, cellswere
treated with a corresponding amount of DMSO diluted in
growth media.

4.2 Cell viability and proliferation assay

For the Live/Dead cell viability assay, 95% confluent
cells were exposed to growth media containing either
artemisinin or DMSO for 4 h. Subsequently, the Live/Dead
Viability/Cytotoxicity Kit (cat# 3L-3224, Invitrogen), com-
prising 2 µM calcein AM and 4 µM ethidium homodimer-1
in phosphate-buffered saline (PBS) solution, was added to
each well to replace the media, followed by a 30-min incu-
bation at room temperature. Cell viability was assessed
using ImageJ software (RRID:SCR_003070) by calculating
the percentage of green-stained live cells relative to the
total cell count.

To evaluate the proliferative capacity of Cal27 cells,
1 × 104/cm2 cells were seeded and cultured for 72 h in
media supplemented with artemisinin or DMSO. Media
were replenished daily. The proliferation assay employed
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide (MTT, cat# M6494, Invitrogen) and followed the
manufacturer’s instructions, with measurements taken at
24-h intervals. Optical density (OD) values were measured
at 570 nm using a microplate reader. The proliferation rate
was plotted as a relative fold change in OD values at each
time point compared to the 0-h time point. Images were
captured using an EVOS fluorescencemicroscope (M5000,
Thermo Fisher Scientific) equipped with a 20× objective
lens (N.A. = 0.45, cat# AMEP4924, EVOS, Thermo Fisher
Scientific).

4.3 Cell cycle and flow cytometry
analyses

After 48 h of artemisinin treatment, cells were detached
using trypsin-EDTA (cat# 25200056, Thermo Fisher Sci-
entific) and rinsed once with PBS. Subsequently, 1 × 106
cells were fixed with 70% cold ethanol at 4◦C overnight.
After fixation, cells were washed with PBS and their con-
centration was adjusted to 1 × 106 cells/mL using PBS. The
cells were permeabilized using 0.1% v/v Triton X-100 (cat#
TRX777.500, BioShop) with 1% w/v bovine serum albumin
(BSA, cat# SM-BOV-100, Geneall) in PBS for 15 min at
37◦C, followed by a single wash with PBS. Subsequently,
the cells were pelleted by centrifugation, resuspended, and
incubated with 1 µL FxCycle Violet stain (cat# F10347,
Thermo Fisher Scientific) per tube, thoroughly mixed, and
then incubated in the dark at 2–6◦C for 30min according to
the manufacturer’s instructions. Samples were subjected
to propidium iodide staining followed by FACS analy-
sis (FACS Canto II, Becton Dickinson and Company) at
Soonchunhyang Biomedical Research Core-Facility of the
Korea Basic Science Institute (KBSI), with excitation at
450 nm and emission collected through a 450/50 bandpass
filter.

4.4 Colony formation assay

Cal27 cells were seeded into 6-well plates (500 cells/well)
and cultured in DMEM supplemented with 10% FBS and
1% penicillin-streptomycin, with either artemisinin dis-
solved in DMSO (Art group) or DMSO alone (Ctrl group).
The media were replenished daily, and the plates were
incubated for 14 days in a 5% CO2 incubator at 37◦C. Sub-
sequently, the cells were fixed with 4% paraformaldehyde
(PFA, cat# SM-P01-100, Geneall) at room temperature for
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20 min and stained with a 0.05% crystal violet solution
(cat# C0775, Sigma-Aldrich) for 25 min at room temper-
ature. The colony formation was quantified based on the
number of colonies in each well using ImageJ software
(RRID:SCR_003070).

4.5 Transwell migration and invasion
assays

Transwell migration and invasion assays were conducted
using Transwell inserts with polycarbonate membranes of
8.0 µm pore size (cat# 3422, Corning). For the migration
assay, 200 µL of a cell suspension containing 5 × 104
cells in growth media with 2% FBS and either DMSO or
artemisinin was loaded into each upper chamber of the
Transwell. In the Transwell invasion assay, the upper
chamber was precoated with 40 µL Corning Matrigel
Growth Factor Reduced Basement Membrane Matrix
(cat# 356230, Corning), diluted in blank DMEM at a
1:3 v/v ratio. Subsequently, 700 µL growth media with
20% FBS was added to the bottom chamber to induce
cell migration from the upper to the lower chamber.
After 24 h (for invasion) and 12 h (for migration) incu-
bation, the media were aspirated, and cells were fixed
with 100% cold methanol and stained with 0.5% crystal
violet for 15 min, respectively. Cell images were cap-
tured using an EVOS fluorescence microscope (Thermo
Fisher Scientific) equipped with a 20× objective lens
(N.A. = 0.45, cat# AMEP4924, EVOS, Thermo Fisher
Scientific). The migrated and invaded areas were then
quantified using ImageJ (RRID:SCR_003070) and plot-
ted based on the percentage of the area covered with
cells.

4.6 Wound-healing assay

To investigate the impact of artemisinin on cell move-
ment, wound-healing assays were conducted. Initially,
1 × 105 cells were seeded in each well of a silicone
gasket (cat# 80206, ibidi) in growth media containing
either artemisinin or DMSO. Once the cells had adhered
adequately (approximately 8 h), the silicone gasket was
removed, and images were captured using an EVOS fluo-
rescence microscope (Thermo Fisher Scientific) equipped
with a 10× objective lens (N.A. = 0.3, cat# AMEP4623,
EVOS, Thermo Fisher Scientific) at 12-h intervals. The
image pixel size was 0.617 µm/pixel. The area of the wound
gap was determined using MATLAB (MathWorks). The
migration rate was plotted based on the area of the wound
gap at each time point relative to the initial time point.
Wound recovery was plotted by subtracting the area of the

wound gap at each time point from the wound gap area at
12 h prior.

4.7 TCGA in silico analysis

The genetic status and expression of FAK and ITGβ1
encoding genes, coupled with overall survival data, were
analyzed using the provisional dataset from “TCGA
PanCancer Atlas” for HNSCC.66 This dataset was accessed
through cBioPortal (cbioportal.org). To compare gene
expression between normal and cancerous tissues, expres-
sion data were sourced from TCGA HNSC cohort dataset
(ID: TCGA.HNSC.sampleMap/HiSeqV2), available via
UCSC Xena (xenabrowser.net).67 Kaplan–Meier plots
were generated to illustrate differences in patient survival
based on the expression of FAK and ITGβ1. The statistical
significance of any differences was assessed using the
log-rank test.

4.8 Immunohistochemical analysis

Human normal and tongue cancer tissues were obtained
from patients withHNSC according to a protocol approved
by the Institutional Review Board of Soonchunhyang Uni-
versity Cheonan Hospital (SCH IRB #2019-07-040) and
processed for immunohistochemistry. Tongue normal tis-
sues fromHNSCC patients and tongue cancer tissues were
fixed in 4% PFA, paraffin-embedded, and sectioned into 5-
µmslices. Sectionswere deparaffinized overnight in a 40◦C
dry incubator and subjected to two rounds of xylene treat-
ment, followed by rehydration by passing through a series
of graded ethanol solutions (100%, 95%, 80%, and 70%).
After dewaxing and rehydration, sections were washed
with distilled water. Endogenous peroxidase activity was
blocked by treatment with 3% hydrogen peroxide (H2O2)
for 10 min. Subsequently, a nonspecific protein block-
ing step was performed using 1% w/v BSA in PBS with
0.1% v/v Tween-20 (cat# P1379, Sigma-Aldrich). Subse-
quently, sampleswere incubated overnightwith anti-alpha
smooth muscle actin (α-SMA) (1:500) (cat# AB32575,
Abcam), anti-FAK (1:250) (cat# AB40794, Abcam), and
anti-ITGβ1 (1:100) (cat# SC-374429, Santa Cruz Biotech-
nology) antibodies at 4◦C. Next, samples were incubated
with polyclonal secondary antibodies, followed by incuba-
tion with streptavidin horseradish peroxidase (cat# 34002,
Abcam). Immunoreactive staining was developed using
3,3′-diaminobenzidine according to the manufacturer’s
instructions (cat# 34002, Abcam), and coverslips were
mounted using Cytoseal permanent mountingmedia. Pos-
itive staining was analyzed using the EVOSM700 imaging
system (Thermo Fisher Scientific) with a 20× objective
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lens (N.A. = 0.45, cat# AMEP4924, EVOS, Thermo Fisher
Scientific).

4.9 Immunofluorescence staining

Human normal tissue and tongue cancer tissue, fixed
and harvested from an HNSC patient, were incubated
overnight with a 20% w/v sucrose solution and subse-
quently embedded in optimal cutting temperature (cat#
4583, Sakura Finetek USA Inc.). The embedded samples
were then sectioned into 6 µm-thick slices using a cryo-
stat (Leica) at the Soonchunhyang Biomedical Research
Core-Facility of the KBSI. Sections were treated with 0.5%
Triton X-100 solution for 10 min followed by three 5-min
washes with PBS. Subsequently, sections were incubated
in a solution of 1% BSA with 0.05% Tween 20 for 30 min
at room temperature. For immunofluorescence staining,
cryosections were incubated with primary antibody for 1 h
at room temperature. After washing with PBS, the sections
were incubated with a fluorescence-conjugated secondary
antibody for 1 h at room temperature. The antibodies
used are listed in Table S1. Imaging was conducted using
a fluorescence microscope EVOS M700 imaging system
(Thermo Fisher Scientific) equipped with a 20× objective
lens (N.A. = 0.45, cat# AMEP4924, EVOS, Thermo Fisher
Scientific).

4.10 Nanoindentation

To measure cell stiffness, both soft (2.55 kPa) and stiff
(49.4 kPa) PAA gels were prepared on hydrophilic cover
glass (dia. = 18 mm). To ensure the gel attachment to the
cover glass, the cover glass was treated with a mixture of
3-trimethoxysilylpropylmethacrylate (cat# 440159, Sigma-
Aldrich), acetic acid (cat# 1005-4105, Daejung Chemicals),
and ethanol for 5 min. Cal27 cells were seeded onto gels,
and the cover glass was then securely fixed to the bot-
tom of a 6-well plate to ensure a stable environment
for accurate measurement of the stiffness of cells. Cells
were subjected to nanoindentation at 37◦C in the pres-
ence of media. Nanoindentation was conducted using the
Pavone Nanoindenter (Optics11 Life), following the man-
ufacturer’s instructions. For cell samples, single cells were
randomly selected for measurement.

4.11 Quantitative real-time PCR

Cal27 cells were cultured in the absence or presence of
50 µM artemisinin for 24 h. Total RNA was extracted
from cultured cells using TRIzol Reagent (cat# 15596018,
Invitrogen), following the manufacturer’s protocol. Sub-

sequently, the isolated RNA was reverse-transcribed using
ReverTra Ace qPCR RT Master Mix (cat# FSQ-301, TOY-
OBO), as per themanufacturer’s instructions. Quantitative
real-time PCR assays were performed on a QuantStudio 1
Real-Time PCR System (Applied Biosystems). Each qPCR
amplification was performed in triplicate using SYBR
Green Realtime PCRMaster Mix (cat# F0924K, TOYOBO)
along with the primers listed in Table S2. Data were ana-
lyzed using the ΔΔCt method, with 18S ribosomal RNA
serving as an internal reference. Any change in the expres-
sion of the gene of interest was normalized to the control
sample. The results of qPCR analyses were graphed, with
the y-axis denoting the fold change in gene expression.

4.12 Immunoblotting analysis

Cal27 cells were cultured in the absence or presence of
50 µM artemisinin for 24 h. Whole-cell lysates were pre-
pared using RIPA buffer (cat# EBA11491, Elpis Biotech),
supplemented with protease and phosphatase inhibitors
(Sigma-Aldrich). The protein concentrations of the lysates
were quantified using the Pierce BCA Protein Assay Kit
(cat# 23225, Thermo Fisher Scientific). Equal amounts of
protein from each sample were subjected to SDS-PAGE
for separation. Subsequently, proteins were transferred
from the gel to polyvinylidene difluoride membranes (Pall
Corporation). The membranes were blocked in 5% skim
milk (cat# SKI400.500, BioShop) in Tris-buffered saline
containing 0.1% Tween 20 (cat# P1379-100ML, Sigma-
Aldrich) (TBST) for 1 h at room temperature, followed by
overnight incubation at 4◦C with primary antibodies at
the manufacturer’s recommended concentrations. After
washing with TBST, the membranes were incubated with
appropriate secondary antibodies at room temperature
for 1 h, according to the manufacturer’s instructions.
Finally, the membranes were washed with TBST, and
immunoreactive bands were imaged using an Amersham
imager 600 (GE Healthcare) and Amersham ECL Prime
detection reagent (cat# RPN2235, Cytiva). The intensity of
each band was quantified using ImageJ software (Image
J, RRID:SCR_003070). For detailed information on the
antibodies used, please see Table S3; original, uncropped,
and unadjusted raw images of all western blots used in
this study are provided in Figure S3.

4.13 Hematoxylin and eosin staining

Tissue specimens were fixed with 4% PFA in PBS for
24 h, followed by gradual dehydration in ethanol and
embedding in paraffin overnight. Tissue paraffin blocks
were sectioned at 5 µm thickness. After deparaffinization
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in S3-Histo xylene substitute (cat# 4322, BBC Biochem-
ical), the samples were initially stained for nuclei using
hematoxylin (Mayer’s modified, cat# AB220365, Abcam)
for 4 min and rinsed several times with water to remove
excess stain. Subsequently, the samples were immersed
multiple times in 1% v/v acid ethanol for destaining.
Next, specimens were stained with eosin (cat# HT110216,
Sigma-Aldrich) for 8 min, dehydrated in a series of graded
ethanol, and treated with xylene. Finally, the hematoxylin
and eosin–stained specimens were dehydrated in ethyl
alcohol and mounted for visualization and photography.
All images were captured using a fluorescence microscope
EVOS M700 imaging system (Thermo Fisher Scientific).

4.14 Masson’s trichrome staining

Sample slices for Masson’s trichrome (MT) staining were
processed using the MT staining kit (cat# BAQ086, G
Biosciences), following the manufacturer’s protocol. Fol-
lowing deparaffinization, sample slices were immersed
in Weigert’s iron hematoxylin solution for 5 min. Subse-
quently, samples were washed with tap water for 10 min
and were then placed in a Biebrich scarlet solution for
3 min, followed by immersion in 3% phosphomolybdic–
phosphotungstic acid for 2 min, and an aniline blue
solution for 5 min. The slices were rinsed with tap water
and then immersed in 1% v/v acetic acid for 1 min. Finally,
the slices were washed with tap water, dehydrated, and
mounted for visualization and photography.

4.15 Cell morphology analysis

Following the seeding of cells at a density of 5 × 104/cm2

and culturing them in media with or without artemisinin
for 24 h, cells were stained with green cell tracker
(cat# C7025, Invitrogen) for 45 min before image acquisi-
tion. Images were captured using a confocal microscope
(LSM 710; Carl Zeiss) at the Soonchunhyang Biomedi-
cal Research Core Facility of the KBSI, employing a 40×
objective lens with a 0.6× zoom out (N.A. = 1.2, 40×
C-Apochromat 40×/1.2 Korr M27, Zeiss). The pixel size
was 0.17 µm/pixel. As reported earlier,68 MATLAB-coded
image-processing algorithms were utilized for morpho-
logical analysis, encompassing measurements of area,
major axis, minor axis, and circularity. Cell images were
subjected to binarization via histogram-based threshold
algorithms (HTA).68a The area was quantified as the num-
ber of pixels within the cell and converted to micrometers
by multiplying by the pixel size. The major and minor
axes were determined through the eigenvalue analysis of
second-order image moment analysis.68b Circularity was

calculated as the squared ratio between the perimeter
length of a cell and that of a perfect circle (4πA/P2; where
A = cell area and P = cellular perimeter length).

4.16 Preparation of PAA gel

To replicate the physical properties of native tongue
tissue, as previously investigated,47,69 we prepared soft
(2.55 kPa, AA/Bis = 4%/0.15%) and rigid (49.4 kPa,
AA/Bis = 10%/0.30%) PAA hydrogels on glass-bottom
dishes (cat# 101350, SPL) following established protocols.70
PAA solutions with varying final concentrations were
prepared according to previously published methods.71
In brief, the glass-bottom dish was rendered hydrophilic
by exposing the glass surface to a Bunsen burner flame
and treating it with sodium hydroxide (0.1 M, cat#
39155S0350). Glass activation involved the addition of 3-
aminopropyl trimethoxysilane (Silane, cat# 28177-500ML,
Sigma-Aldrich) and glutaraldehyde (0.5%; cat# G5882,
Sigma-Aldrich). For cellular force measurement, red flu-
orescent beads (0.01%, ex/em = 580/605 nm; dia. = 0.5 µm
(40× magnification); cat# F8812, dia. = 1.0 µm (10×
magnification); cat# F8821, Invitrogen) were vortexed
and embedded in the PAA solution. Gel polymeriza-
tion was initiated by the addition of ammonium per-
sulfate (0.6% w/v in DI water; cat# AMP001, BioShop)
and N,N,N′,N′-tetramethylethylenediamine (0.4% v/v in
DI water; cat# TEM001, BioShop), and the gels were
sandwiched between activated glass and an inactive 18-
mm glass coverslip (cat# 0111580, Marienfeld). After 1 h
polymerization, the inactive coverslip was removed. To
promote cell attachment, collagen type I (100 µg/mL; cat#
354236, Corning) was conjugated on the substrate with
the bifunctional cross-linker N-sulfosuccinimidyl-6-[4′-
azido-2′-nitrophenylamino] hexanoate (Sulfo-SANPAH,
0.5 mg/mL, cat# 22589, Thermo Scientific) using UV light
(365 nm; Blak-Ray XX-15L, cat# UVP95004206). Subse-
quently, the gels were sterilized under UV light (254 nm;
Mineralight XX-15S, cat# 95004209) for 10min and precon-
ditioned by equilibrating them with cell culture medium
at 37◦C in a 5% CO2 environment for a minimum of 10 min
before cell seeding.

4.17 Analysis of cell-ECM forces using
traction force microscopy

TFM measurements were conducted on cells seeded at a
density of 5 × 104/cm2 onto PAA gels of varying stiffness
(2.55 and 49.4 kPa) in the absence and presence of 24 h
artemisinin treatment. TFM analysis was based on the dis-
placement of fluorescent beads embedded within the PAA
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gels. Images of fluorescence beads, cells, and differential
interference contrast (DIC) were acquired using a laser
confocal microscope (LSM-710; Carl Zeiss) equipped with
a 40× objective lens (C-Apochromat, NA= 1.2). The image
pixel size was set at 0.42 µm/pixel. Bead displacements
were calculated using the particle image velocimetry
method in MATLAB (MathWorks) by comparing images
in a null-force state (absence of cells) and a force state
(presence of cells).70a To achieve the null-force state, 1 mL
of 10% w/v sodium lauryl sulfate (SDS, 196-08675, Wako
Chemicals) and 1% v/v Triton X-100 (cat# TRX777.500,
Bioshop) in distilled water was used to remove the cells.
The finite element method (FEM) was employed to solve
partial differential equations using Abaqus software (Das-
sault Systèmes). Subsequently, traction stress vectors in
the x and y directions were derived from the stress tensor
obtained through FEM analysis. Traction stress magni-
tude (TSmag and stress; Equation 1) was defined as the
average stress magnitude beneath the cell, calculated as
the force divided by the cell’s area. The vertical (TSvertical;
Equation 2) and horizontal (TShorizontal; Equation 3) com-
ponents of traction stresses were determined based on the
relationship between the stress vector and the shape of
wound edges (Figure 5A).

Traction stress magnitude∶ TSmag =
√
𝜎2𝑥 + 𝜎2𝑦𝑑𝑥𝑑𝑦 (1)

where σ(x,y) = [σx, σy] is the traction stress vector.

4.18 Quantification of focal adhesion
(FA) and actin cytoskeleton

FA images were captured from cells cultured on gel
substrates in media with or without artemisinin. Cells
were seeded at a density of 5 × 104/cm2 as seeding density
and, after 24 h of culture, were fixed with 4% PFA (cat#
CNP015-0500, CELLNEST) and permeabilized with 0.5%
v/v Triton X-100. Subsequently, cells were blocked with 1%
w/v BSA PBS containing 0.05% Tween 20, and then labeled
with phospho-FAK (Tyr397, 1:400, cat# AB81298, Abcam)
as the primary antibody, followed by counterstaining with
anti-rabbit 488 antibody (1:400, cat# RSA1241, Bioacts).
Additionally, F-actin was labeled using Alexa Fluor 488
Phalloidin (1:400, cat# A12379, Invitrogen), and Hoescht
(1:1000) was used for nuclear staining, all for 1 h, followed
by PBS washing. The details of the antibodies are listed in
Table S1. Cell images were captured using a fluorescence
microscope (EVOS M7000, Thermo Fisher Scientific)
equipped with a 20× objective lens (N.A. = 0.45, cat#
AMEP4924, EVOS, Thermo Fisher Scientific). The pixel
size of the imageswas 0.31 µm/pixel. Imageswere analyzed
using a custom MATLAB program (MathWorks) to mini-

mize subjective determination of threshold values, thereby
reducing variability and experimental errors, as detailed
in a previous study.68a Briefly, HTA involved the following
steps: (1) background noise elimination by subtracting
0.5% of the minimum values in the image histogram. (2)
Drawing a region of interest to confine cell analysis. (3)
Determining the absolute threshold using a combination
of mean (m) and standard deviation (SD) (σ) of intensity,
along with a relative threshold value (α), where approxi-
mately 5% of maximum intensity was used as a threshold.
(4) Applying minimum and maximum size filters of 1.5
and 30 µm2, respectively, to eliminate noise from protein
fragments and aggregates. Following binarization using
HTA, morphological and intensity parameters of FAs
were extracted. These parameters included area, centroid,
maximum axis length, elongation, and circularity of indi-
vidual FAs, following the method described for cellular
morphology analysis. Total intensity was obtained by
summing pixel values within FA boundaries, and mean
intensity was calculated by dividing the total intensity
by the FA area. For improved visualization, images were
reacquired using a laser confocal microscope (LSM-710;
Carl Zeiss) equipped with a 40× objective lens (C-
Apochromat, NA = 1.2). The pixel size of the images was
0.42 µm/pixel.

4.19 Single-cell tracking analysis

To evaluate the migration trajectories of individual cells
following artemisinin treatment, cells were seeded at a
density of 5 × 104/cm2 and allowed to settle for 1 h before
the commencement of the experiment. After a single-PBS
wash, the medium was replaced with fresh medium con-
taining either artemisinin or DMSO. Real-time imaging
was conducted using the EVOS M700 imaging system
(Thermo Fisher Scientific) equipped with a 20× objec-
tive lens (N.A. = 0.45, cat# AMEP4924, EVOS, Thermo
Fisher Scientific). The pixel size was set at 0.31 µm/pixel.
Images were captured over a 12-h period, with 5-min
intervals between each capture. Automatic tracking was
conducted utilizing TrackMate in FIJI, employing the
LoG spot detector and Simple Lap tracker for spot
tracking.72

4.20 Analysis of intracellular stress
using monolayer stress microscopy (MSM)

IS for collective cells were quantified using MSM, as per
established methodologies.73 Similar to the conventional
wound healing assay, 1 × 105 cells were seeded into each
well of a silicone gasket (cat# 80206, ibid) in growth media
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containing either artemisinin or DMSO. After 8 h, the
silicone gasket was removed to create a wound gap (0 h).
Cell migration was monitored and stopped at 12 h post-
gasket removal. Images were acquired for analysis. Images
of fluorescence beads, cells, andDICwere acquired using a
laser confocal microscope (LSM-710; Carl Zeiss) equipped
with a 10× objective lens (C-Apochromat, NA = 0.45,
0.6× zoom out), with a pixel size of 0.69 µm/pixel. Briefly,
the highest (τmax) and lowest (τmin) stress levels were
determined via eigenvalue analysis of the IS tensor. These
values were then utilized to calculate stress magnitude
(ISmag; Equation 2) and maximum shear IS (ISmaxshear;
Equation 3).

Intracellular stress magnitude ∶ ISmag =

√
𝜏2max + 𝜏2

min
(2)

Maximum shear stress ∶ ISmaxshear = 0.5 × (𝜏max − 𝜏min) (3)

where τmax and τmin represent the maximum and min-
imum IS determined through eigenvalue analysis of the
stress tensor, respectively.

4.21 Cal27 xenograft mouse model

All animal studies were approved by the Institutional Ani-
mal Care and Use Committee (IACUC) at Soonchunhyang
University (protocol number: SCH22-0011). Immune-
deficient NSG (NOD scid gamma) mice, aged over 33
weeks and of both sexes, were bred in-house and used
to evaluate the in vivo efficacy of artemisinin. Prior
to surgical procedures, mice were anesthetized using
isoflurane (2%–3% in oxygen, cat# 657801261, Hana Pharm
Co.) administered via inhalation, with the anesthesia
maintained throughout the procedure. For the xenograft
studies, Cal27 cells were cultured in DMEM medium
supplemented with 10% FBS (cat# 35-015-CV, Corning)
and 1% penicillin/streptomycin (cat# 15140122, Corn-
ing), at 37◦C in a humidified 5% CO2 incubator. For
cell transplantation, 1 × 106 cells were suspended in a
1:1 (v/v) mixture of DMEM and Matrigel (cat# 354234,
Corning) at a concentration of 1 × 106 cells/100 µL.74 The
cell suspension was subcutaneously injected into both
flanks of each mouse. Mice were housed under specific
pathogen-free conditions and acclimated before the start
of the experiment. Once the tumor volume reached at least
100 mm3, the mice were randomized into three treatment
groups (n = 5 per group) as follows:

1. DMSO (vehicle control): Mice were treated with DMSO
(cat# D4540, Sigma-Aldrich) as a vehicle at a dose of
4 µL/g body weight, administered daily via intraperi-
toneal injection.

2. Artemisinin: Mice received artemisinin (50 µg/g body
weight, cat# 361593, Sigma-Aldrich) administered daily
via intraperitoneal injection.

3. Cisplatin (positive control): Mice were treated with
cisplatin (5 µg/g body weight, cat# ab141398, Abcam)
administered twiceweekly via intraperitoneal injection.

Tumor volume was measured using digital calipers
and the body weight were recorded weekly for up to 21
days.75 Tumor volumes were calculated using the follow-
ing formula76:

Tumor volume
(
mm3

)
=
1

2
× long axis × short axis2 (4)

4.22 Statistical analysis

Data were statistically analyzed using Graph Pad Prism
v.10 (Graph Pad Software Inc.). The graphs were con-
structed to represent mean values, with error bars indi-
cating the standard error of the mean. For the in vivo
data, the data were shown as mean ± SD. The statisti-
cal significance of differences observed in bar graphs was
determined using Student’s t-test for comparisons between
two groups, and one-way analysis of variance followed by
Tukey’s post-hoc analysis for comparisons among multi-
ple groups. Formechanical stress data, including TFM and
MSM, violin plots were generated to depict themedian and
quartiles, with statistical comparisons performed using the
non-parametric Kruskal–Wallis test followed by Dunn’s
test for post-hoc analysis. Statistical significance was indi-
cated by asterisks as follows: *p < .05, **p < .01, and
***p < .001.
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