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Osteosarcoma (OS) is a highly aggressive bone tumor with a strong propensity for metastasis. To develop a
physiologically relevant in vitro platform for tumor invasion studies and drug testing, we engineered a three-
dimensional OS model that mimics the tumor microenvironment using hydrogel-based multicellular spheroid
beads. Tumor spheroids (~125 pm) were generated and co-cultured with WS1 fibroblasts in VitroGel® RGD, a
hydrogel matrix that promotes cell adhesion via integrin binding. The hydrogel beads, approximately 2-3 mm in
size, supported robust growth of both MG63 and highly metastatic 143B cells. Notably, 143B spheroids exhibited
pronounced invasion into the matrix, recapitulating their aggressive phenotype. To evaluate therapeutic po-
tential, the antitumoral compound Licochalcone A (Lic-A) was applied to beads at varying concentrations. Lic-A
induced a dose-dependent reduction in metabolic activity and membrane integrity, with minimal cytotoxic ef-
fects on stromal fibroblasts. Gene and protein expression analyses revealed that Lic-A significantly down-
regulated Ki67 and MMP-9, while increasing BMP2 and VEGF-C expression. Interestingly, vimentin mRNA was
upregulated, yet its filamentous structure was disrupted, indicating stress- or apoptosis-related cytoskeletal
remodeling. Live-cell imaging and SEM confirmed extensive 143B cell invasion, along with cytoskeletal changes
and ECM degradation. Altogether, this study establishes a scalable 3D OS model that captures key features of the
tumor-stroma interface and supports dynamic invasion processes. The model demonstrates the multifaceted
anticancer effects of Lic-A and provides a valuable platform for studying OS biology and testing anti-metastatic
therapies in a biomimetic setting.

Licochalcone A
MG63
143B

1. Introduction

Osteosarcoma (OS) is the most common primary malignant bone
tumor in children and adolescents, characterized by aggressive local
growth and a high propensity for metastasis, particularly in the lungs.
Despite advancements in surgical techniques and chemotherapeutic
regimens, the prognosis for patients with metastatic or recurrent OS
remains poor, highlighting the urgent need for more effective

therapeutic strategies [1,2].

Traditional two-dimensional (2D) cell culture systems, while widely
utilized in cancer research, fail to recapitulate the complexity of the
tumor microenvironment observed in vivo. Three-dimensional (3D)
culture models offer a more physiologically relevant platform by
mimicking key aspects of tumor architecture, including 3D cell-cell and
cell-extracellular matrix (ECM) interactions, nutrient and oxygen gra-
dients, and hypoxic conditions. These models have proven invaluable in
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exploring tumor biology, drug resistance, and therapeutic responses [3,
4]. The ECM is a critical component of the tumor microenvironment,
providing structural support and biochemical signals that regulate cell
behavior. The ECM influences tumor progression, metastatic potential,
and treatment response, making it central for therapeutic development
[5].

Furthermore, the inclusion of multiple cell types into 3D culture
models, such as fibroblasts, endothelial cells, and immune cells, enables
more accurate recapitulation of the in vivo tumor niche [6]. These het-
erotypic interactions are essential for studying the metastatic process,
including epithelial-to-mesenchymal transition (EMT), invasion, intra-
vasation, immune evasion, and colonization at distant sites like the
lungs, providing useful information for identifying new therapeutic
targets [7].

As far as OS is concerned, 3D culture systems have become partic-
ularly valuable due to their complex microenvironment, which includes
not only the tumor cells themselves but also interactions with bone
matrix components and various stromal cells. Unlike cell monolayers,
3D models better simulate the native bone architecture and mechanical
stiffness. These conditions influence critical aspects of tumor biology,
such as proliferation, invasion, and resistance to chemotherapeutic
agents [7,8]. For example, 3D spheroids and scaffold-based models have
demonstrated that OS cells exhibit reduced sensitivity to drugs
compared to cell monolayers, better mirroring the clinical scenario of
chemoresistance [9,10]. Furthermore, 3D co-culture systems incorpo-
rating stromal cells, osteoblasts, or immune cells provide a more
comprehensive platform for studying tumor-stroma interactions and
metastatic mechanisms [11]. Such models are increasingly employed in
preclinical drug screening and mechanistic studies, offering a promising
bridge between traditional cell culture and in vivo experimentation.

In this scenario, to address the need for physiologically relevant 3D
models of OS, we developed a model based on VitroGel® RGD encap-
sulation, co-culturing tumor spheroids and fibroblasts to mimic the
tumor microenvironment and assess the invasiveness. To evaluate the
developed model, Licochalcone A (Lic-A) was used as a test compound.
Lic-A, a naturally occurring chalcone derived from Glycyrrhiza species,
has been reported to exert anti-tumor effects in multiple cancer models
by suppressing proliferation, inducing apoptosis, and inhibiting metas-
tasis, mechanisms that have been associated with the modulation of
signaling pathways such as PI3K/Akt, MAPK, and NF-xB. However, its
activity within complex three-dimensional tumor microenvironments
remains less explored [12].

2. Materials and methods
2.1. Cell lines and culture conditions

The human OS cell lines MG63 and 143B, and the human dermal
fibroblast WS1 were acquired from the American Type Culture Collec-
tion (ATCC, Manassas, VA, USA). Human bone marrow—derived
mesenchymal stromal cells (BM-MSCs) were obtained from Lonza
(Basel, Switzerland) and cultured according to the manufacturer’s in-
structions. Cells were cultured in Dulbecco’s modified Eagle medium
(DMEM) supplemented with D-glucose (4.5 g/L), 10% fetal bovine
serum (v/v), L- glutamine (2 mM), penicillin (100 U/ml) and 1 mg/ml of
streptomycin (Microtech, Pozzuoli, Italy). Cells were routinely grown in
5% COy/humidified air at 37 °C. To monitor cells during experiments,
one of the three cell lines, depending on the experiment, was stained
with Vybrant DiO green fluorescence dye (Invitrogen, Thermo Fisher
Scientific, Waltham, MA, USA) following manufacturer instructions.

2.2. 3D cell culture generation
To generate spheroids of uniform shape and size, Corning® Elpla-

sia™ 24-well microplates (Corning, NY, USA) were used. Each well
consists of 554 identical microcavities, enabling the formation of
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multiple consistent spheroids. Specifically, 125000 cells per well, cor-
responding to approximately 225 cells per microcavity, were seeded for
both MG63 and 143B cell lines. After seeding, the plate was centrifuged
at 100 x g for 3 min to promote cell aggregation at the bottom of each
microwell. The plate was then incubated at 37°C in 5% CO2. After 3
days, the resulting spheroids were collected and combined with 5 * 10°
single WS1 fibroblast cells or BM-MSCs. The mixture was centrifuged
and resuspended in 100 pL of complete culture medium. Subsequently,
50 pL of this cell suspension was mixed with 200 pL of VitroGel® RGD
hydrogel high concentration (The Well Bioscience Inc., Monmouth
Junction, NJ, USA), previously diluted 1:1 (v/v) with VitroGel® Dilu-
tion Solution Type I. Hydrogel beads were formed by dispensing the
mixture drop by drop using an insulin syringe into U-bottom 96-well
plates containing 100 pL of complete medium per well. After 15 min
of incubation under sterile conditions, bead formation was confirmed
microscopically, and images were acquired at various time points. While
spheroids are compact 3D aggregates of tumor cells grown in suspension
or within microcavities, hydrogel beads refer to these spheroids
embedded within a hydrogel matrix, providing a microenvironment that
mimics vivo tissue structure.

2.3. Metabolic activity

The reduction capacity was measured by the resazurin assay. Sam-
ples were incubated with a 100 pM solution of resazurin for 5 h at 37°C
and the fluorescence was measured at 560 nm excitation and 590 nm
emission in a microplate reader (Ensight Multimode Plate Reader, Per-
kin Elmer, Waltham, MA, USA).

2.4. Treatment with licochalcone A

The 3D models were treated with Lic-A (Sigma Aldrich Co., St. Louis,
MO, USA) at the ICso concentration, which, according to our previous
studies, was 120 uM for MG63 and 80 uM for 143B [13]. 143B was also
treated with increasing concentrations of Lic-A, specifically 80, 40 and
20 uM. After 48 h of incubation, viability staining and the Resazurin test
were performed.

2.5. Viability assay

To determine hydrogel bead viability, cells were stained with a 2 ug/
ml solution of Hoechst 33342 and a 5 ug/ml solution of propidium io-
dide (PI). After 45 min of incubation at 37°C, images were acquired by
confocal microscopy. Acquisitions were performed using an Aexc
405 nm and Aem 450/35 nm for Hoechst, an Aexc 488 and Aem 515/
30 nm for DiO (green stained fibroblasts) and an Aexc 543 and Aem
650 nm for PI respectively. Images were acquired by a confocal micro-
scope (Nikon, Eclipse C1, Nikon instrument S.p.A, FI, Italy).

2.6. 143B model characterization

To further characterize 143B cell invasion, hydrogel beads were also
monitored by the live-cells analysis system IncuCyte® (Essen BioScience
Ltd, Hertfordshire, UK). Phase and green fluorescence images were then
acquired every 4 h for 36 h through the IncuCyte® live imaging systems.
Spheroid dimensions and invasions were determined through Incucyte®
Software (v2024A).

Hydrogel beads were fixed in 10% formalin, washed in PBS and then
F-actin filaments were fluorescence-labelled with phalloidin (Sigma
Aldrich Co., St. Louis, MO, USA, P5282-1MG). Phalloidin was used at
1 pg/ml together with Hoechst 33342 at a concentration of 2 ug/ml and
incubated for three hours at room temperature (RT). Images were then
taken through a confocal microscope (Nikon, Eclipse C1, Nikon instru-
ment S.p.A, FI, Italy).
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2.7. Dynamic mechanical analysis (DMA)

Dynamic mechanical analysis (DMA) was performed on all the
samples (with and without the cells) at different incubation times (1, 5
and 7 days) to determine Young’s modulus with a dynamic mechanical
analyzer (DMA Q800, TA Instruments). The Young’s modulus was
evaluated from the slopes of the stress-strain curve obtained in
compressive mode at 37 °C with the samples submerged in PBS 1X. The
measurements were repeated three times for each sample (n = 3). A
linear regression of the points in the initial linear regions was performed
to obtain the slopes. The first points measured are often affected by
instrumental errors and were excluded from the analysis.

2.8. Environmental scanning electron microscopy

After 4 and 10 days of culture, hydrogel beads were rinsed three
times with PBS and fixed in 10% formalin for 3 h at RT. The samples
were then frozen at —80 °C overnight, followed by freeze-drying at
0.01 atm and —45 °C using a freeze dryer (ALPHA 1-2, Christ, Milan,
Italy) for 24 h. Finally, images were acquired using an Environmental
Scanning Electron Microscope, ESEM (QuattroS, Thermo Fisher Scien-
tific, Waltham, MA, USA) equipped with a Field Emission Gun (FEG-
ESEM). After a careful calibration [14,15], a low-vacuum condition of
100 Pa and an acceleration voltage of 10 kV were employed.

2.9. Lactate dehydrogenase assay

Cytotoxicity was estimated based on the activity of the cytosolic
enzyme lactate dehydrogenase (LDH) in the culture medium and
compared to the activity of cultured cells. The LDH activity was deter-
mined in the medium collected after 48 h of treatment. In brief, hydrogel
beads media were collected and centrifuged at 4000 x g to remove cells
and debris and transferred in a 96 well plate. After this, 132 pL Potas-
sium Phosphate 0.1 M (pH=7.5), 5 uL Sodium Pyruvate 23 mM, 10.5 pL
of media and 2.5 uL. NADH 14 mM in TRIS 0.1 M (pH=7.0) were added
in each well, following this order. The absorbance of the samples was
measured at 340 nm every 30 s in a plate reader (Ensight Multimode
Plate Reader, Perkin Elmer, Waltham, MA, USA).

2.10. Gene expression

To isolate total RNA, seven hydrogel beads were first incubated with
the TRIzol Reagent (Thermo Fisher Scientific, Waltham, MA, USA) at
—80°C overnight and the day after, manufacturer’s protocol was fol-
lowed to complete the isolation; cDNA was retrotranscribed by the High-
capacity RNA-to-cDNA™ Kit (Applied Biosystems™) according to the
manufacturer's instructions. Expression levels of target genes were
quantified by real-time (RT)-PCR using PowerUp™ SYBR™ Green
Master Mix (Applied Biosystems, Thermo Fisher Scientific, Waltham,
MA, USA) in a QuantStudio 7 Real-Time PCR System (Applied Bio-
systems, Thermo Fisher Scientific, Waltham, MA, USA). Relative
expression was estimated by the 2"-AACt method, using GAPDH as
housekeeping control. RT-PCR experiments were run in triplicate. The

Table 1
Real time PCR Primer sequences.

Genes Forward primers Reverse primers

Ki67 AGGCAAAGAAGACCTGCTACT AGTTTGCGTGGCCTGTACTA
MMP2 CATGAAGCCCTGTTCACCAT TCAGTGGTGCAGCTGTCATA
MMP9 CCAACTACGACCGGGACAAG ATCACCGTCGAGTCAGCTC
VIM CCCTCACCTGTGAAGTGGAT TAGCAGCTTCAACGGCAAAG
COL1A1 GATCTCCTGGTGAAGCTGGT GGCTTCCAGTCAGACCCTT
BMP2 CCAGCCGAGCCAACACTG TCCCACTCGTTTCTGGTAGT
VEGFA GCCTTGCTGCTCTACCTCCA TCCACCAGGGTCTCGATTGG
VEGFC GTCCGGACTCGACCTCTCG CAGACCGTAACTGCTCCTCCA

GAPDH

GAAGGTGAAGGTCGGAGTCAAC

TGGAAGATGGTGATGGGATTTC
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primer sequences of target genes are listed in Table 1.

2.11. Immunofluorescence staining

The 143B hydrogel beads were fixed in 10% formalin, washed in PBS
and then fluorescence labelling of metalloproteinases (MMP-9 and
MMP-2), BMP-2, Vimentin (VIM) and COL1A1 were performed at the
concentrations shown in Table 2. To carry out the staining, cell mem-
branes were permeabilized with PBS triton-100 0.2% (v/v) (Sigma
Aldrich Co., St. Louis, MO, USA). Subsequently, three washes in PBS
were performed and the binding sites were saturated with PBS-BSA 1%
(w/v) (Sigma Aldrich Co., St. Louis, MO, USA). Subsequently, the pri-
mary antibody was added and incubated overnight at 4°C. After three
washes in PBS, the secondary antibodies shown in Table 2 were added
together with Hoechst 33342 dye at a concentration of 2 ug/ml and
incubated for three hours at RT. Finally, three washes in PBS were
performed and observation under a confocal microscope (Nikon, Eclipse
C1, Nikon instrument S.p.A, FI, Italy) was continued.

2.12. Statistical analysis

Data are reported as means + SD of at least three independent ex-
periments, and all treatments were analyzed against control. A paired t-
test or a one and two-way ANOVA corrected for multiple comparisons
(Dunnett test) was performed with GraphPad Prism software (GraphPad
Software, version 10.0.2, San Diego, CA, USA) (www.graphpad.com).
Significance was graphically reported as follows: * p < 0.05, ** p < 0.01,
and *** p < 0.001.

3. Results and discussion
3.1. Hydrogel beads production

With the goal of establishing an in vitro OS model mimicking the
tumor microenvironment, hydrogel beads were generated. After testing
different matrices, Vitrogel® RGD was chosen since RGD (Arg-Gly-Asp)
domain promotes cell adhesion and growth through binding to integrin
receptors especially for the fibroblast counterpart [16]. The project's
overall workflow is summarized in Fig. 1. Briefly, spheroids from MG63
and 143B were produced, combined with fibroblasts and embedded in
hydrogel. Finally, after 5/7 days, hydrogel beads were treated with
Lic-A.

More in detail, tumor spheroids of uniform size and morphology
were produced. Additionally, small-sized spheroids were required to
ensure the passage through an insulin syringe needle during dropping.
The spheroid dimensions were measured and monitored over time,
resulting in spheroids with an average diameter of approximately
125 pym. Images and related data are presented in Fig. 1S. After 48 h, the

Table 2
Antibodies.
Antibody Seller Code Host Working
concentrations

Anti- MMP-2 STJ
laboratories

Anti-MMP-9 STJ
laboratories

STJ28003-100 Rabbit 1:200

STJ98248-100 Mouse  1:500

Anti-BMP-2 STJ STJ500263-100  Rabbit  1:200
laboratories

Anti- Cell signaling #5741 Rabbit  1:100
Vimentin

Anti- COL1A1 Elabscience E-AB-40334 Rabbit  1:100

Cy3 anti- Jackson 115-165-166 Goat 1:400
mouse

Anti-rabbit Life A11035 Goat 1:250
AlexaFluor Technologies

546
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Fig. 1. Project workflow.

spheroids were combined with WS1 human dermal fibroblasts and
hydrogel to generate hydrogel beads (Fig. 2A). Fig. 2B shows a macro-
scopic image of a representative hydrogel bead with a diameter of
2-3 mm. Microscopic images showing spheroid growth at various time
points are provided in Fig. 2C, while the corresponding metabolic ac-
tivity is displayed in Fig. 2D.

The results indicate substantial cell growth for both cell lines.
Notably, for 143B, cell invasion was observed, with the cells progres-
sively occupying the entire surrounding matrix (Fig. 2C). This behavior
is consistent with previous reports, as 143B is recognized as one of the
most metastatic OS cell lines [17]. The ability of 143B spheroids to
invade the matrix highlights their aggressive phenotype and validates
the suitability of this 3D model for studying tumor-stroma interactions
and invasion dynamics. In contrast, MG63 cells retained their compact
spheroid morphology throughout the observation period, highlighting
their lower invasiveness [17]. These engineered hydrogel beads offer a
reproducible and scalable platform for modelling tumor microenviron-
ments and assessing cell behavior in biologically relevant 3D settings.

3.2. Effect of Lic-A on hydrogel bead metabolism and viability

Lic-A, known for its antitumoral activity, was tested on the estab-
lished 3D model. Due to the fast proliferation rate of 143B, treatments
were performed at day 5 for 143B (80 uM) or day 7 for MG63 cells
(120 uM). Concentrations were selected based on previously published
data in 3D cultures [13]. As shown in Fig. 2E, an increase in the PI red
fluorescence indicates a loss of membrane integrity in the spheroids of
both tumor cell lines. Interestingly, WS1 human dermal fibroblasts,
labelled in green, appeared largely unaffected by the treatment. This
observation is in line with previous finding [18]. Metabolic activity,
presented in Fig. 2F, showed a significant reduction after 48 h of
treatment, corroborating the viability data.

The enhanced effect in the 3D model, compared to previously pub-
lished data [13], may be partially explained by the smaller spheroid size,
likely improving Lic-A penetration and uniform distribution throughout
the spheroids. Smaller spheroids typically lack hypoxic or necrotic cores
that often contribute to therapeutic resistance, and their higher
surface-area-to-volume ratio increases drug exposure [19]. In addition,
the highly invasive behavior of the 143B cell line led to progressive
disintegration of the spheroid structure, with tumor cells spreading
throughout the surrounding matrix. As a result, the classical spheroid
morphology was lost, and cells were more dispersed within the hydro-
gel. This loss of compact architecture further enhanced drug sensitivity
by reducing cell-cell interactions and by exposing a larger number of
tumor cells directly to Lic-A [19].

To further validate our co-culture system and to investigate the ef-
fects of Lic-A on healthy bone tissue, we improved the model by

incorporating BM-MSCs instead of dermal fibroblasts. This modification
allowed us to more accurately mimic the bone microenvironment and to
assess the potential cytotoxicity of Lic-A toward non-tumoral bone-
related cells. In these experiments, we focused on the 143B OS cell line.
As shown in Figs. 3A and 3B, BM-MSCs exhibited good proliferation
overtime, confirming the suitability of these cells for the model.
Following the treatment with Lic-A, a clear dose-dependent response
was observed (Fig. 3C-D). Fluorescence imaging revealed an increase in
red staining, indicative of cell death, particularly in the OS cells.
Importantly, at lower concentrations, Lic-A demonstrated higher
toxicity toward 143B tumor cells compared to the healthy BM-MSC
counterpart, suggesting a degree of selective cytotoxicity. Although
these findings are preliminary and require further mechanistic investi-
gation, they provide an important indication that Lic-A may preferen-
tially target OS cells while exerting limited toxicity on normal bone-
related cells.

3.3. 143B hydrogel bead model characterization

Since 143B cells exhibit a pronounced invasive capacity and given
that metastasis remains one of the major challenges in current OS
therapy [20], we have focused further investigation of 143B model. To
monitor cells spreading from the spheroid, live-cell imaging was per-
formed (Fig. 4A, Video 18). For this experiment, 143B cells were stained
green, and images were acquired every 4 h between 48 and 84 h
post-encapsulation. The time-lapse imaging revealed that a significant
spreading occurred within 36 h (Fig. 4B). The area occupied by the
spheroids increased threefold in 60 h, from approximately 60,000 to
180,000 pm?2. The rapid matrix infiltration observed likely reflects their
aggressive metastatic phenotype, potentially driven by enhanced
expression of matrix metalloproteinases (MMPs), cytoskeletal remodel-
ing, and interactions with the ECM.

To further characterize the system, hydrogel stiffness was evaluated
at different time points (Fig. 4C). At day 1, acellular hydrogels displayed
a mean stiffness of 5.9 + 1.1 kPa, compared with 4.33 £ 1.25 kPa in
cell-seeded hydrogels. In both groups, stiffness decreased significantly
over time, consistent with a progressive softening of the matrix under
culture conditions. At day 5, stiffness values dropped to 3.7 + 1.1 kPa in
acellular hydrogels and 1.1 + 0.7 kPa in cell-seeded hydrogels, with the
difference between groups reaching statistical significance. This obser-
vation suggests that the presence of cells may promote matrix remod-
eling and/or degradation, thereby accelerating stiffness reduction. By
day 7, stiffness further declined to 1.7 + 0.4 kPa and 1.3 + 0.6 kPa in
acellular and cell-seeded hydrogels, respectively, confirming the time-
dependent loss of mechanical integrity. Collectively, these results indi-
cate that both culture time and cell presence modulate hydrogel me-
chanical properties, which may in turn influence the biological
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sentative microscopic images at 1, 5 and 7 days. Scale bar 500 um. D) Metabolic activity of MG63 and 143B hydrogel beads at 2, 5 and 7 days. Data are reported as
mean + SD (MG63 n = 18, 143B n = 25). One-way ANOVA test against day 2 was conducted. E). Representative confocal image acquired after 48 h treatment with
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performance of the system. Importantly, matrix stiffness is a key regu-
lator of tumor cell behavior, influencing adhesion, migration, cyto-
skeletal organization, and extracellular matrix remodeling. In this
context, the lower stiffness observed in cell-seeded hydrogels, particu-
larly at day 5, supports the hypothesis that 143B cells actively remodel
their surrounding microenvironment. Although the present analysis
does not fully dissect the bidirectional relationship between matrix
mechanics and invasive behavior, it demonstrates that the mechanical
properties of the hydrogel are dynamic rather than static and should
therefore be considered when interpreting tumor progression within this
model.

Consistent with these mechanical changes, environmental scanning
electron microscopy (ESEM) images, acquired at day 4 and 10 days,
further confirmed the invasive nature of 143B cells in the 3D hydrogel
system overtime (Fig. 4D). The high-resolution images revealed exten-
sive cell-matrix interactions, with 143B cells exhibiting protrusive
structures such as filopodia and lamellipodia extending into the sur-
rounding matrix (asterisk in Fig. 3B). These features are hallmarks of
active cancer cell migration and ECM remodeling, consistent with their
aggressive phenotype observed in live-cell imaging. Microscopic anal-
ysis also suggests degradation patterns in the hydrogel network and
localized matrix breakdown probably mediated by MMPs. These ultra-
structural insights complement our live imaging data and provide
additional evidence of dynamic cellular behavior within the matrix.
Collectively, these findings validate the robustness of our 3D model in
mimicking early metastatic processes and support its utility for probing
tumor invasion at both cellular and morphological levels.

To assess cytoskeletal organization, F-actin staining was performed
(Fig. 4E-F). In control samples, well-defined F-actin filaments were
observed, with cells exhibiting intact intercellular connections.
Conversely, samples treated with Lic-A displayed marked disruption and
disorganization of F-actin structures. These results corroborate previous
findings demonstrating Lic-A-induced cytoskeletal alterations in 2D
culture systems [21]. Moreover, nuclear morphology in treated cells
revealed pyknosis and apoptotic features, consistent with the induction
of programmed cell death. The pro-apoptotic effects of Lic-A have been
extensively reported in various cancer models [22], including OS [21,
23].

A related study described the development of 3D culture systems
using bioprinting technologies, specifically employing the drop-on-
demand technique to fabricate tissue constructs for clinical and drug
development applications [24]. In that model, 143B cells were encap-
sulated in an alginate hydrogel, where they maintained high viability
and formed tumor-like structures by day 7. In the present study, we
introduced a more physiologically relevant 3D system based on the
VitroGel® RGD matrix, which supports enhanced cell-matrix in-
teractions. This environment promoted early and sustained invasive
behavior of 143B OS cells co-cultured with stromal WS1 fibroblasts,
with matrix infiltration observed as early as days 3-4 and complete by
day 7 (see Figs. 2C and 3A).

Taken together, the live-cell imaging, mechanical characterization,
and ESEM observations indicate that the model captures not only tumor
cell invasion in a spatially relevant 3D setting, but also the associated
dynamic remodeling of the surrounding microenvironment. This aspect
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Fig. 4. 143B hydrogel beads characterization. A) Representative phase contrast images acquired at different times with IncuCyte® live imaging instrument. 143B
cells were stained green with DiO. Scale bar 400 ym B) Measurement of spheroids and invasion at different time points through IncuCyte® Software. C) Dynamic
mechanical analysis hydrogels characterization (Young’s Moduli) at different time points. Data are reported as mean =+ SD (n = 3). Two-way ANOVA was conducted.
D) Representative SEM images of the beads acquired at different magnification after 4 and 7 days of culture; E) Representative confocal microscopy images and F) Z
Erojection (maximum intensity). Nuclei were stained with Hoechst (blue) and f-actin filaments were stained with phalloidin (green). Scale bar 100 um.
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Video 1. A video clip is available online. Supplementary material related to
this article can be found online at doi:10.1016/j.biopha.2026.119485.

is particularly relevant in OS, where invasive progression is strongly
influenced by reciprocal tumor-matrix interactions. Therefore, the pre-
sent platform provide a useful intermediate system between conven-
tional 2D cultures and in vivo preclinical models for investigating both
phenotypic responses and matrix-dependent mechanisms of invasion.

3.4. Lic-A reduce cells metabolism and viability in a concentration-
dependent manner

To evaluate whether the effect of Lic-A was dose-dependent, two
complementary assays were performed to assess cell viability and
cytotoxicity (Fig. 5). Notably, treatment with 40 uM Lic-A resulted in a
significant reduction in metabolic activity, with an approximate
decrease of 50% compared to controls. These findings were further
supported by the LDH release assay, which detects lactate dehydroge-
nase enzyme released from damaged cells as a marker of membrane
integrity loss [25]. Consistent with the viability data, LDH activity
increased progressively with higher Lic-A concentrations, indicating
that the reduction in metabolic activity was accompanied by
dose-dependent cytotoxicity. Together, these assays confirm that Lic-A
exerts a cytotoxic effect in a concentration-dependent manner, high-
lighting its potential as an anti-tumor agent.
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3.5. Effect of Lic-A on expression of tumorigenic marker

To focus on the effect of Lic-A on the metastatic process, the
expression of selected markers was analyzed by real-time PCR and
immunofluorescence. Gene expression analysis was performed at 20 uM,
and the results are presented in Fig. 6A. A significant reduction in Ki67
expression, a well-established marker of cell proliferation [26], was
observed in treated samples (p=0.0053), confirming the
anti-proliferative effect of Lic-A. The expression of MMP-9, a matrix
metalloproteinase associated with tumor invasion [27], was signifi-
cantly downregulated in the treated group compared to the control
(p = 0.0003), suggesting that Lic-A inhibits invasion by reducing
MMP-9 expression. In contrast, MMP-2, another key protease involved
in ECM degradation and metastatic spread, showed no significant
change, suggesting that Lic-A exerts a selective inhibitory effect pri-
marily on MMP-9 mediated invasive pathways [27]. Unexpectedly, the
expression of vimentin, a classical marker of EMT [28], was significantly
upregulated (p = 0.0025). The expression of BMP2, a key signaling
molecule involved in bone formation and regeneration, plays a crucial
role in osteogenic differentiation and skeletal development [29], was
determined.

Interestingly, the expression of BMP-2, was significantly upregulated
following treatment (p < 0.0003), which may reflect a compensatory or
differentiation-related response to Lic-A exposure. The expression of
COL1A1, a major component of the ECM in bone [30], was higher in
control samples than in treated ones. Although the reduction in COL1A1
expression did not reach statistical significance, the trend supports a
potential role for Lic-A in modulating matrix remodeling and limiting
tumor invasion.

Gene expression analysis revealed a significant upregulation of
VEGF-C in Lic-A treated samples compared to controls (p < 0.0001),
while VEGF-A expression showed a slight, non-significant decrease.
VEGEF is a crucial factor in angiogenesis and vasculogenesis, primarily
affecting endothelial cells. It plays a vital role in maintaining vascular
homeostasis in various tissues and contributes significantly to the mo-
lecular pathogenesis of metastasis and tumor progression [31]. VEGF
exerts its effects by binding to its receptor, VEGFR, which activates
downstream signaling pathways that include the induction of MMPs.
These enzymes degrade the ECM, thereby facilitating new blood vessel
formation. Among the VEGF family members, VEGF-A plays a dominant
role in angiogenesis and is implicated in several pathological conditions,
while VEGF-C and VEGF-D are more specifically associated with lym-
phangiogenesis [32]. In this context, the differential regulation of
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Fig. 5. Dose response determination. Metabolic activity (left) and LDH (right) assay after 48 h treatment with Lic-A at 20, 40 and 80 uM were analyzed. Values are
expressed as mean + SD (Metabolic activity n = 7, LDH assay n = 11). One-way ANOVA against control was conducted.
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Fig. 6. Effects of Licochalcone A on proliferation and invasion markers in 143B cells. A) RT-PCR analysis of Ki67, MMP2, MMP9, VIM, BMP2, COL1A1, VEGFC
and VEGFA after 48 h treatment with 20 uM of Lic-A. Data are presented as mean + SD (n = 4). Two-way ANOVA against control was conducted; B-F) Immuno-
fluorescence staining after 48 h of treatment with 20 uM of Lic-A. Nuclei were stained in blue, 143B in green and different markers in red. Scale Bar 50 um.

VEGF-C and VEGF-A observed here suggests that Lic-A may influence
angiogenic and lymphangiogenic signaling in a complex manner, which
deserves further investigation.

To further validate the effects of Lic-A at the protein level, immu-
nofluorescence staining was performed. The expression patterns of
MMP2, MMP9, BMP2 and COL1Al were consistent with mRNA
expression levels obtained by RT-PCR, confirming the downregulation
of MMP9, the unchanged MMP2 and COL1A1 and the upregulation of
BMP2 following treatment (Fig. 6B, C, E and F).

Interestingly, although vimentin mRNA levels increased following
Lic-A treatment, immunofluorescence staining revealed a disorganized
and fragmented filamentous structure (Fig. 6D). This effect may be due
to post-transcriptional and/or post-translational modifications or
apoptosis-related cytoskeletal degradation, both of which disrupt
vimentin assembly. Alternatively, the upregulation of vimentin may
reflect a stress-induced compensatory response rather than an active
EMT program. These findings suggest that Lic-A interferes with cyto-
skeletal integrity not only at the transcriptional level but also at the
structural level. This is consistent with previous studies showing that
vimentin filaments are susceptible to caspase-mediated cleavage and
disassembly during apoptosis, [33]. This can lead to fragmented or
collapsed cytoskeletal structure, even when mRNA expression is upre-
gulated. Additionally, stress-induced overexpression of vimentin has
been reported as part of a non-productive or maladaptive EMT-like
response, particularly in drug-treated or damaged cells [34,35].
Although the upstream signaling pathways modulated by Lic-A were not
directly investigated in the present study, our findings are consistent
with previous reports describing the pleiotropic anti-tumoral activity of
this compound in several cancer models [22], including OS [21,23].
Indeed, Lic-A has been associated with the regulation of signaling

pathways involved in cell proliferation, apoptosis, migration, and
extracellular matrix remodeling, such as PI3K/Akt [36], MAPK [37],
NF-kB [38], and STAT3-related cascades [39]. Within this framework,
the reduction in Ki67 and MMP-9 expression observed in our 3D model,
together with the disruption of cytoskeletal organization and the pres-
ence of apoptotic nuclear features, supports the hypothesis that Lic-A
interferes with pathways controlling both tumor cell survival and
invasive behavior. Nevertheless, dedicated mechanistic studies will be
required to determine which of these signaling axes are specifically
responsible for the effects observed in our 3D OS model. Overall, these
findings highlight the potential of Lic-A as a therapeutic agent that
effectively targets multiple aspects of OS progression, including prolif-
eration, invasion, and EMT, thereby offering promising avenues for
future anti-metastatic strategies. At the same time, these results further
support the utility of our 3D model as a more physiologically relevant
platform than 2D culture systems for investigating tumor behavior and
drug response.

The presented model validates the inhibitory role of Lic-A in a more
physiologically relevant setting compared to 2D monolayers. However,
to enhance the clinical relevance of our findings, it is crucial to consider
the inherent heterogeneity of the TME and its impact on antitumor
immunity. The spatial organization within our hydrogel beads provides
a more realistic representation of cell-cell interactions compared to 2D
cultures, yet the absence of immune components remains a limitation for
studying immune-evasion mechanisms [40]. Furthermore, given the
metastatic propensity of 143B cells towards the lung and bone, our
model could be further implemented to test targeted delivery strategies
[41]. Specifically, addressing signaling axes such as CXCL12-CXCR4, a
master regulator of OS metastasis, within a bioengineered TME could
provide key insights into anti-metastatic therapeutic interventions [42].
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In conclusion, while our 3D bioengineered platform currently fo-
cuses on the phenotypic characterization of OS cell behavior, its ability
to recapitulate key aspects of the metastatic microenvironment opens
significant avenues for more complex co-culture systems and personal-
ized medicine. By addressing the limitations related to immune com-
ponents and mechanical characterization, this model can evolve into a
high-throughput tool for identifying novel therapeutic targets and
validating delivery systems specifically designed for the bone niche.

4. Conclusion

Here, we established an in vitro OS model based on hydrogel beads
that better mimics the TME, by incorporating tumor and stromal com-
ponents. By selecting VitroGel® RGD as the encapsulating matrix, we
enable effective cell-matrix interactions, particularly supporting fibro-
blast viability and tumor cell invasion. The production of uniform,
small-size spheroids allowed their homogeneous distribution and inte-
gration into the hydrogel beads and allowed for precise, controlled drug
treatment protocols.

The model allows effectively distinguished between OS cell lines of
differing invasive potential, with 143B spheroids demonstrating
spreading and matrix infiltration, in contrast to the more compact and
less invasive morphology of MG63 spheroids. This phenotypic diver-
gence underlines the model's capability to recapitulate tumor hetero-
geneity and invasion dynamics in a physiologically relevant context.

Treatment with Lic-A revealed marked anti-tumoral activity in the
3D system, including significant reductions in viability, metabolic ac-
tivity, and cytoskeletal integrity. Notably, the pronounced therapeutic
effect compared to prior 3D models may be due to the smaller spheroid
size and increased drug accessibility, as well as disruption of protective
cell-cell interactions during invasion. Together, these factors highlight
the importance of considering spheroid size, structure, and invasion
dynamics when investigating drug efficacy in 3D models.

Molecular analysis further confirmed that Lic-A downregulated key
pro-metastatic markers, such as MMP-9 and Ki67, while altering the
expression of EMT-related proteins, including disorganized vimentin
filaments and increased BMP-2.

Overall, our findings demonstrate that this OS model is a relevant
platform to investigate OS biology (invasion, tumor-stroma interactions,
and drug responsiveness) and provides a promising alternative to
traditional 2D cultures as a tool for preclinical screening of anti-
metastatic compounds.
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