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Abstract

The tumor microenvironment (TME) is a major driver of osteosarcoma progression,
metastasis, and therapeutic resistance, yet conventional models fail to effectively
recapitulate the multicellular interactions and biomechanical cues of the bone niche.
In this study, we developed a vascularized 3D-bioprinted osteosarcoma model using
a biomimetic hydrogel composed of decellularized extracellular matrix, chondroitin
sulfate, and hydroxyapatite. U20S osteosarcoma cells, human mesenchymal stem
cells (HMSCs), and human umbilical vein endothelial cells were co-cultured within
the printed constructs. Confocal imaging, RNA sequencing, xenograft validation,
and integration with clinical single-cell RNA-sequencing data were used to define
TME-driven changes in tumor behavior. The engineered TME induced a proliferation-
to-invasion switch characterized by GO/G1 arrest, reduced proliferation activity, and
enhanced invasiveness, angiogenic potential, and extracellular-matrix remodeling.
Transcriptomic profiling showed downregulation of cell-cycle programs, including
E2F and MYC targets, together with activation of TGF-f signaling, epithelial-
mesenchymal transition (EMT), and hypoxia-related pathways. Mechanistically,
HMSCs were identified as key regulatory cells that promoted migratory programs
in tumor cells, partly through CXCL chemokine signaling engaging CXCR2. The TME-
induced state also conferred robust chemoresistance to paclitaxel, associated with
cell-cycle quiescence and pro-survival signaling, such as NF-kB activation. Critically,
the transcriptional signature of these quiescent-invasive cells closely mirrored that
of a clinically observed osteosarcoma subpopulation with low proliferation and
high EMT activity. This high-fidelity vascularized 3D-bioprinted model recapitulates
major TME-dependent features of osteosarcoma and provides a biologically
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relevant platform for studying tumor plasticity and evaluating therapies targeting
microenvironment-driven treatment resistance.

Keywords: Osteosarcoma; Tumor microenvironment; 3D bioprinting; Chemoresistance;
Mesenchymal stem cells; Phenotypic switching

1. Introduction

Osteosarcoma, the most common primary malignant
bone tumor, predominantly affects children, adolescents,
and young adults, with a slightly higher incidence in
males." Although advances in surgery and neoadjuvant
chemotherapy have improved the 5-year survival rate of
patients with localized disease to approximately 60-70%’,
the prognosis of patients with metastatic osteosarcoma
remains poor, with survival rates still below 30%.' As
the lungs are the most common site of metastasis’, this
persistent survival gap highlights the need to better
understand the biological mechanisms that drive
osteosarcoma progression, dissemination, and treatment
failure.

Accumulating evidence indicates that these processes
are strongly shaped by the tumor microenvironment
(TME).> The osteosarcoma TME is a heterogeneous
and dynamic ecosystem composed of tumor cells,
stromal cells, immune cells, endothelial cells (ECs), and
extracellular matrix (ECM) components.* Together, these
elements provide biochemical and biomechanical cues that
influence tumor cell proliferation, invasion, angiogenesis,
and therapeutic response.** Thus, the TME is increasingly
recognized not simply as a structural scaffold, but as an
active regulator of osteosarcoma behavior.®

Despite this, in vitro osteosarcoma research has long
relied primarily on two-dimensional (2D) culture systems,
in which cells grow as monolayers on rigid plastic surfaces.
These models are easy to use, but they poorly reproduce
three-dimensional (3D) tissue architecture, cell-cell and
cell-ECM interactions, and gradients of oxygen, nutrients,
and drug penetration.® Animal models provide additional
physiological relevance, yet are limited by cost, ethical
concerns, low throughput, and interspecies differences.’”
Together, these limitations create a persistent predictive
gap in preclinical osteosarcoma research, particularly for
TME-dependent phenotypes such as invasion, plasticity,
and chemoresistance.®

To address these shortcomings, 3D in vitro models have
emerged as promising tools for osteosarcoma research.’
Current 3D osteosarcoma models can be broadly divided

into scaffold-free systems, such as multicellular spheroids,
and scaffold-based systems, including synthetic polymer
scaffolds, natural hydrogels, and hybrid biomaterial
platforms.'” Scaffold-free models can reproduce basic
cell-cell interactions and spatial heterogeneity, but they
do not adequately capture the matrix support, mineralized
context, or structural complexity of the native bone niche."
Scaffold-based systems provide improved 3D support, yet
still have important limitations. Synthetic materials such
as polycaprolactone or poly(lactic-co-glycolic acid) offer
mechanical stability but often lack intrinsic bioactivity",
whereas single-component natural hydrogels are generally
more cytocompatible but fail to reproduce the mineralized
and biochemical complexity of osteosarcoma in bone.*

Thislimitationisparticularlyimportantin osteosarcoma,
where tumor behavior is shaped not only by 3D structure,
butalso by thebone-like nicheitself. Osteosarcoma develops
in a microenvironment characterized by mineralized
matrix cues, marrow-associated stromal support, vascular
interactions, and active paracrine signaling. However,
most reported 3D models capture only one or two of these
features and rarely integrate mineralized matrix properties,
stromal heterogeneity, and vascular organization within a
single controllable platform.'? As a result, many existing
systems remain insufficient for studying how the TME
influences osteosarcoma phenotypic plasticity and
treatment response.” This issue is especially relevant
given the context-dependent roles of stromal cells such
as mesenchymal stem cells (MSCs) and the increasingly
recognized contribution of the TME to chemoresistance."

Three-dimensional bioprinting offers a promising
strategy to address these challenges.”” By enabling precise
spatial control over multiple cell types and materials, 3D
bioprinting allows the construction of more biomimetic
and experimentally tractable tumor models.*® In particular,
its ability to pattern multicellular architectures makes it
well suited for reconstructing stromal-tumor-vascular
interactions that are difficult to model in conventional
systems."”

In this study, we developed a vascularized
3D-bioprinted osteosarcoma microenvironment model
based on a composite hydrogel composed of decellularized
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extracellular matrix (dECM), chondroitin sulfate (CS),
and hydroxyapatite (HAP)."® This biomaterial design
was intended to approximate both the soft stromal
characteristics of bone marrow and the mineralized
properties of the osteosarcoma niche.” At the same time,
multi-nozzle 3D bioprinting enabled the controlled tri-
culture of osteosarcoma cells, human mesenchymal stem
cells (HMSCs), and human umbilical vein endothelial cells
(HUVECS), thereby incorporating stromal and vascular
components into the same engineered construct.’

Using this model, we sought to determine whether
a multicellular, vascularized, and bone-mimetic
microenvironment is associated with changes in
osteosarcoma cell state, particularly with respect
to proliferation, invasion-associated features, and
chemosensitivity.?! By integrating phenotypic analyses,
transcriptomic  profiling, comparison with public
clinical single-cell data, and in vivo validation, we aimed
to establish a more biologically relevant platform for

Table 1. Main experimental reagents and antibodies

investigating osteosarcoma microenvironmental biology
and for evaluating therapeutic strategies targeting TME-
associated tumor plasticity.”

2. Methods

All key commercial reagents, kits, and antibodies used in
this study are summarized in Table 1.

2.1. Cell lines, culture conditions, and quality control

This study utilized four human cell lines: osteosarcoma
cells U20S and 143B, primary HMSCs, and HUVECs. To
ensure the reliability and reproducibility of experimental
data, all cell lines were authenticated via short tandem
repeat profiling and routinely tested for mycoplasma
contamination using polymerase chain reaction (PCR)-
based assays.

All cells were cultured in a humidified incubator at 37 °C
with 5% CO,. The 143B cells were maintained in high-
glucose Dulbecco’s Modified Eagle Medium supplemented

Cell line/Reagent/Antibody Supplier (Country) Cat. No.
Human osteosarcoma cell lines (U20S and 143B) AoRuiCell Biology (China) AoRuiCell
Human primary bone marrow mesenchymal stem cells AoRuiCell Biology (China) AoRuiCell
Human umbilical vein endothelial cell line AoRuiCell Biology (China) AoRuiCell
High-glucose DMEM medium Gibco (United States of America [USA]) C11995500BT
Mesenchymal stem cell-specific medium AoRuiCell Biology (China) AoRuiCell
Endothelial cell growth medium-2 Lonza (Switzerland) CC-3156
Fetal bovine serum, Prime Vazyme (China) F103
Penicillin-Streptomycin solution Gibco (USA) 15140122
0.25% Trypsin-EDTA Gibco (USA) 25200072
Polybrene Sigma-Aldrich (USA) H9268
Puromycin Sigma-Aldrich (USA) P8833
Paclitaxel Sigma-Aldrich (USA) T7402
D-luciferin Gold Biotechnology (USA) LUCNA-1G
LIVE/DEAD™ Cell Cytotoxicity Assay Kit Invitrogen (USA) L3224
Cell Counting Kit-8 Dojindo (Japan) CK04
Annexin V-FITC/PI Apoptosis Detection Kit Vazyme (China) A211-02
TRIzol™ Reagent Invitrogen (USA) 15596026
Reverse Transcription Kit Vazyme (China) R323-01
SYBR Green Master Mix Vazyme (China) Q711-02
Anti-Ki-67 antibody (IHC) Proteintech (China) 27308
Anti-CD31 antibody (IHC) Proteintech (China) 11265
Anti-vimentin antibody (IHC) Proteintech (China) 10366
Anti-a-SMA antibody (IHC) Proteintech (China) 14395

Volume 12 Issue 2 (2026)

doi: 10.36922/1JB026040031


https://doi.org/10.36922/IJB026040031

International Journal of Bioprinting

3D-bioprinted osteosarcoma TME model

with 10% fetal bovine serum (FBS) and 1% penicillin-
streptomycin. U20S and HMSCs were cultured in MSC-
optimized growth medium containing 10% FBS and 1%
penicillin-streptomycin. HUVECs were cultured in EC
growth medium-2, which includes 2% FBS and multiple
critical growth factors (e.g., vascular endothelial growth
factor) essential for maintaining the endothelial phenotype
and promoting angiogenic function. The culture medium
was replaced every 2-3 days. Cells were passaged using
0.25% trypsin-EDTA solution when confluence reached
80-90%.

2.2, Construction of stable reporter cell lines

To enable lineage tracing and analysis of specific cell
populations, stable reporter-expressing cell lines were
generated using lentiviral transduction in this study.
U208, HMSC, and HUVEC cells were transduced to stably
express mCherry (U20S-mCherry), green fluorescent
protein (HMSC-GFP), or mCherry (HUVEC-mCherry)
or enhanced blue fluorescent protein (HUVEC-EBFP),
respectively. For in vivo tumor formation experiments,
143B cells were transduced to stably express firefly
luciferase (143B-LUC), allowing non-invasive, longitudinal
monitoring of tumor growth via bioluminescence imaging.

The transduction protocol was as follows: cells were
seeded in 6-well plates and allowed to adhere before being
incubated with culture medium containing an appropriate
titer of lentiviral particles and a final concentration of 8
pg/mL polybrene. After 72 h of transduction, the medium
was replaced with fresh medium supplemented with
puromycin at the optimal selection concentration (2 pg/
mL). This concentration was determined based on a prior
dose-response curve (kill curve) assay, defined as the
lowest concentration capable of effectively killing 100%
of non-transduced control cells. Cells were subjected to
selection for at least one week until all control cells had
died, thereby obtaining a purified population of stable
transductants. U20S cells stably expressing mCherry were
used in the paclitaxel experiments, whereas U20S-BFP
cells were used in the cisplatin and doxorubicin validation
experiments.

2.3. Preparation and characterization of hydrogel
bioinks

2.3.1. Decellularized extracellular matrix preparation

The preparation of dECM followed a standardized multi-
step decellularization protocol. In brief, fresh porcine
dermal tissue was obtained, and the epidermis and adipose
layers were removed mechanically before cutting the tissue
into small fragments. The tissue fragments were then
subjected to agitation in a solution containing 1% Triton

X-100 and 0.25% EDTA at room temperature for 12-16 h
to effectively remove cellular components.

Subsequently, the decellularized tissue was subjected to
limited digestion with pepsin under acidic conditions (pH
2.0), converting the insoluble ECM network into a soluble
precursor solution. Finally, the solution was dialyzed
over a period of 7 days and then lyophilized to obtain
purified dECM powder. Prior to use, the dECM powder
was resuspended in hydrochloric acid solution (pH 3.5) to
prepare a stock solution at a concentration of 15 mg/mL.

2.3.2. Formulation and physicochemical
characterization of composite hydrogels

The final bioink selected for this study was a composite
hydrogel based on dECM, nano-hydroxyapatite (nano-
HAP), and CS. The final formulation consisted of 5-10
mg/mL dECM, 5 mg/mL CS, and 1% (w/v) nano-HAP.The
physicochemical characterization analyses included:

(i) Microstructural analysis: The microstructure of the
hydrogel was evaluated using scanning electron
microscopy (SEM; Sigma 300, ZEISS, Germany).
Freeze-dried hydrogel samples were sputter-coated
with platinum prior to imaging, allowing assessment
of internal pore architecture, pore size distribution,
and dispersion of HAP particles.

(ii) Reflectance confocal imaging of hydrated type I
collagen hydrogels: The fibrillar microstructure of type
I collagen hydrogels was characterized by label-free
reflectance confocal microscopy using an Olympus
FV3000 laser scanning confocal microscope (Japan).
To preserve the native hydrated architecture, the
hydrogels were imaged directly under fully hydrated
conditions without freeze-drying or dehydration. For
imaging, a 488 nm laser was used for excitation, and the
reflected signals were collected through the reflectance
optical pathway within the 480-500 nm detection
window. Representative images were acquired using
either the transmitted detector (for transmitted-light/
differential interference contrast imaging) or the
high-sensitivity spectral detector (for high-sensitivity
fluorescence detection). The pinhole was set to 1 Airy
unit (1 AU). Laser power, detector sensitivity, and
related acquisition settings were adjusted empirically
to maintain sufficient signal intensity while avoiding
signal saturation. For 3D visualization of the collagen
network, serial optical sections were acquired along
the z-axis over a total depth of 80 um, followed by
maximum intensity projection of the z-stack. This
method enabled direct visualization of the hydrated
collagen fibrillar architecture, in which filamentous
collagen fibers formed an interconnected network
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containing abundant pore-like interfibrillar spaces.

(iii) Rheological and mechanical characterization:
Rheological measurements were performed using a
rotational rheometer (Physica MCR301, Anton Paar,
Austria). Shear-thinning behavior was assessed via
steady shear sweeps across a shear rate range 0of0.1-100
s'at 15 °C. Dynamic frequency sweeps were conducted
to evaluate the storage modulus (G') and loss modulus
(G") of the crosslinked hydrogels. Additionally,
mechanical stiffness was quantified using a Piuma
nanoindenter (Opticsl1 Life, Netherlands) equipped
with a probe of 25.5 pm radius. Young’s modulus maps
were acquired over a 500 x 500 um? area in phosphate-
buffered saline (PBS), to verify whether the hydrogel
could recapitulate the mechanical properties of native
osteosarcoma tissue.

(iv) Swelling and degradation properties: The swelling
behavior of freeze-dried hydrogels was evaluated
gravimetrically in PBS at 37 °C. For in vitro
degradation  studies, hydrogel samples were
immersed in PBS containing physiologically relevant
concentrations of collagenase and incubated at 37
°C for 14 days. Residual dry weights were measured
periodically throughout the experiment. These assays
were designed to confirm that the hydrogel exhibited
structural stability and controllable degradation
kinetics suitable for long-term cell culture.

2.4. 3D bioprinting of the osteosarcoma tumor
microenvironment model

2.4.1. Printing system and strategy

All bioprinting procedures were performed within a sterile
biosafety cabinet using a multi-nozzle micro-extrusion-
based 3D bioprinter (SunP Biomaker 2, China). Cell-laden
bioinks were prepared by gently mixing pre-cooled (4 °C)
hydrogel solutions with cell suspensions on ice.

To systematically investigate the complexity of the
TME, two bioprinting strategies were employed in this
study:

(i) Tumor spheroid model (monoculture control):
A single-nozzle printing approach was used to
fabricate spherical structures with a diameter of 1
mm, consisting of bioink loaded with U20S cells (or
co-cultured with HMSCs).

(ii) Vascularized TME model (multicellular co-culture):
A dual-nozzle bioprinting strategy was implemented.
Nozzle 1 dispensed bioink containing U20S and
HMSC:s to form the tumor micro-tissue at the center
of the model, while Nozzle 2 delivered bioink loaded

with HUVECs to generate a predefined vascular
network surrounding the tumor micro-tissue.

2.4.2. Printing parameters and post-processing

Key printing parameters, including nozzle dimensions,
platform temperature, printing speed, and extrusion rate,
were carefully optimized and strictly controlled throughout
the bioprinting process. Immediately after printing, the
constructs were transferred to a 37 °C incubator and
allowed to stabilize for 30 min. This step leveraged the
thermoresponsive properties of the bioink to induce rapid
gelation and secure structural integrity. Following gelation,
the appropriate culture medium was added to support
long-term cultivation of the printed constructs.

2.5. Cellular and pharmacological analyses

2.5.1. Cell viability, proliferation, and morphological
analysis

Ondays 1, 3, 5, 7, and 14 of culture, the 3D constructs were
stained with the LIVE/DEAD™ Cytotoxicity Assay Kit to
assess cell viability. Confocal laser scanning microscopy
(CLSM; Zeiss LSM, Germany, or FV3000, Olympus, Japan)
was used for imaging. Fluorescent staining enabled the
clear distinction between live (green) and dead (red) cells
within the 3D structure.

To evaluate cytoskeletal morphology and spatial
distribution, immunofluorescence imaging of F-actin
(phalloidin staining) and nuclei (DAPI staining) was
performed. High-resolution z-stack imaging using CLSM
allowed for detailed 3D reconstruction of the internal
architecture of the 3D constructs.

2.5.2. Cell recovery from 3D hydrogels and flow
cytometric analysis

For quantitative analysis at the single-cell level, cells were
first recovered from the hydrogel matrix. The hydrogels
were incubated in PBS containing 1-3 mg/mL collagenase
at 37 °C until complete degradation was achieved. Single-
cell suspensions were then obtained by gentle pipetting.

The recovered cells were subjected to flow cytometric
analysis (BD LSRFortessa, BD Biosciences, San Jose, CA,
USA) for assessment of the cell cycle, apoptosis (Annexin
V-FITC/PI), and live/dead status (Fixable Aqua Dye).

2.5.3. Drug dose-response and chemoresistance
evaluation

Paclitaxel, a second-line chemotherapeutic agent for
osteosarcoma, was selected for testing. The half-maximal
inhibitory concentration (IC,) of paclitaxel against
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U20S cells under 2D monoculture, 3D monoculture,
and 3D co-culture (U20S with HMSC) conditions was
determined using the CCK-8 assay. For the 3D co-culture
condition, the IC, value was calculated based on the signal
derived from U20S cells after subtracting the contribution
of HMSCs.

To further quantitatively evaluate TME-induced
chemoresistance, a dual-validation strategy was employed:

(i) Imaging-based global assessment: Tumor spheroids
(U20S monoculture vs. U20S/HMSC co-culture)
exposed to 1 uM paclitaxel for 3 and 7 days were
subjected to live/dead cell staining. Fluorescent
signals were quantified using Image] software (version
1.53; https://imagej.net/ij/) to calculate the percentage
of viable cells.

(ii) Flow cytometry-based specific assessment: To
eliminate interference from HMSCs in the overall
viability readout, the treated tumor spheroids were
enzymatically dissociated into single-cell suspensions.

Subsequently, fluorescence-activated cell sorting

(FACS) was employed to specifically isolate tumor cells

based on the red fluorescent signal of U20S-mCherry.

Finally, Annexin V-FITC/PI apoptosis assay and live/

dead staining were performed exclusively on the purified

tumor cell population. This experimental design enables
definitive confirmation that the observed chemoresistance
is an intrinsic property conferred by the TME.

2.6. Molecular and systems biology analysis

2.6.1. Fluorescence-activated cell sorting and RNA
extraction

For cell type-specific transcriptomic analysis, the
vascularized TME constructs were enzymatically
dissociated, and the three constituent cell types were
individually sorted into collection tubes containing TRIzol

Table 2. Primer sequences for RT-qPCR of human genes

using a multicolor flow cell sorter (BD FACSAria, BD
Biosciences, San Jose, CA, USA), based on their intrinsic
fluorescent reporter signatures (U20S-mCherry, HUVEC-
EBFP, HMSC-GFP).

2.6.2. Quantitative real-time polymerase chain
reaction

Total RNA was extracted using TRIzol reagent. After
evaluating the purity and concentration with NanoDrop
(Thermo Fisher Scientific, Waltham, MA, USA), the RNA
was reverse-transcribed into cDNA. The SYBR Green
method was employed to perform gene expression analysis
on a quantitative real-time PCR (RT-qPCR) instrument,
with GAPDH serving as the internal reference gene. All
primers were validated, and their sequences are listed in
Table 2.

2.6.3. Bulk RNA sequencing and differential
expression analysis

High-quality RNA extracted from sorted cells (TME
co-culture group vs. 3D monoculture control group) was
used for transcriptomic library preparation, followed by
high-throughput sequencing on an Illumina NovaSeq
platform (Illumina, San Diego, CA, USA)

The raw sequencing data were processed through
the following bioinformatics pipeline: First, FastQC was
employed for quality assessment. Adapter sequences and
low-quality reads were then trimmed using tools such as
Trimmomatic. Clean reads were aligned to the human
reference genome using alignment software such as STAR.
Gene-level read counts were generated using featureCounts
or HTSeq-count.

In the R environment, the DESeq2 package was used
to normalize the gene expression profiles and perform
differential expression analysis. Differentially expressed
genes (DEGs) were typically defined using thresholds

Gene symbol Forward primer (5’ > 3°) Reverse primer (5’ > 3’)

MMP9 GCCACTACTGTGCCTTTGAGTC CCCTCAGAGAATCGCCAGTACT
MKI67 GGGCCAATCCTGTCGCTTAAT GTTATGCGCTTGCGAACCT
PCNA CCTGCTGGGATATTAGCTCCA CAGCGGTAGGTGTCGAAGC
VEGFA TTGCCTTGCTGCTCTACCTCCA GATGGCAGTAGCTGCGCTGATA
CD34 CTACAACACCTAGTACCCTTGGA GGTGAACACTGTGCTGATTACA
GAPDH TGTGGGCATCAATGGATTTGG ACACCATGTATTCCGGGTCAAT
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of |log,(Fold Change)| > 1 and adjusted p-value < 0.05.
Results were visualized using volcano plots and heatmaps.

2.6.4. Pathway enrichment and gene set enrichment
analysis

To wunderstand the biological functional changes
represented by DEGs at a systems level, pathway
enrichment analysis was performed. Kyoto Encyclopedia
of Genes and Genomes (KEGG) pathway enrichment
analysis and gene set enrichment analysis (GSEA) were
performed separately using the specified software and
parameter settings, aiming to identify signaling pathways
that were significantly regulated within the TME.

Furthermore, to capture broader trends in biological
process alterations, GSEA was carried out on all expressed
genes after ranking them based on their expression
changes between the two groups. The analysis employed
the “Hallmark” gene set collection from the Molecular
Signatures Database.

2.6.5. Cell-cell communication network analysis

To investigate the mechanisms of multicellular interactions
within the TME, transcriptomic data from each cell
population were analyzed using the iTALK algorithm.
iTALK leverages the ligand-receptor interaction database
curated by CellPhoneDB to identify potential signaling
communications between distinct cell types. By comparing
the interaction networks of the TME group with those
of the control group, the complexity of intercellular
communication can be quantified, and key signaling axes
can be identified.

2.6.6. Integration analysis of public single-cell RNA
sequencing data

To validate whether the biological phenomena observed
in the in vitro model are clinically relevant, this study
downloaded and analyzed publicly available osteosarcoma
single-cell RNA sequencing (scRNA-seq) datasets
(GSE152048) from the Gene Expression Omnibus
database.

The data analysis pipeline was primarily conducted
using the Seurat package. Raw data were first loaded
and subjected to quality control filtering, during which
cells with more than 20% mitochondrial gene content
were excluded. The data were then normalized using the
SCTransform method. Principal component analysis was
performed on the normalized dataset, and the k-nearest
neighbors algorithm implemented in the FindNeighbors
function was used to construct a similarity matrix.
Clustering was carried out by adjusting the resolution
parameter within the range of 0.3-1.0. Cell types were

subsequently annotated manually based on canonical
marker genes, identifying major cell populations such as
tumor cells (EPCAM*), MSCs (NT5E*), and ECs (CLDN5™).

To assess the clinical relevance of the in vitro TME
model, gene expression signatures derived from the TME
group were compared with tumor cell subpopulations
identified in the clinical samples. Specifically, the AUCell
R package was employed to calculate the activity scores
of predefined gene sets within each clinical tumor
subpopulation. By comparing these scores, it was found
that the transcriptional signature of TME-induced tumor
cells in vitro closely resembled a non-high-proliferative
tumor subpopulation present in the clinical samples,
thereby confirming the clinical fidelity of the in vitro
model.

2.6.7. Bioinformatics analysis software

The bioinformatics analysis of transcriptomic and single-
cell omics data was primarily performed within the R
environment, using multiple publicly available software
packages. These included Seurat (v4.1.0) for single-cell
data analysis, DESeq2 (v1.36.0) for differential expression
analysis, clusterProfiler (v4.4.4) for pathway enrichment
analysis, AUCell (v1.18.0) for gene set activity scoring,
iTALK (v0.1.0) for cell-cell communication analysis, and
ggplot2 (v3.3.6) for data visualization.

2.7. In vivo animal experiments

2.7.1. Animal ethics, housing, and surgical
implantation

All animal experiments were strictly conducted in
accordance with the guidelines of the Institutional Animal
Care and Use Committee at Guangzhou Huace Detection
Co., Ltd.,, and were approved under ethical clearance
number 202502002. A total of 12 our-week-old female
BALB/c nude mice were used in this study and randomly
assigned into two groups (1 = 6 per group):

(i) Control group: Subcutaneous implantation of
3D-printed hydrogels containing only 143B-LUC
cells.

(if) TME group: Subcutaneous implantation of 3D-printed
hydrogels containing three cell types (143B-LUC,
HMSCs, and HUVEC:).

Surgical procedures were performed under sterile
conditions with isoflurane inhalation anesthesia.

2.7.2. Tumor growth monitoring and endpoint
analysis

Tumor burden was non-invasively monitored using
bioluminescence imaging on days 0, 7, 14, and 21 post-
implantation. D-luciferin substrate (150 mg/kg) was
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administered via intraperitoneal injection prior to
imaging. Bioluminescence signals were captured using an
IVIS Spectrum imaging system (PerkinElmer, Waltham,
MA, USA).

At the experimental endpoint (day 21), mice were
euthanized, and the tumors were excised for further
analysis. Tumor volume was calculated using the formula:

V= (L x W2)/2 (1)

where L represents length and W represents width. Tumor
wet weight was also recorded.

2.7.3. Histological and immunohistochemical analysis

Excised tumor tissues were fixed in 4% neutral buffered
formalin, paraffin-embedded, and sectioned into
consecutive 5 um-thick slices. Standard hematoxylin
and eosin staining and Masson’s Trichrome staining
(Servicebio, China) were performed to evaluate tissue
morphology and collagen deposition, respectively.

To further validate the findings observed in vitro, IHC
staining was carried out. Following deparaffinization,
rehydration, and heat-induced antigen retrieval using
citrate buffer (pH 6.0), endogenous peroxidase activity was
blocked with 3% H,0,. Sections were then incubated with
normal goat serum for blocking.

Subsequently, tissue sections were incubated overnight
at 4 °C with primary antibodies specific to the target
proteins. The next day, sections were incubated with
horseradish peroxidase (HRP)-conjugated secondary
antibodies, developed wusing 3,3’-diaminobenzidine
chromogen, and counterstained with hematoxylin for
nuclear visualization. Images were captured using a light
microscope, and semi-quantitative analysis was performed.

2.8. Western blot analysis

Total protein was extracted from the control and TME
groups using radioimmunoprecipitation assay lysis
buffer supplemented with protease inhibitor cocktail and
phosphatase inhibitors on ice. After centrifugation, the
supernatants were collected, and protein concentrations
were determined using a bicinchoninic acid protein assay
kit (Cat. No. HY-K2002, MedChemExpress, Monmouth
Junction, NJ, USA). Equal amounts of protein were mixed
with loading buffer, denatured by boiling, separated by
SDS-PAGE, and then transferred onto PVDF membranes.
After blocking with 5% non-fat milk or 5% bovine serum
albumin (BSA, Albumin, Bovine), Grade 625 (Cat. No.
4240GR250, Biofroxx, Einhausen, Germany) for 1 hatroom
temperature, the membranes were incubated overnight
at 4 °C with primary antibodies against transforming
growth factor-beta (TGF-f), phospho-nuclear factor-

kappa B (p-NF-«B), and heat shock protein 90 (Hsp90).
After washing, the membranes were incubated with the
corresponding HRP-conjugated secondary antibodies for
1 h at room temperature. Protein bands were visualized
using an enhanced chemiluminescence detection system,
iBright FL1500 Imaging System (Thermo Fisher Scientific,
Waltham, MA, USA). Hsp90 was used as the loading
control.

2.9. Data presentation and statistical analysis

All quantitative data are presented as mean + standard
deviation or mean =* standard error of the mean. Statistical
analyses were performed using GraphPad Prism 9.0 (USA)
or R software (v4.2.0). For comparisons between two
groups, an unpaired, two-tailed Student’s ¢-test was used.
For experiments involving more than two groups, one-way
or two-way analysis of variance (ANOVA) was applied,
followed by appropriate post-hoc tests.In this study, a
p-value < 0.05 was considered statistically significant and
is indicated with asterisks in the figures (*p < 0.05, **p <
0.01, **p < 0.001, ***p < 0.0001).

3. Results

3.1. Fabrication and characterization of the
biomimetic tumor microenvironment hydrogel

To precisely construct a biomimetic osteosarcoma
microenvironment, this study developed a novel composite
hydrogel-based bioink (designated as DHC hydrogel),
primarily composed of dECM, CS, and HAP (Figure
la,b). Previous studies have demonstrated that dECM
hydrogels prepared through an optimized decellularization
protocol exhibit favorable thermoresponsive gelation
properties.”Type I collagen is the main component of
dECM, and the preservation of key ECM components,
including fibronectin, hyaluronic acid, and proteoglycans,
helps maintain biological activity and mimic the soft bone
marrow microenvironment.*

Chondroitin sulfate is capable of interacting with
collagen fibers and proteoglycans in bone tissue, forming
composite structures with favorable mechanical properties
and biological functionality.” HAP is the primary inorganic
component of human bone and teeth. Previous studies
have shown that tumor cells interact with mineralized bone
matrices within the osteosarcoma microenvironment.”
Therefore, the incorporation of CS and HAP into the
hydrogel system can effectively simulate the mineralization
characteristics of bone, enhance the biocompatibility and
mechanical properties of the hydrogel, and ultimately
generate a more realistic biomimetic microenvironment.

Scanning electron microscopy analysis revealed that
the prepared DHC hydrogel exhibited a highly porous and
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loosely structured microarchitecture, with HAP particles
uniformly dispersed on its surface (Figure l1c-e). Such a
porous structure is critical for cell encapsulation, nutrient
exchange, and the recapitulation of in vivo-like tissue
microenvironments. Since SEM-based imaging may alter
native pore morphology during sample dehydration,
we further performed label-free reflectance confocal
imaging of hydrated type I collagen hydrogels. Because
the reflectance analysis was performed on hydrated type I
collagen hydrogels rather than the full DHC formulation,
these images should be interpreted as showing the
hydrated fibrillar architecture of a collagen-rich surrogate
matrix. Under fully hydrated conditions, the collagen
matrix exhibited an interconnected fibrillar network with
abundant interfibrillar voids, as visualized by single-plane
and z-stack reflectance imaging (Figure Sla-c). These data
complement the SEM results and more directly reflect the
matrix architecture experienced by cells in the hydrated
hydrogel environment.

A series of hydrogels fabricated by sequential addition
of HAP/CS to dECM were characterized and demonstrated
similar core properties, including favorable viscoelasticity,
high water absorption, and slow degradation (Figure
1f-h). These characteristics are essential for maintaining
long-term stability during in vitro culture.

In terms of mechanical properties, the effective
Young’s moduli of the four hydrogels ranged from 80 to
120 Pa (Figure 1k). Among the tested formulations, the
DHC hydrogel exhibited the highest Youngs modulus
(~120 Pa; Figure 1k), with an effective Young’s modulus
of approximately 120 Pa—a value that is consistent with
a soft marrow-like microenvironment. The material also
displayed ideal shear-thinning behavior (Figure 1i) and
was capable of undergoing a sol-gel phase transition under
physiological temperature conditions (36 °C) (Figure 1j).
Based on these comprehensive characteristics, the DHC
hydrogel was ultimately selected as the optimal bioink for
3D bioprinting in this study. Subsequently, using a liquid-
liquid printing approach, we employed the DHC hydrogel
both as the bioink and as the supporting matrix to achieve
planar and suspended printing of complex geometric
patterns, thereby confirming its excellent printability
(Figure 1L,m).

3.2. Biocompatibility assessment of composite
hydrogels

To comprehensively evaluate the biocompatibility of the
developed hydrogel materials, U20S-RFP osteosarcoma
cells, HMSCs, and 3D-bioprinted HUVECs (HUVEC-
RFP) were cultured in different hydrogel matrices (Figure
2a). CLSM observations showed that, after 14 days of culture
(Figure 2b), U20S-RFP cells exhibited active proliferation

and maintained normal morphology in all four hydrogel
formulations (Figure 2c¢), indicating that these materials
provided a permissive environment for osteosarcoma cell
growth. In parallel, live/dead staining of HMSCs cultured
for 14 days demonstrated that cell viability exceeded 90%
in all groups (Figure 2d,f). Notably, HMSC proliferation
was most pronounced in the DHC hydrogel compared with
the other formulations (Figure 2e), further supporting that
DHC provides a favorable stromal microenvironment.

To further characterize cell morphology within the
3D matrix, HMSCs and U20S cells cultured in the
DHC hydrogel for 3 days were stained with F-actin
and DAPI (Figure 2g). Compared with conventional
2D culture, both cell types displayed more elongated,
spindle-like morphologies and extended prominent
cytoskeletal processes within the hydrogel, indicating
active adaptation to the 3D environment. To better
visualize the microstructural features of the engineered
matrix, we further supplemented these observations with
higher-resolution cytoskeletal imaging and two-photon
microscopy. Confocal F-actin/DAPI staining revealed
extensive cytoskeletal spreading and interconnected
cellular organization within the construct (Figure S2a),
while two-photon microscopy showed a close spatial
association between the cellular network and the
surrounding collagen matrix (Figure S2b). Together, these
findings provide additional morphological evidence that
the DHC-based microenvironment supports not only cell
survival, but also structural integration between cells and
the ECM.

In addition to supporting tumor and stromal cells, the
DHC hydrogel also supported endothelial morphogenesis.
HUVECs seeded into the DHC hydrogel via 3D bioprinting
proliferated effectively and formed vessel-like sprouting
structures over time (Figure 2i-k). The ability of HUVECs
to generate vascular sprouts is an important indicator of
angiogenic potential and suggests that the hydrogel can
support the formation of a more physiologically relevant
multicellular microenvironment.

Quantitative real-time polymerase chain reaction
further highlighted the biological differences between 2D
and 3D culture conditions (Figure 2h). Compared with 2D
culture, 3D-cultured cells showed increased expression
of MMP9 in endothelial and tumor cells, whereas MKI67
expression was decreased in HMSCs and tumor cells,
consistent with a less proliferative but more invasion-
associated state.”®” In addition, ECs showed increased
expression of angiogenesis-related markers such as CD34,
while tumor cells exhibited elevated VEGFA expression.
These data suggest that the 3D hydrogel environment
not only preserves viability, but also modulates cell state
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Figure 1. Fabrication of biomimetic mineralized hydrogel and bioink. (a) Schematic illustration of the preparation process for the DHC hydrogel. (b)
Representative photographs of the DHC hydrogel before and after gelation. (c—e) SEM images of freeze-dried DHC hydrogel at magnifications of 100,
200x, and 500x, respectively (scale bars: 500 um, 250 um, and 100 pm). (f) Compressive stress-strain curves of four different hydrogels. (g) Degradation
profiles of the four hydrogels over a period of 20 days. (h) Swelling behavior of the four hydrogels. (i) Viscosity and shear stress distribution curves of the
DHC hydrogel across a shear rate range from 1 x 107 to 1 x 10? s™". (j) Thermogelation curve of the DHC hydrogel under a temperature gradient ranging
from 4 °C to 40 °C. (k) Heatmap representation of the effective Young’s moduli of the four hydrogels. (1) Schematic diagram illustrating the 3D bioprinting
process. (m) Representative images of simple geometric models fabricated via 3D printing using the DHC hydrogel.

Abbreviations: CS: Chondroitin sulfate; dECM: decellularized extracellular matrix; HAP: Hydroxyapatite; SEM: Scanning electron microscopy.
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Figure 2. The DHC bioink and hydrogel provide a favorable microenvironment for cell growth. (a) Schematic illustration of cell culture in different
hydrogels and vascular printing using the DHC bioink. (b) Representative fluorescence images showing U20S-mCherry cells cultured within the four
hydrogels. X-Y planar projections at days 1, 3, 5, 7, and 14 are presented. Scale bars: 500 m; magnification: 4x. (c) Proliferation profiles of U20S-mCherry
cells in the four hydrogels. (d) Live/dead staining of HMSC-GFP cells cultured in the four hydrogels. Representative X-Y planar projections at days 1, 4,
7, and 14 are shown. Scale bars: 500 um; magnification: 4x. (e) Proliferation dynamics of HMSC-GEFP cells in the four hydrogels. (f) Viability ratios of
HMSC-GFP cells in the four hydrogels. (g) F-actin and DAPI staining images of HMSCs and U20S cells cultured in the DHC hydrogel for 3 days. Scale
bars: 200 pm/100 pum; magnification: 4x/20x. (h) Gene expression profiles of U20S cells, HMSCs, and HUVECs under 2D and 3D culture conditions. (i)
Representative fluorescence images showing vascular structures formed by printed HUVEC-mCherry cells in the DHC hydrogel. X-Y planar projections at
days 1, 3, 7, 10, and 14 are displayed. Scale bars: 300 um; magnification: 4x. (j) Average sprout length of HUVEC-mCherry cells over time. (k) Proliferation
profiles of HUVEC-mCherry cells in the DHC hydrogel. Statistical analysis was performed using one-way ANOVA and paired t-tests (n = 3). Significance
levels are indicated as: ns (not significant), *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

Abbreviations: CS: Chondroitin sulfate; dECM: decellularized extracellular matrix; HAP: Hydroxyapatite; HMSC: Human mesenchymal stem cell;
HUVEC: Human umbilical vein endothelial cell

Volume 12 Issue 2 (2026) " doi: 10.36922/1JB026040031


https://doi.org/10.36922/IJB026040031

International Journal of Bioprinting

3D-bioprinted osteosarcoma TME model

and function in ways that are more consistent with a
physiologically relevant microenvironment.

Taken together, these results demonstrate that the DHC
bioink provides a supportive environment for the survival,
growth, and structural organization of tumor, stromal,
and ECs. Compared with conventional 2D culture, the 3D
hydrogel system promoted more physiologically relevant
morphology, closer cell-matrix interaction, endothelial
sprouting, and distinct transcriptional changes associated
with invasion and angiogenesis, supporting its use as
a biomimetic platform for subsequent osteosarcoma
microenvironment modeling.

3.3. Construction of a 3D-bioprinted osteosarcoma
microenvironment model and cell interactions

After confirming the biocompatibility of the hydrogels,
this study successfully fabricated tumor spheroids with
3D structures using 3D bioprinting technology, laying the
groundwork for constructing a biomimetic osteosarcoma
microenvironment (Figure 3a). We utilized a bioink
mixture containing U20S and HMSC cells to successfully
print biomimetic TME spheroids with a diameter of 1 mm.
F-actin and DAPI staining confirmed that these spheroids
exhibited healthy growth characteristics (Figure 3b). After
7 days of culture, the peripheral regions of the tumor
spheroids showed higher cell density, with elongated and
larger spindle-shaped morphology indicative of invasive
growth into the surrounding matrix. In contrast, the central
region of the spheroids had significantly fewer cells, likely
due to oxygen and nutrient limitations. These findings are
consistent with previous spheroid-based studies, showing
that peripheral tumor-cell growth is more rapid than the
growth in the central region.”®

To enable continuous observation of the biological
behavior of 3D tumor spheroids, we further printed tumor
spheroids incorporating fluorescently labeled U20S-RFP
and HMSC-GFP cells (Figure 3c). Compared to tumor
spheroids printed solely with U20S-RFP cells, those
co-cultured with HMSCs exhibited a reduced proliferation
rate (Figure 3d). This reduced proliferation may reflect
complex interactions between HMSCs and U20S tumor
cells. Under certain conditions, HMSCs can exert anti-
proliferative effects on osteosarcoma cells, for example, by
secreting cytokines or miRNAs (such as let-7f) contained
in extracellular vesicles, which can inhibit tumor cell
proliferation. On day 7 of culture, we performed FACS
to isolate U20S tumor cells from the microenvironment
group and conducted cell cycle analysis in comparison
with U20S cells from the control group (Figure 3f). These
results further supported this observation, showing a
significantly higher proportion of tumor cells arrested in

the GO-G1 phase in the experimental group, consistent
with reduced proliferation.Notably, although proliferation
was suppressed, the experimental group exhibited more
pronounced spheroid expansion (Figure 3e), suggesting
that the migratory and invasive capacity of tumor cells
may have been enhanced. This highlights the dual role of
HMSCs within the TME—they not only influence tumor
cell behavior through ECM remodeling, but may also
promote tumor cell migration and invasion by secreting
chemokines or other signaling molecules.

Subsequently, we employed a dual-nozzle bioprinting
technique to simultaneously fabricate both a vascular
network composed of HUVEC cells and tumor
spheroids co-constructed by HMSCs and U20S cells,
successfully establishing a vascularized osteosarcoma
microenvironment model in vitro (Figure 3g). After 3 days
of culture, all three cell types exhibited clear structural
organization and differentiation within the matrix, and
notably, enhanced vascular sprouting toward the tumor
regions was observed (Figure 3h). This phenomenon may
be attributed to the secretion of angiogenic factors by
both tumor cells and HMSCs, which promote HUVEC
proliferation and sprouting.

On day 7 of culture, we successfully isolated HUVECs,
HMSCs, and U20S cells from the vascularized TME
using FACS. RT-qPCR analysis of U20S cells from the
vascularized TME group revealed a moderate decrease in
the expression of MKI67 and PCNA, while the expression
levels of MMP9 and VEGFA were significantly upregulated
compared to those in the group with tumor spheroids
alone (Figure 3i). These results further support the
interpretation that tumor cells within the osteosarcoma
microenvironment exhibit enhanced invasion-associated
and angiogenic features, while HMSCs may suppress
tumor-cell proliferation.

To further investigate the impact of the
microenvironment on tumor biology, we performed
transcriptomic sequencing on each of the three cell types
isolated via FACS. The control group consisted of cells that
were individually bioprinted and cultured under identical
conditions for seven days. The heatmap of DEGs in U20S
and HMSC cells clearly revealed substantial transcriptional
differences between the microenvironment-co-cultured
group and the standalone 3D-printed group (Figure 3j,k).

This apparent paradox of concomitant proliferation
suppression and enhanced invasiveness suggests a
profound rewiring of key signaling networks within the
tumor cells. We hypothesize that signals originating from
the TME, particularly from HMSCs, may fine-tune the
activity of core pathways such as Ras-MAPK, leading to a
“decoupling” of the proliferative and migratory functional
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Figure 3. Construction of a vascularized osteosarcoma microenvironment model via 3D bioprinting. (a) Schematic illustration of the 3D bioprinting
process using DHC bioink for both the control group and the TME group. (b) Representative F-actin and DAPI staining images showing cell morphology
in the TME group on day 7. Scale bars: 500 um/100 pm; magnification: 4x/20x. (c) Representative fluorescence images showing cell growth in the control
group and the TME group at days 1, 3, 5, and 7. In these images, U20S tumor cells are shown in red (mCherry), and HMSCs are shown in green (GFP).
X-Y planar projections are presented. Scale bars: 500 pm; magnification: 4x. (d) Proliferation profiles of U20S cells in the TME group versus the control
group. (e) Comparative analysis of dynamic changes in the diameter of 3D-printed tumor structures between the TME group and the control group.
(f) Flow cytometry-based cell cycle distribution profiles of U20S cells from both groups. (g) Schematic diagram illustrating the construction of the
vascularized TME model and subsequent transcriptomic analysis following FACS. (h) Representative fluorescence images of the vascularized TME model
at days 1 and 3. In these images, U20S tumor cells are shown in red, HMSCs are shown in green, and HUVECs are shown in blue. X-Y planar projections
are displayed. Scale bars: 1 mm; magnification: 2.5x. (i) RT-qPCR analysis showing differential gene expression of U20S cells between the control group
and the TME group. (j) Heatmap of differentially expressed genes in U20S cells. (k) Heatmap of differentially expressed genes in HMSCs. Statistical
significance was determined by paired t-tests. Significance levels are indicated as: ns (not significant), *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
Abbreviations: CS: Chondroitin sulfate; dECM: decellularized extracellular matrix; FACS: Fluorescence-activated cell sorting; HAP: Hydroxyapatite;
HMSC: Human mesenchymal stem cell; HUVEC: Human umbilical vein endothelial cell; TME: Tumor microenvironment.
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modules.®* Such regulation may allow downstream
signals to drive cytoskeletal remodeling and cell motility,
yet fail to reach the threshold required to initiate cell cycle
progression in terms of either signal strength or duration.
This phenomenon has been previously reported in other
biological systems.’"**

3.4. Transcriptomic sequencing reveals

the regulatory mechanisms of the tumor
microenvironment and cell interactions through
integration with single-cell sequencing databases

Further analysis of the transcriptomic sequencing data
suggested broad changes in the functional state of tumor
cells under vascularized TME conditions. GSEA results
indicated that pathways related to the cell cycle, such as
E2F Targets, MYC Targets V1, and G2M Checkpoint,
were significantly downregulated in U20S cells within the
vascularized TME group (Figure 4a). This suggests that
the presence of a vascularized TME, particularly HMSCs,
can inhibit the proliferative activity of tumor cells. E2F
and MYC are core transcription factors regulating cell
cycle progression, and their reduced expression or activity
directly leads to cell cycle arrest, consistent with our
observed growth inhibition in vitro.

Concurrently, metabolic pathways were remodeled:
OXPHOS, glycolysis, and cholesterol homeostasis pathways
were all upregulated. This indicates that osteosarcoma cells
maintain active glycolysis to support energy metabolism
while also enhancing energy supply through mitochondrial
oxidative phosphorylation when situated within a complex
microenvironment. Notably, GSEA also revealed the
promoting eftects of the vascularized TME on tumor cells,
including activation of epithelial-mesenchymal transition
(EMT), hypoxia response, angiogenesis, and TGF-f
signaling pathways. These findings suggest that, despite
reduced proliferation, tumor cells under TME conditions
acquire transcriptional features associated with invasion,
hypoxia adaptation, and angiogenesis.

To further explore the multicellular interaction
mechanisms within the TME, we performed KEGG
pathway enrichment analysis on the three co-cultured
cell types. The results showed that key signaling pathways
such as Ras, Rapl, phospholipase D, NOTCH, NF-kB,
MAPK, JAK-STAT, HIF-1, cAMP, and calcium signaling
were coordinately upregulated across all three cell types
(Figure 4b). To further support the transcriptomic findings
at the protein level, we performed Western blot analysis
for TGF-B and p-NF-kB in the control and TME groups.
Both proteins showed higher expression in the TME group
than in the control group, with comparable Hsp90 loading
control signals, providing additional evidence that TGF-

B-associated and NF-kB-associated signaling are enhanced
under TME conditions (Figure S3). This suggests that
the vascularized TME is accompanied by coordinated
signaling changes across multiple cell types, consistent with
enhanced multicellular interactions. Previous studies have
shown that the Ras/MAPK and JAK-STAT pathways act
as cores driving continuous tumor cell proliferation, while
the NF-kB pathway ensures their survival by inhibiting
apoptosis.*®* To meet growth demands, the HIF-1 and
NOTCH pathways are activated to promote angiogenesis.
Additionally, NOTCH, NF-xB, phospholipase D, and
calcium signaling pathways confer potent invasive and
migratory capabilities to cancer cells, which are critical
for distant metastasis. The complex network involving
pathways such as cAMP and Rapl collectively regulates the
dynamic interactions among cells in the TME, ultimately
facilitating the invasion and malignant phenotype of
osteosarcoma.

Further analysis of ligand-receptor interactions using
the iTALK tool revealed that, compared to the control
group, the vascularized TME exhibited a significantly
increased number of communication events among
U20S, HUVEC, and HMSC, with a much higher network
complexity (Figure 4d). This further corroborates at the
molecular level that tight cell-cell interactions are central
to the functional dynamics of the TME. HMSCs were
found to highly express the chemokines CXCL5 and
CXCLS8, while U20S cells expressed their corresponding
receptor CXCR2, forming the CXCL/CXCR2 signaling
axis. This axis has been widely reported to participate
in pro-inflammatory and pro-angiogenic processes,
suggesting that it may represent one of the key paracrine
mechanisms by which HMSCs regulate tumor cell EMT
and angiogenesis.***

To validate the clinical relevance of findings from our
in vitro 3D model, we analyzed a publicly available scRNA-
seq dataset (GSE152048)%, which includes samples from
six patients with primary osteosarcoma (Figure 4e). We
successfully isolated populations of tumor cells, ECs,
and MSCs from this dataset. Notably, tumor cells were
further clustered into five distinct subpopulations based
on the expression of proliferation-related genes, including
one highly proliferative subgroup (OS_5) and four other
subgroups.

By integrating bulk RNA-seq data of MSCs and ECs
with the five tumor cell subpopulations identified in the
single-cell transcriptome, we performed intercellular
communication analysis (Figure 4f). The results revealed
that the vascularized TME group exhibited significantly
stronger communication between MSCs/ECs and
all tumor subpopulations compared to the control
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group. Importantly, this enhanced communication was
predominantly observed between MSCs/ECs and the
non-highly proliferative tumor subpopulations, whereas
interactions with the highly proliferative OS_5 subgroup
were relatively weaker.

AUCell pathway activity analysis further demonstrated
(Figure 4g) that the OS_5 subgroup exhibited high activity
of proliferation gene sets but low EMT activity, with a
transcriptional profile closely resembling that of U20S
cells cultured in monoculture in vitro. In contrast, the
other subgroups (OS_1-4) displayed low proliferation and
high EMT features, consistent with those observed in the
vascularized TME group.

Importantly, our model did not induce a general
“invasive” phenotype, but rather selectively enriched for
or induced a specific tumor cell population characterized
by low proliferation and high EMT. This population
showed a transcriptional signature highly similar to the
unique tumor cell clusters (OS_1-4) identified in clinical
osteosarcoma samples (Figure 4g). These findings indicate
that our model successfully recapitulates a TME capable of
nurturing a reservoir of quiescent, invasive “cancer stem-
like” cells—widely recognized as the key drivers of tumor
metastasis and post-treatment relapse.

3.5. Invivo effects of 3D-bioprinted tumor
microenvironment on osteosarcoma progression

To investigate the in vivo effects of the in vitro-engineered
3D-bioprinted TME on osteosarcoma biology, we
subcutaneously implanted the successfully constructed
3D-bioprinted osteosarcoma microenvironment models
into nude mice. Given the low tumorigenicity of U20S
cells and the need for in vivo imaging, highly tumorigenic
143B-LUC cells expressing luciferase were used for the
experiments.

Figure 5a illustrates the successful tumor formation
and subsequent excision of the 3D-printed model in nude
mice, along with the tissue processing workflow. During
the 21-day observation period, there was no significant
difference in body weight between the microenvironment
group and the control group (Figure 5b), indicating that
the implantation did not cause obvious systemic toxicity or
adverse reactions. Bioluminescence imaging results showed
weaker tumor proliferation in the microenvironment
group compared to the control group (Figure 5f). These
findings were consistent with direct measurements of
tumor volume and mass (Figure 5c-e). Collectively, these
data indicate that the 3D-bioprinted TME suppressed
overall osteosarcoma growth in vivo.

To further elucidate the specific effects of the
3D-bioprinted TME on osteosarcoma biology, we

performed histological sectioning and staining analyses on
the excised tumors (Figure 5g). Masson’s trichrome staining
confirmed significantly increased collagen fiber deposition
in the microenvironment group, forming a dense ECM.IHC
staining for alpha-smooth muscle actin (a-SMA) revealed
a notable enrichment of a-SMA-positive myofibroblasts
in the tumor stroma of the microenvironment group.
These enriched cancer-associated fibroblasts are crucial
components of the TME known to promote tumor
progression, invasion, and angiogenesis by remodeling the
ECM and secreting cytokines. CD31 staining indicated
a significant increase in microvessel density, suggesting
enhanced angiogenic capacity. High expression of vimentin
suggested that some tumor cells within the TME may
have undergone EMT, exhibiting a potential trend toward
increased invasiveness. Ki-67 immunohistochemistry, as a
marker of cell proliferation, revealed that despite enhanced
tumor invasion and angiogenesis, the Ki-67 positivity
rate was significantly lower in the microenvironment
group, indicating suppressed tumor cell proliferation.In
summary, the in vivo animal experimental results align
closely with our in vitro findings, collectively revealing the
complex regulatory effects of the 3D-bioprinted TME on
osteosarcoma biology. Specifically, the engineered TME
suppressed overall tumor growth while being associated
with angiogenesis, matrix remodeling, and invasion-
related features.

3.6. Reduced chemosensitivity in the 3D-bioprinted
osteosarcoma microenvironment

We further investigated the effect of the osteosarcoma TME
on tumor cell chemosensitivity. Paclitaxel was initially used
as a proof-of-concept chemotherapeutic agent, and CCK-8
assays showed that both 3D culture conditions and HMSC
co-culture increased the IC_ value of U20S cells relative to
2D culture (Figure 6a), suggesting reduced drug sensitivity
under microenvironment-associated conditions.

To further validate this phenotype in the engineered
TME model, tumor spheroids bioprinted from U20S and
HMSC cells were treated with 1 uM paclitaxel. On day 7,
F-actin and DAPI staining revealed that cells in the control
group exhibited more fragmented and condensed nuclei,
whereas cellsin the TME group retained relatively preserved
morphology (Figure 6b). Live/dead staining further
supported this difference (Figure 6¢c-f), showing that the
TME group maintained a higher proportion of viable
cells than the control group after treatment. In addition,
dissociated tumor cells were analyzed by flow cytometry
for live/dead status and apoptosis (Figure 6f-j). Compared
with the control group, the TME group showed a higher
proportion of viable tumor cells and a lower proportion
of apoptotic cells following paclitaxel exposure. Together,
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Figure 4. Transcriptomic analysis of the vascularized TME model. (a) GSEA enrichment analysis based on the Hallmark gene set reveals differentially
activated pathways between the vascularized TME and the control group. (b) GSEA enrichment analysis based on KEGG pathways reveals distinct
signaling pathways activated in the vascularized TME compared to the control group. (c) GSEA enrichment analysis of EMT and E2F Target pathways in
U20S cells. (d) Ligand-receptor interaction network among tumor cells, HMSCs, and HUVECs in the vascularized TME, constructed using the iTALK
algorithm. (e) UMAP dimensionality reduction plot of single-cell transcriptomic data from six primary osteosarcoma patients, annotated by cell type. (f)
Ligand-receptor interaction network among tumor cells, HMSCs, and ECs in clinical samples of primary osteosarcoma, reconstructed using the iTALK
algorithm. (g) Pathway activity score analysis of different cell clusters in the single-cell transcriptomic dataset, performed using the AUCell method.
Statistical significance was determined by paired t-tests. Significance levels are indicated as: ns (not significant), *p < 0.05, **p < 0.01, ***p < 0.001, ***p
< 0.0001.

Abbreviations: EMT: Epithelial-mesenchymal transition; EX: Experiment group/TME group; FDR: False discovery rate; GSEA: Gene set enrichment
analysis; HMSC: Human mesenchymal stem cell; HUVEC: Human umbilical vein endothelial cell; KEGG: Kyoto Encyclopedia of Genes and Genomes;
MSC: Mesenchymal stem cell; NES: Normalized enrichment score; OS: Osteosarcoma; TME: Tumor microenvironment; UMAP: Uniform manifold
approximation and projection; VEC: Vascular endothelial cell.
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Figure 5. In vivo evaluation of the 3D-bioprinted tumor microenvironment in a murine model. (a) Schematic illustration of the mouse model construction.
(b, d, e) Quantitative analysis of body weight (b), tumor weight (d), and tumor volume (e) in the two groups (n = 6). (c) Representative images of
excised tumors from control and vascularized TME group mice on day 21. (f) In vivo bioluminescence imaging comparison between the control and
vascularized TME groups on day 14. (g) Histological analysis of tumor tissues from both groups, including H&E staining, Masson’s trichrome staining, and
immunohistochemical staining for a-SMA, CD31, Ki-67, and vimentin. Scale bars: 100 um; magnification: 20x. Statistical significance was determined by
unpaired Student’s ¢-test (n = 6). Significance levels are indicated as: ns (not significant), *p < 0.05, **p < 0.01, ***p < 0.001, ***p < 0.0001.

Abbreviations: a-SMA: Alpha-smooth muscle actin; H&E: Hematoxylin and eosin; TME: Tumor microenvironment.
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Figure 6. Chemosensitivity analysis of the 3D-bioprinted tumor microenvironment, including viability and apoptosis assessments. (a) Schematic illustration
and results of the CCK-8 assay. (b) Schematic representation and representative F-actin/DAPI staining images showing morphological changes in cells
after paclitaxel treatment in the control and TME groups. Scale bars: 500 pm/100 um; magnification: 4x/20x. (c) Schematic diagram and representative
fluorescence images showing cell viability status on day 3 after paclitaxel treatment in the control and TME groups. Scale bars: 500 pm; magnification: 4x.
(d) Quantitative analysis of the live/dead ratio on day 3 after paclitaxel treatment. (e) Schematic diagram and representative fluorescence images showing
cell viability status on day 7 after paclitaxel treatment in the control and TME groups. Scale bars: 500 um; magnification: 4x. (f) Quantitative analysis of
the live/dead ratio on day 7 after paclitaxel treatment. (g) Representative flow cytometry plots of live/dead staining in dissociated tumor cells from the
control and TME groups. (h) Quantitative flow cytometric analysis of live/dead status in tumor cells on day 1 and day 7 after paclitaxel treatment. (i)
Representative flow cytometry plots of apoptosis staining in dissociated tumor cells from the control and TME groups. (j) Quantitative flow cytometric
analysis of apoptosis in tumor cells on day 1 and day 7 after paclitaxel treatment. Statistical significance was determined by paired t-tests. Significance levels
are indicated as follows: ns, not significant; *p < 0.05; **p < 0.01; ***p < 0.001; ***p < 0.0001.

Abbreviations: a-SMA: Alpha-smooth muscle actin; H&E: Hematoxylin and eosin; TME: Tumor microenvironment.
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these results support that the engineered osteosarcoma
microenvironment is associated with reduced sensitivity
to paclitaxel.

To improve the clinical relevance of this analysis, we
further evaluated two standard first-line osteosarcoma
chemotherapeutic agents, cisplatin and doxorubicin.
Tumor spheroids were treated with 50 uM cisplatin or 10
uM doxorubicin, respectively. In both treatment settings,
live/dead staining showed that the TME group retained a
higher proportion of viable cells and fewer dead cells than
the control group after drug exposure (Figures S4a,b and
S5a,b). Consistently, flow cytometric analysis of Annexin
V staining demonstrated that the percentage of apoptotic
tumor cells was lower in the TME group than in the control
group following either cisplatin or doxorubicin treatment
(Figures S4c,d and S5¢,d). These findings indicate that the
protective effect of the engineered microenvironment is
not restricted to paclitaxel but extends to clinically relevant
first-line agents.

The reduced chemosensitivity observed in this
model may be related to TME-induced phenotypic
reprogramming. One plausible explanation is that the
quiescence-like shift and reduced proliferative activity
of tumor cells decrease their vulnerability to cytotoxic
treatment. In addition, transcriptomic analysis, together
with limited protein-level validation, suggested activation
of survival-associated pathways, including TGF-B- and
NF-kB-related signaling, which may further contribute to
protection from drug-induced apoptosis. Therefore, our
model supports the view that reduced chemosensitivity
under TME conditions is not simply a passive barrier
effect, but is also associated with biologically regulated
changes in tumor cell state.

4, Discussion

4.1. A low-proliferative, invasion-associated,
and drug-tolerant tumor state in the biomimetic
osteosarcoma microenvironment

Osteosarcoma remains difficult to treat, particularly
in metastatic or recurrent settings, in part because
conventional experimental models fail to adequately
recapitulate the multicellular interactions and matrix-
derived cues of the TME* In the present study, we
established a vascularized 3D-bioprinted osteosarcoma
model and found that TME conditions were associated
with reduced tumor cell proliferation, GO/G1 phase
arrest, increased expression of invasion-related markers,
and reduced sensitivity to chemotherapy. Rather than
simply enhancing tumor growth, the engineered
microenvironment appeared to shift osteosarcoma cells
toward a quiescence-like, invasion-associated phenotype.

These findings support the concept that the TME functions
not merely as a structural context, but as an active regulator
of osteosarcoma cell state.*!

This coexistence of reduced proliferation and enhanced
invasive features is consistent with the concept of tumor
phenotypic plasticity under microenvironmental stress.*
Previous studies have shown that osteosarcoma cells, like
many other malignant cells, can adopt alternative cellular
states in response to stromal signals, matrix remodeling,
hypoxia, and treatment pressure. In our model, the
DHC hydrogel provided not only a 3D scaffold, but also
a biomimetic environment containing mineralized and
matrix-associated cues that may influence tumor behavior.
Consistent with this, high-resolution confocal and two-
photon imaging further showed interconnected cellular
organization and close spatial association between cells
and the collagen network, while hydrated-state reflectance
imaging supported that the collagen-based matrix
retained an interconnected fibrillar architecture under
physiologically relevant conditions. Accordingly, the
present platform may offer a useful system for studying
how vascular and stromal elements reshape osteosarcoma
cell phenotypes in a controlled 3D setting.

4.2. Mechanistic implications and graded confidence
in interpretation

Our data suggest that stromal and vascular components,
particularly HMSCs, contribute importantly to the
phenotypic changes observed in this model. Transcriptomic
analyses indicated activation of signaling programs related
to TGF-p signaling, EMT, hypoxia, and inflammatory or
stress-associated pathways under TME conditions. Among
these, TGF-B- and NF-xB-associated signaling received
additional protein-level support in the revised study,
strengthening the interpretation that these pathways may
participate in the low-proliferative, invasion-associated,
and drug-tolerant tumor state identified here.**

At the same time, several mechanistic inferences should
be interpreted more cautiously. For example, ligand-
receptor analysis implicated the CXCL/CXCR?2 axis as a
potential stromal-tumor communication pathway in this
model.** Given the established association of this axis
with osteosarcoma progression and metastasis in previous
studies, this finding is biologically plausible. However,
in the current study, this inference is based primarily on
transcriptomic and bioinformatic analyses, and therefore
its causal role remains to be established through dedicated
protein-level and functional perturbation experiments.*
Similarly, the enrichment of a-SMA-positive stromal
features and increased collagen deposition in vivo raises the
possibility that stromal cells may acquire cancer-associated
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fibroblast-like characteristics within the TME¥, but this
interpretation should also be regarded as provisional in the
absence of lineage-tracing or more comprehensive stromal
phenotyping.

In addition, transcriptomic changes in glycolysis-
and oxidative phosphorylation-related pathways suggest
substantial metabolic remodeling under TME conditions.*®
However, the directionality and functional consequences
of these metabolic shifts remain unclear. Therefore, while
the present data support the idea that the vascularized
osteosarcoma microenvironment is accompanied by broad
signaling and metabolic reprogramming, further targeted
validation will be required to determine which pathways
are functionally required for the phenotypic changes
observed.

4.3. Reduced chemosensitivity in the engineered
tumor microenvironment

An important finding of this study is that the engineered
TME was associated with reduced chemosensitivity of
osteosarcoma cells. In the revised study, this phenotype
was observed not only with paclitaxel, but also with
the clinically relevant first-line agents cisplatin and
doxorubicin, for which the TME group consistently showed
higher viability and lower apoptosis after treatment. These
results strengthen the clinical relevance of the model
and suggest that the protective effect of the TME is not
limited to a single drug class, but may reflect a broader
microenvironment-associated drug-tolerant state.*

Several mechanisms may contribute to this reduced
chemosensitivity. First, the quiescence-like shift induced
by the TME may reduce the susceptibility of tumor cells
to cytotoxic agents that preferentially affect actively
proliferating cells.”® Second, survival-associated signaling
pathways identified in the TME condition, including
TGEF-B- and NF-kB-related programs, may help suppress
drug-induced apoptosis and enhance stress adaptation.”*
Consistent with this interpretation, tumor cells in the
TME group exhibited reduced apoptosis after exposure not
only to paclitaxel, but also to cisplatin and doxorubicin.
Together, these observations support the broader view
that chemoresistance in osteosarcoma may be dynamically
shaped by the microenvironment rather than being
determined solely by tumor-intrinsic genetic alterations.

Fromatranslational perspective, these findings highlight
the limitations of tumor-cell-only drug testing platforms.
If drug tolerance is partly induced by stromal support,
vascular cues, and matrix context, then preclinical models
that omit these components may overestimate therapeutic
efficacy.” In this regard, the present 3D-bioprinted system

may provide a more informative platform for evaluating
therapies designed not only to target tumor cells directly,
but also to disrupt microenvironment-dependent survival
and adaptation.

4.4, Clinical relevance, study limitations, and future
directions

The translational value of this model is supported by its
partial concordance with clinical transcriptomic data.
Analysis of a public osteosarcoma single-cell RNA-seq
dataset revealed tumor subpopulations with distinct
transcriptional states in patient samples.” Notably, the
tumor state induced in our 3D-TME model resembled
a low-proliferative, EMT-high tumor subpopulation
identified in the clinical dataset.>* Although this similarity
does not establish direct biological equivalence, it suggests
that the model recapitulates features of a clinically relevant
and potentially aggressive osteosarcoma cell state.

Several limitations of the present study should be
acknowledged. First, although the present study included
Western blot validation for selected pathways, much of
the mechanistic interpretation remained transcriptomic
and bioinformatic inference-based.” Second, the current
model lacks immune components, which are likely to
influence TGF-pB, NF-kB, chemokine-associated signaling,
and treatment response in vivo.*® Third, the study relied
mainly on established cell lines and therefore does not
fully capture the genetic and phenotypic heterogeneity
of patient tumors.*® Fourth, the in vivo validation used a
subcutaneous xenograft model, which is useful for assessing
tumor-forming behavior and stromal remodeling, but
cannot fully reproduce the native bone microenvironment
or the full metastatic process of osteosarcoma.”

Nevertheless, this choice was deliberate in the context
of the present study. Because the implanted construct was
a pre-assembled, multicellular, humanized 3D-bioprinted
osteosarcoma microenvironment containing a biomimetic
matrix together with tumor, stromal, and ECs,
subcutaneous implantation provided a relatively permissive
in vivo setting for evaluating construct survival, vascular
integration, and stromal remodeling while minimizing
host bone-specific confounding effects.”®* By contrast,
orthotopic implantation into the murine tibia or femur
would introduce additional bone injury, inflammatory
repair responses, and murine marrow-derived influences,
which could reduce the interpretability of the specific
engineered-microenvironment effects examined here.

Future work should therefore prioritize several
directions. Functional validation of candidate signaling
pathways, particularly those inferred from transcriptomic
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analyses, will be necessary to strengthen mechanistic
conclusions. Incorporation of immune components,
such as macrophages or other myeloid populations, may
help establish a more comprehensive osteosarcoma TME
model.”® In addition, the use of patient-derived cells or
organoid-like tumor materials may improve the clinical
relevance of the platform for precision drug testing.®
Finally, development of orthotopic implantation strategies
for the printed constructs would further enhance
physiological relevance and may provide a stronger bridge
between engineered in vitro systems and in vivo disease
biology.*!

5. Conclusion

In summary, we developed a vascularized 3D-bioprinted
osteosarcoma microenvironment model that recapitulates
key features of TME-associated tumor plasticity. Within
this model, osteosarcoma cells adopted a low-proliferative,
invasion-associated, and drug-tolerant state, accompanied
by GO/GI1 phase arrest, increased invasive features, and
reduced sensitivity to multiple chemotherapeutic agents.
Transcriptomic analysis, together with limited protein-
level validation, suggested that TGF-p- and NF-kB-
associated signaling may contribute to this phenotypic
transition, while additional candidate stromal-tumor
communication pathways, including CXCL/CXCR2,
warrant further functional investigation.

The model also showed transcriptional similarity
to a low-proliferative, EMT-high tumor subpopulation
identified in clinical osteosarcoma samples, supporting
its biological relevance. At the same time, the current
system does not yet incorporate immune components and
was validated in a subcutaneous rather than orthotopic
in vivo setting. Future studies integrating functional
pathway validation, immune elements, patient-derived
tumor materials, and orthotopic implantation will be
important for further improving the translational utility
of this platform. Overall, this study provides a useful
experimental framework for investigating osteosarcoma
microenvironmental biology and for testing therapeutic
strategies aimed at overcoming TME-associated drug
tolerance.
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