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Abstract

Osteosarcoma, an aggressive bone cancer found most often in children and adolescents, remains difficult to treat, and little
improvement in survival rate has been observed over recent decades. The tumor microenvironment (TME), especially the extra-
cellular matrix (ECM), is a critical factor determining cancer progression and chemotherapy resistance, yet traditional 2D
models generally fail to replicate its properties. Recent development of 3D-bioprinted tumor models has facilitated improved
simulation of the complexity of the TME, but specific models involving bioinks tailored to osteosarcoma remain underdevel-
oped. Gelatin methacryloyl (GeIMA) is a common bioink that can rapidly gel and contains Arg-Gly-Asp (RGD) sequences.
However, it lacks collagen’s triple-helix structure that is essential for ECM—cell communication. Hyaluronic acid (HA) is a
macromolecule that is aberrantly expressed in osteosarcoma by mechanisms that remain largely unexplored. In this study, we
developed a composite bioink containing GelMA, collagen, and HA, and applied it to 3D bioprint an in vitro osteosarcoma
model. We found that HA significantly enhanced osteosarcoma cell proliferation and chemoresistance, as well as the expres-
sion of epithelial-mesenchymal transition and cancer stem cell markers. Furthermore, we found that HA abundance was
positively correlated with hypoxia and angiogenesis signaling pathways, and this occurred mainly via upregulation of
hypoxia-inducible factor-1o (HIF-1a) and vascular endothelial growth factor A (VEGFA) expression, thereby contributing to
increased chemoresistance. Overall, our study provides a protocol for building in vitro realistic 3D-bioprinted models for
studying osteosarcoma, highlights the role of HA in osteosarcoma progression, and offers a platform for developing new che-
motherapy treatments.
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1 Introduction

Osteosarcoma, the most prevalent primary malignant bone
tumor in children and adolescents, typically arises in the
metaphyseal regions of rapidly growing long bones, includ-
ing the tibia and femur [1]. In general, osteosarcoma is char-
acterized by the production of immature osteoids by tumor
cells. Despite standard treatments of surgery and neoadju-
vant chemotherapy, the five-year survival rate for osteosar-
coma is approximately 60% [2], a figure that has not signifi-
cantly improved over the past three decades. For patients with
metastatic lesions, the prognosis is especially poor, with a
five-year survival rate of less than 20% [3]. Thus, overcoming
therapeutic resistance and preventing metastasis are critical
challenges for the management of osteosarcoma.

The tumor microenvironment (TME) plays a crucial role
in cancer progression and metastasis. The extracellular matrix
(ECM), a key component of the TME, not only provides
structural support for cells but also regulates cellular behav-
iors such as communication, proliferation, adhesion, migra-
tion, and differentiation, all of which are essential for osteo-
sarcoma development [4]. In oncological research, conven-
tional two-dimensional (2D) cell cultures, which lack com-
ponents of the ECM, cannot replicate the complex architec-
ture of osteosarcoma tissues. Moreover, despite the com-
mon usage of in vivo models, their use is often limited by
ethical concerns and financial constraints [5]. Recent osteo-
sarcoma research has facilitated the development of three-
dimensional (3D) in vitro models that can better replicate
the TME, including spheroids [6], porous hydrogels [7-9],
and porous scaffolds [10]. In recent years, the rapid ad-
vancement of 3D bioprinting has also created a powerful

platform for achieving patient-specific precision therapies.
Unlike other common 3D culture methods, such as organoids
and patient-derived xenografts, 3D bioprinting facilitates
the production of in vitro tumor models and drug screening
protocols due to its simplicity, low cost, and high stability.
Previous studies from our lab have used 3D bioprinting to
investigate cell—cell interactions in prostate cancer [11] and
cell-ECM interactions in renal cell carcinoma [12]. Other
research groups have also developed in vitro models of
cholangiocarcinoma [13], hepatocellular carcinoma [14], and
ovarian cancer [15] using 3D bioprinting, while others have
assessed the effectiveness of antitumor drugs. However, to
date, no studies have reported 3D bioprinting of osteosar-
coma models, and no bioinks have been specifically de-
signed to mimic the biological composition of the osteosar-
coma ECM.

Among the ECM components within the osteosarcoma
microenvironment, collagen and hyaluronic acid (HA) are
particularly important. For example, elevated concentrations
of collagen metabolites have been identified in the serum of
untreated osteosarcoma patients, and supplementation with
exogenous collagen has been shown to enhance the synthe-
sis and activation of matrix metallopeptidase 2 (MMP2) in
osteosarcoma cells, thereby facilitating the progression, inva-
sion, and migration of osteosarcoma [16]. Similarly, HA (also
known as hyaluronan or hyaluronate) is known to play a key
role in the disease. As a macromolecule belonging to the
glycosaminoglycan (GAG) family, HA is abundant in bone
tissue and is aberrantly expressed in osteosarcoma, where it
strongly correlates with cancer cell differentiation, prolifera-
tion, and migration [17, 18]. Moreover, inhibition of HA has
been found to significantly reduce osteosarcoma cell viability
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and induce apoptosis, and the underlying mechanisms re-
sponsible for these effects remain largely unexplored [19, 20].

In this study, we developed a gelatin methacryloyl
(GelMA)-collagen-HA (GeIMA-Col-HA) composite hydro-
gel that was used as a bioink for 3D bioprinting of an
in vitro osteosarcoma model (Fig. 1). This hydrogel bioink
was designed to more accurately replicate the interactions
between cells and the ECM, with a particular focus on the
effects of HA on cell behaviors. GelMA is a commonly used
biomaterial due to its printability, rapid gelation, and me-
chanical properties; however, it lacks the unique triple-helix
structure of collagen, a feature that is crucial for ECM—cell
communication. Therefore, here we added collagen and HA
to GelMA to better mimic the osteosarcoma ECM composi-
tion and improve hydrogel bioactivity. Moreover, material
characterization of the composite bioink was conducted to
evaluate the influence of collagen and HA on the printabil-
ity and physical properties of GelMA. Finally, we con-
ducted in vitro analysis in which MG63 cells were encapsu-
lated in a bioink and bioprinted to investigate the influence
of HA on various MG63 cellular behaviors.

2 Materials and methods
2.1 Materials

Gelatin (G108395) and methacrylic anhydride (MAA;
M102519) were purchased from Aladdin Industrial (Shang-
hai, China). Matrigel (356234) was purchased from Corning
(NY, USA). Collagen I (5005-100 mL, 3 mg/mL, bovine) was
purchased from Advanced Biomatrix (Carlsbad, CA, USA).
Methacrylated hyaluronic acid (HAMA; EFL-HAMA-400K),
phenyl-2,4,6-trimethylbenzoylphosphinate (LAP; EFL-LAP),
and GelMA lysis buffer (EFL-GM-LS-001) were purchased
from Engineering For Life (Suzhou, China). MG63 was pur-
chased from Procell (Shanghai, China), while the minimum
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essential medium (MEM; PM150410) was purchased from
Pricella (Wuhan, China). Penicillin/Streptomycin (P/S;
15140122) and 0.25% trypsin—ethylenediaminetetraacetic acid
(trypsin—EDTA, 25200056) were purchased from Gibco
(Big Cabin, OK, USA). A cell counting kit-8 (CCK-8;
C0038) was purchased from Beyotime (Shanghai, China).
4',6-Diamidino-2-phenylindole (DAPI; C0060), live/dead
assay (CA1630), paraformaldehyde (PFA; P1110), phosphate-
buffered saline (PBS; P1020), and phalloidin-fluorescein iso-
thiocyanate (phalloidin-FITC, CA1640) were purchased from
Solarbio (Beijing, China). All primers were synthesized by
Sangon Biotech (Shanghai, China). TRIzol (15596018) and
Power SYBR Green polymerase chain reaction (PCR) Master
Mix (4367659) were purchased from Life (MA, USA). The
FastKing gDNA dispelling reverse transcription (RT) super-
mix kit (KR118) was purchased from TIANGEN (Beijing,
China). A bicinchoninic acid (BCA) protein assay kit was
purchased from Thermo Fisher Scientific (MA, USA). Fetal
bovine serum (FBS) was purchased from ExCell Bio (Shang-
hai, China). Cisplatin (CDDP; HY-17394) and Dox (ADM;
HY-15142) were purchased from MCE (Shanghai, China).
Primary antibodies against SLUG, VIMENTIN, TWIST,
and CD44 were purchased from Cell Signaling Technology
(MA, USA), while primary antibodies against NANOG and
RUNX?2 were purchased from Affinity (Jiangsu, China). In
addition, the primary antibody against CD133 was purchased
from ABclonal (Wuhan, China), and the primary antibodies
against GAPDH and f-actin were purchased from Ray Anti-
body (Beijing, China). All secondary antibodies were pur-
chased from Abcam (Cambridge, UK).

2.2 Synthesis of GelMA

For GeIMA synthesis, we first added gelatin to a buffer so-
Iution containing NapCO3 (174.4 mmol/L) and NaHCOs3
(75.0 mmol/L). This mixture was then stirred at 50 °C for 2 h
until completely dissolved. Subsequently, 0.6% (volume
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Fig. 1 Schematic diagram of the GeIMA-Col-HA composite hydrogel for a 3D-bioprinted in vitro osteosarcoma model. OS: osteosarcoma
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fraction) methacrylic acid was incorporated into the gelatin
solution and stirred at 50 °C for another 2 h in dark condi-
tions. The resulting mixture was diluted with ultrapure water
in a 1:9 ratio after being dialyzed at room temperature for
three days, during which the water was changed three times
per day. Ultimately, all samples were lyophilized and stored
at 20 °C until subsequent use.

The degree of methacrylation substitution for GelMA
made in the above conditions was determined using a 2,4,6-
trinitrobenzenesulfonic acid (TNBS) assay with all proto-
cols performed using a previously published method [21].
Briefly, GeIMA and gelatin powder were separately dis-
solved in 0.1 mol/L sodium bicarbonate buffer at a concen-
tration of 1.6 mg/mL. Next, 500 pL of each sample was
mixed with 500 pL of 0.1% TNBS solution, and the result-
ing mixture was incubated at 37 °C for 2 h. The reaction
was stopped by adding 250 pL of 1 mol/L hydrochloric
acid and 500 pL of 10% (0.1 g/mL) sodium dodecyl sulfate
solution. The absorbance values of all samples were mea-
sured at 335 nm, and the molar concentration of free pri-
mary amino groups present in the samples was determined
by comparing the measured absorbance values to a standard
curve generated from glycine solutions with concentrations
of 0, 6.75, 12.5, 25, 50, and 100 pg/mL. Using this method,
the degree of methacrylation substitution for GeIMA made
in the above conditions was 50%.

2.3 Hydrogel preparation

To create hydrogels, varying concentrations of GeIMA (i.e.,
5%, 7.5%, 10%, and 15% (0.05, 0.075, 0.10, and 0.15 g/mL))
were dissolved at 37 °C in a fully supplemented cell culture
medium containing 0.5% LAP as a photoinitiator. Precur-
sors were then sterilized using a 0.22-pm filter for cell cul-
tures. For collagen, eight parts of collagen I stock solution
were combined with one part of 10X Dulbecco’s modified
Eagle’s medium (DMEM) solution on ice and then neutral-
ized with a sterile NaOH solution. Next, the collagen solu-
tion was mixed with GelMA at room temperature to pro-
duce precursors. These had a constant GeIMA concentration
(5%, mass fraction) and different collagen concentrations as
follows: 5% GelMA-0.08% (mass fraction) Col, 5% GelMA-
0.12% (mass fraction) Col, and 5% GelMA-0.16% (mass frac-
tion) Col. In addition, different compositions of HAMA
were dissolved at 37 °C in a fully supplemented cell culture
medium containing 0.5% LAP. This was then added to
GelMA-Col solutions at room temperature to produce the
following GelMA-Col-HA precursors: 5% GelMA-0.16%
Col-0.1% HA and 5% GelMA-0.16% Col-0.5% HA.

2.4 Compression assays

Next, we performed compression tests (n=3 per group) to
analyze the compressive modulus for all groups. To do so, we

used a mechanical testing instrument (AGS-X, Shimadzu,
Japan) and performed all tests at room temperature. Hydrogel
samples were produced in a cylinder shape with a thickness
of 2 mm and a diameter of 8 mm. The compressive modulus
was calculated from the slope of the linear region (i.e., 0%
to 30% strain) on the stress—strain curve.

2,5 Swelling tests

For the GelMA-0.08% Col, GelMA-0.12% Col, and
GelMA-0.16% Col samples, precursors were produced in a
cylinder shape with 2 mm thickness and 8 mm diameter (n=3
per group) before being submerged in water, PBS, and fully
supplemented cell culture medium, and then incubated at
37 °C with 5% CO», for five days. For the GeIMA-0.16% Col,
GelMA-0.16% Col-0.1% HA, and GelMA-0.16% Col-0.5%
HA samples, precursors were first mixed with MG63 cells,
printed to a grid structure, submerged in a fully supple-
mented cell culture medium, and then incubated at 37 °C
with 5% CO; for five days. Measurements of sample diam-
eter or edge length were taken using a digital caliper (Deli,
Ningbo, China) at predetermined time points, i.e., 0, 0.5,
1.5, 4, 6, 24, 48, 72, and 120 h. The diameters or edge
lengths obtained were then normalized to an initial measure-
ment at O h to determine the hydrogel swelling rate.

2.6 Scanning electron microscopy (SEM)

SEM (Phenom Pro, the Netherlands) was used to investigate
the pore architecture of hydrogels with varying composi-
tions (n=3 per group). All samples were subjected to a 24-h
freeze-drying treatment using a vacuum chamber (DY'YB-10,
Shanghai Deyangyibang Instruments Co., Ltd., Shanghai,
China). Dried samples were then sputtered and coated with
gold using an ion sputtering device (ISC 150, Supro Instru-
ments, NY, USA), and the pore structure was imaged at
multiple sites for each sample.

2.7 Rheology analysis

The rheological behaviors of all precursor solutions (n=3
per group) were evaluated using a HAAKE MARS iQ Air
Rheometer (Thermo Fisher Scientific) using a plate geom-
etry with a diameter of 25 mm for all measurements. Next,
we explored viscosity changes at various temperatures be-
tween 4 and 35 °C using a steady shear rate of 10 s7!. Sub-
sequently, the storage modulus (G") and loss modulus (G")
were subjected to a uniform shear stress of 1 Pa and a fre-
quency of 1 Hz for the same duration.

2.8 Filament fusion test

Next, we evaluated the effect of collagen and HA on GelMA
printability using filament fusion tests, with all procedures
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following a previously published method [12]. For all tests,
we used a square pattern with increasing filament-to-filament
distance (i.e., ranging from 1.5 to 4.0 mm with 0.5 mm
increments; n=>5 per group). All bioink compositions were
printed at 20 °C and imaged immediately. The diffusion rate
(rpf) was calculated using the following equation:

Az Aa 004, (1)

T =
Df A,

where A; represents the theoretical area of all pores and A,
is the actual total pore area. A, was determined using image
analysis performed with NIH ImagelJ software. For an ideal
square pore, rpf should be 0 and A=A,, indicating that no
material spreading is taking place.

2.9 Uniformity factor analysis

A uniformity factor (U) was used to assess how closely
printed strands resembled a theoretically perfectly uniform
strand. To do so, all bioink compositions were first printed
at 20 °C (n=3 per group) and imaged immediately. Next,
the outer edge of both sides of the strand was outlined and
measured using ImageJ. The length of the measured strand
was then divided by the length of a perfectly uniform strand
to calculate its uniformity factor. Here, values greater than
1 (U>1) indicated nonuniformity, while a value of 1 (U=1)
indicated a perfectly uniform strand.

2.10 3D bioprinting of anin vitro
osteosarcoma model

We next tested bioprinting of an in vitro osteosarcoma
model. To do so, we cultured MG63 cells with MEM en-
riched with 10% (volume fraction) FBS and 1% (volume
fraction) P/S. The culture medium was changed every other
day. After reaching 80%—90% cellular confluency, MG63
cells were detached via 0.25% trypsin-EDTA. This was fol-
lowed by centrifugation at 1000 t/min for 3 min and then
subsequent resuspension in the respective precursor solution
(i.e., 5% GelMA-0.16% Col, 5% GelMA-0.16% Col-0.1% HA,
or 5% GelMA-0.16% Col-0.5% HA) until the cells reached
a density of 2x10° cells/mL. The cellular density of osteo-
sarcoma tissue is around 1x107 cells/mL, and it comprises not
only cancer cells but also stromal cells such as osteoblasts,
osteoclasts, and immune cells [22]. Consequently, the density
of cancer cells alone is likely lower than 1x107 cells/mL;
thus, most in vitro osteosarcoma models use cellular density
values between 1x10% to 1x10° cells/mL [8, 22-25]. An
LB119 3D cellular bioprinter (Medprin, China) was used
to construct in vitro osteosarcoma models. Briefly, the cell/
precursor mixture was pumped into a sterile syringe
equipped with a 24G needle to print a 6 mmx6 mmx2 mm
grid structure (Fig. S1 in the supplementary information).

@ Springer

After crosslinking under 405-nm ultraviolet (UV) light for
30 s, all constructs were transferred to 24-well tissue culture
plates and incubated at 37 °C with 5% COx.

2.11 MG63 encapsulation in Matrigel and
collagen

Next, we performed encapsulation of MG63 cells. To do so,
we first prepared a collagen solution by combining eight
parts of a type I collagen stock solution with one part of
10x DMEM solution in a 50 mL centrifuge tube on ice.
This mixture was then neutralized using 0.05 mol/L sterile
NaOH. When MG63 cells reached 70% confluence, they
were detached using 0.25% trypsin-EDTA, washed, and re-
suspended in either collagen or Matrigel solution at a final
density of 2x10° cells/mL. These cell suspensions were im-
mediately added to 48-well plates and incubated at 37 °C
for 2 h to facilitate gel solidification. During incubation, the
culture medium was replaced every second day.

2.12 CCK-8 assays

On Days 1, 3, 5, and 7 of the incubation period, we per-
formed CCK-8 assays to evaluate the proliferation rate of
MG63 cells. These assays were performed for all samples
with all procedures following the manufacturer’s protocol.
Briefly, 3D-bioprinted samples (n=3 per group) were trans-
ferred to a new 24-well plate. Each well was then supple-
mented with 350 pL of fully supplemented cell culture me-
dium containing 10% (volume fraction) CCK-8 reagent and
then incubated at 37 °C for 90 min. After incubation, 100 pL
of CCK-8 mixture from each well was transferred to a
96-well plate to obtain fluorescence readings at 450 nm. Cell
proliferation rates at the above-named intervals were nor-
malized against the initial absorbance measured on Day 1.

2,13 Live/Dead assays

Next, we performed live/dead assays to determine the cellu-
lar viability of MG63 cells in the GelMA-0.16% Col,
GelMA-0.16% Col-0.1% HA, and GelMA-0.16% Col-0.5%
HA samples after bioprinting on Day 3. For these assays, all
procedures followed the manufacturer’s protocol. Speci-
mens (n=3 per group) were first washed three times with as-
say buffer, and then exposed to 500 pL of working solution
for 15 min in an incubator. After incubation, they were
washed with assay buffer again before being imaged under
a fluorescence microscope (Leica Microsystems, Germany).

2.14 Phalloidin staining

For phalloidin staining, we subsampled each 3D-bioprinted
sample (n=3 per group) on Days 1, 3, 5, and 7 of incubation.
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Cells from these samples were first fixed with 4% parafor-
maldehyde, washed three times with PBS, and then permea-
bilized with 0.5% Triton X-100 at room temperature for
30 min. Next, they were incubated with phalloidin solution
(1:200) for 90 min and then with DAPI for 20 min, and
finally imaged using a confocal microscope (Nexcope,
Ningbo, China).

2.15 Immunofluorescence staining

For immunofluorescence staining, we obtained 3D-bioprinted
samples (n=3 per group) on Day 5 of incubation. Cells were
first fixed with 4% paraformaldehyde before being washed
with PBS three times, permeabilized with 0.5% Triton X-100
at room temperature for 30 min, and then blocked with 5%
bovine serum albumin (BSA) for 1 h. Samples were then
incubated overnight at 4 °C with a primary antibody, includ-
ing RUNX2 (1:500), CD133 (1:200), VIMENTIN (1:200),
TWIST (1:500), and NANOG (1:500). Samples were then
stained for 90 min at room temperature with a goat anti-
rabbit immunoglobulin G (IgG; 1:500) secondary antibody,
after which cell nuclei were stained with DAPI. Finally, cell
imaging was performed using a confocal microscope (Nex-
cope), and fluorescence intensity was quantified using NIH
Imagel.

2.16 RNA extraction

Total RNA was extracted using TRIzol (Life), and then sub-
jected to chloroform phase separation, precipitation by iso-
propanol, two rounds of washing with 75% ethanol, and a
final dilution in RNase-free water. RNA concentrations were
measured using a Nanodrop spectrophotometer (Thermo
Fisher Scientific).

2.17 RNA-seq and data analysis

RNA integrity was evaluated using an Agilent 2100 Bioana-
lyzer (Agilent Technologies, CA, USA). Library construction
was performed using a VAHTS Universal V6 RNA-seq
Library Prep Kit, with all procedures following the manu-
facturer’s protocol. OE Biotech Co., Ltd (Shanghai, China)
performed transcriptome sequencing and analysis. Sequenc-
ing was conducted on an Illumina NovaSeq 6000 platform
and produced 150-base-pair (150-bp) paired-end reads. On
average, 50 million raw reads were generated per sample.
The initial processing of raw reads (fast quality (FASTQ) for-
matted) was performed using FASTQ to remove low-quality
sequences, thereby yielding clean reads for downstream
analysis. These reads were subsequently aligned to the refer-
ence genome via hierarchical indexing for spliced alignment
of transcripts 2 (HISAT2). Gene expression levels were
quantified as fragments per kilobase million (FPKM), and

read counts were determined using HTSeq-count. Sample
reproducibility was assessed using principal component
analysis (PCA) implemented in R version 3.2.0. DESeq2
was used to conduct differential expression analysis, with a
Q value of <0.05 and a fold change of >2 or <0.5 taken as
the operational definition of significantly differentially ex-
pressed genes (DEGs). Hierarchical clustering mapped gene
expression patterns across various groups and samples. Fur-
thermore, Gene Ontology (GO) pathway enrichment analy-
sis of all DEGs, using a hypergeometric distribution, identi-
fied significantly enriched GO terms. Visualization of these
analyses, including column, chord, and bubble diagrams, was
also performed in R version 3.2.0. Finally, we employed
gene set enrichment analysis (GSEA), using a predefined
gene set, to rank genes by differential expression between
sample types and assessed enrichment at the extremes of
the ranked list.

2.18 Real-time polymerase chain reaction
(PCR)

Complementary DNA (cDNA) was synthesized using ex-
tracted RNA and the FastKing DNA Dispelling RT Super-
Mix kit, with all procedures following the manufacturer’s
instructions. Relative gene expression was analyzed via real-
time PCR (Roche, Basel, Switzerland). A mixture of Power
SYBR Green PCR Master Mix, 20 ng of cDNA, and specific
primers was prepared in 10 pL total reaction volume (n=3
wells per primer).

2.19 Western blotting

On Day 5 of incubation, we collected 3D-bioprinted samples
(n=3 per group) from each experimental condition. Cells
from these samples were lysed using ice-cold radioimmuno-
precipitation assay (RIPA) buffer for 30 min, followed by
centrifugation at 12 000 r/min for another 30 min. We then
collected the supernatant and measured the protein concen-
trations using a BCA protein assay kit, which employed
BSA (0.5 mg/mL) as a standard. Subsequently, 20 ug of
total protein from each group was subjected to polyacryl-
amide gel electrophoresis. Protein samples were then trans-
ferred to polyvinylidene fluoride membranes, blocked with
nonfat milk at room temperature for 2 h, and then incubated
overnight at 4 °C with a primary antibody, such as rabbit
anti-human GAPDH (1: 10 000), p-actin (1:10 000), CD44
(1:1000), CD133 (1:1000), TWIST (1:1000), SLUG (1:1000),
or VIMENTIN (1:1000). After overnight incubation, mem-
branes were incubated again with horseradish peroxidase
(HRP)-linked goat anti-rabbit and goat anti-mouse second-
ary antibodies (1:5000) for 1 h at room temperature. Visual-
ization was performed using a Clarity western enhanced che-
miluminescence (ECL) substrate (BIO-RAD, CA, USA),
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and quantification of western blotting results was performed
using NIH Image].

2.20 Cellscratch assays

On Day 5 of incubation, we obtained MG63-laden samples
from each experimental condition and submerged them in
lysis buffer for 3 h to release cells. These were subsequently
collected and plated in 24-well plates (n=3 per group). Once
the cells reached 95%—100% confluence, a scratch was intro-
duced in the center of each cell culture well using a pipette
tip. The scratched area was imaged daily from Day 0 to
Day 2 using an inverted microscope (Leica Microsystems).
Wound closure was calculated by dividing the wound area
without cells at each time point by the wound area mea-
sured on Day 0.

2.21 Drugresponses

Next, a drug resistance test was performed for all 3D-
bioprinted samples at Day 4 (n=3 per group). To do so,
ADM and CDDP were added to fully supplemented media,
and cell viability was evaluated after 24, 48, and 72 h of
drug exposure using CCK-8 assays. Cell viability was calcu-
lated by evaluating sample absorbance relative to vehicle
absorbance for all groups.

2,22 Statistical analyses

All statistical results were analyzed using GraphPad Prism
version 8.02, unless specified otherwise. Each experiment
was conducted using three biological replicates, and all data
are presented as meanstandard deviation. Student’s z-tests
and analyses of variance (ANOVAs) were used to deter-
mine the statistical significance of differences in group
means. For all tests, a p-value of 0.05 was considered to be
statistically significant. Significance levels are denoted as
*p<0.05, “*p<0.01, and “*p<0.001.

3 Results

3.1 GelMA-Col hydrogel mimics the
composition of the ECM in osteosarcoma

In this study, we incorporated various compositions of pure
collagen into GeIMA to improve its bioactivity. The appear-
ances of the precursor solutions, including GeIMA, GelMA-
0.08% Col, GeIMA-0.12% Col, and GeIMA-0.16% Col, are
shown in Fig. S2a (supplementary information). This figure
shows that the inclusion of collagen increased the precursor
viscosity. This trend was further verified via rheological
analysis, in which the viscosity of the precursor solutions
increased significantly with increasing collagen concentration
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under various temperatures at a constant shear rate (Fig. 2a).
The storage and loss moduli of precursor solutions were
also measured under various temperatures (Fig. 2b). We
found that all compositions could undergo gelation at ap-
proximately 30 °C, indicating that collagen did not influ-
ence GelMA gelation. Hydrogel stability was further ana-
lyzed via swelling tests in fully supplemented MEM media,
PBS, and water at 37 °C. These results showed that all hydro-
gel compositions exhibited a low swelling rate and remained
stable throughout the testing (Figs. S2b—S2d in the supple-
mentary information).

Next, MG63 cells were cultured in all GeIMA-Col hydro-
gel compositions to evaluate the influence of collagen on
MG®63 cellular behavior and to identify the optimal collagen
composition for subsequent experiments. Cellular prolifera-
tion rates were analyzed using CCK-8 assays, and we found
that all hydrogel compositions could successfully support
cellular growth throughout the culturing (Fig. 2c). Moreover,
cells in the GeIMA-0.16% Col group demonstrated the high-
est proliferation rate at Days 5 and 7, indicating that colla-
gen can promote osteosarcoma growth. Cellular morphology
was analyzed using phalloidin staining from Day 1 to Day 7.
We found that MG63 cells formed cellular spheroids in all
compositions of the hydrogel (Fig. S2e in the supplemen-
tary information). Moreover, in hydrogels containing colla-
gen, cells began to show an elongated morphology by Day 3,
and a similar phenomenon was observed until Day 5 for
GelMA-only samples.

Next, we analyzed the expression of epithelial-
mesenchymal transition (EMT)-related genes (i.e., TWIST,
VIMENTIN, CD44, MMP9, MMP13, and EPCAM), cancer
stem cell (CSC)-related genes (i.e., OCT4 and CD133), and
osteogenesis-related genes (i.e., RUNX2, SPPI, PTHLH,
and /BSP) via quantitative reverse transcription polymerase
chain reaction (QRT-PCR). We found that MG63 cells in the
GelMA-Col hydrogel had significantly higher levels of over-
all gene expression relative to the GeIMA sample (Figs. S2f—
S2q in the supplementary information), suggesting that col-
lagen can promote MG63 stemness and metastasis. Next, we
analyzed MG63 cell protein expression via immunofluores-
cence staining and western blotting (Figs. 2d—21). We found
that VIMENTIN, CD133, SLUG, and RUNX2 all showed
their highest levels of expression in the GeIMA-0.16% Col
hydrogel. Overall, based on material characterization and
biological analysis data, we selected the GelMA-0.16% Col
hydrogel for subsequent experiments.

3.2 Material characterization of GelMA-Col-HA
bioinks

To better mimic the ECM composition of the osteosarcoma
microenvironment, we added various concentrations of HA to
the GelMA-0.16% Col hydrogel. The appearances of precursor
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solutions, including GelMA-0.16% Col, GelMA-0.16% Col-
0.1% HA, and GelMA-0.16% Col-0.5% HA, are shown in
Fig. 3a. We found no significant differences in viscosity fol-
lowing the inclusion of HA; this result was verified by rheo-
logical analysis (Fig. 3b). Next, we determined the storage and
loss moduli of all precursor solutions (Fig. 3c), and found

that the inclusion of HA significantly increased the storage
modulus, while the gelation temperature remained close to
30 °C. The hydrogel surface structure was then imaged via
SEM (Fig. 3d), revealing that all samples had interconnected
pore structures and that they did not display significant differ-
ences in pore size. Hydrogel stability was further analyzed
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with cell-laden printed structures; here we found that all com-
positions were stable at Day 5 and that cells had limited in-
fluence on the grid structure (Figs. S3a and S3b in the supple-
mentary information). Furthermore, the inclusion of HA sig-
nificantly increased the compressive modulus of the hydrogel
(Fig. 3e), which still remained within the range of the Young’s
modulus of bone marrow (i.e., 0.25-15.7 kPa) [26, 27].

3.3 Printability analysis of GelMA-Col-HA
composite bioinks

To further analyze the influence of collagen and HA on the
properties of GeIMA, we assessed the printability of all bio-
ink compositions. For this test, all bioinks were printed with
designated patterns to determine how composition affected
pore closure and filament fusion (Fig. 4a); we also quanti-
fied the diffusion rate of each bioink (Fig. 4d). Our results
showed that the inclusion of collagen slightly increased the
diffusion rate, while the addition of HA improved printabil-
ity. Next, we examined the uniformity factor for all bioinks
(Fig. 4b). As in the filament fusion test, the GelMA-0.16%
Col group had a higher uniformity factor than the other
groups (Figs. 4c and 4e), indicating that it had more non-
uniform strands. In addition, the inclusion of HA could re-
duce the uniformity factor closer to 1.
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Subsequently, we used the GelMA, GelMA-Col, and
GelMA-Col-HA bioinks to print more complicated structures
to evaluate their relative printability. These structures included
a S5-layered Chinese knot with a size of about 10.5 mmX
10.5 mmx1.0 mm (wall thickness: 0.4 mm), a 15-layered
thin-wall hollow tube with a diameter of about 3.5 mm and
a height of 10 mm (wall thickness: 0.4 mm), a 5-layered
snowflake with a size of about 16 mmx16 mmx1 mm (wall
thickness: 1 mm), and a set of letters (“NBU”) with a size
of about 30 mmx8 mmx1 mm (7.5 mmx8.0 mmx1.0 mm
each). The side, top, and zoomed-in views of all these struc-
tures are shown in Fig. 5.

3.4 MG®63 cells had distinct transcriptional
profiles among the GelMA-Col-HA bioinks

Global transcriptome profiling was performed using RNA
sequencing (RNAseq) of MG63 cells bioprinted in GelMA-
0.16% Col, GelMA-0.16% Col-0.1% HA, and GelMA-0.16%
Col-0.5% HA bioinks to investigate the impact of HA on
the transcriptional signatures of osteosarcoma cells. PCA
revealed that MG63 cells subjected to HA stimulation showed
distinct and different transcriptional profiles relative to control
samples. For example, for MG63 cells in the GeIMA-0.16%
Col-0.1% HA bioink, we found that several cancer-related
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or prognostic genes were significantly upregulated in re-
sponse to HA stimulation; these included ZEBI, ITGB2,
and WNT4 (Fig. 6a). Similar results were found for cells in
the GelMA-0.16% Col-0.5% HA bioink (Fig. S4a in the
supplementary information).

Next, GO enrichment analysis on the RNAseq dataset was
performed to investigate the changes in biological processes,
cellular components, and molecular functions of MG63 cells
under HA stimulation. For MG63 cells in the GelMA-0.16%
Col-0.1% HA bioink (Fig. 6b), the enriched GO terms iden-
tified were involved in biological processes such as bone
mineralization, cell—cell adhesion, and positive regulation of
cell migration. Moreover, the enriched GO terms involved in
molecular functions included MAP kinase activity, CCR2
chemokine receptor binding, and CCR3 chemokine receptor
binding. Next, for MG63 cells in GelMA-0.16% Col-0.5%
HA bioink (Fig. S4b in the supplementary information), the
enriched GO terms involved in biological processes included
regulation of cell-substrate adhesion, regulation of bone de-
velopment, and inflammatory response. Furthermore, the
enriched GO terms involved in molecular functions included
CCR chemokine receptor binding, hyaluronic acid binding,
and chemokine activity. Taken together, these results indi-
cated that MG63 cells under HA stimulation may have higher
chemokine activity.

Next, we performed a Kyoto Encyclopedia of Genes and
Genomes (KEGG) enrichment analysis on the same enrich-
ment dataset. For MG63 cells in the GelMA-0.16% Col-0.1%
HA bioink (Fig. 6¢), enriched gene sets were found to be
involved in the VEGF signaling pathway, Rapl signaling

pathway, chemokine signaling pathway, and cAMP signal-
ing pathway. Similar results were found for MG63 cells in the
GelMA-0.16% Col-0.5% HA bioink (Fig. S4c in the supple-
mentary information), whose enriched gene sets included
the VEGF signaling pathway, PPAR signaling pathway, and
chemokine signaling pathway. Moreover, each of these gene
sets had positive correlations with cancer cell proliferation,
migration, invasion, and drug resistance.

The HIF-1a signaling pathway was further evaluated using
a heat map analysis (Fig. 6d) since it is closely associated
with osteosarcoma progression, angiogenesis, and metasta-
sis. For MG63 cells in the GelMA-0.16% Col-0.1% HA and
GelMA-0.16% Col-0.5% HA bioinks, the HIF-1a signaling
pathway was found to be more highly activated compared to
cells in the GelMA-0.16% Col bioink. Interestingly, cells in
the GelMA-0.16% Col-0.1% HA bioink showed higher levels
of gene expression of HIF-la compared with those in the
GelMA-0.16% Col-0.5% HA bioink. These results were fur-
ther verified by PCR, where we found that cells in the
GelMA-0.16% Col-0.1% HA bioink showed higher levels
of gene expression of HIF-Ia and VEGFA compared to the
other two groups (Figs. S3c and S3d in the supplementary
information).

3.5 Influence of HA on osteosarcoma cell
behavior

The proliferation rates of MG63 cells bioprinted in the
GelMA-0.16% Col, GelMA-0.16% Col-0.1% HA, and
GelMA-0.16% Col-0.5% HA bioinks were analyzed using
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CCK-8 assays (Fig. 7a). We observed no significant differ-
ences between all groups by Day 3, while cells bioprinted
in the GelMA-0.16% Col-0.1% HA bioink showed the high-
est proliferation rate at Days 5 and 7. Next, the cellular viabil-
ity of MG63 cells after bioprinting was evaluated using live/
dead assays. Here, dead cells were colored red (indicated with
white arrows), while live cells were green (Fig. 7b). Further
quantification showed that cells in all compositions of the
hydrogel showed viability levels that were close to 95%
(Fig. 7c). This indicated that the inclusion of HA had a lim-
ited influence on cellular viability during bioprinting. Next,
the morphology of MG63 cells was assessed via phalloidin
staining. In general, we found that MG63 cells formed spher-
oids and showed elongated cellular morphology during cul-
turing (Fig. 7d).
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The influence of HA on gene expression in MG63 cells was
analyzed by qRT-PCR (Figs. 7e—7p). This analysis included
osteogenesis-related genes (i.e., RUNX2, SPPI1, PTHLH, and
IBSP), EMT-related genes (i.e., SLUG, MMP9, MMP]I3,
MMP2, CCL2, SNAILI, and VIMENTIN), and one CSC-
related gene (CD133). We found that the addition of 0.1%
HA significantly upregulated the expression of almost all
genes, especially of IBSP, MMP9, and CD133 by 3.75-,
3.93-, and 3.53-fold, respectively. However, as the HA con-
centration increased to 0.5%, we observed a decrease in gene
expression. Next, we evaluated the protein expression of
SLUG, VIMENTIN, RUNX2, CD44, and CD133 via west-
ern blotting. Here, we observed similar results to those for
the inclusion of 0.1% HA, where it significantly upregulated
the protein expression in general (Figs. 8a—8f). Moreover,



Bio-Design and Manufacturing (2025) 8:724-741

735

(a)

Gene differences

125 Down Up
<0.05: 2753 q<0.05: 2825
100 q log,FC<-1: 554 log,FC>1: 604
Sig.: 100 Sig.: 137
g 75
© = Significant up
2 o
Q
> 50
1
25 ' ZEB1
5 -
WNT4,
-10 -5 0 5 10
log, Foldchange
(b)
_ Biological process | | Cellular component | Molecular function |
<
(3o}
E
2
o S
O] oT®
) o7
[0} Q
S o
2 T
c
L o
’ A o
8
&

CCR3 chemokine re

Positive regulation of actin fiament
P

* Significant down

Non-significant

(c) .
KEGG enrichment

Insulin secretion .
VEGF signaling pathway o Genze number
.
4
Rap1 signaling pathway °
6
X . : p-value
Chemokine signaling pathway ° . 004
0.03
. i 0.02
Growth hormone synthesis and action
|y 001
cAMP signaling pathway { e

123 456
Enrichment score

(d)

150 Group
M 0%
%
W 5%

_ Group
E ELOB
WAPK

Fig. 6 Transcriptional profiles of osteosarcoma cells in the GeIMA-0.16% Col-0.1% HA bioink: (a) volcano plot; (b) GO terms enriched in osteo-
sarcoma cells; (c) KEGG terms enriched in osteosarcoma cells; (d) heat map analysis of the HIF-1a signaling pathway

although the inclusion of 0.5% HA slightly upregulated pro-
tein expression compared with the control group, it was still
significantly lower than that observed in the 0.1% HA group.
Similar results were found in immunofluorescence staining
(Figs. 8g—38j). These quantification results showed that MG63
cells in the GelMA-0.16% Col-0.1% HA bioink had higher
protein expression in general compared to those in the
GelMA-0.16% Col-0.5% HA bioink.

3.6 HA promotes chemoresistance and
migration in osteosarcoma cells

To analyze the influence of HA on MG63 cellular migra-
tion, we collected cells from bioprinted structures on Day 5
and performed cell scratch assays. As shown in Figs. S5a
and S5b (supplementary information), MG63 cells collected
from the GelMA-0.16% Col-0.1% HA bioink had a higher
migration rate than the other two groups. Next, to analyze
the influence of HA on MG63 chemoresistance, hydrogels
were cultured with various concentrations of ADM (i.e., at

levels of 1 umol/L and 10 umol/L) and CDDP (i.e., 10 pmol/L
and 100 umol/L) for 24, 48, and 72 h, after which cellular
viability was analyzed by CCK-8 assays. Here, observed
viability was normalized to an empty vehicle at the same
time point (Figs. 8k—8n). For both ADM and CDDP, MG63
cells bioprinted in the GelMA-0.16% Col bioink showed the
lowest cellular viability values for all drug concentrations
throughout culturing, indicating that the inclusion of HA
improved osteosarcoma chemotherapy resistance. Compared
to cells from the GeIMA-0.16% Col-0.5% HA bioink, those
from the GelMA-0.16% Col-0.1% HA bioink showed rela-
tively high cellular viability values for both drugs after 48
and 72 h; this result was consistent with those of the gene
and protein expression analyses.

4 Discussion

Osteosarcoma is a highly aggressive bone cancer with a poor
overall prognosis. Traditional in vitro preclinical models, such
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as monolayer cell cultures, often fail to accurately mimic the
TME, which can impede the discovery of effective chemo-
therapy regimens. In contrast, 3D-bioprinted in vitro tumor
models have been developed for several cancers because they
can better replicate the spatial, mechanical, and biological com-
plexities of the TME. However, to date, no 3D-bioprinted
in vitro osteosarcoma models exist, and no bioink has been
specifically designed for this purpose.

GelMA is a commonly used biomaterial due to its rapid
gelation time, good printability, and inclusion of RGD se-
quences that enhance cell adhesion. However, as a derivative
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of gelatin, GeIMA lacks the unique triple-helix structure of
collagen [28]. While collagen includes RGD sequences, it
also contains Gly-Pro-Hyp (GPO) and Gly-Phe-Hyp (GFO)
motifs within its triple helix, and these are crucial for activat-
ing signaling pathways and facilitating cell communication.
Therefore, in this study we added collagen to GelMA to
improve bioactivity and better mimic the ECM composition
of the osteosarcoma model. As the collagen concentration
increased, the precursors became more viscous due to the
more complex polymer network. At the same time, the com-
pressive modulus declined since the collagen molecules
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hindered the photo-crosslinking of GelMA. Overall, MG63
cells cultured in the 3D tumor model demonstrated higher
proliferation rates as the collagen concentration increased;
this finding was consistent with other studies, which found
that collagen had a positive correlation with cellular prolifera-
tion in osteosarcoma [29, 30]. Furthermore, collagen may
enhance the migration and invasion of osteosarcoma cells by
interacting with SOCSS, thereby leading to the suppression
of STATI1 expression and activation via ubiquitination and
proteasomal degradation [31]. Collagen may also activate the

MMP family to mediate osteosarcoma metastasis [9]. In one
study, Wei et al. found that collagen can mediate stemness
upregulation of osteosarcoma cells via the activation of JAK/
STAT3 signaling, thereby strengthening cell proliferation
and tumorigenesis [32]. Taken together, these observations
were also found in this study—i.e., we found that collagen
promoted MG63 metastasis, stemness, and osteogenesis-
related gene and protein expression.

HA is abundant in bone [17], and clinical studies have iden-
tified a positive correlation between HA concentration and
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osteosarcoma development [18], although the underlying
mechanism remains poorly understood. Therefore, here we
combined various concentrations of HA with GelMA-Col
hydrogels to investigate the influence of HA on osteosar-
coma cell behavior. RNAseq was then used to analyze differ-
ences in transcriptional profiles of osteosarcoma cells fol-
lowing stimulation by HA. ZEB1 is a hallmark transcription
factor involved in the cancer cell EMT, and is commonly
upregulated in aggressive cancer types; moreover, it is cor-
related with therapy resistance and metastasis [33, 34]. A
recent study also showed that ZEB1 can drive cancer cell fer-
roptosis sensitivity by manipulating the synthesis of highly
oxidizable poly-unsaturated fatty acids [35].

We also found that the HIF-1a signaling pathway was up-
regulated under HA stimulation. HIF-1a is a transcription
factor that is induced in hypoxic microenvironments and is
closely associated with tumor progression, angiogenesis, and
metastasis [36]. In general, overexpression of HIF-la has
been found in many different tumor types, including human
osteosarcoma [37, 38], renal cancer [39], oral squamous cell
carcinoma [40], and breast cancer [41], where it correlates
significantly with metastasis. HIF-1oc has been shown to
positively correlate with VEGF [42], a key mediator of tumor
angiogenesis and growth [43]. These findings are consistent
with our results, which showed that the expression of
VEGFA was significantly upregulated in HA samples. The
higher chemotherapy resistance of osteosarcoma cells pres-
ent in the HA bioink may also be affected by the overex-
pression of HIF-1a, since hypoxic conditions have been shown
to increase drug resistance in osteosarcoma cells [44, 45].
To the best of our knowledge, this is the first study to di-
rectly demonstrate that there is a positive correlation be-
tween HA and HIF-1a in osteosarcoma. This effect may be
related to the HA-binding protein KIAA1199; for example,
in prostate cancer cells KIAA1199 silencing was found to sig-
nificantly inhibit HIF-1a expression, angiogenesis, and vas-
culogenic mimicry in both in vitro and in vivo conditions [46].
It has been found that KIAA1199 has a significantly posi-
tive correlation with HIF-1a in pancreatic cancer tissues [47].
A similar phenomenon was observed in our study, in which ex-
pression of KIAA1199 mRNA was significantly upregulated
in HA samples (Fig. S3e in the supplementary information).

Next, we analyzed EMT- and CSC-related marker expres-
sion. As a sarcoma, osteosarcoma arises from mesenchymal
cells. However, the importance of EMT in osteosarcoma has
been disputed [48, 49]. However, some studies have sug-
gested that the overexpression of EMT-related markers is
related to metastasis and contributes to osteosarcoma’s poor
survival rate [50]. SLUG is a zinc-finger transcription factor
that is known to contribute to cell invasion and metastasis
in several cancer types [51]. Knockdown of SLUG in osteo-
sarcoma cells was found to result in significantly decreased
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motility, remodeling of the actin cytoskeleton, loss of cellu-
lar protrusions, and significantly smaller tumor size. There-
fore, SLUG may be a potential therapeutic target for clinical
interventions to combat osteosarcoma [52]. VIMENTIN is
an intermediate filament protein that plays a crucial role in
modulating cell migration, cell shape, and plasticity. The over-
expression of VIMENTIN is observed in many tumor types,
and this directly correlates with cancer metastasis and drug
resistance [53—55]. In osteosarcomas, increased VIMENTIN
expression may be related to more aggressive tumor pheno-
types [56]. In addition, higher EMT-related marker expres-
sion in the presence of HA may be caused by CD44, a binding
protein of HA, since CD44 expression is also strongly corre-
lated with EMT-related markers such as TWIST, SNAILI,
ZEBI1, and SLUG [57-59]. CD133 is a key biomarker for
the isolation and characterization of cancer stem cells [60],
and is significantly correlated with Enneking stage, local re-
currence, metastasis, and reduced five-year survival rates in
osteosarcoma patients [61]. RUNX2 is a transcription factor
critical for osteoblastic differentiation and skeletal morpho-
genesis. Elevated RUNX2 levels may transcriptionally acti-
vate genes mediating tumor progression and metastasis [62],
including SPP1 (osteopontin), a phosphorylated protein that
is highly expressed in osteosarcomas and is associated with
poor prognosis and reduced survival rates [63]. Consis-
tently, in this study both RUNX2 and SPP1 were found to
be upregulated in response to HA stimulation. Next, the che-
motherapy resistance of osteosarcoma cells was further ana-
lyzed using ADM and CDDP at various concentrations. Con-
sistent with our EMT- and CSC-related marker expression
results, we observed that osteosarcoma cells had higher drug
resistance when in the GelMA-0.16% Col-0.1% HA bioink.
Similar results, i.e., where drug resistance increased under HA
stimulation, have been found in other cancer cells [64, 65].
Next, we compared the bioinks developed in this study
with commercial 3D culture models, including Matrigel and
pure collagen. In this experiment, MG63 cells were cultured
for five days before being analyzed using immunofluores-
cence staining, qPCR, and chemotherapy testing (Fig. S6
in the supplementary information). Immunofluorescence
staining revealed that MG63 cells cultured in Matrigel and
pure collagen exhibited VIMENTIN, CD133, and RUNX2
protein levels that were higher than those in GelMA-0.16%
Col but lower than those in GelMA-0.16% Col-0.1% HA.
Similar trends were observed in our qPCR results, in which
we observed that cells cultured in GeIMA-0.16% Col-0.1%
HA had the highest expression of cancer-associated genes
of all groups, followed by those cultured in Matrigel and
pure collagen. Doxorubicin (ADM, 10 pmol/L) and cispla-
tin (CDDP, 100 pmol/L) were used for chemotherapy tests.
Here, MG63 cells cultured in Matrigel and pure collagen
displayed comparable drug resistance to GelMA-0.16%
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Col-0.5% HA but less resistance than those cultured in
GelMA-0.16% Col-0.1% HA. Overall, the bioinks developed
in this study offer an improved platform for in vitro culturing
of MG63 cells.

In this study, we developed a GeIMA-Col-HA composite
hydrogel to better replicate the osteosarcoma microenvi-
ronment and to investigate the specific impact of HA on
osteosarcoma cell behavior. We found that a relatively low
concentration of HA significantly promoted osteosarcoma
cell growth, metastasis, and drug resistance. Although simi-
lar effects were observed at higher HA concentrations, these
effects rapidly diminished as the HA concentration increased.
Based on the material characterization results, we found
almost no physical differences between the GelMA-0.16%
Col-0.1% HA and GeIMA-0.16% Col-0.5% HA bioinks, ex-
cept for the compressive modulus. This may play a major
role in progression in this study, since the mechanical prop-
erties of the ECM are known to play an important role in
osteosarcoma progression. In this study, osteosarcoma cells
encapsulated within the hydrogel experienced physical re-
striction due to a higher compressive modulus, and this may
have negatively impacted their growth and development. Sev-
eral other studies have also shown that relatively soft 3D
matrices better support osteosarcoma cell proliferation, dif-
ferentiation, migration, and drug resistance [66—68]. There-
fore, despite higher HA concentrations, higher compressive
modulus values likely counteracted any promotional effects
on osteosarcoma cells.

5 Conclusions

In this study, we developed a composite bioink containing
GelMA, collagen, and HA to facilitate the 3D bioprinting of
an in vitro tumor model capable of simulating the ECM
composition of the osteosarcoma microenvironment. More-
over, we investigated the influence of HA on cellular behav-
ior. We found that HA significantly promoted osteosarcoma
cell growth and enhanced chemoresistance, and was accom-
panied by upregulated expression of EMT- and CSC-related
markers. In addition, we found a positive correlation be-
tween HA and the HIF-1a signaling pathway; to our knowl-
edge this is the first study to demonstrate this connection.
Overall, the GeIMA-Col-HA bioink developed in this study
provides a realistic 3D model for studying osteosarcoma and
may be an appropriate preclinical in vitro model of osteosar-
coma for drug screening.
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