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A B S T R A C T

In the face of advancements in osteosarcoma research, existing preclinical models – including in vitro (i.e., two- 
and three-dimensional cell cultures, organoids) and in vivo approaches (i.e., xenografts, animal models) – are 
often characterised by low translatability, limiting their predictive power for clinical outcomes. This study 
investigated the potential use of a 3D-printed β-tricalcium phosphate (β-TCP) scaffold as a bone-mimicking 
environment in an advanced in vitro osteosarcoma preclinical model. The compatibility of the scaffold with 
osteosarcoma cell spheroids, endothelial cells, and primary bone marrow-derived mesenchymal stem cells 
(pBMSCs) was evaluated along with its physicochemical characteristics. Transcriptomic analysis of pBMSCs on 
the scaffolds revealed gene expression profiles indicating pronounced extracellular matrix organisation and 
minor osteogenic activity. The model effectively replicated significant aspects of the tumour microenvironment 
in a tri-culture system, with dynamic perfusion enhancing metabolic activity. The developed scaffold-based 
model was employed in the doxorubicin cytotoxicity test. The physiological significance of the tri-culture was 
demonstrated by its distinct doxorubicin accumulation, in contrast to spheroid monocultures. Despite the limi
tations of the proposed approach regarding efficient vascularisation of the model, this study highlights the po
tential of 3D-printed β-TCP scaffolds in tumour modelling to support physiologically relevant preclinical models.

1. Introduction

Nine of the ten tested drugs fail at the clinical trial stage [1]. One of 
the potential reasons for such a significant failure rate may be attributed 
to the drug discovery pipeline; test systems utilised in most preclinical 
investigations either lack complexity (conventional cell monolayer in 
vitro models) or translatability (in vivo models, i.e. experimental ani
mals). The development of drugs that target osteosarcoma, the most 
common primary bone cancer, is not an exception. Patient survival rate 
has remained stagnant over the last 50 years [2]. A possible alternative 

to bridge the gap between preclinical and clinical testing is the uti
lisation of advanced in vitro tumour models that recapitulate the features 
of the microenvironment in vivo. Such models not only possess the po
tential for application in precision medicine, but also adhere to 3R 
(Replacement, Refinement and Reduction) requirements [3]. One of the 
shortcomings frequently met among modern 3D in vitro models of os
teosarcoma is a lack of a bone-mimicking environment providing stimuli 
necessary for a tumour-like behaviour of the cancer cells [4,5]. In our 
study, we propose an approach to construct an in vitro osteosarcoma 
model that can simulate the complexity of bone cancer, enabling a more 
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comprehensive investigation of the disease and subsequent evaluation of 
potential therapeutics.

In tumour engineering, a top-down approach is frequently employed, 
and the constituent elements of future in vitro models are delineated by 
deconstructing the in vivo entity into its essential components. In the 
case of osteosarcoma, which is hypothesised to originate from the bone 
marrow, the objective is to create a tumour-like unit (osteosarcoma cell 
spheroid) arranged within a bone-like environment (synthetic bioma
terial scaffold), incorporating a source of vascularisation (endothelial 
cells) and external mechanical stimuli (perfusion bioreactor). This study 
focused on investigating the potential of a 3D-printed β-tricalcium 
phosphate (β-TCP) scaffold to serve as a bone-like environment for an 
advanced 3D in vitro model of osteosarcoma. Owing to its availability, 
osteoinductive, and osteoconductive properties, β-TCP is one of the most 
widely utilised calcium phosphates in the field of biomaterials for bone 
tissue engineering [6]. Numerous processing methods have been 
developed for fabricating biomaterial scaffolds for bone tissue engi
neering. Since the 2010s, interest in 3D printing has steadily increased, 
as evidenced by web search trends, particularly in the biomedical field. 
When coupled with the subsequent sintering step, 3D printing with 
β-TCP facilitates the creation of a controlled hierarchical structure with 
micropores and macropores, enabling enhanced cell attachment and 
proliferation [7]. Consequently, a 3D-printed β-TCP scaffold was 
selected as the candidate bone-mimicking compartment for the pro
posed bone cancer model.

The present work characterises the 3D-printed β-TCP scaffold from 
the perspectives of its chemical, structural, and mechanical properties, 
as well as its in-vitro performance in direct contact with cells and cell co- 
cultures under both standard and perfusion conditions. Considering the 
desired application of the scaffold, we perform an in-depth study of gene 
expression in primary bone marrow-derived mesenchymal stem cells 
(pBMSCs) cultured on the β-TCP scaffold via transcriptomics analysis. 
We further utilise the cell-seeded scaffold to serve as a bone-like envi
ronment for osteosarcoma cell spheroids and demonstrate the applica
tion of the resulting model of osteosarcoma in a cytotoxicity assay of the 
well-known and widely used anticancer drug doxorubicin to its suit
ability as a physiologically relevant preclinical platform.

2. Materials and methods

2.1. Scaffold production

The scaffolds were produced by 3D printing β-TCP powder (Beta 
Tricalcium Phosphate, Whitlockite, Plasma Group Science®, UK; Batch 
P334S; mean diameter = 0.443 nm) using Pluronic® (F-127, Sigma- 
Aldrich, USA) as a sacrificial binder. The binder was prepared by mix
ing Pluronic® in ultrapure water (30 % wt/wt) for ~7 h using a mag
netic stirrer and keeping the mixture on ice to prevent its solidification 
until a single homogeneous phase was obtained, referred to as pl30. To 
prepare the ink, β-TCP and pl30 were mixed at a 32/68 wt ratio. The 
mixture was vortexed at 2500 rpm for ~30 s and cooled on ice for ~30 s, 
repeatedly for approximately six cycles, until the ink was homogeneous 
and did not show any visible bubbles. The ink was collected using a 
syringe, transferred to an Optimum® 3 cc printing cartridge (Nordson 
EFD, Bedfordshire, UK), and left to stabilize for 20 min at room tem
perature (RT). 3Dn Tabletop Printer (nScrypt Inc., Orlando, Florida, 
USA), controlled via Machine Tool 3.0, was used for robocasting the 
scaffolds. The cartridge was attached to the 3D printer, and a Smooth
Flow Tapered Tip (tip diameter Ø = 0.41 mm; Nordson EFD Optimum® 
SmoothFlow™, Westlake, Ohio, USA) was applied to the cartridge. The 
material feed was set to ~15.0–25.0 psi to guarantee a continuous and 
homogeneous flow, and the ink was extruded onto an acrylic sheet 
(Folex AG, Seewen, CH) using a script in .txt format. The shape of the 
scaffold was cylindrical, with a height of 8 mm and a diameter of 10 mm. 
The printed scaffolds were left overnight in a drying oven at 37 ◦C to 
stabilize the structure. After successive days, the scaffolds were sintered 

to fuse the β-TCP particles and remove the sacrificial pl30 as follows. The 
temperature was raised from room temperature (RT) to 500 ◦C at a rate 
of 1 ◦C/min. The samples were left to dwell at 500 ◦C for 1 h. Subse
quently, the temperature was increased to 1150 ◦C at a rate of 5 ◦C/min. 
The samples were left to dwell at 1150 ◦C for 3 h. Subsequently, the 
temperature was reduced to 500 ◦C at a rate of 5 ◦C/min. Finally, the 
scaffolds were allowed to cool freely from 500 ◦C to room temperature 
(furnace inertia). The scaffolds were extracted from the furnace once the 
temperature was below 40 ◦C and stored in a desiccator for up to one 
month until analysis.

2.2. Scaffold physicochemical characterisation

A thorough physicochemical characterisation of the 3D-printed 
β-TCP scaffold was performed prior to its use in in vitro experiments. 
This analysis aimed to evaluate the scaffold’s structural, compositional, 
and mechanical properties, which are critical for supporting cell 
attachment, proliferation, and extracellular matrix deposition.

2.2.1. Fourier-transform infrared spectroscopy
To confirm the β-TCP chemical structure post-scaffold production, 

Fourier-transform infrared (FTIR) spectroscopy was performed in the 
attenuated total reflection (ATR) mode (PerkinElmer Spectrum One 
FTIR Spectrophotometer (PerkinElmer, Waltham, MA)). For this, the 
scaffolds were milled to powder after sintering, and FTIR-ATR spectra 
were acquired within the wavenumber range of 4000-600 cm− 1, setting 
the resolution at 2 cm− 1, with each spectrum obtained by averaging 32 
scans. As a control, spectra of the printed scaffold before sintering 
(β-TCP + pl30) were acquired. All the spectra were background- 
corrected and normalised to the band with the highest intensity.

2.2.2. X-ray diffraction analysis
To confirm the β-TCP crystalline structure after sintering, X-ray 

diffraction (XRD) analysis was conducted (Empyrean; Malvern Pan
alytical, UK). The scaffolds were milled into a fine powder, and mea
surements were performed in the 2θ diffraction angle range of 10◦–100◦

using a cobalt tube (Kα = 1.789 Å).

2.2.3. Morphological analysis
To evaluate their surface morphology and chemical composition, the 

3D-printed β-TCP scaffolds were analysed using scanning electron mi
croscopy (SEM) with an energy-dispersive X-ray (EDX) spectrometry 
(JSM-IT500; Jeol, Japan). To acquire images using SEM, a back- 
scattered electron detector was used, and scanning was performed at 
15.0 kV, 30 Pa, a working distance of 11.7 mm and a probe current of 
65.0 pA. For EDX spectrometry, areas of 300 μm × 225 μm were ac
quired at a magnification of 500 × . The 3D features of the scaffolds were 
analysed by micro-computed tomography (μCT, MicroXCT-400; Carl 
Zeiss X-ray Microscopy, Inc., USA) using an 80 kV tube voltage. The 
images were acquired with a 0.4 × objective and visualised using Avizo 
software (Thermo Fischer Scientific, USA).

2.2.4. Mechanical properties assessment
To assess the mechanical properties of the scaffold, a nano

indentation analysis and a compression test were performed. For 
determining the microscale Young’s modulus, the scaffolds were 
indented with a probe (stiffness of 176.6 N/m and tip radius of 9.0 μm) 
using a Piuma Nanoindenter (Optics11 Life, NL). Measurements were 
performed in demineralised water to minimise the attractive forces be
tween the material and the tip. The obtained data were optimised using 
an indentation model in the relevant range using DataViewer Software 
(v2.5.7, Optics11 Life, NL). The compression test was performed to 
evaluate the macroscale Young’s modulus of the scaffolds. The analysis 
was conducted in triplicate using Instron Electropuls® E1000 (Instron, 
UK) and Bluehill Universal® Software. The measurements were done 
until the complete failure of the scaffolds, at a 0.5 mm/min deformation 
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speed, and using a 2 kN load cell.

2.3. Scaffold in vitro biological characterisation

The cytocompatibility of the 3D-printed β-TCP scaffold was assessed 
to determine its ability to support cell adhesion, viability, and prolifer
ation. This preliminary evaluation focused on understanding how 
immortalised mesenchymal stem cells and osteosarcoma spheroids 
interact with the scaffold, ensuring its suitability for further biological 
studies. In this section, inductively coupled plasma optical emission 
spectrometry was also performed to determine the release of ions from 
the scaffold in contact with cells.

2.3.1. Cell culture and spheroid generation
Human bone marrow-derived stem cells (hBMSCs; hTERT-BMSC 

clone Y201, immortalised through hTERT lentiviral vectors [8]) were 
cultivated in low-glucose Dulbecco’s modified Eagle’s medium (DMEM; 
Sigma-Aldrich, USA) supplemented with 15 % foetal bovine serum (FBS; 
Sigma-Aldrich, USA) and 1 % penicillin-streptomycin (PS; Invitrogen, 
USA). Human osteosarcoma cells (U2OS; HTB96, American Type Cul
ture Collection, Manassas, USA) were cultured in high-glucose DMEM 
supplemented with 10 % FBS and 1 % PS. All the cell lines were main
tained at 37 ◦C in a humidified atmosphere containing 5 % CO2. Before 
the experiments, cells were cultivated until 80–90 % confluence, de
tached using trypsin-EDTA (1X; Sigma-Aldrich, USA) solution, har
vested, and used for experiments.

For spheroid generation, wells of a 48-well plate were first coated 
with 1.5 % agarose solution under sterile conditions and were kept at RT 
under UV exposure for 2 h. Then, 5.0 × 104 U2OS cells were seeded per 
well of an agarose-coated plate. Cells were incubated under standard 
conditions with a culture medium that was changed every 2 or 3 days. 
Spheroid self-aggregation was monitored using light microscopy.

2.3.2. Cytocompatibility evaluation
Before use in the cytocompatibility assay, the β-TCP scaffolds were 

sterilised by heating at 140 ◦C for 3 h and quickly washed in sterile 
phosphate-buffered saline (PBS). hBMSCs were trypsinised, suspended 
in a 1:1 mixture of medium and collagen (PureCol® EZ Gel, 5 mg/mL), 
and seeded on a β-TCP scaffold. In the case of U2OS, 1-week cell 
spheroids were gently collected from the 48-well plate by pipetting, 
immersed in the collagen-media mixture, and injected into each scaf
fold. After 3 h of collagen solidification, the scaffolds were transferred to 
clean wells of a 24-well plate, and 1.5 mL of the culture medium was 
added. The culture medium was changed every 2–3 days.

Cell metabolic activity was assessed using a resazurin reduction 
assay (AlamarBlue ™, HS Cell Viability Reagent; Invitrogen, USA). The 
assay was chosen due to its high sensitivity, non-cytotoxicity, and suit
ability for long-term monitoring. This water-soluble, non-fluorescent 
violet dye is reduced by metabolically active cells into resorufin, a pink 
and fluorescent compound, allowing quantitative analysis based on 
fluorescence intensity in the supernatant. The reagent was added to the 
samples in fresh culture medium, and the fluorescence was read after 2 h 
of incubation at 560/590 nm using a plate reader (Spark®, Tecan 
Trading AG, CH). The viability and morphology of the cells were 
assessed by fluorescence microscopy with live/dead staining (LIVE/ 
DEAD™ Viability/Cytotoxicity Kit, Calcein AM and Ethidium 
homodimer-1, for mammalian cells, Invitrogen, USA). Imaging was 
performed with a fluorescence microscope equipped with a humidified 
chamber at 37 ◦C and 5 % CO2 – THUNDER Imager Live Cell & 3D Assay 
(Leica, Japan). At the end of the incubation period, the cell-seeded 
scaffolds were fixed in paraformaldehyde (reagent grade, crystalline; 
Sigma-Aldrich, USA), dehydrated by exposing them to ethanol at 
increasing concentrations, and dried by immersing them in hexame
thyldisilazane (HMDS, Alfa Aesar, Waltham, USA) overnight in open air. 
After gold sputtering (DII-29019SCTR Smart Coater, Jeol, Japan), the 
samples were analysed by SEM.

2.3.3. Inductively coupled plasma optical emission spectrometry
To better understand the biochemical environment of the cells when 

cultured on the β-TCP scaffolds, we analysed the culture media using 
inductively coupled plasma optical emission spectrometry (ICP-OES). 
The analysis was done at key points of the experiments from the pre- 
incubation of the scaffolds in media up to the final point of culture of 
the assembled osteosarcoma model described in 2.5 (3 weeks of culture 
in total). As the culture medium was changed, 1 mL of the medium was 
collected and kept at − 20 ◦C upon analysis. Once all samples were 
collected, they underwent a freeze-thaw cycle, were diluted in 9 mL 
distilled water, and stored at 4 ◦C for at least 24 h before the analysis. 
The concentrations of calcium and phosphorus (the main components of 
β-TCP) and magnesium and potassium (critical ions in cell homeostasis) 
were quantified.

2.4. Scaffold as a bone-like environment

After obtaining an overview of the physicochemical and biological 
properties of the β-TCP scaffold in vitro, we performed a prolonged 
experiment with primary bone marrow-derived mesenchymal stem cells 
(pBMSCs). We were interested in evaluating the scaffold based on its 
potential to activate osteogenic differentiation of pBMSCs to better 
mimic the bone microenvironment in the developed osteosarcoma 
model.

2.4.1. Cell culture and cell seeding procedure
PBMSCs (RoosterBio, USA) were first expanded in the specialised 

xeno-free expansion media RoosterNourish™ (RoosterBio, USA), and 
then cultivated in Minimum Essential Medium α (α-MEM, GlutaMAX™ 
Supplement; Gibco, USA) supplemented with 10 % FBS, 1 % PS, and 10 
ng/mL of human heat-stable bFGF Recombinant Protein (FGF2, Gibco, 
USA) and maintained at 37 ◦C in a humidified atmosphere containing 5 
% CO2. The seeding procedure was performed as previously described. 
Briefly, β-TCP scaffolds were kept at 140 ◦C for 3 h, washed in sterile 
PBS, and immersed overnight in FBS-enriched culture medium. PBMSCs 
were trypsinised, suspended in a 1:1 mixture of medium and 5 mg/mL 
collagen, and seeded on β-TCP scaffolds at a number of 3.0 × 105 cells 
per scaffold. After 3 h of collagen solidification, the scaffolds were 
transferred to a 24-well plate, and 1.5 mL of culture medium without 
FGF2 was added. The cell-seeded scaffolds were monitored using 
metabolic activity (resazurin reduction) and viability (live/dead fluo
rescent staining) assays as described above in 2.3.2.

As positive and negative controls of osteogenic differentiation, the 
cells were also seeded in the wells of a 24-well plate as monolayers and 
cultured either in a standard culture medium without FGF2 or in an 
osteogenic medium containing low-glucose DMEM supplemented with 
10 % FBS, 1 % PS, 20 mM β-glycerophosphate (disodium salt hydrate, 
BioUltra, ≥99 % (titration)), 50 μM L-ascorbic acid 2-phosphate (ses
quimagnesium salt hydrate, ≥95 %), and 10− 7 M dexamethasone (≥97 
%; all – Sigma-Aldrich, USA).

2.4.2. Alkaline phosphatase activity assay
Increased alkaline phosphatase (ALP) activity is an early marker of 

osteogenic differentiation. To evaluate its intracellular level, the assay 
was performed on the protein extracted from pBMSCs cultured on the 
scaffolds. The total protein was recovered from the flow-through ob
tained during RNA extraction (see 2.4.3) using the acetone precipitation 
method: cold acetone was added in a volume four times that of the flow- 
through sample, the mix was briefly vortexed, incubated at − 20 ◦C for 1 
h, and centrifuged for 10 min at 15000×g. The pellet was dried and 
resuspended in the buffer provided in the ALP assay kit (Alkaline 
Phosphatase Assay Kit, Colorimetric, Abcam, UK). The activity of ALP in 
the extracted protein was determined following the protocol recom
mended by the manufacturer. The obtained values were normalised to 
the total protein amount estimated using the Coomassie (Bradford) 
assay following the manufacturer’s instructions (Protein Assay Dye 
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Reagent Concentrate; Bio-Rad, USA).

2.4.3. mRNA-Seq and differential gene expression analysis
For mRNA-Seq analysis, RNA was extracted from the samples. For 

this, the cell-seeded scaffolds were disrupted by thorough vortexing in 2- 
mL tubes with tungsten carbide beads (Qiagen, Germany) in lysis buffer 
(Qiagen, Germany), and then the recommended protocol of RNeasy Plus 
Mini Kit (Qiagen, Germany) was followed. The concentration (at least 
10 ng/μL) and integrity (at least 4) of the extracted RNA were analysed 
using a spectrophotometer (NanoDrop 2000, Thermo Scientific, USA) 
and BioAnalyzer (Agilent RNA 6000 Nano, Agilent Technologies, USA), 
respectively. mRNA sequencing was performed by Novogene (Cam
bridge, UK) using the NovaSeq 6000 platform (Illumina, USA), with an 
S4 flow cell using the 300-cycle kit v1.5. The generated paired-end 150 
bp reads were aligned to the Homo Sapiens (GRCh38/hg38) reference 
genome.

2.4.4. Transcriptomics data and statistics
Raw data (raw reads) in fastq format were first processed using in- 

house Perl scripts. In this step, clean data (clean reads) were obtained 
by removing reads containing adapters and reads containing poly-N and 
low quality; at the same time, Q20, Q30, and GC content were calcu
lated. All downstream analyses were based on the cleaned data. Quan
tification of gene expression levels was performed using featureCounts 
v1.5.0-p3 to count the number of reads mapped to each gene. Differ
ential expression analysis statistical analysis was carried out through the 
DESeq2 R package (1.20.0). DESeq2 provides statistical routines for 
determining differential expression in digital gene expression data using 
a model based on negative binomial distribution. The resulting P-values 
were adjusted using Benjamini and Hochberg’s approach to control the 
false discovery rate. Prior to differential gene expression analysis, the 
read counts for each sequenced library were adjusted using the edgeR 
(3.22.5) program package through one scaling normalised factor.

2.4.5. Functional analysis
Gene expression levels were filtered by thresholding the fold-change 

and statistical values from the volcano plots to obtain lists of markedly 
modified genes to characterise the two experimental conditions. The 
ontology sources applied to perform enrichment analysis were the KEGG 
Pathway, GO Biological Processes, Reactome Gene Sets, Canonical 
Pathways, CORUM, WikiPathways, and PANTHER databases [9–13]. In 
addition, Metascape software has been used to synthesise and process 
information [14]. Every gene in the genome served as the backdrop for 
enrichment, and terms were grouped based on their membership simi
larities, considering a p-value <0.01, a minimum count of 3, and an 
enrichment factor >1.5 (the enrichment factor is the ratio between the 
observed counts and the counts expected by chance). Specifically, 
q-values were computed using the Benjamini-Hochberg process to adjust 
for multiple testing, while p-values were computed using the cumulative 
hypergeometric distribution. Sub-trees with a similarity of >0.3 are 
regarded as clusters when hierarchical clustering is applied to the 
enriched phrases using Cohen’s kappa as the similarity metric. To 

summarise the information provided during clustering analysis and aid 
in identifying important biological bioactivities, a cluster could be 
represented by the statistically most significant term within it (for 
instance, the term with the lowest p-value).

2.5. Scaffold application in 3D in vitro model of osteosarcoma

Previously, we defined four possible “building blocks” of the in vitro 
model of osteosarcoma. In the preceding sections, we described one of 
them, a bone-like environment, represented by a pBMSC-seeded β-TCP 
scaffold. In the following sections, the assembly of the complete model is 
described. In Fig. 1, we present the scheme of this assembly up to the 
application of the model in a cytotoxicity assay of the anticancer drug 
doxorubicin.

2.5.1. Pre-culture of pBMSCs on the scaffolds and spheroid generation
PBMSCs were cultured and seeded onto sterilised and pre-incubated 

scaffolds as described in the previous sections. To estimate cell meta
bolic activity on the 1st day of culture, the scaffolds were transferred to a 
clean 24-well plate, and a resazurin reduction assay was performed, 
both in the plate used for cell seeding and the clean plate with newly 
transferred scaffolds. The metabolic activity of the pBMSCs on the 
scaffolds, as well as their viability, was also assessed on the 3rd and 6th 
days of culture by resazurin reduction assay and fluorescence micro
scopy with live/dead staining, as described above (2.3.2).

Spheroids were generated following the agarose-coated plate 
method described above (2.3.1). To optimise the mechanical stability of 
the spheroids and provide a more physiological-like microenvironment, 
U2OS cells were mixed with hBMSCs Y201 cells in a 3:1 ratio, and 5 ×
105 cells were seeded per well of the agarose-coated plate. The cells were 
incubated in a 1:1 mixture of the relevant culture medium. The spheroid 
self-aggregation was monitored by light microscopy.

2.5.2. Endothelial cell culture and tri-culture assembling
Human dermal microvascular endothelial cell lines (TIME-GFP, CRL- 

4045, ATCC, USA) were cultured in Vascular Cell Basal Medium (ATCC, 
USA) with the addition of the Microvascular Endothelial Cell Growth 
Kit-BBE (ATCC, USA), 200 μg/mL G418 (G418 disulfate salt solution for 
cell culture; Sigma-Aldrich, USA) and 12.5 μg/mL Blasticidin (Blastici
din S HCl; Gibco, USA).

One day before assembling the tri-culture on the scaffolds, the U2OS- 
MSC spheroids were stained with DiD (Vybrant™ Multicolour Cell- 
Labelling Kit, Invitrogen, USA). On the day of tri-culture assembly, 
both co-culture spheroids and endothelial single-cell suspensions were 
seeded on the 7-day precultured pBMSC-seeded scaffolds in 100 μL of a 
collagen-medium mix. After 3 h of collagen solidification, 1.5 mL of a 
medium composed of a 1:1:1 mixture of media for pBMSCs, U2OS, and 
endothelial cells was added per scaffold. Scaffolds seeded with co- 
culture spheroids were used as a control and incubated in a 1:1 mix of 
media for U2OS and hBMSCs Y201. For the metabolic activity assay, the 
tri-culture scaffolds were transferred to a clean multiwell plate, and the 
resazurin reduction assay was performed as described above (2.3.2). For 

Fig. 1. – Scheme of the 3D in vitro osteosarcoma model assembly.
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morphological analysis, the scaffolds were observed using fluorescence 
microscopy and Calcein AM staining to label live cells, acetylated LDL 
(Low-Density Lipoprotein from Human Plasma, Acetylated, Alexa 
Fluor™ 488 Conjugate, Invitrogen, USA) to label endothelial cells, and 
the above-mentioned DiD to label osteosarcoma spheroids.

2.5.3. Gene expression analysis in tri-culture
Total RNA was extracted from the samples (spheroid-seeded and tri- 

culture seeded scaffolds) as described above (2.4.3). The extracted RNA 
(500 μg) was used to synthesise cDNA (iScript™ cDNA Synthesis Kit, 
Bio-Rad Laboratories, USA). The gene expression level was analysed 
using a master mix for quantitative real-time PCR (SsoAdvanced Uni
versal SYBR Green Supermix, Bio-Rad Laboratories, USA) with a refer
ence to actin beta (ACTB), chosen as a normalisation gene. Primers were 
designed using PrimerQuest™ Tool and synthesised by Integrated DNA 
Technologies (IDT, USA). The sequences of forward and reverse primers 
are listed in Table S1. The values were related to the control by the ΔΔCt 
method [15].

2.5.4. Scaffold vascularisation assay
To demonstrate the ability of the developed model of osteosarcoma 

to be vascularised, we carried out an endothelial cell migration assay 
that uncouples the impact of β-TCP from the impact of osteosarcoma 
spheroids on endothelial cell network formation. The scaffold volume 
may lead to inefficient oxygen and nutrient transport and subsequently 
affect vascularisation. To exclude this factor and focus on the possibility 
that the chemical structure of β-TCP rather than scaffold volume may 
impair the capillary-like endothelial cell formation, we used the milled 
scaffolds.

2.5.4.1. Milled β-TCP scaffold. The 3D-printed scaffolds were milled in 
a mortar with a pestle. SEM was performed to confirm the maintenance 
of the β-TCP granular morphology after milling. Briefly, the particles of 
the milled scaffolds were thinly spread on adhesive tape, gold-sputtered 
(DII-29019SCTR Smart Coater, Jeol, Japan), and analysed (JSM-IT500, 
Jeol, Japan).

2.5.4.2. Cell culture and spheroid formation. Red Fluorescent Protein- 
expressing Human Umbilical Vein Endothelial Cells (RFP-HUVECs; 
cAP-0001RFP, Angio-Proteomie, USA) were cultured in EBM™-2 Basal 
Medium (Lonza, CH) supplemented with EGM™-2 SingleQuots® Sup
plements (Lonza, CH) in pre-coated culture flasks (Quick Coating Solu
tion, Angio-Proteomie, USA). GFP-expressing osteosarcoma cells 
MGreen63 (obtained previously via transducing with GFP-containing 
lentiviral vector MG63 cell line; European Collection of Cultured Cells, 
UK) were cultured in high-glucose DMEM supplemented with 1 % PS 
and 10 % FBS. All the cell lines were maintained at 37 ◦C in a humidified 
atmosphere containing 5 % CO2. To form osteosarcoma cell spheroids, 
an AggreWell™ 400 plate (400 μm ø microwells, StemCell Technologies, 
Canada), precoated with AggreWell™ Rinsing Solution (StemCell 
Technologies, Canada), was used. To define the optimal cell concen
tration in terms of spheroid formation and ease of subsequent 
patterning, routinely harvested MGreen63 cells were seeded at 7.0 ×
105, 1.4 × 106, and 3.5 × 106 cells per well of a 6-well AggreWell™ plate 
with the expectation of 100, 200, and 500 cells per spheroid, respec
tively, according to the manufacturer’s recommendations. Spheroid 
formation was monitored using brightfield microscopy.

2.5.4.3. Endothelial cell migration assay. To assemble the patterning 
chamber, a sterile frame (poly(methyl methacrylate), inner ⌀ 1 cm, 1 
mm thick) was aseptically attached with double adhesive tape inside a 
35 mm dish for imaging (μ-Dish 35 mm, high, ibidi GmbH, Germany). 
Sterilised and pre-incubated in FBS-rich medium, β-TCP particles (1 mg) 
obtained after the scaffold milling were resuspended in 80 μL fibrinogen 
(50–90 mg/mL, Evicel®) and poured into the centre of the frame. Using 

clamps, the dish was fixed on top of the sample holder attached to a 
mechanical driver. By controlling the actuator, the driver was set to 
vertical vibrations at a frequency of 70 Hz. After patterning the particles 
in a ring shape, 25 μL of human thrombin (800–1200 UI/mL) was added 
on top of the fibrinogen disk with the patterned particles. The chamber 
was left in an incubator for 30 min for solidification. For osteosarcoma 
spheroid patterning, the same procedure was followed, with the har
vested spheroids used instead of β-TCP particles. After fibrin formation, 
endothelial cells were seeded as a single-cell suspension in medium (1.5 
× 105 cells in 150 μL) on top of the fibrin gel. The cell-seeded construct 
was kept in the incubator for 2 h to allow cells to settle and attach to 
fibrin. The culture medium was filled to 3 mL per chamber and changed 
every 2 days until the end of the experiment (5 days).

2.5.4.4. Imaging. On the day of patterning, as well as after 24 and 48 h 
of culture, the samples were analysed using a Zeiss LSM800 confocal 
microscope equipped with a CCD camera (Axiocam 506 colour). On the 
5th day, the samples were fixed in 4 % paraformaldehyde for 2 h at RT, 
washed in PBS three times, and kept in PBS at 4 ◦C. For immunostaining, 
the samples were permeabilised in 2 % triton X-100 for 1 h, RT, non- 
specific sites were blocked with 4 % BSA solution in PBS for 2 h, RT, 
and PECAM-1 (1:100 in PBS, Anti-Hu CD31 Alexa Fluor™ 488-conju
gated; Invitrogen, USA) was kept overnight at 4 ◦C. Before imaging, 
samples were counterstained with Hoechst 33342 (Thermo Scientific, 
USA) for 10 min. The samples were then analysed using a THUNDER 
Imager Live Cell & 3D Assay (Leica, Japan).

From the obtained Z-stacks, the maximum intensity Z-projections of 
the images were generated using the ImageJ software (NIH, USA) and 
used for the following analysis. From the sample 5 × overview images, 
the Radial Profile signal was extracted to analyse the colocalization of 
the endothelial cell network and patterned osteosarcoma spheroids and/ 
or scaffold particles. Detailed 20 × images were used to analyse the 
expression of tight junction protein PECAM-1 in the formed endothelial 
cell network.

2.6. Application of tri-culture model in cytotoxicity test

To preliminarily evaluate the performance of the tri-culture model in 
anticancer drug cytotoxicity applications, doxorubicin (DOX) was added 
to the culture medium of scaffolds cultured for 6 days under static and 
dynamic conditions. In the case of the dynamic system, an additional 
reservoir bottle was added, and the chambers were divided into two 
separate sequences: one connected to a reservoir with regular culture 
medium, and another connected to a reservoir with medium containing 
DOX, as shown in Fig. S1. After 24 h, DOX accumulation was analysed 
via fluorescent microscopy of the tri-culture scaffolds incubated under 
static and dynamic conditions with or without the tested anticancer 
drug. Spheroid-seeded scaffolds cultured under static conditions were 
used as controls.

2.7. Statistical analysis

In the analyses, each group of samples was represented by three 
replicates. The statistical analysis and data representation approach in 
the context of transcriptomic analysis was described in the relevant 
sections (2.4.5 and 2.4.6). For other quantification analyses, the results 
are presented as the mean value ± standard deviation. Comparisons 
between groups within experimental time points were performed in 
Prism (v8, GraphPad Software, USA) using one-way ANOVA with 
Tukey’s correction for multiple comparisons, preceded by normal dis
tribution Shapiro–Wilk’s and homoscedasticity Levene’s median tests. 
For each comparison, differences were considered significant at p <
0.05. To filter the quantity of information during specific analyses, lower 
thresholds can be implemented and subsequently reported.
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3. Results

3.1. Scaffold physicochemical characterisation

The physicochemical properties of the 3D-printed β-TCP scaffold 
were analysed to evaluate its structural, compositional, and mechanical 
characteristics. These properties are essential for ensuring the scaffold’s 
suitability as a bone-mimicking environment and its ability to support 
cellular interactions in the in vitro osteosarcoma model.

3.1.1. Fourier-transform infrared spectroscopy and X-ray powder 
diffraction analysis

FTIR-ATR spectroscopy was used to assess changes in the surface 
chemical structure of the scaffolds before and after sintering (Fig. 2, a). 
Before sintering, the presence of Pluronic® F127 is confirmed by its 
characteristic peaks and bands [16–18]: 2980 cm− 1 corresponds to OH 
vibration, 2880 cm− 1 – to CH stretching, 1369 cm− 1 – to CH3, 1341 
cm− 1 – to CH2 (wagging), 1282 and 1241 cm− 1 – to CH2 (twisting); 
1098, 1053, and 1016 cm− 1 – to C-O-C (stretching); while the peak at 
956 and the shoulder at 938 cm− 1 are assigned to CH2 (rocking). The 
peaks at 997 and 924 cm− 1 correspond to HPO4

2− , and the peak at 745 
cm− 1 is attributed to P-O-P stretching [19,20] confirming the presence 
of β-TCP powder dispersed in the pluronic (pl30) matrix. The hydroge
nation of the phosphate group was explained by the strong hydration of 
the system, due to the high content of water in the continuous pl30 
matrix.

After sintering, the peak at 745 cm− 1, attributed to P-O-P stretching, 
was maintained. High-intensity bands were also detected at 1121, 1083, 
1045, 973 and 946 cm− 1, attributed to the stretching of the tetrahedral 
[PO4]3− groups [19,20]. Post sintering, all peaks assigned to the pl30 
matrix disappear, including water vibrations, confirming the complete 
decomposition and evaporation of the pluronic.

XRD analysis was performed to assess eventual variations in the 
crystalline structure of β-TCP after sintering (Fig. 2, b). The spectra of 
β-TCP, before and after sintering, were characterised by the same peaks, 
matching with the theoretical whitlockite pattern (ICDD 00-009-0169, 
Fig. 2, b) [21]. This was explained as the original stock powder contains 
a relatively high percentage of magnesium (up to 2500 ppm) and it is 
constituted by both β-TCP and whitlockite phases. Moreover, a mild shift 
to the right (higher 2θ values) of all the peaks was observed after the 
sintering process, towards the position of β-TCP peaks (ICDD 
00-003-0713, Fig. 2, b) [22,23]. The narrower diffraction peaks after 
sintering were attributed to a higher β-TCP crystallization and the in
crease in the crystal dimensions [24]. Overall, these observations sug
gested a partial phase transformation from whitlockite to β-TCP, which 

needs deeper future studies to be fully confirmed.

3.1.2. Morphological and mechanical analysis
The 2D and 3D features of the scaffolds are shown in Fig. 3, a and b 

and c. The scaffolds were characterised by lattice struts with an average 
width of 372.83 ± 40.44 μm. The pore sizes were, on average, 264 ± 24 
μm, 257 ± 34 μm, and 170.95 ± 32.92 μm, in x, y and z directions, 
respectively. The overall porosity was assessed to be 40 ± 7 %. At the 
microscale, the material was composed of granules with diameters 
varying between 6.03 and 31.13 μm and with inter- and intragranular 
porosity. The average diameter of the granules remained stable with 
time of immersing in media (15.67 ± 7.2 μm, 15.99 ± 6.07 μm, and 
16.83 ± 5.67 μm for intact scaffold, scaffold incubated in media for 3 
days and 7 days, respectively). The distribution of elements on the 
surface of the intact scaffold and the elemental composition throughout 
different incubation periods (3 days and 7 days in medium) were shown 
by standardless EDX analysis and are presented in Fig. 3, d. The results 
for each time point are shown in Fig. S2. As for the stiffness analysis, 
owing to the high intragranular porosity, circular cross-section of the 
scaffold struts, and peculiarities of the nanoindentation process, a wide 
range of effective Young’s modulus values was determined. The distri
bution of the values obtained by indenting a 10 μm × 10 μm matrix of 
the strut is shown in Fig. 3, e. The values were divided into three distinct 
groups: the majority of the indented points resulted in the average E 
(eff) = 66.46 ± 29.26 MPa, and two other smaller groups reached the 
average of 274.75 ± 114.27 MPa and 1412.5 ± 509.75 MPa. The 
macroscale Young’s modulus obtained in the compression test was 
measured at 11.17 ± 2.90 MPa.

In this section, the structural, compositional, and mechanical prop
erties of the 3D-printed β-TCP scaffold were analysed to determine the 
potential impact of these properties on cell behavior and scaffold per
formance in the in vitro model.

3.2. Scaffold in vitro biological characterisation

The in vitro characterisation of the 3D-printed β-TCP scaffold was 
performed to assess its cytocompatibility with different cell types. This 
evaluation focused on cell adhesion, viability, and metabolic activity, 
providing insights into the scaffold’s ability to serve as an engineered 
environment for the developed model.

The scaffold cytocompatibility assessment showed different trends in 
the metabolic activity of hBMSCs and U2OS spheroids cultivated on 
printed β-TCP scaffolds (Fig. 4, a). Owing to a higher total cell count, on 
the first day of cultivation, hBMSCs demonstrated higher relative fluo
rescent unit (RFU) values than U2OS cell spheroids. This difference was 

Fig. 2. – FTIR-ATR spectroscopy (a) of β-TCP scaffolds before (black line) and after (red line) sintering. XRD analysis (b) of β-TCP scaffolds after sintering. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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maintained on the 3rd day. However, the viability of hBMSCs after 1 
week decreased significantly compared to that at previous time points 
and equalised to that of U2OS cells. In contrast, osteosarcoma cell 

spheroids showed significantly higher metabolic activity on the 7th day 
compared to that on the 1st day of the test.

Calcein AM staining performed on the 7th day of hBMSC culture on 

Fig. 3. – a, b and c: Microstructure of the 3D-printed β-TCP scaffolds defined by SEM (a and b) and μCT (c). Scale bars: 500 μm (a), 10 μm (b) and 1000 μm (c). d: 
Element mapping and standardless EDX analysis of the intact β-TCP scaffold and scaffolds incubated in culture medium for 3 and 7 days; the values are reported as 
relative intensities of the identified peaks normalised to 100 % ± measurement error; scale bars 50 μm. e: distribution of stiffness values obtained for one strut of 
the scaffold.

Fig. 4. – a: Metabolic activity of U2OS cell spheroids and hBMSCs cultivated on printed β-TCP scaffolds. Values are presented as the mean ± SD of the relative 
fluorescent units (RFU), n = 3. Multiple comparisons were performed using two-way ANOVA with Tukey’s correction; ** – significant differences between groups of 
samples, p < 0.01, # – p < 0.0001. b and c: Fluorescent microscopy images of viable hBMSCs cells (b) and U2OS cell spheroids (c) seeded on the 3D-printed β-TCP 
scaffolds. Calcein AM staining; scale bar 200 μm.
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β-TCP scaffolds showed an even spread of the cells throughout the 
sample volume (Fig. 4, b). The hBMSCs cells mostly covered the surface 
of the scaffold and had an elongated shape. U2OS cell spheroids at the 
same time point were arranged in the centre of the scaffold, partly 
covering the scaffold’s surface and partly supported by collagen or 
extracellular matrix (Fig. 4, c).

3.3. Scaffold as a bone-like environment

To evaluate the ability of the 3D-printed β-TCP scaffold to serve as a 
bone-like environment, primary bone marrow-derived mesenchymal 
stem cells (pBMSCs) were cultured on the scaffold for an extended 
period. The study focused on assessing cell metabolic activity, extra
cellular matrix (ECM) synthesis, and potential osteogenic 
differentiation.

3.3.1. Cell metabolic activity, viability and morphology
The metabolic activity of the pBMSCs seeded on the scaffolds was 

maintained after 3 weeks of cultivation (Fig. S3). The viability of the 
cells on the scaffolds was confirmed by fluorescent microscopy obser
vation with Calcein AM staining on the 3rd and the 6th days of culture 
(Fig. 5a and b). In comparison to the earlier time points, cells on the 
images at the later time points were more oriented and elongated. 
Moreover, in the areas between the scaffold structures, neighbouring 
struts, small gaps, or sharp corners, the cells produced a more organised 
and abundant ECM. For SEM imaging, the scaffolds cultured for three 
weeks were cut perpendicular to the z-axis of the printing. Along with 
live observations, dense cell sheets were found to cover the surface of the 
material, and the intergranular space of β-TCP was rich in the newly 
synthesised ECM (Fig. 5, c).

3.3.2. Alkaline phosphatase activity
Increased ALP activity is an early marker of osteogenic differentia

tion. To assess its intracellular levels, pBMSCs cultured on β-TCP scaf
folds were lysed, and the obtained values of ALP activity were 
normalised to the total protein concentration. Compared to the initial 
point (3 d), there was a significant increase in ALP activity on the 10th 
day of culture, with a following slight decrease (Fig. S4).

3.3.3. Transcriptomic analysis
Transcriptomic data analysis was performed on the RNA extracted 

from pBMSCs cultured for 3 weeks on β-TCP scaffolds in regular medium 
(T) to evaluate differential gene expression in comparison with pBMSCs 
cultured for 3 weeks under standard conditions (as a monolayer) in 
regular medium (R) or osteogenic differentiation medium (B). Addi
tional analysis tracked the evolution of the gene profiles during the 
experimental time course (from day 3 to day 21).

3.3.3.1. Highly regulated genes on scaffolds and in osteogenic medium.
Volcano plots comparing the two experimental conditions, T (scaffolds) 
and B (osteogenic medium), were filtered to define subsets of genes 
belonging to specific regions of interest through custom Python scripts 
by applying thresholds of p = 0.01 and log2 fold change of 4 (thick dash- 
dotted lines in the related figures). As a reference, canonical thresholds 
of p = 0.05 and log2 fold change of 2 were marked with the same line 
types but with a finer stroke. The regions of interest defined by the 
thresholds are shaded in grey, and genes falling inside these areas of the 
volcano plots are coloured in accordance with the similarities in up- or 
downregulation between groups, following the colour scheme reported 
in Table S2. As an example, Fig. 6 illustrates the volcano plots and 
colours applied to upregulated genes in both T (scaffolds) and B (oste
ogenic medium) conditions compared to R (regular medium). Inside the 
region of interest, genes markedly and positively co-regulated (logF. 
C.>4 and p < 0.01 on both T and B) are shown in green, whereas genes 
extremely upregulated on T (logF.C.>4 on T and logF.C.<2 on B) are 

shown in red. Similarly, genes exclusively upregulated on B (logF.C.>4 
on B and logF.C.<2 on T) were violet, while genes mildly regulated in 
one condition (logF.C.>4 on T and 2>logF.C.>4 on B) and extremely 
regulated in the other (logF.C.>4 on B and 2>logF.C.>4 on T) were 
coloured in blue or teal. The other subsets of genes are illustrated in 
volcano plots in Figs. S5–S7.

The analysis paid special attention to gene lists that could help 
characterise one experimental condition by highlighting associated 
biological processes or gene ontology terms. The most relevant enriched 
terms from the gene lists enclosing those extremely up- or down- 
regulated for T or B only (equivalent to genes reported in red or violet 
on the volcano plots) are shown in Fig. 7, and the heatmap containing 
the full list of enriched terms is in Fig. S8. The figure reports the largest 
clusters represented by the most significantly enriched terms and related 
p-values; as an example, the term “Naba matrisome associated” 
(ensemble of genes encoding ECM-associated proteins including ECM- 
affiliated proteins, ECM regulators, and secreted factors) is statistically 
relevant and shared across experimental conditions. The genes markedly 
upregulated only in condition T were significantly involved in VEGFA/ 
VEGFR2 signalling and glycolysis, whereas genes found to be extremely 
downregulated in condition T included the regulation of angiogenesis 
and oxidative stress. In condition B, extremely downregulated genes 
were related to tissue morphogenesis, vasculature development, DNA 
transcription, and extracellular matrix organisation. The gene list per
taining to genes that were extremely upregulated for B alone did not 
produce significant pathways or processes that could be included in the 
heatmap.

3.3.3.2. Time course of the fold-change for pBMSCs on the scaffolds. To 
evaluate the evolution of gene expression levels over time, genes dis
playing a statistically significant difference at 3, 7, 14, and 21 days of 
culture of pBMSCs on the scaffolds (T) were collected. Fig. 8 depicts the 
genes whose variations over time were statistically significant (p < 0.01) 
between all recorded time points. This list of genes significantly modi
fied over time was further evaluated through pathway and process 
enrichment analysis following the same procedure applied in 3.3.3.1, 
with p-values calculated based on the cumulative hypergeometric dis
tribution and q-values computed using the Benjamini-Hochberg pro
cedure to account for multiple testing. After clustering the ontology 
terms, the most relevant ones, as representatives of the processes inside 
each cluster, are included in Table 1.

3.3.3.3. Modifications over time from the initial expression patterns. The 
expression levels on days 7, 14, and 21 were taken into account by 
considering the third day of culture as a reference, creating a new subset 
of genes with statistically significant differences (p < 0.05) between 
time points. The analysis identified four patterns of expression: sets of 
genes displaying an increased trend of upregulation compared to the 
initial state (CPS1, EYA2, ADAM19, ATP8B1, PTPRN, LAMA2, NDU
FA4L2, BX322234.1, PAX8-AS1, SORCS2, SLIT2, RNF150), a decreasing 
positive expression (CALB2, OLFML3), a sustained upregulation 
throughout all time points (MT-TT, CHRNA1, SERPINB7, SLC7A4, 
DKK2, ACTG2), or an initial downregulation followed by positive 
modifications (MEOX2, RGS16) (Figs. S9–S12).

The results of the present part of the study demonstrated that the 
β-TCP scaffold supported pBMSCs’ viability and promoted extracellular 
matrix organisation, with transcriptomic analysis highlighting gene 
expression patterns associated with cell adhesion, migration, and 
extracellular matrix remodeling. However, the scaffold did not induce 
strong osteogenic differentiation.

3.4. Scaffold application in 3D in vitro model of osteosarcoma

The developed in vitro model design implies the use of several 
‘building blocks’ that represent key features of the osteosarcoma 
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Fig. 5. – a, b: Live/dead staining of pBMSCs cultured on 3D-printed β-TCP scaffolds for 3 days (a) and for 7 days (b). White arrows indicate regions with more 
elongated, oriented pBMSCs and/or evidence of abundant ECM synthesis. Only the green (“live”, Calcein AM) channel is presented due to the absence of the signal in 
the red (“dead”, Ethidium homodimer-1) channel. Scale bars 2 mm (full-view images) and 500 μm (magnified images). c: SEM images of 21-d pBMSCs-seeded 
scaffolds. The formation of cell sheets covering the scaffold and the filling of the interspace between β-TCP granules (arrows mark the cells, asterisks mark β-TCP 
granules) are demonstrated at magnifications of × 50 (scale bar 500 μm) and × 1000 (framed images, scale bar 10 μm). (For interpretation of the references to colour 
in this figure legend, the reader is referred to the Web version of this article.)
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microenvironment. The ‘tri-culture’ described in this section contains 
the tumour unit represented by co-culture spheroids of osteosarcoma 
cells and hBMSCs; a bone-like environment represented by the 3D- 
printed β-TCP scaffold seeded with pBMSCs; and endothelial cells 
serving as a source of vascularisation. Additionally, to provide the 
resulting system with efficient mass transport and mechanical stimuli 
driven by fluid flow, scaffolds with three cellular components were 
placed in the chambers of the perfusion bioreactor. Here, we charac
terise the assembled tri-culture through evaluating cell activity, ion 
release and gene expression, as well as studying in detail the potential of 
the scaffolds to be vascularised. Finally, we apply the developed model 
for a cytotoxicity assay.

3.4.1. Tri-culture on the 3D-printed β-TCP scaffolds
The metabolic activity of the cells in both tri-culture scaffolds and 

monoculture (only U2OS-MSC spheroids, without pBMSCs and endo
thelial cells) demonstrated an overall positive trend, with the bioreactor 
slightly enhancing cell metabolic activity in the tri-culture scaffolds 
(Fig. 9, b). Regarding fluorescence microscopy observations, it was 
possible to distinguish between osteosarcoma spheroids (Fig. 9, a, red) 
and cells seeded in suspension – pBMSCs and endothelial cells (Fig. 9, a, 
green). The spheroids were compact, and almost no floating cells were 
observed, indicating the integrity of the spheroids. Green-stained cells 
were homogeneously spread throughout the scaffolds and attached to 
their surfaces. Fluorescence imaging after the division of the cell-seeded 
scaffolds into static (cultivated under standard conditions) and dynamic 
(cultivated in a perfusion bioreactor) groups did not reveal any visible 
differences between these conditions (Fig. 9, c). In both conditions, the 
spheroids were found to be securely arranged within the scaffolds, and 
the cells seeded in suspension (pBMSCs and endothelial cells) were 
evenly distributed and presented in comparably similar numbers in 
static and bioreactor cultures. With the help of acetylated LDL-based 
staining, it was also possible to define endothelial cells (Fig. 9, c, 
magnified image) that were found to be distributed as single cells 
throughout the scaffold without network formation.

ICP-OES was performed on the collected culture medium to quantify 
the concentration of the elements of interest (calcium, phosphorus, 
magnesium and potassium) (Fig. 10). Regarding the tri-cultures, no 
significant differences were observed in ion release trends between the 
static and dynamic settings. Potassium was averagely constant (~250 
ppm) throughout the experiment, with a mild decrease at day 13 down 
to ~185 ppm. Calcium and phosphorus were released, showing an 
increasing and approximately linear trend. Calcium ranged from ~70 to 
~110 ppm for both the tri-cultures, and phosphorus from ~44 to ~127 
ppm and from ~73 to ~107 ppm, respectively, for the static and dy
namic settings. Magnesium content (~19 ppm) was stable up to day 7, 
when the beginning of a linear increase was observed until day 14, 
leading to a concentration of ~79 ppm. As for the spheroids, the overall 
amount of released ions was lower than those characterising the static 
and dynamic tri-cultures, with potassium being mildly released (from 
~240 to ~320 ppm), and the other ions maintained an approximately 
constant and low concentration in the medium, always below 100 ppm.

In the analysis of the total gene expression in the tri-culture on β-TCP 
compared to the spheroids on β-TCP, it was observed that VEGF was 
slightly upregulated (Fig. 11, ‘Tri-culture vs Spheroids’). It was also 
noted that VEGF expression was higher in the tri-culture models 

Fig. 6. – Volcano plots of upregulated genes in cells cultured on both scaffolds (T) and osteogenic medium (B) versus regular medium (R). Gene names followed the 
colour scheme shown in Table S2. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

Fig. 7. – Enrichment heatmap of the most relevant clusters summarising the 
gene ontology terms during pathway and process enrichment analysis. Clusters 
were reported through the most significant term for identifying the labels. ‘T’ – 
cells cultured on the β-TCP scaffolds, ‘B’ – cells cultured in the osteo
genic medium.
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incubated in a perfusion bioreactor (dynamic) than in those incubated in 
standard (static) conditions (Fig. 11, ‘Dynamic vs Static’). The difference 
in gene expression between spheroids and tri-culture was highlighted, 
especially in the case of the KDR gene (2− ddCT around 5000), because 
KDR is specific for endothelial cells, which were not present in the 
spheroid models (Fig. 11, ‘Tri-culture vs Spheroids’). In addition, KDR 
was upregulated in static tri-culture compared to dynamic tri-culture. 
TP53 was upregulated in tri-culture, with a prevalence of expression 
under dynamic conditions. Finally, RB1 was also upregulated, with 
prevalence in the static tri-culture.

3.4.2. Scaffold vascularisation assay
The ability of the β-TCP scaffold to support vascularisation was 

assessed through an endothelial cell migration assay. This approach 

aimed to differentiate the effects of β-TCP scaffold chemistry from po
tential limitations related to scaffold volume and nutrient transport, 
providing insights into endothelial cell behaviour within the model.

3.4.2.1. β-TCP scaffold milling and spheroid formation. SEM analysis of 
the milled scaffolds revealed that milling did not cause breakage of the 
β-TCP granules and that their structure was maintained (Fig. S13, a). OS 
cell spheroids were formed in AggreWell™ 400 plates within 24 h of 
culturing. However, to ensure their stability, spheroids were harvested 
and used only after 48 h of culture. Throughout the patterning optimi
sation, the largest spheroids (⌀ 200 μm, formed out of 500 MGreen63 
cells each) were chosen for the following applications. Their formation 
(in triplicates) is shown in Fig. S13, b. An example of the final cell 
migration assay set-up with the patterned particles of the milled β-TCP 
scaffold is shown in Fig. 12, a.

3.4.2.2. Image analysis. Fluorescence microscopy demonstrated the 
maintenance of the ring-shaped arrangement of the osteosarcoma 
spheroids in the chamber along with their gradual aggregation, which 
was more pronounced in the absence of β-TCP particles (Fig. 12, b, ‘OS’ 
and ‘OS + β-TCP’). It was also observed that the patterned particles 
maintained the ring-shaped spatial arrangement, indifferent to the 
presence of the OS spheroids (Fig. 12, b, ‘OS + β-TCP’ and ‘β-TCP’). As 
for endothelial cells, the most visible network formation was observed 
for the sample containing only spheroids (Fig. 12, b, ‘OS’ at 5 days). The 
least pronounced network development and proliferation of endothelial 
cells were observed in the sample containing only β-TCP particles 
(Fig. 12, ‘β-TCP’ at 5 days). Colocalization analysis performed via radial 
profile assay revealed no significant evolution of the HUVECs network in 
proximity to the patterned components (Fig. 12, c). Immunofluorescent 
staining with the tight junction protein PECAM-1 (CD31) with subse
quent quantification of its fluorescence intensity (FI) relative to the 
overall fluorescence of HUVECs (RFP) demonstrated lower FI for the 
group containing osteosarcoma spheroids and scaffold particles in 
comparison to the group containing only osteosarcoma spheroids 
(Fig. 12, d).

In this section, a tri-culture consisting of osteosarcoma spheroids, 
pBMSCs and endothelial cells was assembled on the scaffolds and 
characterised in comparison to monoculture (only spheroids) on the 
scaffolds by means of cell metabolic activity, cell viability, gene 

Fig. 8. – Genes significantly modified during the time course of the experiments (p < 0.01).

Table 1 
– Enriched terms of genes showing significant differences over time.

GO Category Description

R-HSA- 
1474244

Reactome Gene Sets extracellular matrix organization

hsa04820 KEGG Pathway cytoskeleton in muscle cells
GO:0001666 GO Biological 

Processes
response to hypoxia

R-HSA-216083 Reactome Gene Sets integrin cell surface interactions
GO:0007162 GO Biological 

Processes
negative regulation of cell adhesion

GO:0031099 GO Biological 
Processes

regeneration

GO:0034330 GO Biological 
Processes

cell junction organization

GO:0030335 GO Biological 
Processes

positive regulation of cell migration

WP185 WikiPathways integrin-mediated cell adhesion
GO:0090596 GO Biological 

Processes
sensory organ morphogenesis

WP5434 WikiPathways cancer pathways
GO:0015748 GO Biological 

Processes
organophosphate ester transport

WP3594 WikiPathways circadian rhythm genes
GO:0044242 GO Biological 

Processes
cellular lipid catabolic process

GO:0031349 GO Biological 
Processes

positive regulation of defence 
response
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expression analysis and ion release, with overall evidence of a positive 
contribution of tri-culture and dynamic culture conditions on the 
physiological relevance of osteosarcoma model. Endothelial cells did not 
form capillary-like networks, despite elevated expression of character
istic genes. Shown further in the migration assay, endothelial cell 
network formation was impaired in the presence of β-TCP particles, 
suggesting a potential inhibitory effect of the scaffold’s chemical 
composition.

3.4.3. Application of the tri-culture model in a cytotoxicity test
Doxorubicin (DOX) was chosen for a preliminary assessment of the 

tri-culture model suitability for anticancer drug cytotoxicity applica
tions. DOX, also known as adriamycin, is frequently used for the post
surgical or presurgical treatment of osteosarcoma patients in the context 
of a chemotherapy course known as MAPi, a combination of metho
trexate, adriamycin, cisplatin, and ifosfamide [2].

Owing to the autofluorescence of DOX, it was possible to track its 
accumulation in the compared groups of samples: osteosarcoma spher
oids on the scaffolds and tri-culture on the scaffolds. As shown in Fig. 13, 
a, there was a difference in the DOX accumulation: while in the 
‘Spheroids’ group, osteosarcoma spheroids were highly fluorescent with 

DOX, it did not seem to accumulate the drug while in the tri-culture. A 
semi-quantitative analysis of the DOX accumulation was performed on 
the images. Surface plots based on the fluorescence intensity demon
strated the localisation of the fluorescent signal – concentrated in the 
specific area in the case of the ‘Spheroids’ group and scattered in the case 
of the ‘Tri-culture’ group (Fig. 13, b). The images were further converted 
to binary, and particles were counted in triplicate, corresponding to 
highly fluorescent cells – 149 ± 58 counts for monoculture and 29 ± 12 
counts for tri-culture (here reported with SD).

Additionally, similar to 3.4.1, the release of calcium, phosphorus, 
magnesium and potassium ions was characterised for the samples 
exposed to DOX, and no significant difference was observed compared to 
the control samples not exposed to DOX (Fig. S14).

4. Discussion

Despite advances in cancer research, osteosarcoma therapy has seen 
little progress in recent decades. This stagnation highlights the need for 
innovative preclinical models that, on one hand, align with the 3R 
principle and solve the lack of translatability of in vivo models, and, on 
the other hand, better replicate the tumor microenvironment compared 

Fig. 9. – Fluorescent microscopy (a, c) and metabolic activity (b) of co-cultured U2OS-MSC spheroids and tri-culture (spheroids + pBMSCs + endothelial cells) on 
β-TCP scaffolds. Panels a and c: co-cultured U2OS-MSC spheroids are stained with a cell tracker and are visible in red; pBMSCs and endothelial cells are stained with 
Calcein AM and are visible in green; scale bars 2.5 mm. On the magnified image, endothelial cells were additionally stained with acetylated LDL and are visible in 
magenta (marked with arrows). The cell-produced collagen is slightly visible as semi-transparent fibres stretched between the scaffold structures (marked with a 
star). Scale bar 650 μm. Panel b: Values are presented as the average RFU ± SD. (For interpretation of the references to colour in this figure legend, the reader is 
referred to the Web version of this article.)

K. Menshikh et al.                                                                                                                                                                                                                              Materials Today Bio 32 (2025) 101766 

12 



to conventional 2D models. 3D in vitro models present a promising 
avenue for improving drug testing and understanding osteosarcoma 
biology. Existing approaches include scaffold-free spheroid cultures 
[25–27] (including co-culture spheroids made from different cell types 
[28–30]); scaffold-based approaches [31–34], organoid-based, micro
fluidic and bioreactor systems [35–37], to name a few, each with 
strengths and limitations in mimicking key components of the osteo
sarcoma microenvironment in vivo. In our study, we attempted to build a 
step-by-step in vitro model by combining a bone-like environment 

(3D-printed β-TCP scaffold seeded with primary bone marrow-derived 
MSCs), a tumour-like unit (osteosarcoma cell spheroid), a source of 
vascularisation (endothelial cells), and physiological stimuli (perfusion 
bioreactor).

The main focus of the present study was to investigate the potential 
of the 3D-printed β-TCP scaffold to mimic bone tissue in the context of 
the developed preclinical platform. Trabecular bone exhibits 30 %–95 % 
porosity, with pore sizes ranging from 200 to 1000 μm [38]. This 
porosity facilitates nutrient transport, waste removal, and 

Fig. 10. – ICP-OES of medium collected from U2OS-MSC spheroids (‘Spheroids’) and tri-culture (spheroids + pBMSCs + endothelial cells, ‘Tri-culture’) cultured on 
β-TCP scaffolds in standard conditions (‘Static’) or bioreactor (‘Dynamic’). Day ‘-1’ corresponds to the culture medium as it is; day ‘0’ – to the medium in which the 
scaffold was pre-incubated without cells for 24 h; day ‘N’ (with N ranging from 1 to 14 days of culture) – to the medium where cells were cultivated for N day on the 
scaffold. The values are presented as the average of three replicates, and the bars represent the SD.

Fig. 11. – Normalised gene expression in tri-cultures on β-TCP scaffolds in relation to osteosarcoma spheroids on β-TCP scaffolds (left) and dynamic tri-cultures in 
relation to static tri-cultures (right). ACTB was used as the housekeeping gene. The data are presented as the 2− ddCt for each sample and their means.
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Fig. 12. – a: Resulting pattern of β-TCP particles in fibrin. b: Overview of the three conditions (patterned spheroids, ‘OS’, patterned particles, ‘β-TCP’, and spheroids 
and particles patterned together, ‘OS + β-TCP’) on days 0 and 5. Transmitted light (‘β-TCP’ at day 0) and fluorescence microscopy; scale bar: 1 mm. c: Radial profile 
analysis of three conditions at the final point of the experiment (5 days). d: Immunofluorescence microscopy with CD31 (PECAM-1) relative fluorescence intensity 
reported for groups ‘OS’ OS ‘OS + β-TCP’; HUVECs are visible in red, and expressed CD31 is visible in green. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the Web version of this article.)
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vascularisation, with pores larger than 100 μm promoting bone 
ingrowth and 200–600 μm being ideal for angiogenesis and osteogenesis 
[39]. In turn, roughness and nano-/microscale features of biomaterials 
are known to influence protein adsorption, integrin-mediated signalling, 
cell adhesion, ECM protein deposition, and subsequent osteogenic dif
ferentiation [40]. Hence, from a structural point of view, by demon
strating the presence of interconnected macropores in the scaffold, and a 
porosity in line with the physiological porosity of human bone [38], as 
well as microstructures forming convex and concave roughness features 
of the surface, and even the distribution of the key chemical elements 
over them, we forecasted – and confirmed in the following in vitro assays 
– that such features would be beneficial for subsequent cell culture 

studies by facilitating cell attachment, spreading, and integration into 
the scaffold structure. Furthermore, the results of FTIR-ATR and XRD 
analyses allowed us to conclude that the chemical composition and 
crystalline structure of β-TCP were preserved throughout scaffold 
manufacturing. Indeed, FTIR-ATR spectroscopy (Fig. 2) clearly shows 
the typical vibrations of β-TCP, post-sintering. All bands assigned to the 
pl30 matrix, seen before sintering, fully disappear after sintering, con
firming the full decomposition and evaporation of the matrix. It should 
also be mentioned that, visually, the scaffolds post-sintering appear 
white in color, indicating that no carbon remains after burning of the 
pl30 matrix.

It is worth noting that along with the microstructural and chemical 

Fig. 13. – a: Fluorescent microscopy of co-culture U2OS-MSC spheroids (‘Spheroids’) and tri-culture (‘Tri-culture’) on β-TCP scaffolds exposed to DOX. Co-cultured 
U2OS-MSC spheroids are visible in green; pBMSCs and endothelial cells are visible in olive green. DOX accumulation is visible in magenta in the magnified image. 
Scale bar 650 μm. b: surface plots demonstrating localisation of DOX fluorescence in ‘Spheroids’ and ‘Tri-culture’ samples. Fluorescence intensity is represented by 
grey values (z-axis), while the x-y plane reflects the area of the analysed image. (For interpretation of the references to colour in this figure legend, the reader is 
referred to the Web version of this article.)
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properties of the scaffold, its stiffness plays an important role in the cell 
fate [41]. The molecular signalling of cells, as well as their migration 
and differentiation, may be altered by the stiffness of the surrounding 
matrix owing to mechanotransduction mechanisms that transform me
chanical stimuli into biochemical cues [42,43]. In the context of oste
osarcoma, the cellular-scale stiffness of the surrounding ECM plays a key 
role for both normal bone tissue-residing cells and cancer cells. Matrix 
stiffness directly affects attachment and differentiation of MSCs [44,45], 
as well as growth and invasiveness of cancer cells [46–48]. It was 
demonstrated in a series of in vitro models of osteosarcoma that the 
relatively high stiffness of the used substrate impacts cancer cells’ ac
tivity, biomarker expression, and invasiveness [32–34,49–51]. Thus, in 
osteosarcoma modelling, a scaffold serving as a microenvironment for 
the bioengineered tumour unit is expected to exhibit stiffness higher 
than that of the tumour unit itself. Although it was difficult to accurately 
define the β-TCP scaffold stiffness by the nanoindentation method due to 
the scaffold’s highly porous structure, it was demonstrated that the 
values lie in the range of MPa (66.46 ± 29.26 MPa, Fig. 3, e). The 
compression test showed Young’s modulus values in the same order as 
those measured via nanoindentation (11.17 ± 2.90 MPa). The demon
strated values are lower than the typical parameters of bone tissue in vivo 
[52–55] and of the values reported earlier for TCP-based materials [56,
57]; however, they are sufficient to make the scaffold stiffer than the cell 
spheroids [36,37] by an order of magnitude on both micro- and mac
roscales, which fulfils the purpose of the current study.

We further evaluated the suitability of the scaffold for in vitro ap
plications using a cytocompatibility assay via direct contact with cells. 
Considering the future perspectives of scaffold usage, that is, employing 
them as a bone-like matrix for the osteosarcoma model, two cell lines 
were chosen for the preliminary studies: human osteosarcoma (U2OS) 
and human bone marrow-derived mesenchymal stem cells (hBMSCs). 
The decrease in the metabolic activity of hBMSCs on the scaffolds was 
related to inefficient mass transport in the conditions of standard (static) 
culture with a limited culture medium volume (Fig. 4, a). Considering 
that the number of hBMSCs seeded in suspension drastically exceeded 
the number of U2OS cells used for spheroid generation, it was expected 
that the cells would become less metabolically active over time. More
over, the decrease in hBMSCs’ metabolic activity could be a result of 
their minor osteogenic stimulation by the β-TCP scaffold, as will be 
discussed below. In contrast, in the case of spheroids, the surrounding 
scaffold could serve as a support for further growth and proliferation, 
and, again, due to the comparably lower number of cells, the volume of 
the culture medium seemed to be sufficient to explain the gradual in
crease in spheroid metabolic activity. Fluorescence microscopy imaging 
(Fig. 4, b) revealed hBMSCs attachment, elongated morphology, and 
homogeneous spread within the scaffold, which was important in the 
context of the engineered bone tissue and correlated with our earlier 
predictions based on information about the scaffold’s structural anal
ysis. Next, when discussing the tumour unit (which is represented by the 
cell spheroid in the developed model), we are seeking the maintenance 
of the cell spheroid within the scaffold along with its integration into the 
surrounding environment. It was observed that after 7 days of culture, 
osteosarcoma spheroids remained aggregated, but at the same time 
attached to the scaffold surface (Fig. 4, c).

To obtain a deeper understanding of the MSCs’ behaviour inside the 
bone-mimicking scaffolds, we seeded primary MSCs for a prolonged 
period of culture. At this stage, we observed a positive trend in the 
metabolic activity of cells (in contrast to the previously demonstrated 
decrease in the activity of immortalised MSCs) on the scaffolds (Fig. S3). 
We also confirmed the need for an optimisation step, that is, preparatory 
immersion of the scaffolds in a serum-rich medium. This step might have 
prevented excessive adsorption of the proteins from the culture medium, 
which could lead to a lack of nutrients and cell starvation. Based on 
visual observations via fluorescence and scanning electron microscopy 
(Fig. 5), we determined the intensive synthesis of ECM by pBMSCs, 
indicating pronounced cell metabolic activity. Calcium phosphates are 

known for their potential to trigger MSC differentiation along the oste
oblastic lineage [6]. Therefore, we evaluated the activity of alkaline 
phosphatase (ALP), an early marker of osteogenic differentiation, in 
pBMSCs on the β-TCP scaffold. Indeed, with the overall increase in ALP 
activity, among the points analysed, we observed the peak at the earliest 
point, which might indicate the start of osteogenic differentiation 
(Fig. S4).

We further analysed the processes activated in pBMSCs during their 
culture on the β-TCP scaffolds. By comparing the RNA-Seq data of 
pBMSCs on the scaffolds with pBMSCs cultured in an osteogenic medium 
in relation to cells in a regular medium, we sought similarities in terms 
of osteogenic differentiation (Figs. 6 and 7). Interestingly, the scaffolds 
did not seem to directly promote cell differentiation along the osteo
blastic lineage, and functional analysis of genes commonly upregulated 
or downregulated in the compared groups revealed only pathways 
involved in calcium ion homeostasis. The other highly activated path
ways were not relevant to the desired differentiation processes (for 
instance, cues involving VEGF and VEGFR signalling) but were still 
important for understanding cell behaviour in the assembly of the tri- 
culture model (for example, the pathways related to angiogenesis 
were downregulated in the pBMSCs on the β-TCP scaffolds in compari
son to cells in regular media). Nevertheless, the analysis of gene 
expression as a function of time, which was performed by analysing RNA 
extracted from several points in the experiment, demonstrated a strong 
involvement of cell migration and adhesion regulation, integrin cell 
surface interaction, and ECM organisation processes that correlated with 
the visual observations of the pBMSC-seeded scaffolds (Fig. 8). In 
addition, we observed that genes activated throughout the experiment 
were upregulated, downregulated, or sustained during the 3-week 
cultivation of pBMSCs on the scaffolds (Figs. S9–S12). Among the 
genes with increasing expression patterns over time, the genes of in
terest included ADAM19, LAMA2, NDUFA4L2, and SLIT2. ADAM19- 
encoded proteins are involved in various cellular processes, such as 
cell migration and cell-cell and cell-matrix adhesion, may be associated 
with chondrogenesis and were found to be present in osteoblasts [58,
59]. LAMA2-encoded proteins are involved in cell attachment, migra
tion, and organisation in tissue formation processes, as well as play a 
role in the interaction with ECM, and have been shown to inhibit 
osteogenesis and promote adipogenesis [60]. Thus, the upregulation of 
LAMA2 and, less likely, ADAM19 may serve as additional evidence for 
the lack of osteogenic differentiation of pBMSCs on the scaffolds. In 
contrast, SLIT2 up-regulation may promote osteogenic differentiation 
[61]. In turn, NDUFA4L2 may be of interest in the context of co-culture 
because it has been shown to facilitate the EMT of osteosarcoma cells 
[62]. Additionally, there were genes with increasing expression patterns 
that were markedly downregulated at the beginning of the experiment 
(day 7). Among them, we focused on MEOX2 and RGS16. MEOX2 is 
thought to be involved in the inhibition of bone formation [63], whereas 
RGS16 is expressed in osteoblasts and osteoprogenitor cells [64]. Among 
the genes with decreasing behaviour, our interest was drawn to CALB2 
and OLFML3. CALB2 encodes calbindin 2, an intracellular 
calcium-binding protein that buffers the rise of Ca2+ intercellular levels 
[65] but also plays a role in neuroprotection in MSCs [66], while the 
OLFML3-encoded scaffold protein may be involved in recruiting bone 
morphogenic protein-1 and may promote endothelial cell proliferation 
and migration [67]. Downregulation of the latter may be an obstacle in 
the engineering of vascularised tissues. Among the genes that showed 
sustained over-expression at all time points, we focused on DKK2, which 
is involved in the terminal stages of osteoblast differentiation [68]. 
Overall, these results indicate a very mild direct activation of osteogenic 
differentiation along with pronounced ECM synthesis and tissue for
mation, as well as providing hints for consideration in co-culture 
assembly.

An intermediate conclusion regarding the positive outcome of the 
developed in vitro model assembly was based on the results of cell 
metabolic activity and cell viability (Fig. 9). Both spheroid 
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‘monoculture’ on the scaffolds and tri-culture (spheroids on the scaffolds 
seeded with pBMSCs and endothelial cells) demonstrated a positive 
trend in metabolic activity with a slight indication of the beneficial 
impact of dynamic conditions achieved by perfusion bioreactor (Quasi 
Vivo® system). However, along with the satisfactory morphology of 
both co-cultured osteosarcoma spheroids and pBMSCs, endothelial cells 
did not proliferate or form a capillary-like network. Endothelial cell 
network formation in 3D in vitro models is frequently stimulated by the 
addition of either matrix components, such as fibronectin, or growth 
factors, such as vascular endothelial growth factor (VEGF), and these 
measures might facilitate the formation of the network in the present 
model [69,70]. Although VEGF expression was demonstrated in the 
RT-qPCR analysis (Fig. 11) and was elevated in the tri-culture on the 
scaffold in comparison to the spheroids on the scaffold, this might not be 
sufficient to trigger the growth of the vessel-like structure. KDR encodes 
a receptor for VEGF. KDR expression is elevated in endothelial cells 
recruited to sites of VEGF-mediated angiogenesis. Both circulating VEGF 
and KDR are markers of the efficacy of anticancer drugs targeting 
angiogenesis [71]. The overexpression of KDR in the tri-culture pointed 
to the survival and functional state of endothelial cells, even though we 
did not observe their characteristic morphology via microscopic anal
ysis. Interestingly, KDR was upregulated in static tri-culture compared to 
dynamic tri-culture, which might indicate better survival of endothelial 
cells under static conditions, inhibition of their activity in perfusion 
conditions, or both. The tumour suppressor protein p53, a cellular 
tumour antigen, is encoded by TP53. In response to various cellular 
stressors, p53 modulates target gene expression, consequently triggering 
various biological processes, such as cell cycle arrest, apoptosis, senes
cence, DNA repair, and metabolic alterations. Upregulation of TP53 is 
associated in the context of osteosarcoma with a decreased 3-year 
disease-free survival as well as a shorter 3-year overall survival [72]. 
TP53 was found to be upregulated in tri-culture, with a prevalence of 
expression in dynamic conditions. Retinoblastoma-associated protein 
(RB1 gene) is a tumour suppressor and a major modulator of the G1/S 
phase of the cell cycle. Owing to its role, RB1 is anticipated to be either 
downregulated or mutated in a broad range of malignancies, including 
osteosarcoma. Additionally, RB1 is a possible indicator of osteosarcoma 
metastasis [73]. RB1 was also upregulated, with a prevalence in static 
tri-culture. Considering the above-listed evidence of the correlation of 
marker expression with the invasiveness of the tumour, it appears that 
tri-culture is beneficial for approximating the tumour-like behaviour of 
osteosarcoma spheroids, at least, judging from VEGF, KDR, and TP53 
expression. It is not clear whether the upregulation of RB1 should be 
considered as a “negative” characteristic of the developed model, and 
further investigation should be performed.

In the ICP-OES analysis of tri-culture scaffolds, no significant dif
ferences were noted in ion release between static and dynamic condi
tions (Fig. 10). However, distinct differences were observed when 
comparing these tri-culture scaffolds to monoculture scaffolds contain
ing only spheroids. In monoculture, calcium and phosphorus levels 
remained constant, whereas in tri-culture, their concentrations showed a 
mild increase over time under both static and dynamic conditions. This 
trend is consistent with scaffold degradation occurring progressively in 
an aqueous environment, which releases calcium and phosphorus, the 
primary components of the TCP network [74]. The inclusion of addi
tional cell types in the tri-culture may have elevated the local pH due to 
active cell metabolism, potentially accelerating β-TCP scaffold degra
dation and dissolution compared to that seen in spheroid-only cultures. 
Potassium levels in the tri-culture did not significantly change over time, 
likely because the culture medium was the sole source of this ion. 
Regular metabolic activity of the cells appeared to maintain these levels, 
with minor fluctuations possibly indicating cellular adaptation to the 
scaffold. This behaviour supports the biomimicry of the engineered 
model, where cellular responses mirror those seen in vivo. In contrast, 
potassium levels in the spheroid monoculture increased by the end of the 
experiment. Since potassium efflux is linked to apoptosis, this may 

suggest that spheroids experienced cellular stress under monoculture 
conditions [75]. Another possible explanation relates to the Warburg 
effect, a feature of cancer cell metabolism. The high metabolic activity 
characteristic of this effect can significantly alter intracellular ion bal
ance, prompting potassium efflux to restore stability. Additionally, the 
buildup of glycolytic intermediates and lactate can disrupt osmotic 
equilibrium, leading to potassium efflux as a cell volume regulatory 
response [76]. Magnesium concentration stayed consistently low in 
spheroid-only cultures. Notably, in the tri-culture, magnesium levels, 
which remained stable until day 7, began to increase linearly after the 
spheroids and endothelial cells were added. Magnesium homeostasis is 
critical for various metabolic processes and ion exchange, yet the 
mechanisms underlying its efflux under different culture conditions 
remain poorly understood [77,78]. The observed magnesium release in 
the tri-culture compared to its stability in monoculture most likely re
flects a more active degradation of medium components due to overall 
higher cell metabolic activity and more complex cellular interactions. 
However, a comprehensive analysis of ion exchange dynamics and 
cellular signalling pathways is required to fully explain these 
differences.

Next, we aimed to determine the possible inhibition of endothelial 
network formation by the chemical composition of the scaffold, 
uncoupling it with the factor of the scaffold volume that could poten
tially limit the transport of nutrients and oxygen, thereby impairing the 
functionality of endothelial cells [79,80]. For this, we performed an 
endothelial cell migration assay by tracking the location of the cells 
relative to ring-patterned osteosarcoma spheroids, β-TCP particles, or 
both. We discovered that there might be an inhibiting effect from the 
side of the β-TCP, judging from the overall poorer cell network forma
tion and lower expression of tight junction protein PECAM-1 (CD31) in 
the endothelial cells compared to the sample containing osteosarcoma 
spheroids only (Fig. 12). Moreover, based on the results of RNA-Seq 
analysis performed on pBMSCs cultured on the scaffold, the overall in
hibition of vascularisation may occur indirectly via signalling between 
endothelial cells and pBMSCs. We observed that angiogenesis-related 
pathways were downregulated in pBMSCs cultured on the scaffolds 
compared to pBMSCs cultured under regular conditions. Moreover, in a 
3-week course of gene expression evolution, we defined downregulated 
OLFML3 as encoding a protein which is thought to enhance the activity 
of endothelial cells and angiogenesis [81].

Finally, we applied the developed in vitro model as an advanced 
preclinical investigation platform to assess the toxicity of the widely 
used anticancer drug doxorubicin (DOX). By tracking the fluorescence 
signal of the accumulated drug, we observed high fluorescence intensity 
of the osteosarcoma spheroids cultured on the scaffolds in the absence of 
pBMSCs and endothelial cells, indicating pronounced accumulation of 
the drug in the spheroids (Fig. 13, a and b, upper panels). In contrast, 
when analysing the accumulation of DOX in the tri-culture scaffolds, 
only a background fluorescent signal was observed and no signal coming 
from the osteosarcoma spheroids, indicating that there was little or no 
DOX accumulated in the spheroids when cultured as a part of the tri- 
culture (Fig. 13, a and b, lower panels). The native tumour microenvi
ronment is shaped by orchestrating multiple cell types. For instance, 
endothelial cells contribute to vascularisation and transport of nutrients 
and drugs, whereas MSCs often play a supportive role in influencing 
tumour progression and drug resistance [36]. By including these cell 
types in the tri-culture, we aimed to replicate aspects of the tumour 
microenvironment that affect drug penetration and distribution within 
tumours. The reduced accumulation of DOX in the tri-culture could 
indicate that the model better approximated the barriers present in vivo, 
such as the extracellular matrix or cellular uptake competition [82]. 
Osteosarcoma spheroids in monoculture are isolated and lack physio
logical barriers, allowing DOX to penetrate and accumulate relatively 
freely. In contrast, in tri-culture, endothelial cells and pBMSCs may 
create additional layers, higher affinity or secretions that reduce drug 
penetration into the spheroids [83]. Even though we did not develop a 
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vascular-like barrier by endothelial cells, we observed that pBMSCs 
secreted extracellular matrix, as shown in microscopy observations 
(Fig. 5) and transcriptomic analysis (Fig. 7), thus influencing drug dis
tribution. Similar contribution of MSC-synthesised ECM to the sensi
tivity of the osteosarcoma spheroids to DOX was demonstrated earlier by 
Cortini et al. in a spheroid-based co-culture model [84]. In vivo, che
motherapeutics, such as DOX, often exhibit uneven distribution due to 
limited penetration into solid tumours, vascular barriers, and drug 
sequestration by surrounding stromal cells [85,86]. The observation that 
spheroids in the tri-culture model failed to accumulate as much DOX as 
monoculture spheroids suggests that the tri-culture may better reflect 
these complex distribution dynamics, compared to the overly simplistic 
diffusion observed in monoculture spheroids. Therefore, these results 
point to the assumption that the tri-culture consisting of spheroids, 
pBMSCs and endothelial cells cultured on the 3D-printed β-TCP scaffolds 
is a more physiological-like representation of osteosarcoma compared to 
the ‘monoculture’ spheroids on the scaffolds, allowing for a more rele
vant and accurate preclinical screening of new therapeutic agents.

In summary, we demonstrated the feasibility of using a 3D-printed 
β-TCP scaffold to create a physiologically relevant in vitro osteosar
coma model. The scaffold effectively mimicked key aspects of the bone 
microenvironment, supporting pBMSCs attachment, ECM deposition, 
integration with osteosarcoma spheroids, and, ultimately, contributing 
to a realistic distribution of DOX. However, several limitations should be 
acknowledged. First, β-TCP exhibited an inhibitory effect on endothelial 
cell activity, as observed in two different endothelial cell lines used in 
the study (TIME-GFP and HUVEC), highlighting a potential challenge in 
vascularisation. Additionally, although two osteosarcoma cell lines were 
used (U2OS and MG63), introducing other lines to the model, such as the 
commercial SaOS-2 or patient-derived cells, could improve its trans
lational relevance. This aspect represents both a shortcoming and a 
strength, as the developed scaffold-based system is flexible, allowing 
various cell types to be incorporated based on specific research needs. 
Lastly, a balance must be maintained between increasing model 
complexity to enhance physiological relevance and avoiding excessive 
variability, which could hinder reproducibility and data interpretation. 
Finding the right balance remains critical for advancing in vitro osteo
sarcoma modelling.

5. Conclusion

This study validated the use of 3D-printed β-TCP scaffolds as a bone- 
mimicking environment in an engineered osteosarcoma model. The 
physicochemical and biological properties of the scaffolds were found to 
be optimal for compatibility with pBMSCs, osteosarcoma spheroids, and 
endothelial cells, demonstrating the successful integration of these 
components into a tri-culture system. Transcriptomic analysis revealed 
key gene expression patterns linked to ECM organisation and cell 
adhesion, confirming the role of the scaffold in shaping the cellular 
microenvironment. The tri-culture model exhibited enhanced metabolic 
activity under perfusion conditions and altered drug accumulation, 
thereby emphasising its physiological relevance. Despite the need for 
further optimisation, particularly in promoting endothelial network 
formation, this study highlights the potential of β-TCP scaffolds for 
advanced in vitro tumour modelling.
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An osteosarcoma model by 3D printed polyurethane scaffold and in vitro generated 
bone extracellular matrix, Cancers (Basel) 14 (2022), https://doi.org/10.3390/ 
cancers14082003.
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