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Abstract 

To date, anticancer therapies with evidenced efficacy in preclinical models fail during 

clinical trials. The shortage of robust drug screening platforms that accurately predict 

patient’s response underlie these misleading results. To provide a reliable platform for 

tumor drug discovery, we herein propose a relevant humanized 3D osteosarcoma (OS) 
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model exploring the potential of methacryloyl platelet lysates (PLMA)-based hydrogels 

to sustain spheroid growth and invasion. The architecture and synergistic cell-

microenvironment interaction of an invading tumor was recapitulated encapsulating 

spheroids in PLMA hydrogels, alone or co-cultured with osteoblasts and mesenchymal 

stem cells. The stem cells alignment toward OS spheroid suggested that tumor cells 

chemotactically attracted the surrounding stromal cells, which supported tumor growth 

and invasion into the hydrogels. The exposure of established models to doxorubicin 

revealed an improved drug resistance of PLMA-based models, comparing with scaffold-

free spheroids. The proposed OS models highlighted the feasibility of PLMA hydrogels 

to support tumor invasion and recapitulate tumor-stromal cell crosstalk, demonstrating 

the potential this 3D platform for complex tumor modelling. 

Statement of Significance 

Cell invasion mechanisms involved in tumor progression have been recapitulated in the 

field of 3D in vitro modeling, leveraging the great advance in biomimetic materials. In 

line with the growing interest in human-derived biomaterials, the aim of this study is to 

explore for the first time the potential of methacryloyl platelet lysates (PLMA)-based 

hydrogels to develop a humanized 3D osteosarcoma model to assess tumor invasiveness 

and drug sensitivity.  By co-culturing tumor spheroids with human osteoblasts and 

human mesenchymal stem cells, this study demonstrated the importance of the 

synergistic tumor cell-microenvironment interaction in tumor growth, invasion and drug 

resistance. The established 3D osteosarcoma model highlighted the feasibility of PLMA 

hydrogels as a relevant 3D platform for complex tumor modelling. 

Keywords: 3D in vitro tumor model, osteosarcoma, human platelet lysates, co-culture, 

drug screening 
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1. Introduction 

Osteosarcoma (OS) is the most common primary malignant bone tumor that 

exhibit high prevalence in children and adolescents [1]. This osteogenic sarcoma is a 

highly heterogeneous tumor and mainly arises in regions of faster bone turnover with 

frequent incidence in the distal femur, proximal tibia and proximal humerus [2,3]. 

Despite the advances in oncologic diagnosis and treatment, the poor-prognosis, low 

effectiveness of the available therapies, high rate of recurrence, micrometastasis 

development (typically pulmonary), and chemoresistance are the major reasons that 

hamper better clinical outcomes [4,5]. Even though several potential drug candidates 

have been identified, standard chemotherapy regimen and patient outcome is stagnated 

since late 1970s [6,7]. There is a cumulating evidence that the high failure rate of 

oncology drug discovery in clinical trials is associated to the non-predictivity of the 

current preclinical in vitro models [8]. The complexity and dynamism of tumor 

microenvironment in terms of cellular milieu and surrounding extracellular matrix is 

recognized as crucial aspects that in vitro models should recapitulate in order to 

improve OS therapy development [9–11]. 

 Traditionally, cancer biology research and drug discovery rely on two-

dimensional (2D) in vitro cell cultures and in vivo animal models to study tumor 

growth, metastasis and drug response. In 2D models, the lack of native-like cell-cell and 

cell-extracellular matrix (ECM) interactions results in different gene and protein 

expression and cellular behavior [12]. Motivated by these drawbacks, great efforts have 

been made exploring three-dimensional (3D) in vitro cell culture systems to closely 

reproduce the tumor pathophysiology and, by this way, properly identify effective drug 

candidates and predict patient’s response [13,14]. The tridimensionality of these 

systems offers biochemical and mechanical tissue-specific cues that preserve the native 

                  



4 

 

cell morphology and polarization [15]. In this environment, tumor cells can self-

organize into 3D structures, favoring the acquisition of a malignant phenotype 

characterized by invasive processes and drug resistance [16,17]. The surrounding 

cellular microenvironment is also actively involved in tumor cell behavior and 

chemoresistance by juxtacrine or paracrine tumor-stromal cell crosstalk that regulate 

ECM protein and soluble factors secretion [18,19]. In this context, human mesenchymal 

stem cells (hMSCs) have been considered as pivotal players in the ECM remodeling, 

suppression of the immune response, epithelial-to-mesenchymal transition of tumor 

cells and consequent metastasis [20–23]. The recognition of their pro-tumorigenic role 

in tumor growth mechanisms has been prompted their use for cell-mediated therapy 

purposes, including in OS [21,24–26]. 

The tumor microenvironment is further characterized by a phenotypic 

heterogeneity associated with biochemical gradients of oxygen, pH and nutrients [27]. 

The recognition of this distinct phenotype as a key player in tumor drug sensitivity have 

fostered the development of 3D models with closest tumor morphology, named 

multicellular tissue spheroids (MCTS), and stimulating the search for high-throughput 

platforms for screening and validation of new therapies [28]. Indeed, several studies 

have reported that 3D OS models based on spheroids are usually more resistant to 

therapies than their 2D counterparts [29–33].  More recently, the embedding of an OS 

spheroid into an ECM-like matrix, such as a hydrogel, seems to be a promising strategy 

to recreate the early metastatic processes in a more realistic way, once it is provided an 

appropriate scaffold for tumor cells to invade [34,35]. The incorporation of stromal cells 

into that exogenous matrix have been recapitulating the tumor-stromal cells interactions 

responsible for tumor growth suppression or promotion and acquisition of drug 
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resistance mechanisms [36–38]. However, these biomaterials-based approaches for 

osteosarcoma tumor modelling is still very limited.  

Recent advances in 3D in vitro OS models have been boosted by the progress in 

the field of functional and biomimetic materials both of natural or synthetic origin to 

study cell behavior in response to materials’ biochemical and biophysical cues [39,40]. 

Invasion models based on reconstituted basement membrane (rBM) of murine 

Engelbreth-Holm-Swarm (EHS) sarcoma and type I collagen have provided 

fundamental insights in this field [41–43]. However, there is a growing interest in 

human-derived biomaterials, particularly in blood plasma proteins and growth factors, 

to develop humanized 3D in vitro models [44]. Methacryloyl platelet lysates (PLMA) is 

a recently developed biomimetic material of human origin that exhibit highly tunable 

mechanical properties, demonstrating to support human cells proliferation and the 

invasive phenotype of cell spheroids [35,45]. In this context, we herein report the use of 

this ECM-mimicking matrix highly rich in physiologically native proteins to establish a 

3D tri-culture model of osteosarcoma. For that, the culture of tumor spheroids alone or 

in combination with human osteoblasts and human bone-marrow mesenchymal stem 

cells (hBM-MSCs) is expected to create a bone tumor-like microenvironment (Figure 

1). It is anticipated that stromal cells will provide a more realistic environment, 

interacting with invasive tumor cells and improving their resistance to drug treatment. 

Taking OS as a case-of-study, the aim of the presented work is to validate this human-

derived ECM as an innovative 3D platform for the development of complex tumor 

models to understand the influence of tumor-stromal cell crosstalk on tumor mass 

growth, invasion and response to therapeutics. 
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Figure 1. Schematic representation of human methacryloyl platelet lysates (PLMA) 

hydrogels production and scaffold-based 3D in vitro OS models establishment. (I) 

Platelet lysates (PL) derived from human platelet-rich plasma is chemically modified 

with functional moieties that photo-crosslink by ultraviolet (UV) irradiation. (II) This 

human-derived biomaterial is subsequently used to establish 3D OS mono- and co-

culture models. The chemoresistance to doxorubicin treatment is evaluated after a 

culture period in which tumor cells are allowed to invade the PLMA hydrogel and 

synergistically interact with stromal cells. 

 

2. Materials and Methods 

2.1. Synthesis of methacryloyl platelet lysates 

Methacryloyl platelet lysates (PLMA) were synthesized as previously reported, 

using human platelet lysates (STEMCELL Technologies, Canada) [45]. Briefly, PLMA 
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of low-degree of modification (PLMA100) was synthesized through a reaction with 

methacrylic anhydride (94% (MA), Sigma-Aldrich, USA) in a ratio of 100:1 (v/v), at 

room temperature (RT) under constant stirring. Afterwards, PLMA was purified against 

deionized water by dialysis with Float-A-Lyzer G2 Dialysis Device 3.5-5 kDa 

(Spectrum, USA). The PLMA solution was sterilized with a low protein retention 0.2 

µm filter (Sigma-Aldrich), frozen with liquid nitrogen, lyophilized (LyoQuest Plus Eco) 

and stored at 4°C until further use. 

 

2.2. Cell culture 

Human bone-marrow mesenchymal stem cells (hBM-MSCs, American Type 

Culture Collection, ATCC, USA) and MG-63 cell line (European Collection of 

Authenticated Cell Cultures, ECACC, UK) were cultured in Minimum Essential 

Medium Alpha (α-MEM, Thermo Fisher Scientific, USA) supplemented with sodium 

bicarbonate (2.2 g L
-1

, Sigma-Aldrich), 10% (v/v) heat-inactivated fetal bovine serum 

(FBS, Thermo Fisher Scientific) and 1% (v/v) antibiotic/antimycotic (10,000 units mL
-1

 

of penicillin, 10,000 µg mL
-1

 of streptomycin, and 25 µg mL
-1

 of Amphotericin B, 

Thermo Fisher Scientific). Fetal human osteoblasts (FhOB, Cell Applications, Inc., 

USA) were cultured in 1:1 ratio of human Osteoblast Growth Medium (hOGM, Cell 

Applications, Inc., Sigma-Aldrich) with 10% (v/v) heat-inactivated FBS and 1% (v/v) 

antibiotic/antimycotic and Dulbecco’s Modified Eagle’s Medium/Nutrient Mixture F-12 

Ham (DMEM/F-12, Sigma-Aldrich) supplemented with sodium bicarbonate (1.2 g L
-1

), 

bovine serum albumin (BSA, 5 g L
-1

, Sigma-Aldrich), L-ascorbic acid 2-phosphate (5 

mg mL
-1

, Cayman Chemical, USA), 10% (v/v) heat-inactivated FBS and 1% (v/v) 

antibiotic/antimycotic. All cells were cultured in T-flasks, maintained under 5% CO2 
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atmosphere at 37°C (standard cell culture conditions) and passaged at about 80% 

confluence. The medium was replaced every 2 to 3 days. 

 

2.3. Generation of fluorescence protein-expressing cells 

In order to achieve endogenous cell fluorescence, MG-63 and hBM-MSCs were 

stably transduced with lentiviruses expressing red fluorescence protein (CMV-RFP, 

Cellomics Technology, USA) and green fluorescence protein (CMV-GFP, Vigene 

Biosciences, USA), respectively. The cells were transduced at a multiplicity of infection 

(MOI) of 10 and incubated in culture medium for 12h in the presence of polybrene (6 

µg mL
-1

, Sigma-Aldrich). Three days after transduction, fluorescence protein-

expressing cells were selected through a treatment with puromycin (2 µg mL
-1

, 

STEMCELL Technologies, Canada) in culture medium. 

 

2.4. Generation of MG-63 multicellular tumor spheroids 

MG-63 or MG-63-RFP cells were detached with 0.25% trypsin/EDTA (Gibco, 

Thermo Fisher Scientific) and re-suspended in α-MEM culture medium. MG-63 

spheroids were generated in 96-well round-bottom ultra-low attachment plates 

(Corning, Thermo Fisher Scientific, USA) at a density of 12,000 cells in culture 

medium (150 µL). Seeded cells were centrifuged at 500g for 10 minutes and incubated 

for 72 hours at standard cell culture conditions. Generated spheroids were imaged using 

an inverted light microscope (Primostar, Carl Zeiss, Germany) with ZEN Imaging 

software. 

 

2.5. 3D osteosarcoma models establishment 
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2.5.1. Scaffold-free model – Spheroid: MG-63 spheroids formed for 72h were 

maintained in culture for additional 24 days and the culture medium was replaced every 

2 to 3 days. 

2.5.2. Scaffold-based model - Mono-culture: MG-63 generated spheroids were 

randomly chosen for embedding into a PLMA hydrogel precursor solution at 15% (w/v) 

prepared by dissolving lyophilized PLMA in a sterilized solution of 0.5% (w/v) 2-

hydroxy-4’-(2-hydroxyethoxy)-2-methylpropiophenone (Sigma-Aldrich) in phosphate 

buffered saline (PBS), Sigma‐Aldrich, USA). µ-Slide Angiogenesis plates (ibidi,
 

Germany) were used to embed and culture the spheroids into PLMA hydrogel. For 3D 

spheroid embedding, a first layer of PLMA (5 μL) was made by photopolymerization 

using ultraviolet (UV) irradiation (0.095 W cm
−2

, 320-500nm filter, Omnicure-S2000, 

Excelitas Technologies Corp., USA) during 15s, performing a semi-crosslinking. The 

spheroid was placed on the top of the first layer, as much as possible in the center of the 

well, and a second layer (5 µL) was formed at the same conditions, during 60s. Then, α-

MEM was added to each well and the samples were incubated for 24 days at standard 

cell culture conditions. The culture medium was replaced every 2 to 3 days. 

2.5.3. Scaffold-based model - Co-culture: hBM-MSCs and FhOBs until passage 

8 were detached with 0.25% trypsin/EDTA and re-suspended in their culture medium. 

A cell density of 1:3:4 of MG-63:hBM-MSCs:FhOBs was selected for the co-culture 

studies, taking into account the MG-63 cell number aforementioned for spheroid 

generation. The corresponding cell density of stromal cells was re-suspended in PLMA 

hydrogel precursor solution at 15% (w/v) and the hydrogel polymerization, 

incorporating the MG-63 spheroid, was performed as described in the previous 

subsection (“Scaffold-based model - Mono-culture”). hBM-MSCs and FhOBs were 

separately cultured, at similar cell density, to compare their viability with the co-culture 
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setting. In order to monitor stromal cell organization inside the hydrogel, the lentivirus 

transduced cells (MG-63-RFP and hBM-MSC-GFP) were used following the above-

described procedure. Throughout the assays, the co-culture model was cultured in α-

MEM:hOGM:DMEM/F-12 (2:1:1) culture medium at standard conditions. The culture 

medium was replaced every 2 to 3 days. 

 

2.6. Stromal cell orientation angles 

The 3D OS models were monitored overtime via optical contrast microscopy by 

using an upright widefield microscope and under a scanning confocal microscope (LSM 

880 Airyscan, Carl Zeiss, Germany) with ZEN Imaging software, and the acquired 

images were processed using ImageJ software. The spheroid center was estimated, and 

the stromal cells evidently stretched, with a defined orientation, outside the invasive 

area were identified. Cell orientation angle relative to spheroid center was measured 

using the Angle tool, and the cellular alignment data was then graphed as polar 

histograms in MATLAB. The distance from each analyzed stromal cell to spheroid 

center was also measured. 

 

2.7. Doxorubicin diffusivity  

The diffusivity of doxorubicin (DOX) into PLMA hydrogels was assessed using 

µ-slide Chemotaxis plates (ibidi,
 
Germany). PLMA hydrogel was photopolymerized in 

the central channel as previously described and hydrated overnight with cell culture 

medium. A 100 µM DOX solution in cell culture medium was introduced into one of 

the reservoirs and DOX diffusivity was followed by fluorescence imaging in a confocal 

microscope, maintaining laser properties and z-axis coordinates. Fluorescence intensity 
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was measured using the “Plot profile” function of ImageJ software and the data was 

analyzed in GraphPah Prism 7.00 software. 

 

2.8. Doxorubicin dose-response testing 

To determine the IC50-value of the established 3D OS models, a dose-response 

test using DOX was performed. After 14 days in culture, the 3D models were exposed 

to a range of DOX concentrations during 72h, at standard culture conditions. Samples 

cultured without DOX exposure were also included as controls. Serial dilutions of this 

anti-cancer drug were prepared in the appropriate culture medium (α-MEM for mono-

culture models and α-MEM:hOGM:DMEM/F-12 (2:1:1) for co-culture model), in a 

range of 0.05 to 100 µM. After a 3-day drug treatment, the samples were maintained in 

culture for 7 days with fresh culture medium, performing a total of 24 days of culture. 

At day 24, the samples were washed with PBS and incubated in 0.25% trypsin/EDTA 

for 1h, at standard culture conditions, in order to degrade PLMA matrix. Thereafter, an 

equal amount of culture medium was added. The cell metabolic activity was then 

measured incubating the samples with CellTiter 96
®

 AQueous One Solution (Promega, 

USA) for 6h, following manufacturer instructions. The quantification of formazan 

product was performed by measuring the absorbance at 490 nm in a microplate reader 

(Synergy HTX, Biotek, USA). The IC50-values were calculated fitting a non-linear 

regression of variable slope with four parameters of “log(inhibitor) vs. response” using 

the GraphPah Prism 7.00 software, with a confidence interval of 95%, where the 

following equation were used to fit the experimental results (Equation (1)): 

  Bottom+
Top-Bottom

1+10logIC50- *HillSlope
          (1), 
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where Top and Bottom are the plateaus in Y axis, IC50 is the drug concentration that 

gives a response halfway between Bottom and Top, and HillSlope is the steepness of the 

family of curves. 

 

2.9. Cytotoxicity test with doxorubicin 

The effect of DOX treatment in cell viability, morphology, spheroid area and 

cell invasion were assessed by exposing the 3D models to a DOX concentration of 1.1 

μM, which was chosen because it is a doxorubicin concentration corresponding to the 

IC50-value of the scaffold-free spheroid model. As previously described, a 3-day DOX 

treatment after 14 days in culture was performed and the samples were maintained in 

culture with fresh culture medium for 7 days after treatment. Control groups, without 

doxorubicin treatment, were also included. 

2.9.1. Metabolic activity quantification: Cell metabolic activity of control and 

DOX-treated conditions was quantified as described before, using the CellTiter 96
®

 

AQueous One Solution. Briefly, at 24 days of culture, samples were washed with PBS, 

digested with 0.25% trypsin/EDTA for 1h and then incubated with the reagent solution 

for 6h, according to manufacturer instructions. Thereafter, absorbance at 490 nm was 

measured using a microplate reader. 

2.9.2. Cell viability, morphology, and spatial organization: Cell viability of the 

spheroids after 3 days of formation and the 3D OS models at day 14 (before drug 

treatment) and 24 (10 days after drug treatment) was assessed by a fluorescence 

live/dead assay. The samples were incubated in a solution of 1:100 of Calcein AM 

solution (4 mM) in dimethyl sulfoxide (DMSO, Life Technologies, Thermo Fisher 

Scientific) and 1:200 of Propidium Iodide (PI, Thermo Fisher Scientific) in PBS, at 
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standard cell culture conditions for 2 hours. After washing with PBS, the samples were 

observed under a widefield microscope (Axio Imager M2, Carl Zeiss, Germany). 

 Cell morphology assessment through DAPI/Phalloidin staining was performed at 

the same time points. OS models were washed with PBS and fixed in a solution of 4% 

(v/v) formaldehyde (Sigma-Aldrich) in PBS during at least 2 hours. Before staining, 

samples were permeabilized with 0.5% (v/v) Triton X-100 (Sigma Aldrich) for 30 

minutes and blocked with 5% (v/v) FBS in PBS for 1 hour at RT. For phalloidin 

staining (Phalloidin-iFluor 594 Reagent, ab176757, abcam, UK), the original solution 

was diluted 1:8 in PBS and the hydrogels were incubated at RT for 90 minutes and then 

washed with PBS. Afterwards, a DAPI (4',6-diamidino-2-phenylindole, Thermo Fisher 

Scientific) solution diluted 1:1000 in PBS was used to incubate the hydrogels during 30 

minutes at RT. After several PBS washes, the 3D models were observed under a 

scanning confocal microscope (LSM 880 Airyscan, Carl Zeiss, Germany).  

 The co-culture models constituted by lentivirus transduced cells were monitored 

using a scanning confocal microscope (LSM 880 Airyscan, Carl Zeiss, Germany). At 

day 14 and 24 of culture, these OS co-culture models were fixed in a solution of 4% 

(v/v) formaldehyde, permeabilized with 0.5% (v/v) Triton X-100, blocked with 5% 

(v/v) FBS in PBS and stained with a DAPI solution following the procedures above-

described. The samples were visualized under a widefield microscope (Axio Imager 

M2, Carl Zeiss, Germany). The actin filaments of co-culture model samples at the 24 

days of culture were also stained with phalloidin (Phalloidin-iFluor 405 Reagent, 

ab176752, abcam, UK). The original solution was diluted 1:200 in PBS, the hydrogels 

were incubated at RT for 90 minutes and then washed with PBS. Samples were 

observed under a scanning confocal microscope. 
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2.9.3. Assessment of bone-related matrix deposition by histology and 

immunohistochemistry: 3D OS model samples were collected after 14 and 24 days of 

culture, washed in PBS and fixed in 4% (v/v) formaldehyde in PBS during at least 2 

hours. Samples were then dehydrated in ethanol, cleared in xylene, paraffin-embedded 

and cross-sectioned (5 μm) using a microtome (HM 340E Electronic Rotary Microtome, 

Thermo Fischer Scientific). Before histological and immunohistochemical staining, the 

sections were deparaffinized and rehydrated. 

 For hematoxylin and eosin (H&E) staining, sections were immersed in Mayer’s 

hematoxylin (Sigma Aldrich) solution for 10 minutes, washed in distilled water, 

following by immersion in eosin Y (Sigma Aldrich). To evaluate the presence of 

calcium deposits, the sections were stained with 2% (w/v) Alizarin Red solution (Sigma 

Aldrich) for 30 minutes. Collagens deposition was assessed by staining with Aniline 

Blue solution (Sigma Aldrich) for 5 minutes and washed with 1% (v/v) acetic acid. All 

histological samples were dehydrated, immersed in xylene and mounted (DPX 

Mountant, Sigma Aldrich) before visualization by phase contrast microscopy with Axio 

Imager M2. 

 Osteopontin (OP) and osteocalcin (OC) production was assessed after antigen 

retrieval in 10mM sodium citrate buffer (Sigma Aldrich) at 95-100ºC for 20 minutes. 

The slides were cool down for 20 minutes and the sections were permeabilized with 

0.5% Triton X-100 for 5 minutes, blocked with 5% FBS (v/v) in PBS for 30 minutes 

and incubated overnight in a humidified chamber at 4ºC with the primary antibodies 

rabbit anti-human osteopontin (1:1000 in 5% FBS (v/v) in PBS, Sigma Aldrich) and 

rabbit anti-human osteocalcin (1:1000 in 5% FBS (v/v) in PBS, Sigma Aldrich). After 

washing with PBS, samples were incubated with the secondary antibody anti-rabbit 

AlexaFluor 647 (1:1000 in FBS (v/v) in PBS, Thermo Fisher Scientific) for 1h at RT, 
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and then counterstained with DAPI (1:1000) for 5 minutes at RT. The samples were 

visualized by fluorescence microscopy (Axio Imager M2). 

2.9.4. Spheroid area and cell invasion length measurement: Raw images 

obtained by optical contrast microscopy were processed using the Image Processing tool 

of ZEN Image software. Quantification of spheroid area was performed using an open-

source MATLAB-based high-throughput image analysis software, SpheroidSizer. This 

software applies an adapted active contour algorithm suitable to automatically or 

manually measure spheroid size, excluding the invasive branches [46]. Cell invasion 

length around spheroid was quantified using ImageJ software. For the co-culture model, 

tumor cell invasion length was measured in fluorescence microscopy images, 

considering the RFP-stained tumor cells. The tumor spheroid center was estimated as 

the center of the circumference that better fits the area corresponding to the compact 

region of the spheroid, excluding the invasive branches. The length from the estimated 

spheroid center to the longer invasive branch of each sample – the invasion radius – was 

measured. The invasion length of each time-point was normalized to the spheroid radius 

measured at day 0 by using Equation (2): 

Invasion length Invasion radius−Spheroid radius Day0         (2), 

where Spheroid radius Day 0 is the obtained value for the radius from the spheroid area 

measured at day 0, considering the spheroid delimitation a circumference. All data was 

converted from the acquired pixels (px) to micrometers (µm). 

 

2.10. Statistical analysis 

All data were statistically analyzed using the GraphPah Prism 7.00 Software and 

are expressed as mean ± standard deviation (SD) or mean ± standard error of the mean 

(SEM) of at least 3 independent experiments. The distribution of the initial spheroid 
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sizes was analyzed with the D’Agostino-Pearson normality test. For cell metabolic 

activity and invasion length data, statistical significance between the different groups 

was identified using two‐way ANOVA analysis of variance combined with Tukey's 

multiple comparisons test, and the differences were considered significant when p < 

0.05. 

 

3. Results 

3.1. Establishment of 3D mono- and co-culture models 

Three configurations of in vitro OS models were established culturing MG-63 

tumor spheroids (i) in a scaffold-free manner, and encapsulated into PLMA hydrogels 

(ii) alone or (iii) surrounded by dispersed hBM-MSCs and FhOBs (Figure 1). MG-63 

spheroids were generated using 96-well round-bottom ultra-low attachment plates, a 

robust high-throughput platform that uses the forced-floating methodology for MCTS 

formation. The reproducibility of spheroids generation was confirmed by size normality 

distribution analysis (Figure S1A,B). The optimal seeding density was established at 

12,000 cells/spheroid, producing tightly compacted spheroids with (464.4 ± 4.8) µm in 

diameter at 72h. Fluorescence microscopy images of Calcein-AM and PI stains 

confirmed the formation of a necrotic core surrounded by a proliferative zone, a 

condition that supports the presence of physiological gradients and validates their 

feasibility to be used throughout this study (Figure S1C).  

Aiming to establish the 3D co-culture OS model for this study, the ideal cell-to-

cell ratio was defined as the condition in which tumor cells in the spheroid were able to 

invade the PLMA matrix and the stromal cells could synergistically interact with tumor 

cells, migrating towards them. Hence, the cell-to-cell ratio for this study was established 

as the tri-culture of the MG-63 tumor spheroid with hBM-MSCs and FhOBs in the ratio 
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1:3:4. At this condition, a tumor cell outward migration and its interplay with 

surrounded stromal cells resulted in the formation of invasive branches as verified in 

fluorescence images of samples obtained from lentivirus transduced cells (Figure 2A, 

S2 and S3). Moreover, hBM-MSCs stretched inside the matrix, forming a complex 

network of interacting tumor and hBM-MSCs cells (Figure S3 and Movie S1). FhOBs 

maintained their native cuboidal-to-round shape phenotype (Figure S2B,C). The three 

3D OS model settings herein established were monitored by phase contrast microscopy 

over the 24 days of culture (Figure S2A and S4). Cell orientation analysis showed that 

stretched stem cells randomly oriented at 3 days of culture were chemotactically 

attracted by tumor cells in the spheroids, promoting their orientation toward spheroid 

center overtime (Figure 2B,C and S5). This evidence was also confirmed by 

fluorescence microscopy images of hBM-MSC-GFP in the co-culture model including 

fluorescent protein-transduced cells (Figure 2B). Interestingly, stem cells at the 

hydrogel periphery also stretched in spheroid center direction, demonstrating that they 

react to paracrine signals released by tumor cells (Figure S5). When hBM-MSCs were 

cultured alone inside PLMA hydrogels, no specific cell orientation was observed 

(Figure S6). 

                  



18 

 

 

Figure 2. Tumor and stromal cell organization and direction in the co-culture model. 

Confocal microscopy images of control and DOX-treated (1.1 µM) co-culture model 

with fluorescent protein-transduced cells (MG-63-RFP, hBM-MSC-GFP) demonstrating 

(A) the synergistic interaction between MG-63 tumor cells and stem cells over the 24 

days of culture and (B) the hBM-MSCs-GFP (green) stretching in hydrogel periphery 

towards OS spheroid center. Dashed lines are delimitating the hydrogel periphery. Scale 
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bar: 200 µm. (C) (a) Schematic representation of cell direction angle interpretation. The 

gray shaded region refers to the considered hydrogel zone for analysis, outside the 

invasive zone. (b) Distribution of stem cell direction angle at day 3, 7, 14 and 24, in 

controls. The x-axis and y-axis represent the frequency.  

 

3.2. Doxorubicin dose-response of 3D OS models 

The potential of the above-established OS models for drug development and 

screening was evaluated through a doxorubicin (DOX) dose-response testing, a 

commonly used anticancer agent in clinical OS therapy (Figure 3) [4]. To confirm drug 

availability inside PLMA hydrogel, a doxorubicin diffusivity test was performed, 

revealing a fast penetration of the drug in this protein mesh (Figure S7). The 3-day 

DOX treatment was initiated at 14 days of culture in order to allow a prior tumor 

spheroid growth, invasion and interaction with stromal cells in the PLMA hydrogels. 

Subsequently, at 24 days of culture, the mitochondrial metabolic activity was quantified 

using a colorimetric assay to determine the IC50-value for each model, which is the drug 

concentration that inhibit a biological process by half. IC50-values of scaffold-based 

models were compared to free-spheroid values, and the results showed that tumor cells 

were more sensitive to DOX treatment in the absence of an ECM-resemble matrix 

(Figure 3 and Table 1). Comparing with the IC50-value of scaffold-free spheroids, the 

mono-culture and co-culture models were about 5-fold and 2.5-fold more resistant to 

DOX-induced death, respectively (Table 1). Interestingly, cells in the tri-culture model 

were 2-fold more sensitive to DOX compared to tumor spheroid embedded alone in the 

PLMA hydrogel. 

The metabolic activity of scaffold-free and scaffold-based models in control and 

DOX-treated (1.1 µM) conditions were also compared (Figure S8). MG-63 cells of 

spheroid encapsulated in PLMA hydrogel demonstrated to have lower metabolic 
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activity than cells of free-spheroid. Moreover, the stromal cell combination with tumor 

spheroid resulted in a higher metabolic activity due to the larger number of cells 

cultured in the co-culture model, which is significantly different between control and 

DOX-treated groups of the other configurations. The non-significant difference between 

control and DOX-treated samples of the mono-culture model is in accordance with the 

highest IC50-value aforementioned for the same model (Figure 3 and S8).  

 

Figure 3. Effect of doxorubicin (DOX) on the established 3D OS models: scaffold-free 

spheroid and scaffold-based mono- and co-culture. Dose-response curves of DOX 

testing on OS models, determined through mitochondrial metabolic activity 

measurement at 24 days of culture, represented in percentage relatively to control. A 

non-linear regression of variable slope with four parameters of “log(inhibitor) vs. 

response”, based on Equation (1), allowed the determination of the IC50-values. Data are 

presented as mean ± SEM (n ≥ 3). 

 

Table 1. IC50-values for the established 3D OS models. A 3-day DOX treatment was 

performed and the dose-dependent effect on cell metabolic activity was determined by 

IC50-value calculation. 
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OS model setting IC
50

-value [μM] 

Free-spheroid 1.10 

Mono-culture 5.73 

Co-culture 2.72 

 

3.3. The role of ECM and stromal cells on doxorubicin cytotoxicity effect 

3.3.1. Cell survival, morphology and spatial organization and bone-related matrix 

deposition 

 The live/dead assay showed the viability of the majority of the cells up to 24 

days in the control conditions of all 3D configurations, evidencing the ability of the 

established models for long-term cell culture (Figure 4). Live/dead images of hBM-

MSCs and FhOBs cultured alone confirmed the survival of these cell types encapsulated 

in PLMA hydrogels, similarly to co-culture model (Figure S6). Moreover, an increase 

of the invasive area in co-culture model compared with its mono-culture counterparts 

was evidenced. Regarding the DOX-treated samples, fluorescence images revealed that 

cells in the mono-culture models were more sensitive to drug exposure, particularly the 

tumor invasive branches of the PLMA-encapsulated spheroid. An increased cell 

viability in the co-culture model was detected, inclusively in the invasive branches. 

These evidences are confirmed by fluorescence images of the co-culture model with 

fluorescent protein-transduced cells, where most of the tumor cells were resistant to 

DOX treatment (Figure 2A and S2). Nevertheless, it was verified a significative cell 

death in the hydrogel periphery, as can be confirmed by a reduced number of hBM-

MSC-GFP in DOX-treated samples in comparison to control (Figure 2A,B). The 

staining of actin filaments clearly demonstrated that cells in mono- and co-culture 
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control models proliferated from day 14 to 24 (Figure 5A). The death of tumor invasive 

cells in the mono-culture and the improved cell resistance in the co-culture model 

verified through live/dead staining are also confirmed by these fluorescence images. 

Moreover, the cell morphology assessment revealed that DOX-treated samples lost the 

interconnected network of stem cells visualized at the 14 and 24 days of culture in 

controls (Figure 2A,B and 5B). Tumor spheroid and stromal cell organization in the 

established 3D models were verified through histological analysis using hematoxylin 

and eosin staining (Figure S9). 

The staining of calcium deposits by Alizarin Red demonstrated the formation of 

a mineralized matrix over the 24 days of culture. An increased calcium deposition in the 

control condition in comparison to DOX-treated samples was visualized, as well as a 

preferential deposition in the proliferative/invasive regions (Figure S10). A qualitative 

analysis of the expression of bone-related proteins, namely collagen, osteopontin and 

osteocalcin was also conducted (Figure S10 and S11). In the scaffold-free spheroids, an 

increasing in the production of the three bone-related proteins was observed from day 

14 to day 24, being doxorubicin treatment responsible for a deregulation in their 

deposition. Contrary, a higher protein deposition in the mono-culture setting was 

verified at 14 days of culture, with a non-significative decrease up to 24 days of culture. 

Moreover, differences in proteins expression between control and doxorubicin treated 

samples were not observed, with the exception of collagen, which deposition increased 

in the presence of the drug. In the co-culture model, the production of these ic proteins 

was residual at 14 days of culture and at 24 days in doxorubicin-treated samples. 

However, in the control samples, it was observed collagen deposition in the 

proliferative and invasive regions, while osteocalcin and osteopontin was accumulated 

in the necrotic area of the tumor spheroid. 
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Figure 4. Fluorescence microscopy images of live/dead of the 3D OS models. Viability 

of MG-63 tumor spheroids cultured alone or in combination with hBM-MSCs and 

FhOBs at 14 and 24 days of culture. Cell sensitivity to a 3-day DOX treatment (1.1 µM) 

was analyzed at 24 days. The green and red channels represent the Calcein-AM (CA-

AM) and PI staining of live and dead cells, respectively. Scale bar: 200 µm.  
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Figure 5. Fluorescence microscopy images of DAPI/Phalloidin staining of the 

established 3D models. (A) Cell morphology of the MG-63 tumor spheroids and 

surrounding stromal cells (hBM-MSCs and FhOBs) at 14 and 24 days of culture. Cell 

sensitivity to a 3-day doxorubicin treatment (1.1 µM) was analyzed at 24 days. (B) 

DAPI/Phalloidin images of the cellular network formed by hBM-MSCs and MG-63 

tumor cells on control and DOX treated samples of co-culture model, at 24 days of 
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culture. Cells nuclei were stained by DAPI (blue) and F-actin filaments by phalloidin 

(red). Scale bar: 200 µm. 

 

3.3.2. Tumor spheroid growth and invasiveness 

Tumor growth and invasion are dynamic processes actively involved in 

metastasis development, which depend on the surrounding microenvironment [47]. MG-

63 spheroid area changes, excluding the invaded area, were quantitatively analyzed in 

both models and the drug effect on this morphological feature was also evaluated. The 

compact structure of the initial spheroids was disturbed by cell outward movement from 

the spheroid and a more subtle increase in spheroid area was observed in the scaffold-

based models, comparing to free-spheroid (Figure 6A). Comparing the control samples 

of the two PLMA-based models over the 24 days of culture, a more accentuated area 

increase was verified in the mono-culture model until the day 14. However, while in the 

co-culture the rate of area increase remained approximately constant, in the mono-

culture a significant decrease in tumor growth was verified over time. With regard to the 

treated samples, a decrease in the spheroid area was observed in the mono-culture 

model, contrary to the co-culture model. 

Cell invasiveness around tumor spheroid was also analyzed through fluorescence 

and optical contrast microscopy images acquired over time. Throughout most of the 

culture time, it was verified an increased length of invasive branches in the co-culture 

model, probably owing the integration of chemotactically interacting hBM-MSCs in 

tumor cell branches (Figure 6B). The treatment with DOX induced the death of some 

cells that constituted the invasive branches, an effect also visualized by cell 

invasiveness analysis. Nevertheless, tumor cells were more resistant to DOX treatment 

when in co-culture with tumor-associated stromal cells.  
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Figure 6. Spheroid growth and cell invasion in the 3D OS models. Progression of (A) 

spheroids area and (B) invasion length during the 24 days of culture, in control and 

DOX treated samples of the established models. The 3-day doxorubicin treatment (1.1 

µM) is represented by the shaded region. Data are presented as mean ± SD (n ≥ 3). *p < 

0.05; **p < 0.01; ns – not significant. 

 

4. Discussion 

In this study, we developed a 3D in vitro OS invasion model based on the 

recognized potential of MCTS to recapitulate essential pathological properties of a 

tumor mass, such as the chemical gradients of oxygen and nutrients that support tumor 

survival [27]. Herein, MG-63 cell spheroids embedded into a human-derived matrix of 

                  



27 

 

PLMA were co-cultured with human osteoblasts and hBM-MSCs. OS tumor cells were 

cultured to interact synergistically with the ECM-mimicking matrix and stromal cells 

that constitute the native bone microenvironment to enable the recapitulation of tumor 

growth and invasion. Moreover, their chemo-sensitivity was compared with spheroids 

cultured in a scaffold-free and scaffold-based mono-culture setting.  

The understanding of the biochemical and mechanical mechanisms behind a 

disease development and the progress in biomimetic materials have opened new 

frontiers in the field of 3D in vitro disease modelling for the establishment of preclinical 

platforms with increased predictive value [9]. Particularly, advances in 3D tumor 

models for OS have been achieved in order to better recreate specific tumor 

microenvironmental cues not achievable with traditional 2D monolayer cultures [39,48]. 

Currently, MCTS is gaining momentum in cancer research as a scaffold-free platform, 

with the establishment of numerous 3D tumor models for drug screening [32,33,37,49–

51]. Nevertheless, the tumor progression relies on cell invasion mechanisms, a critical 

event that precedes tumor metastasis development and is responsible for the poor-

prognostic on the majority of patients [52]. Although scaffold-based models have 

contributed with fundamental knowledge of tumor pathology, only a few studies have 

reported matrix-embedded spheroids to evaluate the invasiveness of tumor cells in 

response to drug treatment before invasive branches arising [34,43]. However, the high 

frequency of advanced tumor stage upon diagnosis, with about 15-20% of patients 

presenting macroscopic metastasis and 80-90% assuming undetectable micrometastasis, 

evidences the emergency of new anticancer drug development that acts on invasive 

mechanisms [4,52]. It was on this scope that we herein explored a recently developed 

biomaterial of human origin, methacryloyl platelet-lysates (PLMA), to develop a 

disease model for invasive tumor chemosensitivity assessment [45]. The potential of 
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this scaffold to support distinct cell population culture and cell invasive behavior was 

clearly elucidated in a previous study, in which we reported a systematic analysis of cell 

spheroid viability, growth and invasiveness of four cell types into PLMA hydrogels 

with different stiffnesses [35]. The protein-rich content of human origin offers an 

unique bioactivity to produce cellular stimuli similar to native ones, an advantage over 

the traditionally used biomaterials of animal origin or derived from synthetic polymers 

[44,53]. In fact, rBM of murine EHS sarcoma (Matrigel
®

) and type I collagen, the most 

used natural biomaterials, present some shortcomings: they can trigger an in vivo 

immune response due to their animal origin; they exhibit poor mechanical properties; 

they are usually difficult to handle; and there are ethical issues related to animal testing 

and their welfare. Motivated by these drawbacks, much efforts have been made toward 

more sophisticated and cost-effective human-derived biomaterials which can be used 

not only to develop in vitro disease models, but also to explore in vivo applications not 

feasible with animal-derived materials. Tissue engineering and regenerative medicine 

are the main focus fields for human biomacromolecules application, leveraging the 

body’s own mechanism orchestration to expedite in situ tissue repair and new tissue 

engineering [53]. However, their application in disease modeling for drug screening is 

very limited. [54] Given the important role of growth factors and other cytokines 

released from platelets in a variety of biological processes, including tumor growth, 

invasion, metastasis and drug resistance, the PLMA hydrogels resemble the natural 

microenvironment of tumors, being an appropriate platform for the development of 

disease models [55,56]. 

In the present study, three configurations of in vitro OS models were 

successfully developed: (i) scaffold-free tumor spheroids, and PLMA-embedded tumor 

spheroids (ii) alone or (iii) co-cultured with hBM-MSCs and FhOBs. MG-63 spheroid 
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were generated using the forced-floating technique which produce uniform and 

reproducible spheroids [28,31]. The generated MG-63 spheroids exhibited the 

heterogeneity attributed to in vivo solid avascular tumors, in which a well-defined 

chemical gradient of nutrients, oxygen and pH is established (Figure S1) [27]. Such 

microtissues developed a necrotic/hypoxic core and an external proliferative zone with 

metabolic active cells, validating their feasibility to be used throughout this study. To 

establish the scaffold-based models, the cell behaviors verified in our previous studies 

were taken into account, where similar MG-63 spheroids showed a higher invasion 

kinetics in softer hydrogels and stem cells revealed the preference for stiffer PLMA 

hydrogels [35,45]. Moreover, osteoblasts show a high cell viability and maintain the 

metabolic activity and gene expression when cultured in hydrogels with a stiffness 

ranging from 1.6 to 25 kPa [57]. Therefore, PLMA hydrogels at 15% (w/v), an 

intermediate condition in terms of mechanical properties (15 kPa), were used for the 

spheroid invasion models. Although PLMA hydrogel is softer than the bone tissue 

where OS develops, hydrogels have demonstrated to be great platforms for OS 

modelling [9]. Recognizing the importance of the instructive signals provided by 

stromal cells for tumor progression, we hypothesized that the synergistic interaction of 

an OS tumor with hBM-MSCs and FhOBs could recreate tumor growth and invasion. 

Effectively, several studies in vitro and in vivo have reported that MSCs migrate to OS 

tumor microenvironment in response to the release of soluble factors by tumor cells, 

playing a pivotal role in tumor survival, invasion and chemoresistance [21,58–60]. This 

tumor-stromal cell communication was clearly recapitulated through hBM-MSCs 

alignment toward OS tumor spheroid, as indicated by cell angle direction and stromal 

cell organization monitoring (Figure 2B,C and S5). Moreover, a network of stem cells 

directly interacting with invasive tumor cells was formed, stimulating the development 
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of a large invasive area (Figure 2A, 6 and S3). The cuboidal-to-round shape of 

osteoblasts (Figure S2B,C) is an evidence that FhOBs maintained their phenotype and 

did not differentiate into osteocytes, a process in which osteoblasts undergo 

morphological changes characterized by cell volume loss and elongation of thin 

cytoplasmic projections [61,62]. This observation can be related with the PLMA 

hydrogel mechanical properties, once it is reported that soft surfaces stimulate 

osteoblast-osteocyte differentiation in 2D and 3D settings, whereas on stiff surfaces as 

the herein used PLMA hydrogels, osteoblasts maintain their phenotypic cues [62].  In 

the herein studied 3D OS models, MG-63 tumor cells produced calcium deposits and 

collagens throughout the 24 days of culture, even in a small amount, also suggesting the 

formation of a bone-like environment (Figure S10). However, a different protein 

expression profile was verified for osteocalcin and osteopontin which were highly 

expressed in scaffold-free spheroid model by day 24 of culture, but whose expression in 

scaffold-based models was reduced, particularly in a co-culture setting (Figure S11). 

This protein expressing profile is related with the pre-osteoblastic phenotype of tumor 

cells. Effectively, osteosarcoma development is associated with genetic and epigenetic 

alterations that hamper the proper osteogenic differentiation of pre-osteoblasts [3,63]. 

As osteocalcin and osteopontin are late markers of bone formation, it was expected that 

MG-63 cell and non-differentiated hBM-MSCs evidenced low protein expression 

levels, as particularly verified in the co-culture model [63,64]. 

With the purpose of assess the potential of the established models as a drug 

screening platform, we evaluated the effects of a standard chemotherapeutic agent, 

doxorubicin, on cellular response. Not surprisingly, the 3D models herein established 

exhibited an increased resistance to DOX treatment comparing with 2D monolayer 

models reported in the literature for OS cell lines, 0.05-0.30 μM of DOX (Figure 3 and 
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Table 1) [29,30,33]. This chemoresistance are attributable to the above-discussed 

diffusion gradients in spheroids that limits drug diffusion and causes a preferential 

accumulation of drug at the periphery, similar to in vivo tumor microregions where 

necrotic areas develop [65–67]. Moreover, although chemotherapeutic drugs as DOX 

target high proliferative cells, it is known that tumor cells are able to develop multi-drug 

resistance mechanisms such as the over-expressing of membrane efflux pump proteins 

responsible for flushing out drugs [68].  We expected that the presence of an ECM-

mimicking matrix surrounding the tumor spheroid would infer an increased resistance to 

drug-induced death when compared to scaffold-free spheroids counterparts. The 5-fold 

higher IC50-value of mono-culture PLMA-encapsulated spheroid confirmed that 

assumption, a cell response that can be related with the invasive phenotype of tumor 

proliferating cells verified by the formation of invasion branches since the early days of 

culture (Figure 6). Other reason that can justify the reported drug resistance is the fact 

that encapsulated tumor cells underwent a decrease in their metabolic activity in 

response to matrix confinement, probably reducing drug metabolism (Figure S8) 

[69,70]. Besides the importance of ECM in tumor progression, we hypothesized that the 

presence of stromal cells, particularly of hBM-MSCs, would trigger pro-tumoral 

mechanisms by reducing the sensitivity of tumor cells to DOX exposure. In fact, tumor 

pathology is not merely attributed to tumor cells, being cellular and non-cellular 

components critical players in tumor initiation, growth and metastasis [71]. Recent 

studies on the culture of scaffold-free hetero-spheroids has demonstrated that the 

presence of stromal cells results in an enhanced drug resistance [72]. In a 3D setting 

similar to the described in the present study, Benton et al. reported that breast cancer 

spheroids cultured with stromal cells exhibit an enhanced resistance to drug treatment 

comparing to the mono-culture model [36]. However, this behavior was not evidenced 
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by metabolic activity measurement over the drug concentration range testing (Figure 3 

and Table 1). In an attempt to understand these findings, cell viability, morphology, 

spatial organization, spheroid area and invasive length were investigated in a 

cytotoxicity testing, exposing the established 3D OS models to 1.1 μM of DOX. 

Qualitative analysis of cell viability staining and fluorescence microscopy of stably 

transduced MG-63-RFP and hBM-MSC-GFP suggests that tumor cells in the co-culture 

model were more resistant to DOX treatment than cells in the mono-culture model, 

particularly with regard to the invasive branches visible around the tumor spheroid 

(Figure 2, 4 and 6B). Nevertheless, comparing with the control sample at 24 days of 

culture, stromal cells of the hydrogel periphery were significantly affected by DOX 

(Figure 2A,B and 4). Actin filaments staining also revealed that sensitivity of stromal 

cells, which in the absence of DOX maintained the interconnective network previously 

verified at 14 days of culture (Figure 5B). These analysis from fluorescence images are 

correlated with metabolic activity results. A higher absorbance was showed both in 

control and DOX-treated co-culture samples due to the presence of a greater number of 

cells, however, a large difference was verified between these two conditions, supporting 

the above-mentioned sensitivity of stromal cells (Figure S8). These data strongly 

evidence that stromal cells were quite sensitive to DOX exposure, corroborating 

previously reported results that revealed hBM-MSCs apoptosis when exposed to a drug 

concentration (1 μM) and an exposure time (72h) similar to the present study [73]. 

Although the deleterious effect of DOX on MSCs remains unclear, some drug-mediated 

cellular events were reported, such as low cell proliferation, cell shrinkage, enhanced 

reactive oxygen species production, mitochondrial membrane damage and hindering of 

cardiomyogenic differentiation [73,74]. Hence, the lower IC50-value of co-culture model 

compared with mono-culture counterparts can be largely related with stromal cell death. 
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Although these findings, the assessment of spheroid area and invasive length, in 

conjugation with a qualitative fluorescence images analysis, are indicators of the pro-

tumoral role exerted by hBM-MSCs in the co-culture model. Fluorescence images of 

stably transduced cells suggest that stem cells enhanced the formation of invasive 

branches around tumor spheroid, a data confirmed by invasion length quantification 

(Figure 2 and 6B). Moreover, it was verified a linear growth of the compact spheroid 

mass area over the 24 days of culture in the control, alongside the maintenance of 

spheroid area after DOX treatment (Figure 6A). Combined, these data evidence the 

protective role of hBM-MSCs, promoting tumor growth and the development of an 

increased invasive area. As aforementioned, the pro-tumoral role of MSCs in tumor 

progression is of general consensus [25]. In this sense, we believe that the established 

3D co-culture model can be applied for drug screening and development and to study 

new approaches to optimize the drug delivery to in vivo tumors. Some strategies 

concern the re-education of MSCs to inhibit their migration to tumor microenvironment 

or use them as “trojan horses”, exploring the integration mechanisms of MSCs in the 

tumor environment to develop cell-mediated therapies, have been of great interest in 

tumor research community [25,65,75,76]. In fact, several in vitro and in vivo studies 

exploring these approaches of MSC-mediated therapies have been promising to target 

bone cancer progression [58,59,77,78]. Taking advantage of the human protein-rich 

content of PLMA hydrogels, these scaffold-based models can also be explored to 

develop strategies of targeting the ECM in order to facilitate the diffusion of therapeutic 

agents into the tumor microenvironment [71,79]. 

The herein presented study highlights the potential of PLMA-based hydrogel for 

the development of humanized 3D in vitro disease modeling for drug screening 

purposes. The successful long-term culture (24 days) of tumor cell synergistically 
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interacting with two stromal cell types is an evident advantage of the developed 3D 

models over the 2D monolayer cultures. Moreover, the biomaterial’s mechanical 

integrity over time, alongside with its cost-effective human origin, reinforce the idea 

that PLMA hydrogels are a great alternative to the “gold standards” for 3D disease 

modeling, rBM of EHS sarcoma and type I collagen. Inclusively, to the best of our 

knowledge, this is the first study reporting the development of a 3D tri-culture tumor 

model using a human-derived matrix.  

 

5. Conclusion 

 The progress in 3D in vitro OS models have provided fundamental insights 

regarding the biomechanical bone-specific cues and chemoresistance mechanisms. 

Encouraged by the emergency of new therapeutic agents to target metastasis events, we 

developed a humanized 3D in vitro OS invasion model of MG-63 tumor spheroids 

embedded in human-derived PLMA hydrogels, co-cultured with FhOBs and hBM-

MSCs. Tumor cell behavior in the presence of stromal cells was compared with two 

configurations of mono-culture models: a scaffold-free approach and a scaffold-based 

approach in which tumor spheroid was embedded in PLMA hydrogel alone. The 

integration of stromal cells in the surrounding microenvironment of the tumor revealed 

to recapitulate the chemotactically attraction exerted by tumor cells in hBM-MSCs. This 

synergistic tumor-stromal cell interaction triggered a positive outcome in OS tumor in 

terms of growth, invasive ability and improved resistance to doxorubicin treatment, 

revealing the potential of the herein established co-culture model as a reliable platform 

for drug screening purposes. The accurate recapitulation of the tumor invasion events 

opens up the possibility of exploring potential therapeutic strategies, contributing for the 

development and preclinical validation of new drugs to prevent the formation of 
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micrometastasis, one of the main concerns associated with cancer treatment. 

Furthermore, the remarkable bioactive and mechanical support provided by PLMA 

hydrogels offer a relevant humanized platform with the potential to predict patients’ 

response and expedite the availability of effective therapies for numerous pathologies.  
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