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Abstract

How cancer cells and their anchorage-dependent normal counterparts respond to the adhesion 

ligand density and stiffness of the same extracellular matrix (ECM) is still not very clear. Here we 

investigated the effects of ECM adhesion ligand density and stiffness on bone tumor cells 

(osteosarcoma cells) and bone forming cells (osteoblasts) by using poly (ethylene glycol) 

diacrylate (PEGDA) and methacrylated gelatin (GelMA) hydrogels. By independently changing 

the PEGDA and GelMA content in the hydrogels, we achieved crosslinked hydrogel matrix with 
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independently tunable stiffness (1.6, 6 and 25 kPa for 5%, 10%, 15% PEDGA, respectively) and 

adhesion ligand density (low, medium and high for 0.05%, 0.2%, 0.5% GelMA respectively). By 

using a series of biochemical and cell biological characterizations as well as in vivo studies, we 

confirmed that osteosarcoma and osteoblastic cells responded differently to the stiffness and 

adhesion ligand density within 3D ECM. When cultured within the 3D PEGDA/GelMA hydrogel 

matrix, osteosarcoma cells are highly dependent on the matrix stiffness via regulating the integrin-

mediated focal adhesion (FA) pathway, whereas osteoblasts are highly sensitive to the matrix 

adhesion ligand density through regulating the integrin-mediated adherens junction (AJ) pathway. 

However, when seeded on the 2D surface of the hydrogels, osteosarcoma cells behaved differently 

and became sensitive to the matrix adhesion ligand density because they were “forced” to attach to 

the substrate, similar to anchorage-dependent osteoblasts. This study might provide new insights 

into rational design of scaffolds for generating in vitro tumor models to test anticancer therapeutics 

and for regenerating tissue to repair defects.
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1. Introduction

In most normal tissues, the extracellular matrix (ECM) adhesion ligands and stiffness play 

important roles in controlling cell fates. When cells are attached to a substrate, they first bind 

to cell adhesion ligands on the ECM through integrin receptors, which elicits a cascade of 

signals, such as adherens junction (AJ) signaling [1, 2], to connect the cytoskeleton and the 

ECM [3, 4]. In addition, cells can sense the ECM by pulling against it and to generate 

signals through mechano-transducers [5]. However, cell-ECM interactions are altered when 

malignant transformation occurs, such as in the case of invasion, uncontrollable cell 

proliferation, and unapicobasal polarity [6].

Unlike normal cells that depend on the contact with matrix, cancer cells always preserve cell 

death or growth in the absence of ECM adhesivity. Most oncogenic transformed cells are 

anchorage-independent and do not require attachment [7], leading to activation of the focal 

adhesion (FA) signaling pathway [8, 9] and a gradual loss in AJ protein expression. 

Badriprasad et al. reported that RGD-based integrin ligands had no effect on the cancer cell 

growth [10] but still impacted cancer cell metabolism and gene expression [11, 12]. Thus, 

adhesion ligands are not always required for cancer cell growth in a three dimensional (3D) 

matrix.

Accumulating evidence has shown that ECM rigidity is correlated with tumor stress and 

metastasis[13] and modulates tumor cell behavior through the regulation of local 

microenvironment[14]. Increasing ECM stiffness induces malignant phenotypes 

independently from the ligand density[15]. Cells sense matrix elasticity and transduce the 

information into morphological and functional changes, using cytoskeletal motors to create 

tension in actin structures that are associated with FAs and provide a force transmission 

pathway from inside the cell to the elastic matrix. Integrins on the cell surface are considered 
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mechanosensory receptors[16], and are important downstream molecules in the FA signaling 

pathway that act as mechano-transducers. Talin, paxillin and vinculin have been implicated 

in cytoplasmic adaption through the integrin binding domain/actin-binding region of these 

proteins[17, 18]. Focal adhesion kinase (FAK), an integral FA component that acts as a 

scaffolding protein, has been reported to be related to stimulation of tumor angiogenesis[19].

We hypothesized that when cells are shifted from a normal to a cancerous state, they might 

respond differently to the substrate. Matrix properties, primarily the adhesion capacity and 

rigidity, may elicit different cell responses when normal cells became cancerous. Therefore, 

it would be of interest to tune the mechanical strength and adhesivity separately in one 

material system to study their influence on the cell behaviors. Owing to their hydrophilic 

and bio-inert properties, polyethylene glycol diacrylate (PEGDA) gels are widely used as a 

model system to change hydrogel crosslinking density and subsequent material stiffness, 

without altering ligand/receptor density and the bioactivity of the hydrogels. Gels 

incorporating another bioactive component, such as methacrylated gelatin (GelMA), which 

has an RGD motif in its sequence and the ability to bind cells, exhibit advantages over non-

adherent materials by modulating cell functions in anchorage-dependent cells, in part simply 

because of increased cell attachment[20]. Varying the ratio of PEGDA and GelMA in 

PEGDA/GelMA compound hydrogels permits manipulation of the matrix ligand density and 

stiffness separately and precisely without changing other properties[21]. In this study, the 

effects of ECM adhesion ligand density and stiffness on osteosarcoma cells and their normal 

counterparts (osteoblasts) were investigated using PEGDA and GelMA hydrogels with self-

governed regulation of mechanical strength and adhesion ligand density (Fig. 1). The 

underlying mechanisms of the cell responses were also explored. This study might provide 

new insights for the rational design of scaffolds for tumor and tissue engineering.

2. Materials and methods

2.1 Synthesis of methacrylated gelatin (GelMA)

Briefly, 4 g of gelatin was dissolved in phosphate buffer (40 mL, pH=8.0) at 70°C. The 

gelatin solution was cooled to 45°C, and then 40 µL of methacrylic anhydride was slowly 

dropped in the solution with continuous stirring for 1 h. The reaction was terminated by the 

addition of another 40 mL of phosphate buffer (pH=8.0). The GelMA was precipitated in 

500 mL of cold ethanol and obtained by centrifugation. The GelMA was dissolved in water 

and placed in a dialysis tube. A molecular weight cut-off (3500 Da) was obtained. After 

dialysis at 37°C for 5 days, the purified GelMA was lyophilized and stored at −20°C.

2.2 Fabrication of PEGDA-GelMA hydrogels

GelMA and Irgacure 2959 (BASF, Germany) were dissolved in phosphate-buffered saline 

(PBS) (0.1 M) at a final concentration of 0.5% (w/v) and 1% (w/v), respectively. 

Poly(ethylene glycol) diacrylate (PEGDA) monomers, GelMA and Irgacure 2959 were 

mixed in a 24-well plate with fixed ratios (Table 1) to obtain hydrogels with a range of ECM 

stiffness and adhesion ligand densities (Fig. 1). Gelation was carried out under a UV 

floodlight (80 mW/cm2, Intelli-ray 400, Uvitron International, USA) for 10 min. Then 

hybrid hydrogels were washed in PBS to eliminate the excessive monomers and initiator.
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2.3 Characterization of scaffolds

The GelMA and as-prepared hydrogels were characterized by 1H NMR at 40°C with D2O as 

a solvent. The equilibrium swelling ratios (ESR) of the hydrogels were studied. In brief, 

after the hydrogels were prepared and rinsed in PBS for 24 h, the mass of swollen hydrogel 

was recorded as Wwet. After being washed with plenty of water, the hydrogel was freeze-

dried, and its mass was recorded as Wdry. The equilibrium swelling ratio was calculated 

according to the formula ESR = (Wwet-Wdry)/Wdry. The hydrogels were shaped into 

cylinders (Φ =15mm, H= 3mm) and then tested using a mechanical tester at room 

temperature in a wet state. Then the compressive modulus was evaluated from the linear 

region (1.5–2.5% strain) with the compression rate at 2 mm/min. The hydrogels were freeze-

dried and ripped into several pieces with tweezers. The surface and inter-section morphology 

of the hydrogels were observed with SEM.

2.4 Cell culture

Human osteosarcoma MG63 cells (cell bank of Shanghai Institutes for Biological Sciences, 

Shanghai, China) were cultured in culture media containing Roswell Park Memorial 

Institute (RPMI) 1640 medium (Thermo fisher, Shanghai, China), 1% penicillin/

streptomycin (Solabio, Peking, China) and 10% fetal bovine serum (FBS, Zhejiang 

Tianhang Biotechnology Ltd, Hangzhou, China) at 37°C and 5% CO2. The osteoblastic 

hFOB1.19 cells (cell bank of Shanghai Institutes for Biological Sciences, Shanghai, China) 

were cultured in culture media containing Dulbecco’s Modified Eagle Medium: Nutrient 

Mixture F-12 (DMEM/F-12, Thermo fisher, Shanghai, China) with 0.3 mg/mL G418 

(Gibco, Carlsbad, CA, USA) and 10% FBS at 34°C and 5% CO2. All cells used in this study 

were in the logarithmic growth phase.

2.5 Cell adhesion assay

Cell attachment was measured by counting the living cells on the scaffold surface (LIVE/

DEAD® Viability Kit, Invitrogen, Shanghai, China) after 24 h of culture. Briefly, 

osteoblastic hFOB1.19 cells were seeded on the surfaces of the nine PEGDA/GelMA 

hydrogels (104 cells/cm2). 24 h later, the samples were stained using propidium iodide (PI, 4 

µM) and calcein-AM (2 µM) and then observed using fluorescence microscopy (Olympus 

BX53, Japan). Cell adhesion areas were automatically counted per view (original 

magnification 200×, n=10) using ImageJ software (Release 1.5 h, Bethesda, MD, USA)[22, 

23].

2.6 Cell seeding

Cells were encapsulated in the hydrogels or seeded on the surface, as shown in Fig. 1. 

Briefly, osteosarcoma and osteoblastic cells were dissociated by 0.25% trypsin (Solarbio, 

Beijing, China) and then centrifuged. For intrascaffold culture, cell pellets were vortexed 

with PEGDA-GelMA solution prior to gelation (106 cells/mL). Cell-gel composites were 

allowed to gel for 10 min under a UV floodlight (80 mW/cm2, Intelli-ray 400) before 4 mL 

of standard culture medium was added. For FAK inhibition studies, intrascaffold-cultured 

osteosarcoma cells were treated with 10 µM PF-573228 (MedChem Express, NJ, USA). For 
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E-cadherin inhibition studies, intrascaffold-cultured osteoblasts were treated with 5 µg/ml 

anti-E–cadherin (SHE78–7, Zymed laboratories Inc., San Francisco, CA, USA).

For surface culture, cells were seeded on the surface of 9 scaffolds (1 × 105 cells/cm2) that 

were flattened onto 6-well plates and allowed to gelate for 10 min under a UV floodlight in 

advance. MG63-gel composites were cultured at 5% CO2 and 37°C, osteoblast-gel 

composites at 34°C and 5% CO2.

2.7 MTT assay

Cell proliferation was quantified on day 3 and 7 by MTT (3-(4,5-dimethyl-2-thiazolyl)-2,5-

diphenyl-2-H-tetrazolium bromide, 5 mg/mL). For intrascaffold-cultured cells, 100 µL of 

cell-gel composites were incubated in 1 mL of culture medium with 200 µL of MTT. Then, 

supernatants were discarded and the cell-gel composites were cool pulverized using a 

tissuelyser (Shanghai Jinxin Industrial Development Co. Ltd., Shanghai, China). For cells 

cultured on the gel surfaces, 1 mL of cultured media containing 200 µL of MTT were 

dropped into each well (6-well plate). After 4 h of incubation at 37°C, MTT formazan 

crystals were dissolved by 1 mL of Dimethyl sulfoxide (DMSO, Solarbio, Beijing, China). 

Then absorbance was evaluated with a microplate reader (Thermo, Shanghai, China) at 490 

nm.

2.8 Cell viability assay

The viability of cells was investigated on day 7 using a LIVE/DEAD® Viability Kit 

(Invitrogen, Shanghai, China), which utilizes PI (4 µM) and calcein-AM (2 µM) to identify 

living and dead cells, respectively. All images were taken by a confocal microscope (Nikon 

A1, Tokyo, Japan).

2.9 Real-time qPCR

Total RNA of cell-scaffold composites was extracted after the composites were cultured for 

7 days via a Total RNA-isolation kit (Magen, China) and quantified with a 

spectrophotometer (NanoDrop 2000, Shanghai, China). After the cDNA was synthesized, 

quantitative real-time PCR was carried out using Lightcycler® 96 kit (Roche, Switzerland). 

GAPDH was used as an internal control. The primer sequences targeting tumorigenesis-

related genes (vascular endothelial growth factor (VEGF), matrix metallopeptidase 2 

(MMP2), hypoxia inducible factor 1 alpha subunit (HIFA) and matrix metallopeptidase 9 

(MMP9)) and osteogenesis-associated genes (runt-related transcription factor 2 (RUNX 2), 

bone morphogenetic protein 2 (BMP 2), collagen type I (COL1) and alkaline phosphatase 

(ALP)) are listed in Table S1.

2.10 Western blotting

All proteins were obtained from cell-scaffold composites after 7 days of culture using RIPA 

Lysis and Extraction Buffer (Beyotime, Peking, China) then detected using a BCA Kit 

(Beyotime, Peking, China) following standard western blot protocols. GAPDH 

(Glyceraldehyde-3-phosphate dehydrogenase) antibody was purchased from USCN Life 

Science (Wu Han, China). Adherens Junction Antibody Sample Kit and FAK Antibody 

Sample Kit were purchased from CST (Cell Signaling Technology, MA, USA). HIFA and 
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VEGF were purchased from Abcam (Beijing, China). MMP2, MMP9, ALP, COL1, BMP2 

and RUNX2 were purchased from Boster Biological Technology (Wuhan, China). All 

samples were detected using goat anti-rabbit IgG Alexa Fluor® 790 infrared dye-conjugated 

secondary antibodies (Invitrogen, USA) and then scanned via an Odyssey Imaging System 

(LI-COR). The expression of proteins was calculated using ImageJ software.

2.11 Immunofluorescence staining

After cultured for 7 days in vitro, all intra-cultured cells were sliced into to 5-µm sections 

after being buried in paraffin. Mouse anti-human osteocalcin (OCN), ALP, MMP2, MMP9 

and CD133 antibodies (Boster Biological Technology, Wuhan, China) at 1:200 dilutions 

were loaded in the sections at 4□ for 24h. Then samples were incubated using secondary 

antibodies (Boster, Wuhan, China). Fluorescence images were taken and analyzed using a 

microscope (Olympus BX53, Tokyo, Japan).

2.12 Aldehyde dehydrogenase (ALDH) activity

The activity of ALDH that is a marker for the malignancy of osteosarcoma [24] was tested. 

Briefly, after intrascaffold cultured for 7 days, the cell-gel composites of osteosarcoma were 

first placed on ice then ALDH was detected by an ALDH test kit (Solarbio, Beijing, China) 

as indicated by the manufacturer. All ALDH activities were evaluated using a microplate 

reader (Thermo, Peking, China) at 340 nm by measuring the production of NAD+[25].

2.13 Alkaline phosphatase (ALP) activity

The assay of the activity of ALP, a marker for osteoblast differentiation [26], was performed 

to evaluate the osteoblasts embedded in the scaffolds after 7 days of culture using an ALP kit 

(Nanjing Jiancheng Bioengineering Research Institute, Nanjing, China) as instructed.

2.14 Alizarin red staining

After 7 days of culture, sections of intrascaffold osteoblasts were stained using alizarin red 

(0.2%, Solarbio, Beijing, China) to evaluate the mineralization and ossification at room 

temperature for 30 min. Images were taken and analyzed by a microscope (Olympus BX53, 

Japan).

2.15 Animal studies

Animal studies were approved by the Animal Care and Welfare Committee of Guangxi 

Medical University. Athymic nude mice (4–5 weeks old) were anesthetized with a solution 

of ketamine and xylazine prior to the subcutaneous implantation of hydrogels containing 

MG63 cells or hFOB1.19 cells into their back. Cells were mixed with PEGDA/GelMA 

scaffolds at a concentration of 107 cells/100 µL scaffold and photocrosslinked prior to the 

subcutaneous implantation into the back of the anesthetized mice. Surgical incisions were 

sutured using 6–0 absorbable surgical sutures (Hwato, Suzhou, China). The neoplasms were 

measured using calipers, and the volume was calculated using the formula for the volume of 

an ellipsoid (volume=length×width×height×π). Three weeks after implantation, the mice 

were sacrificed by CO2 inhalation, and all samples were harvested for microscopic 

observation and then for histological and immunohistochemical evaluation.
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2.16 Statistical analysis

All data were measured by one-way ANOVA and Tukey’s test via SPSS 16.0 software 

(IBM, USA), performed using the means ± standard deviation via Prism 5.0 (GraphPad, 

USA). Significant differences were set at p-values under 0.05.

3. Results

3.1 Tunable stiffness was obtained by varying the PEGDA content in PEGDA/GelMA 
hydrogels

GelMA was achieved by grafting polymerizable carbon double bonds to gelatin molecules 

through the reaction with MA in alkaline environment. Differed from the 1H NMR spectrum 

of gelatin, GelMA presented new resonance peaks at 5.60 and 5.36 ppm due to the presence 

of the protons in H2C=C(CH3)-. This confirmed the successful MA grafting (Fig. S1). For 

MA, the degree of substitution (DS) was tested to be 21.2% based on 1H NMR 

spectroscopy[27]. By using Irgacure 2959 as the initiator, the hydrogels were formed within 

10 min at room temperature. We did not observe the carbon double bond signal after 

gelation, indicating the complete polymerization.

The compressive modulus of the hydrogels (Fig. 2A) increased first from 1.6 kPa to 6.0 kPa 

and further increased to 25.0 kPa along with the increase in PEGDA concentration due to the 

enhanced crosslinking density. In contrast, the ESR of the 9 hydrogels was correlated to the 

crosslinking density of the matrix network and its mechanical properties[28]. The swelling 

ratio declined significantly along with the increase in the PEGDA concentration (Fig. 2B). 

The minor difference in gelatin concentration did not affect the swelling ratio and 

mechanical properties of the hydrogels[29, 30].

As shown in Fig. 2C, in general, all hydrogels exhibited a similar interconnected porous 

structure after freeze drying. In the hydrogels with lower content of PEDGA and GelMA, 

the pores were small and dense. However, the pores became larger and looser with the 

increasing content of PEGDA and GelMA. The observed differences in the pore structure 

were mainly attributed to the diverse phase separation process and collapse of a portion of 

the polymer network during the freeze drying process. The different pore structures may 

contribute to different adhesive ligands and hydrogel stiffness as well.

3.2 A range of ECM adhesion can be obtained by varying the GelMA content in PEGDA/
GelMA hydrogels

By varying the feeding ratio of GelMA, the number of adhesive ligands in the hydrogels was 

modulated. To determine the density of the adhesion ligands, osteoblastic hFOB1.19 cells 

were seeded on the surface of the nine PEGDA/GelMA hydrogels, and cell adhesion was 

detected after 24 h. As shown in Fig. 2D, more live cells (green) and fewer dead cells (red) 

were found on the hydrogels with higher GelMA concentrations for osteoblasts. Especially, 

clusters were formed on the hydrogels with 0.5% GelMA content. On the scaffolds with the 

same GelMA concentration, there is no significant difference in the cell adhesion among the 

hydrogels induced by varying the PEGDA content. Based on the calculation, the cell 

adhesion area was sustainably augmented with an increase in GelMA (P<0.05) for both cell 
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types (Fig. 2E). The results demonstrated that the cell adhesion affinities of PEGDA/GelMA 

were correlated with the GelMA content and such correlation was independent of the 

PEGDA concentration. Thus, we used L, M and H to represent the hydrogels with low 

(0.05% GelMA), middle (0.2% GelMA) and high (0.5% GelMA) adhesion ligand density 

(Fig. 1A, Table 1, Fig. 2D-E).

3.3 Intrascaffold-cultured osteosarcoma cells are more sensitive to matrix stiffness, while 
osteoblasts are more dependent on adhesion ligands

Since 3D culture resulted in cells more similar to those growing in vivo [31], we developed 

the intra-scaffold-cultured system for osteosarcoma cells and osteoblasts. The MTT analysis 

and viability assay were performed to evaluate the proliferation and viability, respectively, of 

the cells inside the hydrogels. Cells in the same group proliferated in a time-dependent 

manner (Fig. 3A-B). For osteosarcoma MG63 cells cultured within scaffolds at the same 

time point, fewer dead cells and more live cells were present in stiffer hydrogels (Fig. 3C). 

However, in hydrogels with the same stiffness, cell viability changed little when ECM 

adhesion ligand density varied. In contrast, the cell viability and proliferation of osteoblastic 

hFOB1.19 cells were correlated with the density of adhesion ligands rather than with ECM 

rigidity (Fig. 3D). UV cross-linking does not affect the cell viability, as indicated by little 

difference in the viability of the osteosarcoma cells and osteoblasts before and after UV 

irradiation (Fig. S2).

The tumorigenesis of MG63 cells inside the 9 hydrogels with different ECM adhesivity and 

rigidity were evaluated. HIFA and VEGF are both important mediators of tumor 

angiogenesis[11, 32]. The matrix metalloproteinase (MMP) family contributes to the 

formation of microenvironments that promote tumorigenesis in the early stages, particularly 

MMP2 and MMP9[11]. The levels of tumorigenic genes (HIFA, VEGF, MMP2 and MMP9) 

varied with the increase in PEGDA and the resultant increase in the ECM stiffness (Fig. 4A). 

The expression of these genes all peaked at 25 kPa. However, in the scaffolds with the same 

stiffness, there was little difference. The results were further confirmed by western blot of 

HIFA, VEGF, MMP2 and MMP9 (Fig. 4B) and immunofluorescence staining. As shown in 

Fig. S3A, more cells with stronger positive MMP2 and MMP9 staining were present in the 

osteosarcoma cells within the more rigid hydrogels than in those within the softer hydrogels. 

However, in the hydrogels with the same stiffness, positive staining and cell numbers varied 

little with the change in the density of adhesion ligands. ALDH plays a vital role in clinical 

osteosarcoma metastasis[24], and CD133 is also an osteosarcoma marker of metastasis and 

invasion[33, 34]. As shown in Fig. 4C, the osteosarcoma cells excreted more ALDH in 

stiffer scaffolds, independently from ECM adhesion. Meanwhile, intracellular CD133 

staining was intensified with the increase in stiffness, although it did not change much with 

the ECM adhesion ligand density (Fig. 4D).

In contrast to tumorigenesis of osteosarcoma cells, the indicators of osteogenic 

differentiation (ALP, COL1, BMP2 and RUNX2)[26] in osteoblasts cultured within 

scaffolds were augmented with the increase in adhesion ligands rather than stiffness (Fig. 

4E). Immunofluorescent staining of OCN and ALP, which are osteogenic differentiation 

markers, showed that positive staining was correlated with the changes in ECM adhesivity 
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rather than in stiffness (Fig. S3B). Western blot of ALP, COL1, BMP2 and RUNX2 (Fig. 4F) 

and ALP activity also confirmed that osteogenesis varied with ECM adhesion ligand density 

(Fig. 4G). Positive alizarin red staining, indicative of osteoblast calcification nodules, 

became stronger with the increase in ECM adhesion ligand density (Fig. 4H).

To further verify the in vitro findings, we investigated the effect of matrix stiffness and 

adhesion ligands on the tumorigenicity and osteogenesis in vivo based on subcutaneously 

injected MG63 cells and hFOB1.19 cells in the nude mice with PEGDA-GelMA hydrogels 

as vehicles. As shown in Fig. 5A-D and Table 2, the volume of osteosarcoma harvested from 

nude mice increased with the increase of ECM stiffness, while the tissue formed by 

osteoblasts enlarged with the increase of ECM adhesivity. Under the same stiffness, the 

osteosarcoma volume varied little with the change of ECM adhesivity. Similarly, neo-tissue 

formed by osteoblasts changed minimally with ECM rigidity. This was further confirmed by 

histological and immunohistochemical staining. As shown in Fig. 5E-F, the number of blood 

vessels, the percentage of necrosis area as well as the number of round, polygonal and 

fusiform like cells, indicative of tumor malignancy, increased with the ECM stiffness rather 

than with the adhesivity in osteosarcoma. In contrast, more mature and differentiated 

osteoblasts as indicated by eosin staining were present in the adhesive ligand rich groups for 

osteoblastic-like tissues. As reflected in Fig.5G-H, CD133 positive staining was intensified 

with the stiffness of scaffold in osteosarcoma, while OCN positive staining was strengthened 

with the ECM adhesivity for osteoblasts.

3.4 ECM stiffness affects osteosarcoma cells by regulating the integrin-mediated FA 
signaling pathway, while ECM adhesion impacts osteoblasts via the integrin-mediated AJ 
signaling pathway

Integrin-mediated AJ and FA signaling pathways are associated with cell-cell adhesion and 

mechanotransduction, respectively. As shown in Fig. 6A-B, the expression of integrin-β 
(ITGB) and FA signaling pathway protein (including talin-1 (TLN1), FAK, paxillin (PXN) 

and vinculin (VCL)) in osteosarcoma MG63 cells embedded in the 9 scaffolds was higher in 

the rigid hydrogels than in the flexible hydrogels. However, the expression of the AJ 

signaling pathway protein α-E-catenin (CTNNA1) was degraded in the rigid hydrogels than 

in the soft ones (P<0.05), which is in contrast to β-catenin (CTNNB1) expression, indicating 

no correlation between ECM stiffness and AJ signaling.

In contrast, the expression of the ITGB and AJ signaling pathway proteins CTNNA1 and 

CTNNB1 varied with scaffold adhesivity rather than with the stiffness in the intrascaffold-

cultured osteoblasts (P<0.001), as shown in Fig. 6C-D. However, TLN1, PXN, FAK and 

VCL, which are key proteins in the FA signaling pathway, showed no significant differences 

in all the osteoblast groups.

We further examined tumorigenesis when FAK was inhibited using PF-573228. As a result 

of FAK inhibition, the expression of the tumorigenesis-related markers MMP2 and VEGF 
was downregulated in the intrascaffold-cultured osteosarcoma cells compared with the 

unsuppressed cells, which was unanimous with the FAK expression (Fig. 7A). In addition, 

these genes exhibited no correlation with stiffness. ALDH activity also confirmed the same 

Jiang et al. Page 9

Biomaterials. Author manuscript; available in PMC 2020 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



results (Fig. 7B). Negative CD133 staining was also observed in blocked osteosarcoma cells 

cultured inside the scaffolds (Fig. 7C).

By using SHE78–7 anti-E–cadherin antibody, osteogenesis markers such as ALP and OCN 
were also found to drop after CTNNA1 was blocked in the intrascaffold-cultured osteoblasts 

(Fig. 7D). As shown in Fig. 7E, the ALP activity of osteoblasts was also restrained with the 

suppression of CTNNA1. No significant differences were identified among the groups with 

different ECM adhesion ligand densities. Meanwhile, the secretion of mineralized nodules 

by the osteoblasts was also inhibited, as shown by mostly negative alizarin red staining in all 

the osteoblast groups (Fig. 7F).

3.5 Both surface-cultured osteosarcoma cells and osteoblasts are regulated primarily by 
matrix adhesion through the AJ signaling pathway

Osteosarcoma MG63 cells and osteoblastic hFOB1.19 cells were cultured on the surface of 

nine hydrogels with different ECM adhesion densities and mechanical properties. As shown 

in Fig. 8 A-B, both cells proliferated with time in the same group. Cell proliferation was 

sustainably augmented with the increase in the GelMA content (P<0.05) for both surface-

cultured osteosarcoma MG63 cells and osteoblast hFOB1.19 cells. However, little difference 

was found on the scaffolds with the same GelMA content. The results were also confirmed 

by live/dead cell assays (Fig. S4). After 7 days of culture, it was observed that hydrogels 

with more GelMA content supported more live cells and fewer dead cells than those with a 

lower proportion of GelMA for both MG63 cells (Fig. S4A) and osteoblasts (Fig. S4B). 

Clusters were formed on the surface with excessive GelMA content. In contrast, the PEG 

content had a little effect on the cell adhesion at the same GelMA concentration.

As shown in Fig. 8C, the gene expression of HIFA, VEGF, MMP2 and MMP9, which are 

tumorigenesis markers, in the MG63 cells cultured on the scaffold surfaces, was 

continuously upregulated with the increase in the ECM adhesion (P<0.001). In the scaffolds 

with the same adhesivity, there were no significant differences among the hydrogels of 

different rigidities (P>0.05). Osteoblasts responded in the same manner as osteosarcoma 

cells to the variations in the scaffolds. The expression of ALP, COL1, BMP2 and RUNX2, 
which are osteogenic differentiation markers[26], was dependent on the density of GelMA 

rather than the stiffness (Fig. 8D).

Immunostaining of critical tumor formation and osteogenic differentiation proteins also 

confirmed the RT-PCR results. As shown in Fig. 8E, the positive staining of MMP2 and 

MMP9 in the osteosarcoma MG63 cells intensified in an ECM adhesion-dependent manner. 

For osteoblasts, staining of ALP and OCN, which are specific markers of osteoid formation 

and mineralization[26], became stronger with the increase in the adhesion ligands rather 

than in the stiffness (Fig. 8F).

As shown in Fig. 8G-H, the levels of ITGB, CTNNA1 and CTNNB1 for both surface-

cultured osteosarcoma cells (Fig. 8G) (P<0.05) and osteoblasts (Fig. 8H) (P<0.05) increased 

with the adhesion ligand density, similar to those in the osteoblasts embedded in the 

hydrogels (Fig. 6C-D). However, the expression of key FA signaling pathway proteins had 
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no direct correlation with the ECM stiffness or adhesion ligand density for both 

osteosarcoma cells and osteoblasts cultured on the scaffold surfaces.

4. Discussion

To study the different cellular responses, we fabricated hydrogels with a cross-linked 

network of PEGDA and GelMA, which allowed for independent control of the compression 

modulus and adhesion ligand density. Engler et al. proved that relatively soft hydrogels (0.1–

10 kPa) induced neurogenesis, and stiff hydrogels (25–40 kPa) promoted osteogenesis[5]. In 

our study, the scaffold stiffness was controlled by adjusting the PEGDA concentration in a 

range of 1.6 ~ 25 kPa (Table 1, Fig. 1A) and the cell adhesion ligand density, i.e., gelatin 

density was adjusted by varying the concentration of GelMA in the hydrogels. Due to the 

very low GelMA concentration compared to that of PEGDA, the impact of different GelMA 

concentrations on the stiffness of the obtained hydrogels should be negligible. On the other 

hand, by varying GelMA content, adhesion ligand density was altered, which impacted cell 

adhesion affinity (Fig. 2, S4). Thus, PEGDA/GelMA hydrogels provide a favorable model 

system to investigate the impact of individual physical cues on cell manner. This was similar 

to the studies of Tokuda et al who utilized PEG-peptide hydrogels to control the stiffness and 

adhesivity [35]. We demonstrated that intrascaffold-cultured osteosarcoma cells depended 

more on the ECM rigidity than on the adhesivity whereas normal osteoblasts showed the 

opposite trend. This finding is likely because osteosarcoma cells are anchorage-independent 

and thus might primarily be affected by ECM stiffness, while osteoblasts are anchorage-

dependent and thus rely primarily on the adhesion ligands.

Differential cell behavior ranging from normal to cancerous may respond differently to 

substrate properties [36]. Osteosarcoma cells cultured within the scaffolds are dependent on 

the matrix rigidity rather than on the ECM adhesion ligands, as indicated by the increased 

cell growth and tumor malignancy observed in stiffer hydrogels compared with softer 

scaffolds (Fig. 3A, 3C, 4A-D, 5A-B, 5E, 5G, S3A). In contrast, osteoblasts were more 

sensitive to the adhesion ligands in the matrix, evidenced by the enhanced osteoblastic 

formation and calcification in GelMA-rich scaffolds (Fig. 3B, 3D, 4E-H, 5C-D, 5F, 5H, 

S3B). Variations in the cellular response of osteosarcoma cells cultured within the scaffolds 

indicated that cancer cells regain their anchorage-independence state in microenvironments 

mimicking the ECM of natural tumors. Although the adhesion ligands affect sarcoma 

regeneration, their impact is smaller than the effect of mechanical properties. This was not in 

agreement with the findings of Caliari et al, who found that ECM stiffness affected the 

osteogenic differentiation of MSCs [37] and those of Taubenberger et al, who found that 

ECM modulated cancer cell invasion [38]. This may be because the scaffolds they used were 

not controlled precisely with independent stiffness and adhesive ligands.

The response of cancer cells to the scaffolds differed from that of normal cells, and is likely 

associated with the regulation of the integrin-mediated FA signaling pathway[39] (Fig. 9). 

Integrin-β, an important ECM receptor, plays a critical part in mechanotransduction[40]. 

The coupling of integrins to F-actin[41] through talin is highly associated with integrin 

activation, which is essential for mechano-signaling and cancer cell function[42]. Following 

the formation of the integrin/talin link, signaling competent adapter proteins like paxillin 
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participated in the mechanical signal transduction [16]. Vinculin is an important molecule 

that stabilizes FAs and modulates force transmission[43]. Studies have reported that stress 

stimulates the combined expression of vinculin and paxillin, thereby activating FAK[18, 19, 

44] to eventually promote the expression of tumor malignancy markers, such as MMP2, 

MMP9 and VEGF[45]. During mechanotransduction, the Wnt-independent activation of β-

catenin is also initiated by FAK upregulation[46] to increase MMP2 and MMP9 activity, 

thereby contributing to tumorigenesis[47]. FAK signaling pathway also regulates cancer 

malignancy by modulating ALDH[48] and CD133[49]. In this study, intrascaffold-cultured 

MG63 cells were predominantly affected by ECM stiffness, which may be regulated through 

the integrin-mediated FA signaling pathway (Fig. 6A-B, 7A-C), as evidenced by the 

association of crucial FA molecule expression with matrix rigidity (Fig. 7A-C). However, 

adhesion ligands have only a minor effect on the intrascaffold-cultured osteosarcoma cells, 

as indicated by the independence of integrin-mediated malignancy and the expression of α-

E-catenin and β-catenin upon ECM adhesion (Fig. 6A-B). This phenomenon mirrors the 

earlier finding that α-E-catenin expression is not associated with the ECM adhesion in 

cancer[50]. Studies have also shown that AJ proteins are downregulated in the cancer 

cells[15], suggesting that cancer cells do not require attachment. Thus, cancer cells, which 

gradually lose AJ protein expression[51], may not be as sensitive to ECM adhesivity as 

normal cells.

Whether cultured inside the scaffold or on the surface, normal osteoblasts, which are likely 

regulated by integrin-mediated AJ signaling pathways, were more sensitive to ECM 

adhesion ligands than the osteosarcoma cells (Fig. 9). Integrins are heterodimeric 

transmembrane receptors linked to the cortical actin cytoskeleton through scaffolding 

proteins, thereby influencing the anchorage-dependent cells such as osteoblasts. Integrin-β 
binding to α-E-catenin and β-catenin contributes to the anchorage dependency. For both 

intrascaffold- and surface-cultured osteoblasts, the scaffolds supported the cell growth in a 

GelMA-dependent manner (Fig. 3B, 3D, 4D-F, 8B, 8D, 8F, S3B, S4B), which is consistent 

with the increase in the adhesion molecule expression, including α-E-catenin and β-catenin 

(Fig. 6C-D, 7D-F, 8H). This finding indicates that adhesion ligands exert a major effect on 

the anchorage-dependent osteoblasts through modulating the integrin-mediated AJ signaling 

pathway.

Intriguingly, osteosarcoma cells behave differently on the scaffold surfaces compared with 

those embedded in the scaffolds, which are more influenced by ECM adhesion than 

stiffness. When cultured on the scaffold surfaces, the osteosarcoma cells reacted to the 

matrix in a similar manner as the osteoblasts. For anchorage-independent cancer cells, they 

are “forced” to attach to the flat surface of the substrate and have to adopt unnatural 

characteristics, such as an aberrant flattened morphology, which might hamper cell 

proliferation[52] and change the biological properties, functions and even genetic 

characteristics of the cells[53–56]. In particular, surface culture is similar to the monolayer 

culture, which renders cancer cells sensitive to apoptosis and results in the expression of 

fewer genes conferring tumor malignancy[57]. Thus, cancer cells behave similarly to 

anchorage-dependent cells and tend to rely on the AJ signaling pathway when they are 

flattened onto a substrate. This also demonstrated that 3D culture was more suitable for 

tumor and tissue development [31].
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In conclusion, by independently changing the PEGDA and GelMA in the PEDA/GelMA 

hydrogels, we achieved crosslinked matrix with independently tunable stiffness (1.6, 6 and 

25 kPa for 5%, 10%, 15% PEDGA, respectively) and adhesion ligand density (low, medium 

and high for 0.05%, 0.2%, 0.5% GelMA respectively). By studying the response of cells to 

such tunable hydrogels, we observed that ECM stiffness rather than matrix adhesivity affects 

the growth and progression of the intrascaffold-cultured osteosarcoma cells through 

regulating the integrin-mediated FA signaling pathway. On the contrary, their normal 

counterparts (osteoblasts) are mainly affected by ECM adhesion ligands through modulating 

the integrin-mediated AJ signaling pathway. This study may provide strategies for tailoring 

scaffolds for generating in vitro tumor models to test anticancer therapeutics and for 

regenerating tissue to repair defects.
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Fig. 1. 
Schematic description of different cellular responses of osteosarcoma cells (anchorage 

independent) and osteoblasts (anchorage-dependent) to scaffold stiffness and adhesivity
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Fig. 2. Evaluation of the hydrogels.
(A) Compression modulus of 9 hydrogels after gelation, n=3. (B) Swelling ratio of 9 

scaffolds, n=3. (C) SEM images of different hydrogels after freeze drying. Scale bar: 100 

µm. (D) Representative images of osteoblasts attached on the surface of the 9 hydrogels after 

24 h. Scale bar: 50 µm. (E) Percentage of adhesive area of osteoblasts cultured on 9 

hydrogel surfaces after 24 h per view. n=10; mean ± SD; *P<0.05, **P<0.01, ***P<0.001; 

NS, not significant. L, M and H correspond to low (0.05% GelMA), middle (0.2% GelMA) 

and high (0.5% GelMA) adhesion ligand density.
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Fig. 3. Cell viability and proliferation of osteosarcoma cells and osteoblasts cultured within 
scaffolds.
(A) Cell proliferation of intrascaffold-cultured osteosarcoma cells after 3 and 7 days by 

MTT analysis. (B) Cell Proliferation of intrascaffold-cultured osteoblasts after 3 and 7 days 

by MTT analysis. (C) Representative images of intrascaffold-cultured osteosarcoma cells 

after 7 days by live/dead cell assay. Scale bar: 50 µm. (D) Representative images of 

intrascaffold-cultured osteoblasts after 7 days by live/dead cell assay. Scale bar: 50 µm. n=3; 

mean ± SD; *P<0.05, **P<0.01, ***P<0.001; NS, not significant. L, M and H correspond to 

low (0.05% GelMA), middle (0.2% GelMA) and high (0.5% GelMA) adhesion ligand 

density.
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Fig. 4. The tumorigenesis of osteosarcoma cells and osteogenesis of osteoblasts cultured within 
scaffolds in vitro.
(A) HIF, VEGF, MMP2 and MMP9 mRNA expression in osteosarcoma cells cultured 

within scaffolds for 7 days. (B) Representative blots of HIFA, VEGF, MMP2, MMP9 and 

GAPDH in intrascaffold-cultured osteosarcoma cells after 7 days. (C) ALDH activity in 

intrascaffold-cultured osteosarcoma cells after 7 days. (D) The immunofluorescent staining 

of CD133 in intrascaffold-cultured osteosarcoma cells after 7 days. Scale bar: 10 µm. (E) 
ALP, BMP2, COL1 and RUNX2 mRNA expression in osteoblasts cultured within scaffolds 
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for 7 days. (F) Representative blots of ALP, COL1, BMP2, RUNX2 and GAPDH in 

intrascaffold-cultured osteoblasts after 7 days. (G) ALP activity of intrascaffold-cultured 

osteoblasts after 7 days. (H) Alizarin red staining of intrascaffold-cultured osteoblasts after 7 

days. Scale bar: 10 µm. n=3; mean ± SD; *P<0.05, **P<0.01, ***P<0.001; NS, not 

significant. L, M and H correspond to low (0.05% GelMA), middle (0.2% GelMA) and high 

(0.5% GelMA) adhesion ligand density.
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Fig. 5. The tumorigenesis of osteosarcoma cells and osteogenesis of osteoblasts cultured within 
the scaffolds in vivo.
(A-D) Representative images of nude mice and harvested samples constructed with (A, B) 
MG63 cells and (C, D) hFOB1.19 cells in 9 hydrogels. Red dotted circles indicate the tumor 

and the neoplasms. Scale bar: 1 cm. (E-F) HE staining of the (E) MG63 tumors and (F) 
hFOB1.19 neoplasms. Scale bar: 50 µm. (G) CD133 immunohistochemistry of the MG63 

tumors. Scale bar: 50 µm. (H) OCN immunohistochemistry of the hFOB1.19 neoplasms. 

Scale bar: 50 µm.
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Fig. 6. Regulation of ECM on osteosarcoma and osteoblastic cells.
(A) Representative blots of ITGB, CTNNA1, CTNNB1, TLN1, FAK, VCL, PXN and 

GAPDH in intrascaffold-cultured osteosarcoma cells after 7 days. (B) Fold induction of 

ITGB, CTNNA1, CTNNB1, TLN1, FAK, VCL and PXN expression in intrascaffold-

cultured osteosarcoma cells after 7 days. (C) Representative blots of ITGB, CTNNA1, 

CTNNB1, TLN1, FAK, VCL, PXN and GAPDH in intrascaffold-cultured osteoblasts after 7 

days. (D) Fold induction of ITGB, CTNNA1, CTNNB1, TLN1, FAK, VCL and PXN 

expression in intrascaffold-cultured osteoblasts after 7 days. n=3; mean ± SD; *P<0.05, 

**P<0.01, ***P<0.001; NS, not significant. L, M and H correspond to low (0.05% GelMA), 

middle (0.2% GelMA) and high (0.5% GelMA) adhesion ligand density.
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Fig. 7. Intrascaffold-cultured osteosarcoma cells were treated with FAK inhibitor of PF-573228, 
and intrascaffold-cultured osteoblasts were treated with SHE78–7 anti-E-cadherin antibody.
(A) FAK, MMP2 and VEGF mRNA expression in osteosarcoma cells; (B) ALDH activity of 

osteosarcoma cells; (C) immunofluorescent CD133 staining in osteosarcoma cells; (D) 
CTNNA1, ALP and OCN mRNA expression in osteoblasts; (E) ALP activity of osteoblasts; 

(F) alizarin red staining in osteoblasts after 7 days. n=3; mean ± SD; *P<0.05, **P<0.01, 

***P<0.001; NS, not significant. L, M and H correspond to low (0.05% GelMA), middle 

(0.2% GelMA) and high (0.5% GelMA) adhesion ligand density.
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Fig. 8. Behavior of osteosarcoma cells and osteoblasts cultured on the scaffold surfaces.
(A) Cell Proliferation of surface-cultured osteosarcoma cells after 3 and 7 days. (B) Cell 

proliferation of surface-cultured osteoblasts after 3 and 7 days. (C) HIF, VEGF, MMP2 and 

MMP9 mRNA expression in osteosarcoma cultured on the surfaces after 7 days. (D) ALP, 

COL1, BMP2 and RUNX2 mRNA expression in osteoblasts cultured on the surfaces after 7 

days. (E) Immunofluorescence staining of MMP2 and MMP9 in intrascaffold-cultured 

osteosarcoma cells after 7 days. Scale bar: 50 µm. (F) Immunofluorescence staining of ALP 

and OCN in intrascaffold-cultured osteoblasts after 7 days. Scale bar: 50 µm. (G) 
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Representative blots and fold induction of ITGB, CTNNA1, CTNNB1, FAK and GAPDH in 

osteosarcoma cells cultured on surfaces after 7 days. (H) Representative blots and fold 

induction of ITGB, CTNNA1, CTNNB1, FAK and GAPDH in osteoblasts cultured on 

surfaces after 7 days. n=3; mean ± SD; *P<0.05, **P<0.01, ***P<0.001; NS, not 

significant. L, M and H correspond to low (0.05% GelMA), middle (0.2% GelMA) and high 

(0.5% GelMA) adhesion ligand density.
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Fig. 9. Mechanism by which osteosarcoma cells and osteoblasts respond to ECM stiffness and 
adhesion ligands, respectively.
ECM stiffness rather than matrix adhesivity affects osteosarcoma cell growth through 

regulation of the integrin-mediated FA signaling pathway, whereas osteoblasts are mainly 

affected by ECM adhesion ligands through modulation of the integrin-mediated AJ signaling 

pathway.
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Table 1.

The theoretical composition of different hydrogels

   PEG
   content
GelMA
Content

5% 10% 15% Adhesivity

0.05%

PEG 25 µL
GelMA 25 µL
PBS 450 µL

initiator 2.5 µL

PEG 50 µL
GelMA 25 µL
PBS 425 µL
initiator 5 µL

PEG 75 µL
GelMA 25 µL
PBS 400 µL

initiator 7.5 µL

L (Low)

0.2%

PEG 25 µL
GelMA 100 µL

PBS 375 µL
initiator 2.5 µL

PEG 50 µL
GelMA 100 µL

PBS 350 µL
initiator 5 µL

PEG 75 µL
GelMA 100 µL

PBS 325 µL
initiator 7.5 µL

M(Middle)

0.5%

PEG 25 µL
GelMA 250 µL

PBS 225 µL
initiator 2.5 µL

PEG 50 µL
GelMA 250 µL

PBS 200 µL
initiator 5 µL

PEG 75 µL
GelMA 250 µL

PBS 175 µL
initiator 7.5 µL

H (High)

Stiffness 1.6 kPa 6 kPa 25 kPa
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Table 2.

The volumes of osteosarcoma cells and osteoblasts with different hydrogels in vivo

  Stiffness
Adhesivity 1.6 kPa 6 kPa 25 kPa Cell type

L (Low)

123.67±7.1
*

mm3
318.30±9.13

*

mm3
918.90±5.12

*

mm3

osteosarcoma
cells

113.37±7.07
#

mm3
110.47±8.57

#

mm3
112.63±2.79

#

mm3
osteoblasts

M (Middle)

119.40±10.34
*

mm3
316.53±7.04

*

mm3
917.37±20.54

*

mm3

osteosarcoma
cells

314.13±7.46
#

mm3
315.47±4.64

#

mm3
318.70±7.56

#

mm3
osteoblasts

H (High)

119.03±7.26
*

mm3
315.60±9.80

*

mm3
917.70±12.74

*

mm3

osteosarcoma
cells

896.9±1.51
#

mm3
901.73±9.57

#

mm3
908.17±9.36

#

mm3
osteoblasts

*
indicates p<0.05 among samples of different stiffnesses with same adhesivity in osteosarcoma cells

#
indicates p<0.05 among samples of different adhesivities with same stiffness in osteoblasts
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