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Abstract 

Background:  Despite the development of various therapeutic approaches 
over the past decades, the treatment of glioblastoma multiforme (GBM) remains 
a major challenge. The extracellular adenosine-generating enzyme, CD73, is involved 
in the pathogenesis and progression of GBM, and targeting CD73 may represent 
a novel approach to treat this cancer. In this study, three-dimensional culture sys-
tems based on three hydrogel compositions were characterized and an optimal type 
was selected to simulate the GBM microenvironment. In addition, the effect of a CD73 
inhibitor on GBM cell aggregates and spheroids was investigated as a potential thera-
peutic approach for this disease.

Methods:  Rheology measurements, Fourier transform infrared spectroscopy (FT-IR), 
scanning electron microscopy (SEM) and cell proliferation assays were performed 
to analyze the synthesized hydrogel and select an optimal formulation. The viability 
of tumor cells in the optimal hydrogel was examined histologically and by confo-
cal microscopy. In addition, the sensitivity of the tumor cells to the CD73 inhibitor 
was investigated using a cell proliferation assay and real-time PCR.

Results:  The data showed that the hydrogel containing 5 wt% gelatin and 5 wt% 
sodium alginate had better rheological properties and higher cell viability. Therefore, it 
could provide a more suitable environment for GBM cells and better mimic the natu-
ral microenvironment. GBM cells treated with CD73 inhibitors significantly decreased 
the proliferation rate and expression of VEGF and HIF1-α in the optimal hydrogel.

Conclusion:  Our current research demonstrates the great potential of CD73 inhibitor 
for clinical translation of cancer studies by analyzing the behavior and function of 3D 
tumor cells, and thus for more effective treatment protocols for GBM.
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Introduction
Identifying novel treatments and predicting their response in cancer patients has 
remained a fundamental challenge in oncology [1, 2]. In brain tumors, surgical removal 
is often not possible and must be followed by radiation and chemotherapy. Most patients 
with glioblastoma multiforme (GBM), have a poor prognosis regardless of the treatment 
and die within 2 years of diagnosis [3–5].

CD73, an enzyme that generates extracellular adenosine, promotes cancer progres-
sion and protects tumors from immune response [6, 7]. Recent in  vitro and animal 
studies have shown that CD73 may be a potential aid for the treatment of glioblas-
toma. Furthermore, CD73 promotes GBM angiogenesis [8]. Silencing of this molecule 
by siRNA or enzymatic inhibition has been shown to result in delayed tumor growth 
and improved survival in animal models of glioblastoma [9, 10]. Increased CD73 expres-
sion was observed in GBM tumor samples, 5(t) [
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grown and form a flat monolayer at the plate surface. Therefore, 3D culture systems are 
more realistic compared to 2D cell culture, as the cells in human body are all in 3D envi-
ronment. These systems are of particular importance in study of tumors, because the cell 
aggregates and spheroids formed in the framework act like a real tumor. Therefore, the 3D 
culture systems can mimic the in vivo tumor behavior and appears to be a powerful tool for 
identifying new therapies for brain tumors [23, 24].

To make the surrounding environment for tumor cells in 3D culture, different bio-
materials have been employed. Among these materials, hydrogels are a unique group 
of hydrophilic polymers, which are increasingly being used for this purpose. Hydrogels 
have acceptable biocompatibility and similarity to the natural ECM, which promotes the 
influx of cell metabolites and enables cell growth, migration, and survival. Consequently, 
hydrogel-based matrices are convenient substitutes for in vitro 2D models [25]. The culture 
platforms provided by hydrogels are currently used in cancer research to test anti-cancer 
drugs for discovery, screening and dosage identification. The previous studies showed that 
the hydrogel systems better mimic the cell–cell and cell–matrix interactions that occur in 
innate tumor tissue, for example, by inducing cell aggregations and spheroid formation [26, 
27].

Natural polymers are promising biomaterials for hydrogel synthesis due to their high bio-
compatibility and biodegradability. Hydrogels having sodium alginate (SA, a natural poly-
saccharide) in their compositions are attractive materials with cell encapsulation and drug 
delivery ability, which are widely used in 3D culture of cancer cells [28–30]. Cross-linking 
of alginate gels can be achieved by exchanging sodium ions with multivalent cations such as 
Ca2+, e.g., by using CaCl2 [31]. However, to form biomimetic hydrogel 3D structures with 
close similarity to the native ECM, protein components, in addition to polysaccharides, are 
also needed [25]. The main components of the brain ECM include the hyaluronan, chon-
droitin sulfate, lecticans, and tenascins [32]. These components belong to the family of 
polysaccharides and proteins in the form of glycosaminoglycans, proteoglycans and gly-
coproteins. In analogy with protein parts of brain ECM, gelatin (G) a denatured form of 
animal collagen derived from partially hydrolyzed collagen [33], can be used. Gelatin is a 
biocompatible, biodegradable, and cheap biomaterial with low antigenicity and high bio-
degradation rate, and it has found wide applications in tissue engineering and cell encapsu-
lation [34–36]. The combination of sodium alginate and gelatin may be advantageous. The 
alginate hydrogels covalently cross-linked with gelatin have been shown to exhibit high cell 
adhesion, spreading, migration, and proliferation, as well as rapid degradation rates, which 
makes them suitable materials for cell encapsulation [37–39].

To the best of the authors’ knowledge, the anti-tumor effect of CD73 inhibitor on glio-
blastoma animal and human cell lines has not been studied in a 3D culture model of gel-
atin–sodium alginate (G-SA) hydrogel. Therefore, three G-SA hydrogels with different 
concentrations of compounds were formulated and synthesized. To develop and evaluate a 
3D culture system for brain tumors, human and rodent glioblastoma cell lines (U87 and C6, 
respectively) were individually used in hydrogels and the effect of CD73 inhibitor on their 
proliferation and expression of tumor-related genes was investigated.
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FTIR spectra of the gelatin are also shown in Fig. 1. In this spectrum, the characteris-
tic peaks appeared between 1900 and 900  cm−1 (at about 1638  cm−1, 1385  cm−1, and 
1256  cm−1) correspond to the amide I, II, and III bonds of gelatin. Similar peaks were 
reported in previous studies for gelatin [43–45]. Furthermore, the peaks that appeared 
in the range of 3600–2700 cm−1 are associated with Amide A and B, and those detected 
in the range of 900–400 cm−1 corresponded to Amide IV, V, and VI (Fig. 1a) [46].

In the ATR-FTIR results (Fig.  1b), of the cross-linked sodium G-SA hydrogels, the 
characteristics band observed at around 920  cm−1 are related to C–H group [47]. The 
bands around 1025 cm−1 are the C–O–C bonds as identified in sodium alginate as well 
[48]. Furthermore, the peak at about 1415–1460 cm−1 is attributed to COO–, which is 
linked to the alginate hydrogen [49]. The peak at 1526  cm−1 is due to the N–H group 
of amide II and that observed at 1266 cm−1 is associated with the N–H group of amide 
III of gelatin [49, 50]. The peak appeared at 1625 cm−1 is the characteristic of –CONH2 
group, indicating that the negative group of sodium alginate was probably linked with 
positive load of gelatin [51–54]. This measurement suggests that intermolecular interac-
tions occur between alginate and gelatin, signifying that the two polymers have molecu-
lar compatibility, which can improve the mechanical properties of hydrogels. The band 
observed in the range of 2800–2900 cm−1 is related to the C–H bond, which is charac-
teristic of the polysaccharides (sodium alginate) [47]. The detected broad peak in the 
region of 3500–3000 cm−1 in the FTIR spectra of the gelatin–sodium alginate hydrogels 
is indicative of O–H bond (the presence of water) [50]. The hydrogels showed spectra 
consistent with the peaks that appeared in the patterns of sodium alginate and gelatin. 
Gelatin is amphoteric in nature due to the attendance of carboxylic and amino groups 
that can provide a net positive charge at acidic pH and thus is capable of forming a com-
plex with anionic polysaccharides (for instance sodium alginate). This is due to the elec-
trostatic interactions, leading to the hydrogel formation.

Rheology

For assessing the mechanical tolerance of the hydrogels with the external forces, ampli-
tude sweep tests were carried out. The G′ and GƎ of the hydrogels were measured as a 
function of shear stress where the angular frequency was constant at 1 Hz (Fig. 2a, c, 
and e). As indicated in these figures, in all hydrogels, the G′ remained larger than GƎ 
until the two curves intersected at a certain shear stress. This shows the hydrogels’ elas-
tic nature. Afterward, the GƎ values became greater than G′ values, signifying fractional 
hydrogel network breaking. The points that G′ and GƎ met each other (yield stress (σ)) 
[55], were 819.73, 260.7, and 227.61 Pa for G1-SA9, G3-SA7, and G5-SA5, respectively. 
Furthermore, the G′ values at the yield stress of G1-SA9, G3-SA7, and G5-SA5 were 
2655.1, 1246.4, and 1089.5 Pa, correspondingly. The results obtained here indicate that 
all hydrogels were mechanically stable, with the highest tolerance of mechanical force 
for G1-SA9. The G3-SA7 and G5-SA5 hydrogels had almost comparable properties. 
Furthermore, by decreasing the SA content, both yield stress and storage modulus (G′) 
were decreased. This means that the gels with lower SA are less stiff and undergo plastic 
deformation at low applied forces.

Furthermore, Fig. 2b, d, and f designates higher G′ than GƎ values for all hydrogels, 
meaning that all the hydrogels were in solid-state with good elasticity. Moreover, Fig. 2b 
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indicates higher G′ and GƎ values for the G1-SA9 hydrogel, implying that the hydrogel 
was more solid-like with superior elasticity in comparison with other hydrogel formula-
tions. This was obvious as this hydrogel was very stiff and the preparation and handling 
were difficult, particularly when the cells were added for biological analyses. The rheo-
logical properties of the G1-SA9, G3-SA7, and G5-SA5 hydrogels were only independent 
of the applied strains up to critical strain levels of 2.15%, 1.47%, and 1.47%, respectively 
(Fig. 2b, d, and f ). Beyond these strain levels, the G′ declined and became lower than 
GƎ. This is indicative that < 2.15% strain for G1-SA9 and < 1.47% strain for G3-SA7 and 
G5-SA5, the structure of these hydrogels was undamaged and the hydrogels behaved 
solid-like, and as the G′ > GƎ, the samples were highly structured. However, at the strain 
level above these critical points, the internal network structure of the hydrogels was dis-
rupted, and they became more fluid-like.

To understand the viscoelastic property of hydrogels, a frequency sweep test 
was conducted at a constant shear strain of 0.1% and at a constant temperature 

(b)(a)

(d)(c)

(f)(e)
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of 25  °C. The variations of G′ and G″ with oscillatory frequency for the three syn-
thesized hydrogels (G1-SA9, G3-SA7, and G5-SA5) are shown in Fig.  3. The values 
of G′ and G″ in all samples increased when the frequency was amplified (running 
approximately parallel), and the G′ values were always higher than GƎ values. There-
fore, the dumping factors [56] calculated for the three samples were always less than 
1 (DF = GƎ/G′ < 1). This means that the internal network structure was formed in all 
hydrogels across the frequency range, after cross-linking by CaCl2, and the hydrogels 
had solid-like viscoelastic nature and stability against the applied external force. The 
G1-SA9 hydrogel was more stable due to greater G′ values.

Fig. 3  Rheological characterization of hydrogels. Variations of G′ and GƎ with different angular frequency: a 
G1-SA9, b G3-SA7, and c G5-SA5
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Surface morphology with and without cells

The SEM images in Fig. 4 demonstrate the surface morphological characteristics of the 
three hydrogels without cells. As shown in this figure, the surface roughness and topog-
raphy differ in the three hydrogels, meaning that their compositions influenced the sur-
face and structural properties. It appeared that by increasing the gelatin content in the 
hydrogels, the surface roughness decreased. The hydrogel with higher content of sodium 
alginate revealed wrinkled surface, possibly due to strong crosslinking of sodium algi-
nate molecules. Furthermore, SEM images of the hydrogels loaded with U87 (Fig. 5) and 
C6 (Fig. 6) cells (the glioblastoma cell lines) showed that the cells were well trapped in 
the hydrogels and their morphology was preserved. Meanwhile, cell aggregation and 
spheroid formation were also observed. Hence, the results confirmed that the prepared 

Fig. 4  Hydrogel structures (immediately after preparation and without cells) observed by SEM: a G1-SA9, b 
G3-SA7, and c G5-SA5 (scale bars: 100, 50 µm)
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Fig. 5  U87 cells on and inside hydrogels at day 7 observed by SEM. Yellow arrows indicate the cells (scale 
bar: 10 µm)
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Fig. 6  C6 Cells on and inside hydrogels at day 3 observed by SEM. Yellow arrows indicate the cells (scale bars: 
20, 2 µm)
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hydrogels not only make possible cell attachment, but also cell spreading, proliferation, 
and aggregation.

It should be pointed out that both gelatin and sodium alginate are biodegrad-
able polymers, and their hydrogels degrade after a while in aqueous solutions. Several 
micro-pores were observed in the SEM images (Figs. 5 and 6), probably due to polymer 
degradation, particularly gelatin. It can be seen that as the gelatin content increased the 
structure became more porous.

Hydrogel cytotoxicity

The viability of GBM cell lines (C6 and U87) grown in different hydrogel compositions 
was assessed using a resazurin-based assay at 3 and 7 days. The results displayed that 
culture of both cell lines in the G5-SA5 composition can induce remarkable proliferation 
of tumor cells after 7 days. No significant difference was observed at day 3 of the culture 
(Fig. 7). Thus, the G5-SA5 formula represents a better scaffold structure for cell growth.

Morphology of glioblastoma cells in 3D culture

The morphology of the glioblastoma cell lines (U87 and C6) in the optimal hydrogel 
scaffold (G5-SA5) was examined on day 7 by conventional histology techniques and con-
focal microscopy imaging. As shown in Fig. 8a, two cell lines adhered to the scaffolds 
and grew along the skeleton. Tumor cells cultured in hydrogel scaffolds (Fig. 8a) showed 
both types of cells proliferated and were morphologically similar to glioblastoma cells in 
original tumor tissues. The morphology of cancer cell lines in 2D culture are often dif-
ferent from 3D culture. In 2D culture glioblastoma cells were fusiform, flat and epithe-
lioid, while in 3D culture they grow as small, round or ovoid cells [57, 58]. Furthermore, 
cells were observed in the scaffold after 7 days, stained with phalloidin, and imaged by 
confocal microscopy. Phalloidin is used for staining actin filaments (actin is the funda-
mental cytoskeletal molecule). Actin can be stained in living and fixed cells to determine 
and follow the structure and function of the cytoskeleton. Here, the aim of the phal-
loidin staining was to confirm and visualize whether the living cells can aggregate and 
form spheroids. Regarding cell viability, the cells within the hydrogel were alive (stained 
green) and loaded successfully (Fig. 8b). Similar to SEM images, GBM cell aggregation 
and spheroid formation were observed in the 3D culture of both cell lines.

Effect of CD73 inhibitor on tumor cell proliferation in the three‑dimensional culture

Figure 9a shows the chemical structure of CD73 inhibitor (APCP). The effect of APCP 
on the viability of C6 and U87 cells was assessed using resazurin-based assays. As shown 
in Fig. 9b, APCP led to a significant decrease in viability in both GBM cell lines at doses 
of 50, 100 and 200 µg/ml after 24 h and 48 h compared to the control group. In addition, 
a dose-dependent effect of the CD73 inhibitor on the proliferation of both cell lines was 
shown. However, this effect appeared to be saturated at higher concentrations. The dose-
dependent effect of the CD73 inhibitor was more pronounced after 24 h than after 48 h. 
The IC50 values for 24 and 48 h for C6 were 59 and 158 µg/ml, respectively, and the IC50 
values after 24 and 48 h for U87 were 70 and 66 µg/ml, respectively. For this reason, we 
chose a concentration of 100 for the gene expression assay.
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Effects of CD73 inhibitor treatment on gene expression in 3D model

To assess the effect of CD73 inhibitor on tumor angiogenesis and matrix degradation, 
the gene expression of VEGF-A, HIF-1α, and MMP9 were quantified in the optimal 
hydrogel (G5-SA5, Fig. 10) when the cells were exposed to the optimum dose of APCP 
(100 μg/ml). As can be seen in Fig. 10, treatment with APCP in both glioblastoma cell 
lines (C6 and U87) considerably decreased the levels of VEGF-A and HIF-1α RNAs 
compared with the drug solvent-treated cells (control group). MMP9 expression was 
highly down-regulated in the U87-treated cell lines (*P < 0.05). In the C6 cell line, MMP9 
expression declined in comparison with the control group however, the differences were 
not statistically significant.
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Fig. 7  Cell viability and proliferation analysis of a C6, and b U87 tumor cell lines cultured in three hydrogel 
compositions after 3 and 7 days. Bars indicate mean ± SEM. N = 3 replicates per condition. **P < 0.01, 
***P < 0.001, and ****P < 0.0001
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Discussion
It is well documented that the tissue microenvironment is important for the angio-
genic and metastatic process of tumorigenesis [59]. In their natural 3D environment, 
malignant cells interact with a variety of cells, including immune and stromal cells, and 
numerous factors such as cytokines, adenosine, and proteolytic proteins, making this 
complexity difficult to reproduce in 2D in vitro experiments. 2D cultures have numerous 
limitations, including disruption of interactions between the cellular and extracellular 
environments, alteration of cell morphology, polarity, and division method [24, 60]. This 
complexity has led to the development of various models that can mimic in vivo condi-
tions well, such as 3D culture. Optimizing culture conditions improves our knowledge of 
tumor biology and facilitates the study of biomarkers and new targeted therapies [61]. In 
this study, we investigated the growth, viability, and sensitivity of glioblastoma cells in a 
hydrogel-based 3D culture system.

Three different formulations of gelatin–sodium alginate hydrogels were prepared here. 
These natural polymers were chosen because sodium alginate is a highly hydrophilic 
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Fig. 8  Morphology of glioblastoma cells. a Paraffin-embedded cross-section and H&E staining of the 
glioblastoma cell lines in the three-dimensional culture (magnification: ×200), (dashed circle: cell aggregate, 
arrow: single cell, H: hydrogel). b Confocal microscopy of tumor cells cultured in hydrogel environments 
(scale bar: 50 μm) (dashed circle: cell aggregate, arrow: single cell)
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polysaccharide that, due to its loose structure, has abundant hydroxyl and carboxyl 
groups with free volume between the chains [62, 63]. Furthermore, gelatin is a natural 
protein that comprises free carboxyl and amino groups on its flexible backbone, and 
transports positive charges in aqueous solutions. It is expected that promising perfor-
mance of G-SA hydrogels could be gained due to the charge type, presence of hydrophilic 
groups, and chain stiffness between these two polymers. In all hydrogels developed here, 
G and SA could form a cation–anion complex which led to hydrogel formation, and 
the cells could adhere and aggregate within the hydrogel structures. Furthermore, the 
hydrogels formed a good internal network structure after cross-linking by CaCl2 and had 
solid-like viscoelastic nature and stability against the applied external force. However, it 
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Fig. 9  Effect of CD73 inhibitor on tumor cell proliferation. a Structure of APCP (CD73 inhibitor). b Proliferation 
rate of tumor cell line exposed to APCP in hydrogel scaffold after 24 and 48 h. Bars indicate mean ± SEM. 
N = 3 replicates per condition. *P < 0.05 compared with control (concentration zero) group
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should be pointed out that the G1-SA9 hydrogel was very stiff and the preparation and 
handling were difficult, particularly when the cells were added. It has been indicated that 
the rheological parameters quantitatively depend upon the ratio of these components in 
the hydrogel complexes [53]. To select the optimum G-SA hydrogel among the different 
formulations to be used as the 3D culture system, a preliminary comparative assay on 
cytocompatibility was performed and finally, the hydrogel with 5w% gelatin and 5w% 
sodium alginate was chosen because a higher proliferation rate was observed meaning 
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Fig. 10  Relative expression of VEGF-A, HIF-1α, and MMP9 in the 3D hydrogel-based culture model. B2m and 
GAPDH were regarded as the internal control. Data are represented as the mean ± SEM from 4 samples and 
were evaluated using a student’s t-test. *P < 0.05 in comparison to the control group
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that this hydrogel provided the superior environment for GBM cells. Gelatin and sodium 
alginate were previously used as 3D in vitro model systems to induce the formation of 
breast cancer cell spheroid through bioprinting [29, 30]. The authors in both studies 
found that the bioprinted heterogeneous model could result in high rate of viability and 
self-assembly of breast cancer cells to form multicellular tumor spheroids with the can-
cer-associated fibroblast cells migration and interaction. The hydrogel composition was 
3 w/v% alginate and 7 w/v% gelatin. In another study [64], optimized sodium alginate-
gelatin hydrogels were printed along with non-small cell lung cancer (NSCLC) patient-
derived xenograft (PDX) cells and lung cancer-associated fibroblasts. The hydrogels with 
3.25% and 3.5% (w/v) SA and 4% (w/v) G revealed better printability, higher cell viabil-
ity, and spheroid formation. In addition, several studies developed 3D in vitro model or 
drug delivery systems for glioblastoma using hydrogels. For example, Fan et al. designed 
a novel 3D GBM (U87) cell culture model based on microwells made up of poly(ethylene 
glycol) dimethyl acrylate (PEGDA) hydrogel, which is simple and low-cost. The authors 
used the photolithography technique to make the 3D micropatterning system in order to 
control the shape, size, and thickness of the GBM cell spheroids [65]. In another study, 
different variants of pectin-based hydrogels were developed by change of the pectin con-
centration and the quantity of free carboxyl groups for anti-glioma therapy [66]. The bio-
logical assays on C6 and U87 glioblastoma cells reveled the anti-glioma activity of the 
developed hydrogels as they decreased cell proliferation and modulated migration, but 
supported the high neural cell viability.

Animal and cellular studies have already shown that CD73 is a promising target for the 
treatment of glioblastoma because it is related to tumor growth, angiogenesis, metasta-
sis, escape from immunesurveillance, and chemoresistance [9, 67]. It should be noted 
that there is no assessment of the effect of CD73 inhibitor on animal and human GBM 
cell lines in the three-dimensional gelatin–sodium alginate hydrogel culture model. A 
significant anti-proliferative effect was observed after 48 and 72 h of incubation with the 
CD73 inhibitor (APCP) tested in the 3D culture model (Fig. 9). Jiglaire et al. fabricated 
an ex  vivo hyaluronic acid-rich hydrogel 3D culture system for U87 glioblastoma cell 
lines and primary cell cultures of human glioblastomas and then assessed it in compari-
son with 2D culture conditions. This study showed that 3D hydrogel maintained cancer 
growth behavior and provide an evaluation of glioblastoma drug sensitivity [68]. Mirani 
et  al. used 3D bioprinted alginate gelatin methacryloyl meshes to enable sustained 
release of all-trans-retinoic acid (ATRA) for targeted treatment of GBM cells [69]. Dai 
et al. used porous gelatin/alginate/fibrinogen hydrogel as a 3D bioprinted glioma stem 
cell model and found that glioma stem cells were more resistant to temozolomide (TMZ) 
in a 3D tumor model than in a 2D monolayer model [28].

It is well known that angiogenesis and invasion are important processes for tumor 
progression, growth, and metastasis. Angiogenesis plays a critical role in cancer growth 
because solid tumors require a blood supply [70]. In our 3D model, APCP treatment 
resulted in decreased expression of tumor-associated genes related to prevasculariza-
tion (HIF-1α and VEGF-A) and invasion (MMP9) (Fig. 10). The 3D models of ovary [71], 
breast cancer [72], glioblastoma [73], and osteosarcoma [74] models showed upregula-
tion of MMPs, HIF-1α, and VEGF-A. Dragoj et al. established alginate fibers for a long-
term (28 days) 3D model of U87 cells for temozolomide sensitivity testing and showed 
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that TMZ treatment reduced cell viability but upregulated chemotherapy resistance-
related genes (MGMT and ABCB1) expression [75]. In another study, docetaxel treat-
ment of non-small cell lung cancer cells in a 3D tumor model of alginate scaffolds 
resulted in diminished Bcl-2 RNA expression versus 2D cultures [76]. 3D culture condi-
tions with appropriate ECM-like body environments appear to bridge the gap between 
2D cultures and in vivo models and provide predictions of therapeutic outcomes.

Conclusively, our study demonstrated that the 3D culture model preserves the growth 
function of glioblastoma. This seems to be a promising method for the massive trials 
of the anti-cancer compounds, probably in combination with other therapies. Further-
more, a 3D culture system can be employed to predict drug efficacy and develop a per-
sonalized medicine approach. This study was a preliminary research on the effectiveness 
of CD73 inhibitor on glioblastoma cells in a 3D culture model. In the future, it would be 
interesting to analyze more molecular basis and pathway signaling in this model.

Conclusions
In the present study, different formulations of 3D gelatin–sodium alginate hydrogels 
were synthesized. We demonstrated that the optimized 3D G-SA hydrogel system can 
be utilized to provide in  vitro tumor culture spheroids. The hydrogel containing 5w% 
gelatin and 5w% sodium alginate, was selected for its cytocompatibility and rheologi-
cal behavior. Furthermore, CD73 inhibitor-treated GBM cells significantly decreased the 
proliferation rate and the expressions of VEGF and HIF1-α within the optimal hydrogel.

Materials and methods
Materials

CD73 inhibitor adenosine 5′-(α,β-methylene) diphosphate (APCP, C11H17N5O9P2, 
Mw: 425.23, 50  mg/ml solubility in water), and trypsin/EDTA were purchased from 
Sigma. Dulbecco’s Modified Eagle’s Medium (DMEM), fetal bovine serum (FBS), peni-
cillin, and streptomycin were purchased from Gibco, Grand Island, USA. Sodium algi-
nate (SA) and Gelatin (G) were provided from Merck, Germany. Phalloidin fluorescent 
stain was purchased from Thermo Fisher Scientific, Germany.

Hydrogel synthesis

The SA and G powders were placed under UV light for 45 min, and the normal saline 
solution was autoclaved and immediately transferred under the laminar flow bench to 
prepare the hydrogels. Gelatin was dissolved in saline solution at 40–50 °C using a mag-
netic stirrer. When the gelatin was completely dissolved and a uniform solution was 
prepared, the heating was stopped and SA powder was gradually added and mixed into 
the gelatin solution. Calcium chloride (CaCl2, 3 M in distilled water) as a cross-linker 
was added dropwise to the gelatin–alginate mixture to form a stable hydrogel structure 
(50 μl of 3 M CaCl2 in 1000 μl hydrogel (5 v/v%), equivalent to 16.65 mg/ml). This was 
done when the hydrogels with or without cells were added into the wells. The whole 
process was conducted under a laminar flow bench (Fig. 11a). Three uniform composite 
solutions were prepared based on Table 1 and used for further analyses. These compos-
ite hydrogels are illustrated in Fig. 11b.
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Hydrogel characterization

Rheology measurements

Rheological measurements were carried out using a rheometer (Anton Paar, MCR 502). 
Amplitude sweeps were performed on each set of hydrogels using a two-plate system 
with parallel plate geometry (25 mm diameter). Three samples were used for each cat-
egory measurements. The angular frequency was kept constant at 10 radians/s, and the 

(a)

(b)

Crosslinked 
G1-SA9

Crosslinked 
G3-SA7

Crosslinked 
G5-SA5

Cell embedded G5-
SA5 hydrogel after 
fixation for imaging

Fig. 11  a Schematic of hydrogel synthesis and 3D cell culture processes, and b synthesized hydrogels after 
crosslinking

Table 1  Hydrogel formulations used

No. Hydrogel name Hydrogel composition (w/v %) in the 
normal saline solution

Crosslinker (M)

SA G CaCl2

1 G1-SA9 9 1 3

2 G3-SA7 7 3

3 G5-SA5 5 5
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amplitude excursion angle was varied from 0.1 to 100° excursion. The temperature was 
kept constant at 37 °C. Each sample was tested with a 2-mm gap between the plates. The 
storage modulus (G′), loss modulus (GƎ), and shear stress were all recorded for hydrogel 
evaluations.

Fourier transform infrared spectroscopy (FTIR)

The structural elucidation and functional groups of the raw powder and freeze–dried 
hydrogels were identified using NEXUS FT-IR (FTIR and attenuated total reflection 
(ATR)-FTIR, respectively). The spectra were recorded between 400 and 4000 cm−1 at a 
resolution of 1 cm−1. To do this, the prepared hydrogels were first frozen at − 20 ℃ for 
24 h and then freeze–dried for 8 h.

Scanning electron microscopy (SEM)

To analyze the surface morphology of hydrogels by SEM, the samples were first frozen at 
− 20 °C for 24 h and then freeze–dried for 8 h. The SEM images were taken at an acceler-
ating voltage of 25 kV by Secondary Electron (SE) mode. Prior to imaging, the hydrogels 
were gold-coated and then examined with MIRA3 FE-SEM (Philips XL30, Netherlands).

Cell line and cell culture

Rat C6 and human U87 glioblastoma cell lines were bought from the National Cell Bank 
of Iran (Pasteur Institute of Iran, Tehran, Iran). U87 is a glioblastoma, astrocytoma cell 
line derived from human malignant gliomas [77] and C6 cell line was developed in adult 
Wistar-Furth rats, after the rats were repetitively exposed to N-nitroso-N-methylurea 
exhibited the same histological features as human GBM [78]. The C6 cells were grown in 
Dulbecco’s Modified Eagle’s Medium Nutrient Mixture F12 Ham, and the U87 cell line 
was grown in high glucose Dulbecco’s Modified Eagle’s Medium containing 10% of fetal 
bovine serum (FBS), 100 units/ml of penicillin, and 100 μg/ml of streptomycin at 37 °C 
in a humidified atmosphere of 95% and 5% CO2 unless otherwise indicated. The passages 
were performed twice a week after reaching 80–90% confluency using 0.25% trypsin/
EDTA.

Three‑dimensional hydrogel culture system

To culture C6 and U87 cells in 3D hydrogels, first, the hydrogels were synthesized under 
sterilized conditions. Then they were gently mixed with the medium containing cells. 
1000 μl of the hydrogel medium having 5 × 105 cells was added to each well of the 48-well 
culture plate. Subsequently, 100 μl of CaCl2 (3M) was inserted to cross-link the hydro-
gels. Finally, 1000 μl of complete medium was added to the cross-linked hydrogels. The 
medium was replaced every day with a fresh medium.

Evaluation of cell spheroid formation

H&E staining

Cell-loaded hydrogel samples were fixed in 10% neutral buffered formaldehyde in PBS 
(formalin solution), dehydrated in 50 v%, 70 v%, 95 v%, and 100 v% ethanol, cleared in 
xylene, and embedded in paraffin blocks. Paraffin sections (5 µm in thickness) were cut 
with a microtome and stained for histology with hematoxylin and eosin (H&E). Images 



Page 19 of 23Bahraminasab et al. BioMedical Engineering OnLine          (2024) 23:127 	

were captured with a microscope-mounted digital camera (Olympus BX-51, Tokyo, 
Japan).

Confocal microscopy

The cell-loaded hydrogels were first fixed with 4% paraformaldehyde at 4 °C for 15 min. 
Then, paraformaldehyde was withdrawn and the hydrogels were washed with PBS. To 
permeable the cells, Triton 0.1% was used for 15 min, and bovine serum albumin (BSA) 
2% was added for blocking (60 min). In the end, phalloidin (1.3 μM) was employed to 
stain the cells within the hydrogels for 1h, and washing was done with PBS several times 
to remove excessive phalloidin molecules. The images were taken with confocal micros-
copy (Leica DMi6000B CS TCS SP5).

Scanning electron microscopy

The cell morphology on/inside the hydrogel scaffolds after 3 and 7 days was analyzed 
by SEM (ZEISS sigma300). In brief, after 3 and 7  days of culture, samples were fixed 
for 1 h in a solution containing 2.5% (v/v) glutaraldehyde (Sigma). Next, samples were 
incubated for 10 min in a series of dilute ethanol concentrations of 30 v% to 99.8 v%. 
Afterward, the samples were frozen for 24h in − 80 °C and freeze–dried for 8 h. Then, 
the samples were coated with gold sputtered before SEM examination.

Cell proliferation

Cell proliferation was assessed using a resazurin-based membrane permeable solution. 
This solution produces resorufin, a red highly fluorescent compound when reduced. The 
conversion rate corresponds to the metabolic activity rate of the cells and can be used to 
assess cell proliferation as described by Czekanska [79]. To assess the cytocompatibility 
of the three synthetic hydrogels, the C6 and U87 cell lines were seeded into the hydro-
gels at a density of 5 × 105 cells/well in 24-well plates and cell proliferation was assessed 
after two times (3 and 7 days). The optimal hydrogel formulation was identified primar-
ily based on the cell growth obtained.

To assess drug effects, both C6 and U87 cell lines were seeded into the optimal 
hydrogels at a density of 5 × 105 cells per well in 24-well plates. After culturing the cells 
overnight, their medium was replaced with fresh medium containing different concen-
trations of APCP (0, 50, 100, and 200 μg/ml). Cell proliferation was determined after two 
times (24 and 48 h). First, 100 μl of reagent was added to each well containing 900 μl of 
cell culture medium and incubated for 3 h at 37 °C in a cell culture incubator protected 
from direct light. Then, resorufin fluorescence was determined using an Infinite M Plex 
multimode plate reader (Synergy H1 Hybrid Multi-Mode Microplate Reader, BioTek, 
USA) at excitation and emission wavelengths of 560 and 590 nm, respectively. Results 
were presented as the mean ± standard error of relative fluorescence units. All samples 
were run 3 times.

RNA extraction and real‑time PCR

The C6 and U87 cells were seeded into the optimal hydrogel at a density of 5 × 105 cells/
well of a 24-well plate. After 24 h, their media were changed with fresh media containing 
100 µg/ml APCP (optimum dose). The RNA of the cells in the hydrogels was extracted 
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after 48h with TRIzol reagent (YT9080, Yekta Tajhiz Azma; Tehran, Iran) according to 
the manufacturer’s protocol. The RNA yields extracted from each sample was 5 μg using 
Revert Aid™ First Strand cDNA Synthesis Kit (Yekta Tajhiz Azma Co, Iran) which was 
converted to cDNA. Real-time PCR was carried out through SYBR Green qPCR Mas-
ter Mix (cat. no. YT2551, Yekta Tajhiz Azma). Oligo 7 software was used for Primer 
designing and a BLAST search was conducted in order to examine the quality of the 
primer sequence. The sequence of primers used for RT-PCR amplification is presented 
in Tables 2 and 3. The Real-Time PCR program has 3 steps; denaturation (95 °C for 15 s), 
annealing (X1 °C for 30 s), and extension (72 °C for 30 s). All experiments were performed 
in triplicate, and relative gene expression levels were analyzed by the 2−ddCt method. The 
mRNA expression levels were normalized via quantification of B2M (beta2-macroglob-
ulin) in rat samples and GAPDH (glyceraldehyde 3-phosphate dehydrogenase) in human 
samples, as a reference gene (housekeeping gene).

Statistical analysis

Analysis of variance (ANOVA) and Student’s t-test considering a significance level 
of P < 0.05 was applied for statistical analyses. All statistical analyses and graph gen-
eration were conducted using GraphPad Prism (Version 8). The data were reported as 
mean ± standard error unless mentioned otherwise.

Table 2  Primers used in qPCR for mRNAs in Wistar rats

Sequence Name Size (bp)

B2M F: 5′-GCT​TGC​CAT​TCA​GAA​AAC​TCC-3′
R: 5′-GGA​AGT​TGG​GCT​TCC​CAT​TCT-3′

74

VEGF-A F: 5′-TCG​GAG​AGC​AAC​GTC​ACT​A-3′
R: 5′-TCT​TTG​GTC​TGC​ATT​CAC​ATC-3′

109

HIF-1Α F:5′-GCA​GCG​ATG​ACA​CGG​AAA​C-3′
R: 5′-TTT​CAG​AGG​CAG​GTA​ATG​GAGA-3′

129

MMP9 F: 5′-ATC​TGT​ATG​GTC​GTG​GCT​CT-3′
R:5′-CAT​GGG​AGG​TGC​AGT​GGG​A-3′

119

Table 3  Primers used in qPCR for mRNAs in human

Sequence Name Size (bp)

GAPDH F: 5 GAG​TCC​ACT​GGC​GTC​TTC​AC-3′
R: 5′-ATG​ACG​AAC​ATG​GGG​GCA​TC-3′

110

VEGF-A F: 5′-CGC​TTA​CTC​TCA​CCT​GCT​TCTG-3′
R: 5′-CTG​TCA​TGG​GCT​GCT​TCT​TCC-3′

98

HIF-1Α F: 5′-AAG​TTC​ACC​TGA​GCC​TAA​TAG​TCC​-3′
R: 5′-GGG​TTC​TTT​GCT​TCT​GTG​TCTTC-3′

123

MMP9 F: 5′-ATC​TGT​ATG​GTC​GTG​GCT​CT-3′
R: 5′-CAT​GGG​AGG​TGC​AGT​GGG​A-3′

119

1  It is different for every primes.
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