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Abstract

Glioblastoma multiforme (GBM) is the most lethal primary brain tumor characterized by high 

cellular and molecular heterogeneity, hyper-vascularization, and innate drug resistance. Current 

treatment options include a combination of surgical resection, radiotherapy, and chemotherapy 

primarily with temozolomide, but the prognosis is poor with an average life expectancy of 15 

months. Despite significant research and drug development efforts, therapeutic advances to treat 

glioblastoma remain stagnant. Cellular components and extracellular matrix (ECM) are the two 

primary sources of heterogeneity in GBM. One of the major roadblocks in understanding the 

genetic basis of the cancer and developing new therapies is the lack of physiologically relevant and 

patient-specific GBM tumor models. Here, we develop biomimetic tri-regional GBM models with 

a tumor region, an acellular ECM region, and an endothelial region – with regional stiffnesses 

patterned corresponding to the GBM stroma, pathological or normal brain parenchyma, and brain 

capillaries. Patient-derived GBM cells, human endothelial cells, and hyaluronic acid derivatives 

are used to generate a species-matched and biochemically relevant microenvironment. This in vitro 
study demonstrates that biophysical cues are involved in various tumor cell behaviors and 

angiogenic potentials and promote different molecular subtypes of GBM. The stiff models are 

enriched in the mesenchymal subtype, exhibit diffuse invasion of tumor cells, and induce 

protruding angiogenesis and higher drug resistance to temozolomide. Meanwhile, the soft models 

demonstrate enrichment in the classical subtype and support expansive cell growth. The 3D 

bioprinting technology utilized in our study enables rapid, flexible, and reproducible GBM 

modeling with biophysical heterogeneity that can be employed by future studies as a tunable 

system to interrogate GBM disease mechanisms and screen drug compounds.

Graphical Abstract
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1. Introduction

Glioblastoma (GBM) is the most lethal central nervous system (CNS) cancer that has a 

notable short median patient survival time of 14.6 months.[1] Therapeutic dilemma of GBM 

results from its genetic heterogeneity, diffusive infiltration, hyper-angiogenesis, and innate 

resistance to treatments. GBM is characterized by a unique extracellular matrix (ECM) 

composition, mainly composed of hyaluronic acid (HA), glycosaminoglycans, 

proteoglycans, and glycoproteins, and lack of collagens.[2] Proteases secreted by cells within 

the GBM tumor microenvironment (TME) constantly remodel the ECM, leading to altered 

expression of ECM components as well as changes in biophysical properties such as the 

stiffness.[2] Dynamic interactions of the ECM with cells regulate GBM initiation, 

progression, invasion, and treatment responses through both biochemical and biophysical 

cues. The role of biochemical cues of ECM on tumor cells have been widely studied owing 

to the availability of ECM-derived materials that can be used for cell culture.[3–5] 

Biophysical cues such as stiffness, geometry, and topography regulates gene expression and 

cell behaviors, and cells reciprocally exert forces on ECM and remodel the 

microenvironment.[6] Mechanoreciprocity involved in these dynamic interactions has been 

identified to cause tissue stiffening in several cancer types. However, precisely creating the 

biophysical properties in vitro and investigating their roles in GBM are relatively 

challenging using traditional tissue engineering techniques. Hyper-angiogenesis is another 

characteristic of GBM that promotes GBM growth and invasion.[7] Biophysical cues of the 

TME regulate the abnormal tumor angiogenesis, and anti-angiogenesis treatment leads to 

changes in GBM stiffness.[8,9] However, models for investigating the angiogenesis activity 

of endothelial cells and GBM cell responses to vascularization in a stiffness-matched model 

has not been developed.

Tang et al. Page 3

Small. Author manuscript; available in PMC 2022 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



In vitro 3D models have gained popularity in investigating the cellular crosstalk and cell-

ECM interactions due to their improved biomimicry compared to conventional models. 

Organoids as a self-assembled 3D model system have been explored for various cancer 

types, including pancreatic cancer, bladder cancer, as well as GBM.[10–12] Organoids 

generally better retain the tumor heterogeneity and transcriptional signatures compared to 

the traditional 2D culture. However, organoids are limited by innate variations and limited 

control over the structures due to the self-assembly process. Among various biofabrication 

technologies, 3D bioprinting enables cell-encapsulation in native ECM-derived biomaterials 

with defined architectures and matrix properties, and thus is increasingly employed for 

modeling complex cellular tissues and investigating the role of ECM in cancer progression.
[13] 3D-printed models have successfully modeled the cellular heterogeneity, a characteristic 

of many cancer types including GBM, by creating a stromal layer surrounding a tumor zone, 

for the investigation of stromal impacts on tumor development and treatment responses.
[14–16] In addition to cellular components, ECM is another critical aspect of the tumor 

microenvironment. Previously, polyethylene glycol (PEG)-based or HA-based hydrogels 

with different stiffnesses have been developed to evaluate stiffness impact on GBM cell 

growth.[17,18] PEG-HA composite hydrogels with tunable stiffnesses independent of the HA 

concentration have been employed for 3D culture of GBM cells.[19] Most studies either 

investigated ECM biophysical impacts on GBM using hydrogels with a bulk stiffness or 

relied on synthetic materials to modulate the stiffnesses.[17] Use of synthetic materials 

reduces the biomimicry of models due to the lack of proper biochemical cues. Stiffnesses of 

the tumor stroma, brain parenchyma, and brain capillaries are not homogeneous in vivo, thus 

hydrogels with bulk mechanical properties may also be insufficient to recapitulate the TME.
[17,20–23] Investigating the biophysical aspects of ECM requires 3D matrices that can 

faithfully recapitulate native architectures as well as mechanical properties. Digital light 

processing (DLP)-based bioprinting is a rapid biofabrication technique compatible with 

various light-sensitive biomaterials.[24] Several tissue models and cancer models have been 

developed using this technology and ECM-derived biomaterials.[15,24–26] Orthogonal control 

of biophysical properties and biochemical cues have also been achieved using DLP-based 

printing and ECM-derived materials, making the technology ideal for the investigation of 

biophysical impacts on GBM development within a biomimetic ECM-based model.[27,28]

We hereby developed the first species-matched in vitro models that recapitulate the 

biophysical heterogeneity of GBM – with regionally varied stiffnesses corresponding to 

GBM stroma, pathological or healthy brain parenchyma, and brain capillaries – based on 

patient-derived cells and HA derivatives via DLP-based bioprinting. HA-based biomaterial 

and patient-derived cells enable the evaluation of biophysical impacts on GBM in a 

biochemically relevant and species-matched microenvironment. By adjusting printing 

parameters and the concentrations of the biomaterials, we were able to modulate the stiffness 

of three distinct regions in 3D-printed GBM models with a constant HA concentration. 

Modeling the biophysical heterogeneity potentially enhanced the biomimicry of models. 

Changes associated with tumorigenesis, including cell morphologies, invasion behaviors, 

gene expressions, angiogenic potentials, and drug responses rapidly occurred within two 

weeks in the 3D-printed GBM models with different stiffness conditions. The stiff ECM 

microenvironment induced the mesenchymal phenotype associated with recurrence and 
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poorest treatment outcomes in patients. The soft ECM microenvironment promoted rapid 

cell proliferation and supported the expansion of cells with the classical phenotype. 

Endothelial cells incorporated in the 3D-printed GBM models also demonstrated different 

modes of growth and interaction, such as protruding morphologies in the stiff models and 

expansive growth in the soft models. Endothelial co-culture also induced differential drug 

responses in the GBM cells in the 3D-printed models, suggesting their potential roles in 

GBM drug resistance.

2. Results

2.1. 3D bioprinted GBM models with regionally varied biophysical properties

GBM tumor cells respond to the complex ECM cues and constantly remodel the ECM as 

cancer progresses. The remodeled ECM affects both the tumor survival and progression, and 

other critical stromal cell events such as angiogenesis by the endothelial cells. To 

recapitulate the spatially inhomogeneous ECM microenvironment and interrogate how ECM 

heterogeneity impacts on GBM development and endothelial cell growth, we utilized our 

DLP-based 3D bioprinting system and brain tumor-specific ECM-derived bioinks consisted 

of glycidyl methacrylate hyaluronic acid (GMHA) and gelatin methacrylate (GelMA), to 

create four different models: the tumor-only stiff model, the tumor-only soft model, the 

coculture stiff model, and the coculture soft model (Figure 1A and Figure S1). The 3D 

bioprinting system utilized a digital micromirror device chip consisting of over a million 

independently controlled micromirrors and a light source to project predesigned patterns on 

the bioink, allowing rapid polymerization of each region with 20–30 seconds of light 

exposure. A complete multi-stiffness GBM model could be created within 2 minutes. 

Considering the diffusion limit of nutrition and oxygen, the models were designed with a 

thickness of 250 μm. For each model, four initial tumor regions were generated with GBM 

cells with a diameter of 500 μm, surrounded by a donut-shape acellular ECM region with the 

ring width of 500 μm. For coculture models, an additional endothelial region was printed 

with human umbilical vascular endothelial cells (HUVECs) to encompass the tumor and 

ECM regions (Figure 1B). Matrix stiffness of the tumor core and the endothelial regions was 

designed to mimic that of GBM patient tissues (7 kPa) and normal brain tissues (0.45 kPa).
[21] Encapsulating the GBM cells in a pathologically stiffened matrix was to mimic their 

physiological conditions and promote cell growth. Both the tumor cells and endothelial cells 

demonstrated high viability in their corresponding hydrogel environment through one week 

of culture (Figure S2a).[20–23] Clinical measurements indicated that the matrix stiffness 

could increase up to 26 kPa in GBM tissues.[17,22,29,30] For the ECM regions, two different 

stiffnesses, 21 kPa (hereby referred to as stiff models) and 2 kPa (referred to as soft models), 

were designed to mimic the GBM tissue stiffness and healthy brain stiffness (Figure 1c). 

Leveraging the GelMA concentration and printing parameters, we were able to obtain 

desired stiffness for each region while keeping the HA content constant across all models. 

Keeping a constant HA concentration avoided potential impacts on the tumor cells due to the 

difference in the amount of biochemical cues provided by HA. For all three ranges, hydrogel 

stiffnesses remained stable through one week of incubation at 37 °C and 5% CO2, the same 

condition used for all samples (Figure S2b). Difference in the appearance of stiff and soft 

ECM hydrogels was observed using bright field imaging or scanning electron microscopy 
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(SEM) (Figure 1D). The pore sizes of the stiff ECM were significantly smaller than the pore 

sizes of the soft ECM. We further used these 3D-printed GBM models with regionally varied 

mechanical properties to perform various assessments and studies, including gene 

expressions, drug responses, tumor cell migration behaviors, and angiogenesis activities, 

occurred in response to the biophysical cues and culture conditions (Figure 1E and Figure 

S2C).

2.2. 3D models have distinct transcriptional profiles compared to sphere culture

Traditional cell culture methods including 2D culture and sphere culture have been 

extensively used for in vitro expansion and maintenance of GBM cells. Patient-derived cells 

cultured as spheres in serum-free conditions were enriched for GBM stem cells that better 

replicate the transcriptional signatures of the original tumor tissue than cell line-based 2D 

cultures. However, studies have demonstrated that cells maintained in traditional culture 

conditions still display distinct transcriptional profiles and cellular dependencies compared 

to primary tissue, 3D culture, or xenografts.[15,31]

Global transcriptome profiling was performed through RNA extraction and RNA sequencing 

(RNAseq) on TS576 GBM cells cultured as spheres and isolated from the tumor-only 3D 

soft and the tumor-only 3D stiff conditions. We first interrogated the difference among the 

sphere culture and the two 3D conditions to investigate the impact of 3D culture and ECM 

cues on the transcriptional signature of tumor cells. Principal component analysis revealed 

that the sphere culture had a drastically different transcriptional profile compared to either 

3D condition, while the difference between the two 3D conditions was to a lesser extent 

(Figure 2a). A few protein coding cancer-related genes or prognostic genes were 

significantly upregulated over 16 folds in both 3D conditions, such as SLCO2A1, TCN1, 

and NTN4. Overexpression of the solute carrier organic anion transporter SLCO2A1 has 

been observed in GBM cells compared to normal brain tissues, promoting colon cancer 

tumorigenesis and mediating lung cancer invasion through the PI3K/AKT/mTOR pathway.
[32–34] TCN1 encodes vitamin B12 binding proteins and is a prognostic marker in renal 

cancer. NTN4 promotes GBM proliferation and is associated with TMZ resistance.[35,36] 

Genes significantly downregulated in both 3D conditions but enriched in sphere cultures 

included CYP24A1, DIRAS2, KANK4, KRT75, and PRSS35.

We performed a gene ontology (GO) enrichment analysis with the RNAseq results of sphere 

culture and the 3D tumor-only models to investigate the changes in biological processes and 

molecular functions of the tumor cells in different culture conditions. Cell-cell adhesion via 

plasma-membrane adhesion molecules was over-represented in both 3D conditions 

compared to the sphere culture, demonstrating the biomimetic ECM materials used for 

printing promoted cell adhesion and cellular crosstalk. GO terms about DNA replication, 

cell cycle regulation, and cell division, were significantly over-represented in the 3D soft 

model compared to the sphere culture (Figure 2D). Enriched GO terms involved in cellular 

component organizations such as chromosome segregation, organelle fission, microtubule 

cytoskeleton organization, and spindle organization were identified in the 3D soft model. In 

addition, positive regulation of cell cycles, G1/S phase transition and G2/M phase transition, 

suggests an enhanced proliferation of tumor cells in the 3D soft model compared to the 
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sphere culture. Highly enriched term of exocrine system development implied that cell 

differentiation probably occurred in the 3D soft condition. Gene set enrichment analysis 

(GSEA) revealed that compared to the 3D soft condition, sphere cultured cells express 

enriched gene sets involved in STAT pathway, chemotaxis, autophagosome, and cell 

differentiation (Figure S3A).

Cells in the 3D stiff condition also demonstrated distinctly enriched GO terms compared to 

sphere cultures (Figure 2E). The protein kinase C (PKC) activity is highly enriched in the 

3D stiff condition compared to the sphere control, and previous studies have demonstrated 

that the PKC pathway is involved in the aggressive phenotype of GBM.[37] Cell adhesion 

mediated by integrin, cell-substrate adhesion, and extracellular structure organization were 

over-represented by the cells in the stiff condition. GSEA comparing the expression of cells 

cultured as spheres and in the 3D stiff condition revealed that sphere cultured cells expressed 

highly enriched cellular organization and modification activities including DNA repair and 

histone modifications (Figure S3B). Sphere culture were also enriched in pathways related 

to signal transduction and metabolism, including NGF-stimulated transcription, MAPK 

signaling pathways, oxidative phosphorylation, respiratory electron transport, complex I 

biogenesis, response of EIF2AK4 to amino acid deficiency, eukaryotic translation 

elongation, and KEGG ribosome related pathway.

The changes in gene expression and subsequent functional changes of cells cultured in the 

3D models compared to the control are the combined results of the dimensionality, 

biochemical cues and mechanical cues of the ECM-like matrix, and cellular crosstalk 

enabled by 3D modeling. While in both 3D soft and 3D stiff conditions, biomimetic HA-

based hydrogel were used to fabricate the models, genes related to cell-ECM interactions 

were more enriched in the stiff condition, suggesting that the stiff microenvironment might 

have enhanced the cellular response to the ECM-derived cues.

2.3. Stiff model promotes hypoxia and tumorigenicity signature in GBM

We further interrogated the transcriptional profiles of the GBM cells encapsulated in the 3D 

stiff and 3D soft models. The amount of HA in the two models was identical so that we 

could evaluate the effects of the biophysical cues from the ECM on the tumor development. 

Gene sets related to hypoxia conditions, cancer invasiveness, E-cadherin loss-induced 

metastasis, and responses to external stimulations including interferons, inflammation, 

ECM, and cell apoptosis were significantly enriched in the stiff model (Figure 3A–B). A 

cut-off of fold change greater than 2 and false discovery rate (FDR) less than 0.05 was used 

to identify the most differentially expressed genes (DEGs) in either 3D tumor-only 

condition.

Genes significantly elevated by the 3D stiff condition included CHI3L1, IFIT1, OAS1, 

TMEM45A, SAMD9, IFI6, NDRG1, FN1, AQP4, AL136131.3, SPP1, APOL4, VEGFA, 

SCG3, APOL6, DDX58, and PROM1. High expression of CHI3L1 and SAMD9 has been 

identified to be negatively correlated with GBM patient survival time.[38,39] TMEM45A and 

NDRG1 are involved in hypoxia-associated chemoresistance, and the knockdown of 

TMEM45A reduces glioma proliferation and invasion.[40–42] FN1 is highly upregulated in 

GBM and involved in the adhesion, growth, angiogenesis, and recurrence of GBM.[43] GBM 
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expresses higher level of AQP4 compared to low-grade gliomas, and AQP4 with its highest 

water flux capacity in the CNS is potentially associated with tumor edema, migration, and 

proliferation.[44] Long non-coding RNA (lncRNA) genes AL136131.3, an antisense to 

VEGFA, was concordantly upregulated in the stiff condition with the angiogenesis markers 

VEGFA and SPP1. Genes encoding apolipoproteins including APOL4 and APOL6 were 

also significantly upregulated in the stiff condition. IFIT1, OAS1, IFI6, and DDX58 are 

associated with the interferon (IFN) signaling pathways which has been suggested to be 

involved in the immune escape of GBM.[45] CD133 (or RPOM1) upregulated in the stiff 

condition is essential for the maintenance of GBM stem cells.[46]

Gene sets related to cell cycle regulation, such as phase transition, DNA synthesis, 

chromosome organization, transcriptional regulation, and DNA repair were upregulated in 

the soft condition, more specifically, the most upregulated genes in the soft models included 

AMH, MT-ATP8, H3C13, MT-ND6, CAPN15, CTXN1, TEDC1, CHTF18, H2AC4, CDT1, 

SIVA1, MZT2A, ANTKMT, PPDPF, TELO2, ZNF579, H2AC11, SCARF2. AMH belongs 

to the transforming growth factor β (TGFβ) superfamily which plays a role in the initiation 

and progression of gliomas.[47] MT-ATP8 and MT-ND6 are mitochondrially encoded genes, 

and ANTKMT regulates mitochondrial respiration. Various cell cycle related genes were 

enriched. H3C13, H2AC4, and H2AC11 are histone genes whose upregulation often occur 

during the S phase of the cell cycle. Genes associated with biogenesis, such DNA 

replication, DNA synthesis, DNA repair, or spindle organization, were also upregulated, 

including TEDC1, CHTF18, CDT1, SIVA1, MZT2A, and TELO2. CAPN15, CTXN1, and 

ZNF579 are involved in transcriptional regulations or cell signaling. High expression of 

PPDPF correlates with cancer progression and tumor size in hepatocellular carcinoma.[48] 

SCARF2 upregulated in the soft model has been suggested as a risk gene for glioma.[49]

A hypoxic microenvironment has been shown to promote cell stemness, cancer invasiveness, 

endothelial-mesenchymal transition, and cell-cycle arrest.[50] Hypoxia related genes 

including CA IX, HIF1-α, SLC2A1 (encoding glucose transporter 1 protein), and hypoxia-

associated angiogenesis markers VEGFA and SPP1 were upregulated in the stiff condition 

(Figure 3C). While mRNA expression of the proliferation marker MKI67 of cells from the 

two conditions showed no significant difference, immunofluorescence (IF) staining revealed 

that more KI67 positive cells were present in the soft model, suggesting that post 

translational regulations may be involved (Figure 3D). In addition, IF staining showed that 

the stiff model better maintained the overall stemness of the TS576 cells, while the SOX2+ 

tumor cells were mainly located on the invasive edge of the tumor core in the soft model 

(Figure S5). The astrocytic differentiation marker glial fibrillary acidic protein (GFAP) was 

observed in the soft model but not in the stiff mode.

2.4. 3D models induce different GBM invasion patterns and transcriptional subtypes

Using green fluorescent protein labeled tumor cells, the migration patterns of GBM cells 

were imaged on day 7. Distinct modes of invasion were observed (Figure 3E). GBM cells 

diffusively migrated out from the original region as single cells or small clusters and 

proliferated with a rounded morphology at new locations in the stiff model. Diffusive 

invasion is a characteristic of GBM making it difficult for complete surgical removal. The 
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cells in the soft model expanded from their original location with protrusions, forming 

invasive margins as observed in a GBM mouse xenograft model.[51] Multiple invasion 

patterns have been observed in xenografts, in vitro cell culture, and biopsies, such as single 

cell invasion, cluster invasion, and expansive-growth, demonstrating the highly 

heterogeneous and dynamic behavior of GBM.[51,52] The area of invasion in the soft models 

was 7 folds and 4.4 folds higher than in the stiff models for TS576 cells and CW468 cells, 

respectively, consistent with the KI67 staining (Figure 3F).

We next generated a “primary GBM tissue” gene set with a core set of genes upregulated in 

GBM surgical specimens compared to sphere cultured GBM cells in vitro. Principle 

component analysis demonstrated that the sphere culture had a distinct transcriptome profile 

from primary GBM tissues (Figure S4A). TS576 cells isolated from the stiff model were 

highly enriched with the primary GBM tissue signatures when compared to TS576 cells 

isolated from the soft model (Figure 3G), indicating that the stiff model transformed the 

cells to a more clinically relevant state. Bulk transcriptional profiling of the primary GBM 

tissue from The Cancer Genome Atlas (TCGA) identified three major subtypes of GBM, the 

proneural, the mesenchymal, and the classical subtype, each enriched for different genetic 

alterations.[53] GSEA revealed that gene sets related to epithelial-mesenchymal transition 

(EMT) and mesenchymal signatures were enriched in the stiff condition (Figure S4B,C). 

Expression of genes associated with the mesenchymal subtype such as FN1 and CHI3L1 

were 2-fold and 4-fold higher in the stiff model than in the soft model (Figure S4D). 

PDGFRA commonly altered in the proneural subtype had a higher expression level in the 

stiff model, while EGFR related genes commonly amplified in the classical subtype showed 

higher expressions in the soft model. These findings suggested that the stiff model could 

better model the mesenchymal subtype and proneural subtype, while the soft model was 

more suitable for modeling the classical subtype. The stiffness-patterned GBM model 

enables us to create different GBM situations in vitro.

2.5. Endothelial cells exhibit different growth patterns and angiogenic events in 3D-
printed models

To further investigate the crosstalk between the GBM cells and endothelial cells, we 

incorporated HUVEC into the 3D-printed multi-stiffness models. The endothelial region and 

the tumor cores were separated by the ECM regions with either the stiff or the soft type 

hydrogels. The spatial separation allowed investigation of paracrine signaling-induced 

endothelial cell growth and migration towards the tumor core as well as the tumor cell 

migration. In both 3D co-culture models, migration of HUVEC towards GBM cells were 

observed. In the stiff model, the migrated CD31+ HUVECs exhibited a sprouted blood-

vessel like morphology and were in close contact with the SOX2+ GBM cells (Figure 4A, 

Figure S6). In the soft model, the HUVECs exhibited expansive-growth morphology without 

visible sprouting. We performed a quantitative real-time PCR (qPCR) on tumor cells isolated 

from all our 3D printed models and sphere cultures. Angiogenic markers SPP1 and VEGFA 

were upregulated in all 3D models, and significantly enriched by the stiff culture condition 

or the co-culture condition (Figure 4B). More specifically, in the tumor-only 3D models, 

cells expressed significantly higher VEGFA in the stiff model than in the soft model; 

comparing the tumor-only models and the co-culture models, the co-culture condition 
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significantly increased the expression of VEGFA in the tumor cells in both the soft and the 

stiff conditions. Tumor cells in the stiff co-culture condition expressed the highest level of 

VEGFA and SPP1. Prior studies showed that VEGFA and other signals generated by 

hypoxic tumor cells within the pseudo-palisades near necrotic tumor core could trigger 

sprouting angiogenesis events near the tumor-parenchyma interface, consistent with our 

observation of more active sprouting events in the 3D stiff co-culture model.[54,55]

2.6. GBM-endothelial crosstalk enhances tumor invasion and drug resistance

We then interrogated the impact of co-culture condition on GBM cell behaviors and 

functions. Similar to their tumor-only 3D counterparts, GBM cells in the co-culture models 

also demonstrated different invasion patterns. Tumor cells expanded with a fibroblastic 

morphology in the soft co-culture model, and more rounded morphology in the stiff model 

(Figure 4C). The co-culture condition promoted CW468 invasion into the ECM regions in 

both the soft and stiff models and promoted invasion of TS576 cells only in the stiff 

condition (Figure S7, S8). The observed difference may be resulted from the innate 

heterogeneity of GBM cells. SOX2 was expressed by most tumor cells in the stiff condition 

but mainly by the cells on the outer rim of the tumor region in the soft condition (Figure 

S9A). The expression of differentiation marker GFAP was significantly elevated in the soft 

condition compared to the stiff condition. The IF staining results suggested that the stiff co-

culture condition promoted the stemness of tumor cells and the soft co-culture condition 

promoted cell differentiation.

All 3D-bioprinted models demonstrated enhanced drug resistance of tumor cells to TMZ 

compared to sphere cultured cells (Figure 4D). IC50 of TMZ on sphere cultured TS576 cells 

was measured to be 30 μM, but the dosage was ineffective in the 3D models (Figure S9B). 

For fair comparison, all conditions were treated with 500 μM of TMZ for 6 days. No 

significant difference in the viability of tumor cells were detected in the tumor-only stiff or 

soft models. The co-culture condition significantly increased the viability of TS576 cells to 

TMZ treatment in the stiff models but had no significant impact on cell viability in the soft 

models. We have previously observed sprouting events of endothelial cells in the stiff 

models. The sprouting endothelial cells were in close contact with a cluster of SOX2+ tumor 

cells, potentially forming a perivascular niche near the invading edge of the tumor zone. The 

perivascular niche has been reported to enrich cancer stem cells that are highly drug 

resistant.[56] It is possible that the interaction between endothelial cells and tumor cells in 

the stiff model have enriched the drug resistant population more than that in the soft model, 

leading to higher viability of tumor cells after TMZ treatment. To confirm that differential 

drug responses were not a result of diffusion kinetics of drugs into the 3D hydrogels, we 

simulated the diffusion of drugs with fluorescently labeled Dextran molecules. After 30 

minutes of incubation, the fluorescence signals reached plateau in both the stiff hydrogel and 

the soft hydrogel and demonstrated no statistical significance in the signal intensities (Figure 

S10C). QPCR analysis revealed that drug resistance related genes such as ABCG2 and 

CXCL12 were upregulated 8-fold and 24-fold, respectively, in the stiff co-culture condition 

(Figure 4E), consistent with the TMZ treatment responses.
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3. Conclusion

We have developed biochemically and biophysically relevant GBM models with stiffness 

patterning in HA-rich matrix for investigation of behaviors and interactions of tumor cell 

and endothelial cells in a heterogeneous and biomimetic microenvironment. Tumor regions 

and endothelial regions were designed to have stiffness resembling their native states. Two 

stiffness conditions of the ECM region specifically designed to mimic GBM-remodeled 

stroma or healthy brain parenchyma were printed between the tumor region and the 

endothelial region, resulting in differential tumor cell growth and behaviors. While cell 

proliferation and expansion occurred rapidly in the soft models, hypoxia, stemness, and 

angiogenic potentials related to malignant phenotypes were enhanced in the stiff models. 

Tumor cells invade the ECM regions with distinct morphologies and patterns in the two-

stiffness microenvironment. The stiff condition demonstrated a single cell diffuse invasion 

pattern, a characteristic of GBM precluding complete surgical removal, while the soft 

condition exhibited an expansive growth pattern. Both invasion patterns have been 

previously observed for GBM cells, suggesting that our stiffness-patterned models may be 

suitable for modeling different states of GBM development. Gene set enrichment analysis 

suggested that the stiff condition recapitulated the primary GBM tissue signatures and was 

enriched in gene sets related to the mesenchymal and proneural subtypes. Meanwhile, GBM 

cells in the soft condition were more enriched in gene sets related to the classical subtype, 

indicating that the two types of stiffness are suitable for modeling different subtypes.

Vascularization is a characteristic feature of GBM that promotes tumor growth and 

facilitates tumor invasion. The incorporation of HUVECs into the stiffness-patterned model 

allowed us to observe different endothelial cell growth patterns and potential angiogenic 

events in two different stiffness conditions, as well as altered tumor invasion patterns and 

drug responses in the presence of endothelial cells. Sprouting and proliferation of 

endothelial cells coordinate to mediate blood vessel formation.[54,57] While proliferation of 

HUVECs was observed in the soft models, proliferation and sprouting were both observed in 

the stiff models. The gene expression revealed that tumor cells in the stiff model expressed 

high angiogenic markers, consistent with the observation of sprouting events in the stiff 

models. The soft condition in general promoted cell proliferation, demonstrated by the larger 

invasion area of tumor cells and the proliferation of endothelial cells. Moreover, TMZ 

treatment on all models and a sphere culture control demonstrated that the stiff co-culture 

model had the highest tumor cell viability, suggesting that the stiff condition as well as co-

culture with endothelial cells enhanced the drug resistance of GBM. Many cancer drugs 

including TMZ induce cell cycle arrest and block cell division, thus are more effective on 

proliferating cells, consistent with the higher TMZ sensitivity of cells in the soft models 

compared to the stiff models.

To conclude, the tri-regional stiffness-patterned GBM models presented in this work are the 

first to incorporate physiologically relevant biophysical heterogeneity of GBM with 

biochemically relevant ECM materials. The regional stiffnesses better recapitulate the native 

environments and potentially favor more biomimetic cell-ECM and cellular interactions. 

Transcriptional profiling has demonstrated the potential of using these models to investigate 

different subtypes of GBM as well as different stages of GBM. Flexibility of the DLP-based 
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bioprinting process and versatile material selection allow orthogonal modulation of 

biophysical properties and biochemical characteristics. The stiffness patterning can also be 

applied to future models to study the biophysical impacts on other tumor-stromal 

interactions, such as macrophages and astrocytes, abundant in the GBM microenvironment.

4. Experimental Section/Methods

All studies were conducted in accordance with approved IRB protocols by the University of 

California, San Diego. All animal work was approved by the Institutional Review Board at 

the University of California, San Diego and was performed in accordance with Institutional 

Animal Care and Use Committee guidelines.

4.1. GMHA and GelMA synthesis and characterization

GMHA was synthesized using 200 kDa hyaluronic acid (HA, Lifecore Biomedicals) and 

GelMA using gelatin from porcine skin (Sigma-Aldrich) with methods described previously.
[58,59] Briefly, HA was dissolved in a 1:1 water and acetone solution at room temperature 

overnight. On the next day, triethylamine and glycidyl methacrylate was sequentially added 

to the mixture and stirred overnight. GMHA was precipitated with acetone and re-dissolve in 

de-ionized water. The resuspended GMHA solution was collected in 12–14 kDa rated 

dialyzer tubes and dialyzed at room temperature for 12 hours, with water replacement every 

3 hours. For the synthesis of GelMA, gelatin was first dissolved in a 0.25M carbonate-

bicarbonate buffer solution at 50 °C. For each gram of gelatin, 0.1ml methacrylic anhydride 

was added dropwise to the gelatin solution and stirred for 1 hour at 50 °C. The solution is 

then dialyzed at 42°C for a week. After dialysis, both GMHA and GelMA solutions were 

collected in 50 mL tubes to be frozen overnight at −80 °C and lyophilized. Freeze-dried 

GelMA and GMHA were stored at −80 °C before reconstitution. To prepare the printing 

biomaterials, GelMA was reconstituted to a stock solution of 20% (w/v) and GMHA to a 

stock solution of 4% (w/v). All stock solutions were sterilized using filters (Millipore) with 

0.22 μm pore size and stored at 4°C before use. Proton nuclear magnetic resonance (1H 

NMR, Bruker) was used to characterize the degree of substitution (methacrylation) of 

GelMA and GMHA.

4.2. Cell culture

Human patient derived glioblastoma stem cells (TS576) were obtained from Dr. Frank 

Furnari Lab at the University of California, San Diego (UCSD) and cultured as described 

previously.[60,61] TS576 cells were cultured in DMEM/F12 medium containing 1% (v/v) 

B27 supplement without vitamin A, 20 ng/mL EGF, 10 ng/mL bFGF, and 100 IU/mL 

penicillin/streptomycin (P/S) at 37°C. CW468 cells obtained from Dr. Jeremy Rich Lab at 

UCSD were cultured in serum-free Neurobasal medium supplemented with 2% (v/v) B27 

supplement without vitamin A, 10 ng/mL basic human fibroblast growth factor, 10 ng/mL 

human epidermal growth factor, and 1% P/S. HUVECs were cultured in EGM-2 (Lonza) 

complete medium supplemented with 1% P/S.
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4.3. 3D printing of the GBM models

Before printing, TS576 cells were digested with Accutase (Stemcell Technology), and 

HUVECs were digested with 0.05% Trypsin-EDTA (Gibco). For all 3D samples, the cell 

suspension solution for the tumor region was resuspended to 10 × 107 cells/mL of TS576s. 

For the co-culture model, the cell suspension solution for the endothelial region was 

resuspended to 5 × 107 cells/mL of HUVECs. The cell suspension was then prepared as 10 

μL aliquots and stored on ice before printing. Bioinks for each region was prepared with 

concentrations in Table 1. For tumor and endothelial regions, the bioinks were prepared with 

twice of their desired final concentrations (final biomaterial concentrations of these two 

regions are included in the parentheses).

The bioinks were stored on heat block at 37 °C and covered with foil to avoid light exposure. 

Bioinks for the tumor and endothelial regions were mixed with the corresponding cell 

suspension solution at 1:1 ratio immediately before printing to maximize cell viability. 

Bioinks for the ECM region was directly used for printing with no further dilution.

A customized DLP-based 3D bioprinting system was used for the multicomponent printing 

process. The primary components of the 3D bioprinting system are a digital micromirror 

device (DMD) chip (Texas Instruments), optics for light control, a printing stage with 

motion controller (Newport), and a light source (Hamamatsu). Specialized computer 

software was developed to coordinate the loaded patterns, light exposure time, and stage 

movement. A specialized printing apparatus was used to precisely control the thickness of 

the printed structure. After loading the cell-biomaterial mixture onto the printing stage, light 

was switched on with a set of exposure times. The exposure time was 20 seconds for the soft 

ECM and 25 seconds for the endothelial region. The exposure time was 25 seconds for the 

tumor region and 30 seconds for the stiff ECM. Printed constructs were rinsed with DPBS 

supplemented with 1% P/S and 0.2% Normocin (Invitrogen) and cultured in maintenance 

medium at 37 °C. The maintenance medium composed of 50% of complete TS576 medium 

and 50% EGM-2.

4.4. Mechanical testing

MicroSquisher (CellScale) was used to measure the compressive modulus of the printed 

samples. For each prepolymer mixture, pillars with 250 μm in diameter and 250 μm in 

height were printed with the same printing setup used for the tumor models. Pillars were 

stored at 37 °C before measurement to mimic the culture condition. Mechanical testing was 

performed on Day 1, 3, and 7 to evaluate the stability of printed constructs. For 

measurement on the MicroSquisher, stainless steel beams and platens were used to 

consecutively compress the constructs at 10% displacement of their height for three times. 

The last measurement is used for analysis. Compressive modulus was generated using 

customized MATLAB scripts from the force and displacement data.

4.5. Scanning electron microscopy (SEM)

Micron-scale patterns of the printed constructs were imaged using Zeiss Sigma 500. 

Samples were prepared using a chemical dehydration protocol optimized for printed 

hydrogels. Briefly, samples were fixed with 2.5% glutaraldehyde for 1 hour at room 
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temperature and overnight at 4°C. Then the samples were rinsed with DPBS and 

sequentially soaked in 70%, 90%, 95%, and 100% ethanol. After replacing the 100% ethanol 

solution for 3 times, the samples were transferred to hexamethyldisilazane (HDMS):EtOH 

(1:2) for 15 minutes, HDMS:EtOH (2:1) for another 15 minutes, and eventually 100% 

HDMS for 15 minutes. The samples were left in a chemical hood overnight. Right before 

SEM imaging, the chemically dried samples were coated with iridium using a sputter coater 

(Emitech).

4.6. Immunofluorescence staining and image acquisition

3D bioprinted constructs were rinsed with DPBS for three times and fixed with 4% 

paraformaldehyde for 1 hour at room temperature. The block/permeabilization solution was 

prepared by dissolving 5% (w/v) bovine serum albumin (BSA, Gemini Bio-Products) and 

0.1% Triton X-100 (Promega) in PBS and filtered after fully dissolved. Fixed samples were 

blocked/permeabilized for 1 hour at room temperature on a shaker at 100 rpm.

Primary antibodies (Table 2) were diluted in PBS, and samples were incubated in primary 

antibody solution overnight at 4 °C. Samples were rinsed three times using DPBS with 

0.05% Tween 20 (PBST) at 100 rpm at room temperature. Secondary Alexa Fluor-

conjugated antibodies (1:200; Abcam) and Hoechst 33342 (1:1000; Life Technologies) were 

diluted in DPBS with 3% (w/v) BSA. Samples were incubated in secondary antibody and 

counterstain solutions in dark for 1 hour at room temperature. Samples were rinsed three 

times with PBST after secondary incubation. Before imaging, the samples were soaked in a 

0.05% sodium azide (Alfa Aesar) solution and stored at 4 °C in dark. A confocal microscope 

(Leica SP8) was used for image acquisition with consistent settings for each primary 

antibody. Fluorescence images of EGFP labeled cells were also acquired using the confocal 

microscope.

4.7. RNA isolation and quantitative reverse transcription polymerase chain reaction (RT-
qPCR)

For 3D single cell culture models, TS576 cells were retrieved from printed constructs by 

dissociating the hydrogel with collagenase type II (Sigma-Aldrich). For 3D co-culture 

models, endothelial layers were mechanically removed before using collagenase II to 

retrieve tumor cells. TRIzol reagent (Life Technologies) was mixed with tumor cells isolated 

from 3D models or their sphere culture counterparts to prepare cell lysates. Total RNA of 

each sample was extracted using the Direct-zol RNA MiniPrep Kit (Zymo). The RNA 

concentration from each sample was evaluated using a Tecan plate reader after resuspending 

RNAs in RNase free water. The RNA samples were immediately stored at −80 °C.

For RT-qPCR, cDNA was first synthesized from the RNA samples using the ProtoScript® 

First Strand cDNA Synthesis Kit (New England BioLabs). Input RNA was 200ng for each 

sample. The primers were designed using NCBI primer-BLAST and purchased from 

Integrated DNA Technologies. RT-qPCR was performed using PowerUp SYBR Green 

master mix (Applied Biosystems) and the Quantstudio 3 RT-PCR system. Expressions of 

specific genes were determined by normalizing the threshold cycle (Ct) values against the 

housekeeping gene. Primer sequences are listed in Table 3.
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4.8. RNA sequencing and data analysis

For RNA-seq analysis, RNA was extracted from sphere culture and 3D printed samples of 

TS576 cells using Direct-zol RNA MiniPrep Kit (Zymo, USA) and sequenced as described 

previously.[62] RNA was ribo-depleted and RNA-seq was performed using high-throughput 

Illumina sequencing system, Illumina NovaSeq 6000 (Illumina, San Diego, CA, USA) at the 

UC San Diego IGM Genomics Center. The single-end reads that passed Illumina filters were 

filtered for reads aligning to transfer RNA, ribosomal RNA, adapter sequences and spike-in 

controls.

We used Trim Galore (v0.6.5, https://github.com/FelixKrueger/TrimGalore) to trim and filter 

low-quality reads. After quality control, each FASTQ file was mapped to the human hg38 

genome with gene annotation from GENCODE version 33 using STAR (v2.5.3a, https://

github.com/alexdobin/STAR).[63] We then used htseq-count (v0.9.1, https://

htseq.readthedocs.io/en/master/) to count exonic reads of each BAM file at the gene level 

and identify pairwise differentially expressed genes (DEG) between three experimental 

groups (sphere, 3D-stiff, 3D-soft) using R package DESeq2 (v1.24.0) with default settings.
[64] Significant DEGs were determined by false discovery rate < 0.05. GO terms were 

identified using WebGestaltR (v0.4.4, http://www.webgestalt.org/).

Gene set enrichment analysis was performed with the GSEA desktop application (http://

software.broadinstitute.org/gsea/downloads.jsp) and gene sets from molecular signatures 

database.[65] Processed data from primary patient GBM tissues and in vitro cultured GBM 

cells were derived from Mack et al.[31] and the list of upregulated expressed genes in 

primary GBM tissue were obtained using python package Scanpy (v1.6.0).[66] DEGs from 

the primary GBM tissue with adjusted p-value < 0.01 and log2 fold change >5 were selected 

to generate the input gene set for GSEA. Pathway enrichment bubble plots were generated 

using the Enrichment Map App of Cytoscape (v3.8.0).[67] Principal component analysis was 

performed using the top 5,000 DEGs.

4.9. Drug response assessment

Sphere cultured TS576 cells were seeded at a cell density of 1 × 105 cells per well and 

cultured for 5 days before treatment. Spheres were treated with different dosages of TMZ 

(Sigma-Aldrich) to generate the IC50 value of the TMZ on the sphere cultured TS576. For 

comparison of drug sensitivity on TS576 cells in different culture conditions, spheres and 

3D-printed samples were cultured for 5 days and treated with 500 μM TMZ. Cell viability 

was evaluated using CellTiter-Glo 3D after 6 days of TMZ treatment.

4.10. Molecular diffusion assessment

3D constructs with the same material composition and stiffness as the stiff ECM and soft 

ECM were printed and stabilized overnight. FITC-dextran with a molecular weight 4.4 kDa 

(Sigma) was prepared at a concentration of 0.5 mg/ml. A FITC-dextran solution was added 

to 3D-printed samples and incubated at 37 °C. Samples were rinsed and imaged at several 

time points (5, 15, 30, 60, 120 minutes). Intensity quantification was performed using 

ImageJ.
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4.11. Statistical analysis

The results were presented as mean ± standard deviations. The statistical significance was 

evaluated using unpaired Student’s t-test, ordinary one-way ANOVA, or two-way ANOVA 

with GraphPad Prism. *p < 0.05, ** p < 0.01, *** p < 0.001, **** p<0.0001.

4.12 Data deposition

All raw sequencing data reported in this paper has been deposited in the National Center for 

Biotechnology Information Gene Expression Omnibus (GEO) database, https://

www.ncbi.nlm.nih.gov/geo/, at the accession numbers GSE158097. There are no restrictions 

on data availability, and all data will be made available upon request directed to the 

corresponding authors.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
3D-bioprinted GBM models with regionally varied biophysical properties. (A) Schematic 

diagram of a multi-step digital light processing-based bioprinting approach. For each model, 

tumor cores with GBM cells were printed with the first digital mask, followed by acellular 

ECM regions patterned by the second mask. For co-culture models, endothelial cells were 

subsequently printed with the third mask. (B) Illustration of the model dimensions. (C) 

Stiffness of each region in the 3D-printed model. Bar charts represent mean compressive 

modulus of each region ± standard deviation. n = 4 technical replicates per group. (D) 

Representative bright field image and scanning electron microscopy of the 3D printed 
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models with stiff (upper row) and soft conditions (lower row) on day 0. (Scale bars from left 

to right: 500 μm, 500 μm, 250 μm, 50 μm.) (E) Illustration of the timeline of tumor 

development and angiogenesis event in the 3D-bioprinted models, created with 

BioRender.com.
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Figure 2. 
Distinct transcriptional profiles between the GBM sphere culture and 3D models. (A) 

Principal component analysis (PCA) of the global transcriptional landscape profiled by RNA 

sequencing of TS576 cells in (1) sphere culture, (2) tumor-only 3D stiff condition, and (3) 

tumor-only 3D soft. (B) Volcano plot of transcriptional landscape comparing TS576 in the 

sphere culture vs. TS576 in the 3D tumor-only soft model. The x-axis represents log2 

transformed fold change, and the y-axis shows the log transformed p-value adjusted for 

multiple test correction. n=2 replicates per condition. (C) Volcano plot of transcriptional 

landscape comparing TS576 in the sphere culture vs. TS576 in the 3D tumor-only stiff 

model. The x-axis represents log2 transformed fold change, and the y-axis shows the log 

transformed p-value adjusted for multiple test correction. n=2 replicates per condition. (D) 
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Gene ontology (GO) terms enriched in TS576 cells cultured in 3D soft condition vs. 

standard sphere culture. (E) GO terms enriched in TS576 cells cultured in 3D stiff condition 

vs. standard sphere culture.
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Figure 3. 
Biophysical patterning induced distinct transcriptional profiles and invasion patterns of 

GBM cells. (A) Gene set enrichment connectivity diagram displaying enriched pathways in 

the soft condition (red) and the stiff condition (blue) in TS576 in the 3D-printed tumor-only 

models. (B) Top differentially expressed genes in the 3D stiff condition vs. the 3D soft 

condition. Scale bar represents fold change. (C) mRNA expression of representative genes 

related to proliferation, hypoxia responses, and hypoxia-induced angiogenesis in TS576 in 

the 3D tumor-only conditions. P-values were calculated using unpaired Student’s t-test 

corrected for multiple comparisons using the Holm-Sidak method. *, p < 0.05. (D) 
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Immunofluorescence staining of Ki67 in TS576 cells in the 3D tumor-only stiff condition vs. 

the 3D tumor-only soft condition. Scale bars: 50 μm. (E) Fluorescence imaging showing 

invasion patterns of fluorescently labeled TS576 cells in the 3D tumor-only conditions. 

Image taken on day 7. Scale bars: 250 μm. (F) Quantification of the invasion areas of TS576 

or CW468 in the 3D tumor-only stiff and the 3D tumor-only soft conditions. n = 3 replicates 

for TS576 cells; n = 4 replicates for CW468 cells. P-values were calculated using unpaired 

Student’s t-test corrected for multiple comparisons using the Holm-Sidak method. (G) Gene 

set enrichment analysis of the primary GBM tissue signatures between the 3D tumor-only 

stiff and soft conditions. FDR q-value < 0.001.
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Figure 4. 
Stiff condition induced sprouting angiogenesis of endothelial cells and enhanced drug 

resistance of GBM cells. (A) Immunofluorescence staining of SOX2 (GBM cells) and CD31 

(endothelial cells) in the stiff co-culture condition vs. the soft co-culture condition. White 

arrow: sprouting angiogenesis. Scale bars: 50 μm. (B) mRNA expressions of angiogenesis 

markers SPP1 and VEGFA in TS576 in (1) sphere culture, (2) tumor-only soft condition, (3) 

co-culture soft condition, (4) tumor-only stiff condition, and (5) co-culture stiff condition 

measured by real-time quantitative PCR (RT-qPCR). N=3 technical replicates for each 

condition. P-values were calculated using two-way ANOVA corrected for multiple 

Tang et al. Page 26

Small. Author manuscript; available in PMC 2022 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



comparisons using Dunnett test. **, p < 0.01; ****, p < 0.0001. (C) Invasion patterns of 

TS576 cells in 3D co-culture models. (D) TS576 viability after 6 days of Temozolomide 

treatment. n=3 technical replicates for each condition. P-values were calculated using 

ordinary one-way ANOVA corrected for multiple comparisons using Tukey test. *, p < 0.05; 

**, p < 0.01; ****, p < 0.0001. (E) mRNA expressions of drug resistance markers ABCG2, 

MGMT, and CXCL12 in TS576 measured by RT-qPCR. N=3 technical replicates for each 

condition. P-values were calculated using two-way ANOVA corrected for multiple 

comparisons using Turkey test. **, p < 0.01; ****, p < 0.0001.
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Table 1.

Material composition of different regions.

Region GelMA (w/v) GMHA (w/v)

Tumor region 10% (5%) 2% (1%)

Endothelial region 5% (2.5%) 1% (0.5%)

Stiff ECM 10% 1%

Soft ECM 5% 1%
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Table 2.

Antibodies used for immunofluorescence staining.

Primary Antibody Species Dilution Manufacturer

SOX2 rabbit anti human 1:100 Abcam 97959

GFAP mouse anti human 1:100 Millipore Sigma G3893

CD31 mouse anti human 1:100 Abcam 24590

Ki67 rabbit anti human 1:100 Abcam ab16667
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Table 3.

Primers for RT-qPCR.

Gene Accession Number Forward Primer (5’->3’) Reverse Primer (5’->3’)

ABCG2 NM_004827.3 AAGCCACAGAGATCATAGAGCC TCTTCTTCTCACCCCCGGAA

CXCL12 NM_199168.4 AGATGCCCATGCCGATTCTT AGGGCACAGTTTGGAGTGTT

GAPDH NM_002046.7 ACAACTTTGGTATCGTGGAAGG GCCATCACGCCACAGTTTC

MGMT NM_002412.5 GCACCGTTTGCGACTTGG GCTCACAACCAGACAGCTCC

SPP1 NM_000582.3 AGCTTTACAACAAATACCCAGATGC GACTTACTTGGAAGGGTCTGTGG

VEGFA NM_001025366.3 ACGAAAGCGCAAGAAATCCC CTCCAGGGCATTAGACAGCA
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