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Abstract

Glioblastoma (GBM) is an aggressive malignant brain tumor with median survival of 12 months 

and 5-year survival rate less than 5%. GBM is highly vascularized, and the interactions between 

tumor and endothelial cells play an important role in driving tumor growth. To study tumor-

endothelial interactions, the gold standard co-culture model is transwell culture, which fails 

to recapitulate the biochemical or physical cues found in tumor niche. Recently, we reported 

the development of poly(ethylene-glycol)-based hydrogels as 3D niche that supported GBM 

proliferation and invasion. To further mimic the microanatomical architecture of tumor-endothelial 

interactions in vivo, here we developed a hydrogel-based co-culture model that mimics the 

spatial organization of tumor and endothelial cells. To increase the physiological relevance, 

patient-derived GBM cells and mouse brain endothelial cells were used as model cell types. 

Using hydrolytically-degradable alginate fibers as porogens, endothelial cells were deployed 

and patterned into vessel-like structures in 3D hydrogels with high cell viability and retention 

of endothelial phenotype. Co-culture led to a significant increase in GBM cell proliferation 

and decrease in endothelial cell expression of cell adhesion proteins. In summary, we have 

developed a novel 3D co-culture model that mimics the in vivo spatial organization of brain 

tumor and endothelial cells. Such model may provide a valuable tool for future mechanistic 

studies to elucidate the effects of tumor-endothelial interactions on tumor progression in a more 

physiologically-relevant manner.

Keywords

Tumor; Glioblastoma; Endothelial; Co-culture; Cancer model; Three-dimensional

*Corresponding author. Orthopaedic Surgery and Bioengineering, Stem Cells and Biomaterials Engineering Laboratory, Stanford 
University, 300 Pasteur Dr., Edwards R105, Stanford, CA, 94305-5341, USA. fanyang@stanford.edu (F. Yang).
1These authors contributed equally to this work.

Data availability
The raw/processed data required to reproduce these findings cannot be shared at this time due to technical or time limitations.

Appendix A. Supplementary data
Supplementary data to this article can be found online at https://doi.org/10.1016/j.biomaterials.2019.02.024.

HHS Public Access
Author manuscript
Biomaterials. Author manuscript; available in PMC 2022 January 07.

Published in final edited form as:
Biomaterials. 2019 May ; 202: 35–44. doi:10.1016/j.biomaterials.2019.02.024.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



1. Introduction

Tumor-vasculature interactions play an important role in driving tumor growth [1]. Nutrient 

deficiency in the growing tumor initiates signaling by tumor cells that induces phenotypic 

and genotypic changes in endothelial cells, the primary cell type of the vasculature [2]. 

These changes in endothelial cells result in extracellular matrix remodeling and sprouting 

of new blood vessels from existing ones to meet tumor metabolic needs [3]. In addition 

to responding to tumor cell signals, endothelial cells can also secrete paracrine factors 

and express surface ligands that act on tumor cells, promoting tumor progression [4–6]. 

Glioblastoma (GBM) is a highly vascularized, malignant brain tumor with median survival 

of 12 months and 5-year survival rate less than 5% [7–9]. During GBM tumor development, 

GBM cells migrate towards and organize into cuffs around normal vessels and induce 

migration and proliferation of endothelial cells for angiogenesis [1,10,11]. Characterization 

of GBM-endothelial interactions would further elucidate mechanisms underlying GBM 

progression and accelerate the development of novel therapeutics.

Given the importance of GBM-endothelial interactions, extensive efforts have been made 

to develop in vitro models for studying tumor and endothelial cell crosstalk. The most 

widely employed co-culture models include Transwell, direct monolayer, and spheroid 

co-culture. In Transwell co-culture, tumor and endothelial cells are cultured in a single 

well as monolayers, separated by a membrane. Transwell co-culture of GBM cells and 

human microvascular endothelial cells led to increased GBM invasiveness and increased 

endothelial cell proliferation [6]. In direct monolayer co-culture, tumor and endothelial 

cells are mixed and plated together in the same well. Direct monolayer co-culture of 

GBM and brain endothelial cells showed tumor co-localization with endothelial cells and 

increased tumor cell proliferation [4]. In a mixed co-culture spheroid, endothelial cells 

migrate throughout the tumor spheroid and form short tube-like formations that mimic 

vessels. Spheroid co-culture of breast tumor and endothelial cells demonstrated upregulation 

of proangiogenic factors and increased tumor growth, compared to tumor cell-only spheroids 

[12]. Although previous reports have yielded significant insight into tumor-endothelial 

interactions, previous co-culture models lack a 3D extracellular matrix, which is required for 

tumor cell invasion and endothelial cell sprouting. This limitation may result in differential 

cell responses compared to in vivo, highlighting the critical need for advanced 3D in vitro 
models that can recapitulate the brain tumor-vasculature microanatomical architecture found 

in vivo.

To this end, recent efforts have patterned endothelial cells into vessel-mimicking structures 

in 3D hydrogels using microfluidics or subtractive templating. Previous reports have 

developed endothelial cell-lined vascular networks using microfluidic circuits formed via 

soft lithography in collagen hydrogels [13]. Tumor cells can be introduced into the bulk 

collagen hydrogel for studying tumor-vasculature interactions. Microfluidic vascular models 

are advantageous in that they permit flow, which can mimic in vivo gradients, and allow for 

precise tuning of channel geometry and structure. However, using microfluidics to generate 

vascular networks requires complex experimental setups and facilities, as well as extensive 

attention to maintain channel fidelity, prevent air bubbles, and achieve homogeneous cell 

Wang et al. Page 2

Biomaterials. Author manuscript; available in PMC 2022 January 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



seeding. Alternatively, subtractive templating is a more facile method to pattern endothelial 

cells in which a template rod is inserted during hydrogel gelation and removed after 

crosslinking, forming a cylindrical channel. Following channel formation, a suspension of 

endothelial cells is flowed through the channel to allow for cell attachment [14]. Similar 

to microfluidics, tumor cells can be encapsulated in the bulk hydrogel prior to removal of 

the template rod. Although subtractive templating permits well-defined channel geometry 

and orientation, this process requires excessive numbers of endothelial cells for patterning 

and suffers from poor cell distribution. Given the limitations of current methodologies, there 

remains a critical need for a facile method to pattern endothelial cells into vessel-mimicking 

structures with homogeneous cell distribution at a tissue scale without special experimental 

setup.

To develop a physiologically-relevant co-culture model of GBM and endothelial 

interactions, it is important to choose appropriate model cell types that can retain in vivo 
cell phenotype. To model GBM tumor cells, most previous studies employed immortalized 

GBM cell lines, which poorly represent the phenotypes and genotypes of primary GBM 

cells [15]. In contrast, patient-derived GBM xenograft cells can retain phenotypes and 

genotypes of the original parental tumor [16]. For modeling endothelial cells, previous 

studies primarily employed human umbilical vein endothelial cells (HUVEC) or human 

microvascular endothelial cells (HMEC-1) [6,17]. However, brain endothelial cells are 

unique from peripheral endothelial cells. To regulate transport to substances into and out 

of the brain, brain endothelial cells have membrane transporter systems, lower number of 

endocytic vesicles, enzymes to degrade substances, and increased number of tight junctions 

[18]. Staining of tight junction proteins, such as occludin or ZO-1, revealed significant 

differences between commonly used endothelial cell lines (HUVEC, HMEC-1) and brain 

endothelial cells [19,20].

In the present study, we sought to engineer a 3D co-culture model that mimics the in 
vivo microanatomical architecture of brain tumorendothelial interactions using biomimetic 

hydrogels. Patient-derived glioblastoma xenograft (PDTX GBM) cells and mouse brain 

endothelial cells were used as model cell types to enable species-specific cell fate tracking 

in co-culture. Recently, we reported a poly(ethylene)-glycol (PEG)-based hydrogel system 

with brain-mimicking biochemical and mechanical properties that supported GBM tumor 

cell proliferation and invasion in 3D [21]. To pattern brain endothelial cells into luminal 

vessel-like structures in 3D hydrogels, we employed a technology we recently reported 

using hydrolytically degradable alginate microfibers as porogens [22,23]. To mimic in 
vivo vessel geometry, microchannel geometry was modulated by tuning the parameters 

involved in wet-spinning alginate microfibers. To recapitulate in vivo endothelial cellcell 

adhesions, endothelial cell density in alginate microfibers was modulated to achieve 

confluent endothelial cell-lined microchannels in 3D hydrogels. After optimization of 

microchannel geometry and endothelial cell density, the effects of co-culture on GBM and 

endothelial cell fates were analyzed, compared to GBM and endothelial mono-cultures. Cell 

behavior in co-culture was compared to mono-culture control by analyzing cell morphology 

using brightfield microscopy, proliferation using immunostaining, and gene expression using 

RT-PCR.
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2. Materials and methods

2.1. Materials

8-arm PEG (MW ∼ 40 kDa) was purchased from JenKem Technology USA (Allen, 

TX, USA). Linear PEG (MW ∼ 1.5 kDa) was purchased from Sigma-Aldrich USA (St. 

Louis, MO, USA). RGD peptide (CRGDS) was purchased from Bio Basic, Inc (Amherst, 

NY, USA). Sodium hyaluronate (HA) (MW ∼ 20–40 kDa) was purchased from Lifecore 

Biomedical (Chaska, MN, USA). MMP-degradable peptide (KCGPQGIWGQCK) was 

purchased from GenScript (Piscataway, NJ, USA). 8-arm PEG-norbornene (PEG-NB) and 

linear PEG-dithiol (PEGSH) were synthesized as previously reported [24,25]. Thiolated 

sodium hyaluronate (HA-SH) was synthesized as previously reported [26]. Alginate was 

purchased from Sigma (St. Louis, MO, USA). Hydrolytically degradable alginate was 

synthesized as previously reported [22]. All other reagents were obtained from Fisher 

Scientific (Pittsburgh, PA, USA) unless otherwise noted.

2.2. Alginate microfiber formation

Alginate microfibers were formed by wet-spinning in calcium bath. Briefly, alginate was 

solubilized in tumor growth media at a concentration of 3% w/v. Alginate solution was 

loaded into a 1 mL syringe and capped with a 30-gauge needle. Using a syringe pump, 

alginate solution was injected into a stirring crosslinking bath of 1% (w/v) calcium chloride 

and 0.9% (w/v) sodium chloride. Alginate injection rate (mL/min) and calcium bath stir 

speed (rpm) were modulated to tune resultant microchannel diameter. After wet-spinning, 

alginate microfibers were transferred from the crosslinking bath into tumor growth media 

and chopped using a scalpel. Cut microfibers were then transferred into a solution of 20% 3 

kDa linear PEG in tumor culture media for 1 h. This preincubation step prevents diffusion of 

hydrogel precursor solution into alginate microfibers.

2.3. Preparation of hydrogel precursor solution

Hydrogel precursor solution (6% PEG) was prepared from 8-arm PEG-NB, linear PEG-SH, 

and an MMP-cleavable peptide (KCGPQGIW-GQCK), which were mixed at a molar ratio 

of 2:3:3, respectively. To facilitate cell adhesion, RGD peptide (CRGDS) was added at a 

final concentration of 0.914 mM. To mimic brain ECM content, HA-SH was chemically 

incorporated at a final concentration of 0.004% (w/v), which was selected based on reported 

values in human brain tissue [27]. 20 kDa linear PEG (Sigma) was added at a final 

concentration of 16% (w/v) for additional modulation of hydrogel stiffness.

2.4. Encapsulation of alginate microfibers in 3D hydrogel

Preincubated alginate microfibers were mixed with hydrogel precursor solution at a 1 to 8 

vol ratio. Microfiber-precursor solution was loaded into a 1 mL syringe, and the solution was 

crosslinked in the presence of photoinitiator lithium acylphosphinate (LAP) (0.05% w/v) 

under UV light (365 nm, 4 mW/cm2) for 5 min at RT with constant manual rotation during 

the 1st minute. The crosslinked hydrogel was then cut into individual 50 μL hydrogels.
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2.5. Cell culture

Patient-derived adult GBM tumor xenograft cells (D-270 MG) were provided by the lab 

of Professor Gerald Grant at Stanford University. Tumor cells were maintained in growth 

media, consisting of improved minimal essential zinc option medium (Life Technologies, 

Carlsbad, CA, USA) with 10% fetal bovine serum (Gibco, Life Technologies) and 0.1% 

gentamicin (Life Technologies) at 37 °C in 5% CO2 with media change every other day. 

Mouse brain microvascular endothelial cells (bEnd3) were obtained from ATCC (Manassas, 

VA, USA) and maintained in growth media, consisting of Dulbecco’s modified eagle 

medium high glucose with 20% fetal bovine serum (Gibco, Life Technologies) and 1% 

penicillin-streptmycin (Life Technologies) at 37 °C in 5% CO2 with media change every 

other day.

2.6. Encapsulation of endothelial cell-laden alginate microfibers

Trypsinized endothelial cells were homogeneously mixed in a 3% (w/v) solution of alginate 

at varying cell densities (1 M, 2 M, 3 M, 4 M, and 5 M cells/mL). Endothelial cell-laden 

alginate microfibers were prepared and encapsulated in hydrogels as above.

2.7. Cell viability

Cell viability was assessed using Live/Dead Cell Viability Assay kit (Life Technologies). 

Live/Dead reagent was prepared per manufacturer’s instructions. Hydrogels were immersed 

in Live/Dead reagent solution for 40 min and imaged using a Zeiss fluorescence microscope.

2.8. Confocal imaging of endothelial cells in microchannels

Hydrogels were fixed in 4% PFA for 1 h at RT and washed in PBS. Cell permeabilization 

was performed using 0.1% Triton X-100 in PBS. Heat-induced antigen retrieval was 

performed by equilibrating hydrogel in sodium citrate buffer for 1 h at RT, transferring 

hydrogel to heated buffer (90 °C) for 20 min, and replacing half the volume with PBS to 

cool for 20 min at RT. Nonspecific binding was blocked by incubating samples in blocking 

buffer for 1 h at RT. CD31 staining was performed by incubating samples in CD31 antibody 

(Abcam, Cambridge, United Kingdom) for 2 days at 4 °C. Samples were washed 3 times 

for 1 h each in PBS at RT. Secondary and nuclei staining was performed by incubating 

samples in secondary antibody (Life Technologies) and Hoechst 33342 dye (Cell Signaling 

Technologies, Danvers, MA, USA) for 2.5 h at RT. Samples were washed 3 times for 1 

h each in PBS at RT. Samples were incubated in mounting media overnight and imaged 

the next day using Zeiss SP5 confocal microscope (Zeiss, Oberkochen, Germany). Maximal 

projections were obtained from 200 μm thick Z-stack with 2 μm step size.

2.9. Co-encapsulation of tumor and endothelial cells in hydrogels

In the co-culture group (GBM + ENDO), endothelial and tumor cells were co-encapsulated 

in hydrogels (Fig. 1a). Trypsinized endothelial cells were homogeneously resuspended 

in a 3% (w/v) solution of alginate at a density of 4 M cells/ml. Endothelial cell-laden 

alginate microfibers were prepared as above. Trypsinized tumor cells were homogeneously 

resuspended in hydrogel precursor solution (0.5 M cells/mL). Endothelial cell-laden alginate 

microfibers and tumor cellladen hydrogel precursor solution were mixed and crosslinked 
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into hydrogels as above. For endothelial only group (ENDO ONLY), endothelial cells 

were encapsulated in alginate microfibers and subsequently encapsulated in hydrogels, 

as described above (Fig. 1a). For tumor only group (GBM ONLY), tumor cells were 

co-encapsulated with acellular alginate microfibers, as described above (Fig. 1a). Hydrogels 

were then transferred to tumor growth media and maintained at 37 °C in 5% CO2 with 

media change every other day.

2.10. RT-PCR

Gene expression of endothelial cell adhesion proteins (Claudin-5, ZO-1, CD31), tumor 

CXCR4, and tumor/endothelial VEGFa were measured. To test primer specificity, total 

RNA was extracted from tumor and endothelial cells from 2D controls (Table S1). For 

3D samples, total RNA was isolated from hydrogels using TRIzol (Life Technologies) 

(n = 3). cDNA was synthesized using SuperScript III First-Strand Synthesis kit (Life 

Technologies). RT-PCR was then performed using an Applied Biosystems 7900 Real-Time 

PCR system (Applied Biosystems, Life Technologies) using Power SYBR Green PCR 

Master Mix (Applied Biosystems, Life Technologies). Relative expression levels of target 

genes were determined using the comparative CT method. Target gene expression was first 

normalized to a housekeeping gene, GAPDH, followed by a second normalization to the 

gene expression level on day 1.

2.11. Immunohistochemical staining

To characterize the brain tumor cells(D-270 MG), cells were fixed with 4% PFA for 15 min 

at RT, followed by three PBS washes. Cells were then permeabilized in PBS containing 

0.3% Triton X-100 for 10 min at RT, followed by blocking in PBS containing 10% BSA 

for 1 h at RT. Samples were then incubated with primary antibodies for Nestin (EMD 

Millipore, San Diego, CA, USA), β-Tubulin III (SigmaAldrich, St. Louis, MO, USA), or 

GFAP (Abcam, Cambridge, MA, USA) for 1 h at 37 °C, followed by secondary antibody 

for 1 h at RT. Cell nuclei were counterstained with Hoechst dye 33342 (Cell Signaling 

Technologies, Danvers, MA, USA) and Phalloidin-TRITC (SigmaAldrich, St. Louis, MO, 

USA) for 1 h at RT. Samples were mounted (Vector Laboratories, Burlingame, CA, USA), 

and images were taken using Zeiss fluorescence microscope (Zeiss, Oberkochen, Germany).

To analyze cell proliferation, tumor and endothelial cells were stained using anti-Ki67 

primary antibody (Abcam, Cambridge, MA, USA). Tumor cells were identified using 

anti-human nuclear antigen primary antibody (Millipore, Billerica, MA, USA). To analyze 

endothelial cell adhesion proteins, endothelial cells were stained using primary antibodies 

for claudin-5 (Life Technologies), ZO-1 (Proteintech, Rosemont, IL, USA), and CD31 

(Life Technologies). To analyze tight junctions of endothelial cells, endothelial cells were 

stained using primary antibody for VE-cadherin (R&D Systems, Minneapolis, MN, USA). 

Briefly, hydrogels were fixed in 4% PFA for 1 h at RT and washed in PBS. Samples were 

dehydrated overnight in 30% sucrose at 4 °C and cryopreserved in OCT (Sakura Finetek 

USA, Torrance, CA, USA) in liquid nitrogen. Samples were then cryosectioned at −20 

°C (14 μm thickness). Sections were first permeabilized in PBS, pH 7.4 containing 0.4% 

Triton-X 100 for 1 h at RT. Heatmediated antigen retrieval was performed by incubating 

the sections in sodium citrate buffer (90 °C) for 2 min. Then, samples were blocked 
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in PBS, pH 7.4 containing 2% goat serum, 1% BSA, and 0.1% Triton-X 100 for 1 h 

at RT. Samples were then incubated overnight with primary antibody at 4 °C, followed 

by secondary antibody for 1 h at RT. Cell nuclei were counterstained with Hoechst dye 

33342 (Cell Signaling Technologies, Danvers, MA, USA) for 1 h at RT. Samples were 

mounted (Vector Laboratories, Burlingame, CA, USA), and images were taken using Zeiss 

fluorescence microscope (Zeiss, Oberkochen, Germany). Quantification of Ki67 positive and 

negative nuclei (n = 150 for each cell type and group) was performed manually using ImageJ 

software.

2.12. Characterization of VEGF release from GBM and GBM + ENDO

GBM and GBM + ENDO hydrogels (n = 3 for each group) were cultured in 500 μL of 

tumor growth media and maintained at 37 °C in 5% CO2 with media change every other 

day. Conditioned medium was collected every other day (Days 2, 4, and 6). Amount of 

VEGF in the collected media was measured using a commercially available VEGF ELISA 

kit (MyBioSource, San Diego, CA, USA) following manufacturer’s protocol.

2.13. Statistical analyses

GraphPad Prism (GraphPad Software, San Diego, CA, USA) was used to perform statistical 

analyses on hydrogel stiffness, cell proliferation, gene expression data, and VEGF release. 

Unpaired student’s t tests (assuming Gaussian distribution) and two-way analysis of variance 

(ANOVA) were used to determine statistical significance (p < 0.05). Error was reported as 

standard deviation unless otherwise noted.

3. Results

3.1. Characterization of D-270 MG cell line

To verify that D-270 MG cell lines maintained expression of genes characteristic of GBM in 

our study, we stained for neural markers Nestin, β-tubulin III, and GFAP [28,29]. D-270 MG 

cells showed uniform and strong staining for Nestin and β-tubulin III, which are markers for 

neural stem cells (NSCs) and early neurons [28], respectively (Figs. S1a and b). Our finding 

is consistent with previous reports of characterization of other GBM cells [30–32]. D-270 

MG showed low signal for GFAP, an astrocytic marker (Fig. S1c). Given that GBM is a 

heterogeneous population of cells, our staining suggest D-270 MG are composed mostly of 

neural progenitor cells and low percentage of astrocytes [28,29].

3.2. Optimization of alginate microfiber formation and encapsulation in hydrogels

Sodium alginate was modified to be hydrolytically degradable using partial periodate 

oxidation, as reported in previous literature [33]. Microchannel diameter was modulated 

by tuning alginate wet-spinning parameters, calcium bath stir speed and alginate injection 

rate (Fig. 1b). Endothelial cells retained high cell viability when varying the wet-spinning 

parameters (Fig. S2). Calcium bath stir speed was selected to be 700 rpm, and alginate 

injection rate was selected to be 0.25 mL/min. Using these parameters, alginate fibers with 

diameter of 150 μm were able to be homogeneously encapsulated throughout 3D hydrogels 

(Fig. 1c).
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3.3. Optimization of endothelial cell patterning in microchannels

To recapitulate brain endothelial cell-cell adhesions in vitro, we hypothesized that a high 

endothelial cell density is required, based on observations in previous literature [34]. 

When plated in 2D monolayer at high cell density, bEnd3 cells formed confluent cell 

sheet within 24 h with high expression of CD31, an endothelial cell marker and cell 

adhesion protein (Fig. S3). Lowering cell density in 2D monolayer led to decreased 

CD31 expression (Fig. S3). To determine the optimal endothelial cell seeding density in 

microchannels, we modulated the concentration of endothelial cells in alginate solution from 

1 M cells/ mL to 5 M cells/mL (Fig. 2a). As the density of endothelial cells increased, 

the confluency of the cells increased, as expected, and in the 5 M cells/ml group, cell 

aggregates were observed due to over-confluency. Therefore, 4 M cells/mL was selected, 

as this concentration permitted rapid formation of confluent monolayer in the microchannel 

within 24 h without significant cell aggregation. Endothelial cells in microchannels retained 

high cell viability over time (Fig. 2b). On day 7, as observed using confocal microscopy, 

endothelial cells displayed high expression of CD31, suggesting retention of endothelial cell 

phenotype in microchannel (Fig. 2c). Also, CD31 expression was found along the entire 

microchannel cross-section, demonstrating that bEnd3 cells can coat the entire microchannel 

surface. Taken together, by using hydrolytically degradable alginate fibers, bEnd3 cells can 

be patterned in microchannels in vessel-like structures with high cell viability and retention 

of endothelial cell phenotype.

3.4. Effects of co-culture on tumor and endothelial cell morphologies

Following encapsulation, tumor and endothelial cells remained viable in all groups, 

indicating that the encapsulation process is cellfriendly (Fig. 3a). Endothelial and tumor cell 

morphologies in co-culture and mono-culture were monitored using brightfield microscopy 

(Fig. 3b and c). On day 1, in both GBM + ENDO and ENDO ONLY groups, most 

endothelial cells were rounded, while some cells were spreading, suggesting that the alginate 

fibers had degraded and released the cells within 24 h. By day 7, endothelial cells in ENDO 

ONLY group formed well organized, confluent cell monolayer with expected endothelial 

cell morphology. In contrast, in GBM + ENDO group, endothelial cell rounding was 

observed, a possible sign of monolayer disorganization and downregulation of endothelial 

cell adhesion proteins. By day 14, endothelial cells were poorly organized in GBM + ENDO 

group with rounded morphologies and cell protrusions extending beyond the microchannel 

border. In contrast, endothelial cells in ENDO ONLY group maintained expected endothelial 

cell morphologies and organized cell monolayer. For tumor cell morphology, tumor cells 

started with rounded morphologies on after encapsulation and spread with significant cell 

protrusions by day 7 with the same degree in GBM + ENDO and GBM ONLY group. 

By day 14, tumor cells in GBM + ENDO group that were directly adjacent to endothelial 

microchannels had more spherical morphology. In contrast, in GBM ONLY group, tumor 

cells formed large cell aggregates with radial protrusions.

3.5. Effects of co-culture on endothelial cell adhesions

To determine the effects of co-culture on endothelial cell adhesion protein expression, 

gene expression and protein expression of claudin5, ZO-1, and CD31 were analyzed using 
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RT-PCR and immunostaining, respectively. On day 7, gene expression levels of endothelial 

cell adhesion proteins (claudin-5, ZO-1, and CD31) were downregulated in GBM + ENDO 

group, as compared to ENDO ONLY group (Fig. 4a). On day 14, protein expression levels 

for claudin-5, ZO-1, and CD31, as evaluated using immunostaining, were decreased in GBM 

+ ENDO group, as compared to ENDO ONLY group (Fig. 4b). To further characterize the 

tight junctions of endothelial cells, we also performed immunostaining of VE-cadherin. Both 

ENDO only and ENDO + GBM co-culture showed positive VE-Cadherin staining (Fig. S4).

3.6. Effects of co-culture on tumor and endothelial cell proliferation

To analyze the effects of co-culture on cell proliferation, the percentage of Ki67 + cells were 

quantified on day 7 using immunostaining (Figs. 5 and 6). For tumor cells, the percentage 

of proliferating cells in GBM + ENDO group (32%) was significantly increased than in 

GBM ONLY group (16%) (Fig. 5b). CXCR4 is a chemokine receptor known to be involved 

in modulating tumor cell fates, including proliferation [35]. The gene expression levels of 

tumor CXCR4 was significantly upregulated in GBM + ENDO group by day 7, compared 

to GBM ONLY (Fig. 5c). For endothelial cells, comparable percentages of proliferating cells 

were observed in GBM + ENDO (11.4%) and ENDO (9.0%) groups (Fig. 6b). To determine 

if co-culture induced changes at the gene expression level, expression levels of VEGFa, a 

potent angiogenic growth factor for endothelial cell proliferation, were measured. Tumor 

and endothelial VEGFa gene expression levels were comparable in all groups on day 7 (Fig. 

6c and d). In addition to gene expression analyses, we also conducted ELISA to further 

quantify secreted VEGF in medium from the GBM ONLY and GBM + ENDO groups. 

ELISA results showed co-culture led to significantly higher VEGF secretion by GBM at 

day 2 (Fig. S5). However, this difference was only transient. No significance difference in 

VEGF secretion was observed between the two groups at later time points (day 4 and day 6) 

(Fig. S5). The trend observed from ELISA is consistent with the trend we observed in gene 

expression data, which showed co-culture induced higher VEGF gene expression by GBM 

cells at day 1, but no differences were observed at day 7 (Fig. 6c).

4. Discussion

To address the need for a physiologically relevant in vitro model for brain tumor-vasculature 

interactions, here we report a 3D co-culture model of GBM and brain endothelial cells 

with microanatomical architecture mimicry. In our model, endothelial cells were spatially 

patterned into vessel-like structures inside hydrogels with brain-mimicking biochemical and 

mechanical cues using hydrolytically-degradable alginate microfibers both as porogens and 

as cell-delivery vehicles. Our results demonstrate that this cell-patterning methodology was 

facile and efficient in generating microchannel porosity and deploying endothelial cells 

into vessel-like structures with high cell viability in 3D hydrogels. Patterned endothelial 

cells maintained endothelial cell phenotype, forming continuous cell sheet and vessel-like 

structures in 3D (Fig. 2). In co-culture, GBM cells exhibited significant increases in cell 

proliferation and gene expression levels of CXCR4, as compared to mono-culture (Fig. 5). 

Furthermore, in co-culture, endothelial cells significantly downregulated expression levels of 

cell adhesion proteins (Fig. 4), as compared to mono-culture.
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To overcome the current limitations of conventional cell-patterning methods, we have 

engineered a facile, efficient methodology to generate vessel-like structures within 3D 

hydrogels using hydrolytically degradable alginate microfibers as porogens. Compared to 

microfluidics, which requires complex experimental setup and laborious protocols, our cell-

patterning methodology does not involve special apparatus, providing ease of fabrication 

and convenience for scale up. Moreover, microfluidics also may use reagents that can 

be toxic to cells. In contrast, our methodology is cell-friendly, as shown by high cell 

viability on day 1 (Figs. 2b and 3a). Furthermore, uniform, confluent cell distribution is 

required to enable endothelial cells to form cell-cell adhesions [34]. Using microfluidics 

or subtractive templating to pattern endothelial cells often requires excessive amounts 

of cells and results in poor cell distribution along the microchannel length. Our results 

show that by using hydrolytically degradable alginate microfibers to deploy endothelial 

cells in microchannels, endothelial cells uniformly and confluently distribute along the 

microchannel lumen while maintaining endothelial cell phenotype (Fig. 2c). Compared 

to the advantages of conventional methods, limitations of our methodology include poor 

interconnectivity between microchannels and lack of flow. Also, the current alginate wet-

spinning protocol can only synthesize microchannels with diameters ranging from 100 μm to 

millimeter scale, which is significantly larger the microvessels found in vivo, such as brain 

capillaries (7 μm) [36]. Future studies will focus on addressing these limitations to further 

enhance the applicability of our co-culture model.

It is worth pointing out that the model in this study does not provide functional blood 

vessels that form a complete and stable vascular structure. Instead, we sought to create a 

3D co-culture model that mimics the spatial organization of just endothelial cells and tumor 

cells in 3D. As such, we chose only EC, but no stromal cells in the co-culture model. The 

advantage of using in vitro bioengineered model, rather than in vivo model, is that it allows 

us to ask one question at a time without multiple confounding factors. In this paper, we 

successfully achieved spatial patterning of endothelial cells in tubular structures to mimic 

the microanatomical structures, while co-encapsulating tumor cells around them. This is a 

substantial technological advance compared to simply mixing two cell types together in 3D, 

which cannot mimic spatial organization of the two cell types in vivo. To form stable and 

functional vessels, additional stromal cell types will likely be necessary such as pericytes 

and fibroblasts. Future studies can incorporate additional cell types to further elucidate the 

roles of additional cell types in the interactions of brain tumor and vasculature.

Tumor cell fates, such as proliferation and invasion, are known to be modulated by 

endothelial cell-secreted paracrine factors [4–6]. Co-culture of tumor and endothelial cells 

using direct monolayer co-culture has been shown to increase GBM cell proliferation [4]. 

When co-cultured with spatially patterned endothelial cells in 3D hydrogels, PDTX GBM 

cells exhibited significant increases in tumor cell proliferation, as shown by percentage 

of Ki67 + cells from 16% in mono-culture to 32% in co-culture (Fig. 4). One possible 

explanation for increased tumor cell proliferation in co-culture may be modulation of the 

SDF1a/CXCR4 pathway in tumor cells, as suggested in previous literature [4]. SDF1a is 

a chemokine found to be highly expressed by endothelial cells in tumor-associated blood 

vessels [4]. CXCR4 is a receptor for SDF1a, and previous work has shown that CXCR4 

activation can induce survival and chemotaxis of brain tumor cells [37]. Inhibition of 
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SDF1a/CXCR4 signaling between tumor and endothelial cells led to decreases in tumor 

cell proliferation [4]. Interestingly, in terms of tumor morphology, tumor aggregates in co-

culture that were adjacent to endothelial microchannels were largely spherical with few cell 

protrusions (Fig. 3c). In the absence of endothelial cells, GBM tumor aggregates had radial 

protrusions extending from the aggregate surface. A possible explanation for the spherical 

morphology of tumor aggregates adjacent to endothelial microchannels may be that 

endothelial cells can create a local niche that supports the self-renewal of GBM stem cells, 

which typically grow as spheres [38]. Future experiments will investigate how co-culture 

influences the number and phenotype of GBM stem cells. Furthermore, previous literature 

has shown that, when co-cultured with endothelial tube networks, tumor cells migrated 

towards and co-localized with endothelial tubes, making direct contact with endothelial 

cells, a process mediated by endothelial cell-secreted SDF1a [4]. Also, in a Transwell 

invasion assay, endothelial cells promoted tumor cell invasion through SDF1a-mediated 

upregulation of MMP9 [6]. In the present study, no significant directional migration 

of tumor cells towards endothelial microchannels was observed. Discrepancies between 

our results and previous literature may be due to differences in the various endothelial 

cell types used. Previous reports used human brain microvascular endothelial cells and 

human microvascular endothelial cells. In the present study, mouse brain endothelial cells 

expressed very little SDF1a at both gene expression and protein levels (data not shown). 

The lack of directional migration of tumor cells towards endothelial cells suggests that 

additional stimulus may be needed in our co-culture model, such as hypoxia or other tumor 

resident cell types. Future studies will investigate how other microenvironmental factors can 

modulate tumor cell migration and invasion when co-cultured with endothelial cells.

With regards to the choice of model cell types, we have chosen a mouse endothelial cell 

line (bEnd3) to demonstrate the proof of concept in this study. We have chosen this cell line 

because previous reports have shown bEnd3 cells express tight junction protein claudin-5 in 

a similar way to those of primary mouse brain endothelial cells [39]. It is also characterized 

by the presence of a variety of transporters including P-gp, glucose transporter (GLUT1) and 

monocarboxylic acid transporter (MCT1) [40]. Therefore it provides a more physiologically 

relevant cell type than peripheral endothelial cells such as HUVECs. Recent studies by 

other groups have reported success to isolate and culture mouse or human derived brain 

microvascular endothelial cells [41,42]. It would be valuable to apply the model reported 

here for growing primarily isolated brain endothelial cells in the future, which will further 

increase the physiological relevance of the biological findings.

Tumor-associated endothelial cells have distinct morphologies, proliferation rates, and gene 

expression profiles, compared to normal brain endothelial cells [43]. In 3D hydrogels, 

endothelial cells co-cultured with tumor cells (GBM + ENDO group) became more rounded 

and disorganized, as compared to endothelial cells cultured alone (ENDO ONLY) (Fig. 3c). 

Disruption of endothelial cell morphology and monolayer organization in co-culture may 

be mediated by tumor-induced downregulation of cell adhesion proteins (claudin-5, ZO-1, 

and CD31) (Fig. 4a). Claudin-5 and ZO-1 participate in the formation of tight junctions 

between endothelial cells, which are essential for the low permeability and barrier properties 

of the blood-brain barrier (BBB) [44]. In addition to being a marker for endothelial cells, 

CD31, also known as PECAM, is highly enriched specifically at endothelial cell junctions, 
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and is therefore used as an endothelial cell marker [45]. Brain tumors are characterized 

by breakdown of the BBB due to endothelial cell tight junction dysfunction. Significant 

decreases in tight junction proteins, claudin-1, claudin-5, and occludin, were correlated 

with the degree of tumor malignancy [46]. One possible explanation for tumor-induced 

BBB disruption is tumor-secreted paracrine factors that can modulate expression of proteins 

that can degrade tight junction proteins. For example, co-culture of GBM and endothelial 

cells led to decreased tight-junction protein expression due to TGF-β2 upregulation of 

MMP9, which can proteolytically degrade tight junction proteins [46]. Furthermore, tumor-

secreted VEGF can also induce tight junction disassembly by changing the organization of 

tight-junction proteins [47]. Activation of VEGF receptors can lead to phosphorylation of 

cytoplasmic proteins involved in signal transduction, altering tight junction integrity [47]. 

VEGF can also change concentrations of cytosolic calcium in endothelial cells, modulating 

the actin cytoskeleton that regulates tight junction organization [47].

Throughout the process of tumor vascularization, GBM tumor cells are known to modulate 

endothelial cell proliferation via paracrine signals, such as VEGF, which promote migration 

and proliferation of endothelial cells, leading to vessel sprouting and angiogenesis [1]. 

Interestingly, in our study, gene expression levels of VEGF for tumor and endothelial cells 

was comparable in co-culture (GBM + ENDO) and mono-culture (GBM ONLY, ENDO 

ONLY) (Fig. 6c). These results may explain the comparable percentages of proliferating 

endothelial cells in co-culture (GBM + ENDO) and mono-culture (ENDO ONLY) (Fig. 6b). 

The lack of increased endothelial cell proliferation in co-culture suggests that additional 

stimulus may need to be incorporated in our co-culture system to model angiogenic 

interactions between tumor and endothelial cells. As an example, hypoxia is a potent 

regulator of tumor angiogenesis. In a low oxygen environment, tumor cells upregulate 

expression of HIF1α, an upstream transcription factor of VEGF [48]. Introduction of 

hypoxia into our co-culture system may induce tumor cells to upregulate VEGF expression 

and stimulate endothelial cell proliferation. Furthermore, other tumor resident cell types 

are known to participate in new blood vessel formation, such as pericytes, which can be 

co-encapsulated in our system. Pericytes are contractile cells that wrap around endothelial 

cells to support and maintain vessel growth and integrity. Pericytes can activate alternative 

pro-angiogenic pathways, such as PDGF receptor signaling [49].

5. Conclusion

GBM tumors are characterized by extensive vascularization, a phenomenon that critically 

depends on tumor-endothelial interactions. Here we report a 3D co-culture model that 

mimics in vivo spatial organization of tumor and endothelial cells using 3D biomimetic 

hydrogels and hydrolytically-degradable alginate fibers as porogens to deploy and pattern 

endothelial cells into vessel-like structures. Such cell-patterning methodology provide a 

facile, efficient method that can enable co-culture of tumor and endothelial cells at tissue 

scale without special experimental setup. Patterned endothelial cells retained high cell 

viability, proliferated, and maintained endothelial cell phenotype over time. Co-culture 

of brain endothelial cells and patient-derived glioblastoma cells recapitulated interactions 

observed in previous literature. Endothelial cells downregulated expression of cell adhesion 

proteins and adopted more rounded cell morphology. Co-culture also promoted increased 
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tumor cell proliferation, and tumor aggregates that were directly adjacent to endothelial 

cells were largely spherical. Interestingly, endothelial cell proliferation was comparable in 

co-culture and mono-culture groups, suggesting that additional stimulus in the co-culture 

model may be required, such as hypoxia or additional cell types. In summary, we developed 

a 3D co-culture model that mimics the microanatomical architecture of tumor-endothelial 

interactions, which may provide a valuable tool for studying the role of tumorendothelial 

interactions on tumor progression and for evaluating novel drug targets.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
(a). Schematic of experimental group design. Endothelial cells (mouse brain) were 

patterned into vessellike structures in 3D biomimetic hydrogels using hydrolytically 

degradable alginate microfibers as porogens. In GBM + ENDO group, single patient-derived 

glioblastoma xenograft (PDTX GBM) cells were co-cultured with patterned endothelial 

cells. In GBM + ONLY group, single PDTX GBM cells were co-encapsulated with 

acellular alginate microfibers. In ENDO ONLY group, patterned endothelial cells were 

cultured alone. (b). Increasing calcium bath stir speed (350–700 rpm) led to decreased 

microchannel diameter. Increasing alginate injection rate (0.25, 0.50 mL/min) led to 

increased microchannel diameter. (c). Cross-sectional views of encapsulated alginate 

microfibers in 3D hydrogels. Left = side view. Right =top view. Red =hydrogel edge. Scale 

bar = 2 mm.
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Fig. 2. Optimization of endothelial cell density in hydrolytically degradable alginate microfibers 
for microchannel formation in 3D hydrogels.
(a). Increasing initial endothelial cell density in alginate solution led to increased cell 

confluency and eventual cell aggregation after 2 days in culture. Scale bar = 250 μm. (b). 

Endothelial cells (4 M cells/mL) retained high cell viability and proliferated over time 

in microchannels. Scale bar =500 μm. Green =live. Red =dead. (c). Endothelial cells (4 

M/mL) expressed high levels of CD31, along microchannel length and diameter after 7 

days in culture. Scale bar = 100 μm. Blue =nuclei. Red = CD31. Maximal projection (left), 

orthogonal view (middle), single slice (right).
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Fig. 3. Effects of co-culture on cell morphology over time.
(a). High cell viability of tumor and endothelial cells was observed after encapsulation. 

Scale bar =500 μm. Green = live. Red = dead. (b),(c). Endothelial cells started with 

rounded morphology after release from alginate microfibers on day 1. In GBM + ENDO 

group, endothelial cells were more rounded and disorganized, compared to cells in ENDO 

ONLY group, after 14 days in culture. Tumor cells started with rounded morphology after 

encapsulation. In GBM ONLY group, tumor cells formed large cell aggregates with radial 

protrusions after 14 days in culture. When co-cultured with endothelial cells in GBM + 

ENDO group, tumor cells directly adjacent to endothelial microchannels had more spherical 

morphology. Scale bars = 500 μm (b), 125 μm (c).
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Fig. 4. Co-culture led to downregulation of endothelial cell adhesion protein expression.
(a). Expression of cell adhesion proteins in endothelial cells on day 7, normalized to day 1. 

Mouse specific primers were used to measure gene expression levels of claudin-5, ZO-1, and 

CD31 using RT-PCR. * p < 0.05. (b). Immunostaining of cell-cell junction proteins on day 

14. Blue = nuclei. Red = human nuclear antigen. Green = claudin-5, ZO-1, or CD31. White 

dashed line = microchannel edge. Scale bar =100 μm. (For interpretation of the references to 

colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 5. Co-culture with endothelial cells led to increased tumor cell proliferation.
(a). Immunostaining for proliferating (Ki67+) tumor cells on day 7. Scale bar = 100 μm. 

Red = human nuclear antigen. Green = Ki67. Blue = nuclei. (b). Percentage of proliferating 

(Ki67+) tumor cells on day 7 (n = 150). * p < 0.05. (c). Expression of CXCR4 in tumor 

cells on day 7, normalized to Day 1. Human specific primers were used to measure gene 

expression levels of CXCR4 using RT-PCR. * p < 0.05. (For interpretation of the references 

to colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 6. Endothelial cells in GBM + ENDO and ENDO ONLY groups had comparable levels of cell 
proliferation.
(a). Immunostaining for proliferating (Ki67 + cells) on day 7. Scale bar = 100 μm. Green 

= Ki67. Blue = nuclei. (b). Percentage of proliferating cells (Ki67+) on day 7 (n = 150). * 

p < 0.05. (c). Expression of VEGFa in tumor cells on day 7, normalized to day 1. Human 

specific primers were used to measure gene expression levels of VEGFa using RT-PCR. 

(d). Expression of VEGFa in endothelial cells on day 7, normalized to day 1. Mouse 

specific primers were used to measure gene expression levels of VEGFa using RT-PCR. (For 

interpretation of the references to colour in this figure legend, the reader is referred to the 

Web version of this article.)
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