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C A N C E R

Microengineered perfusable 3D-bioprinted 
glioblastoma model for in vivo mimicry of  
tumor microenvironment
Lena Neufeld1, Eilam Yeini1, Noa Reisman1, Yael Shtilerman1, Dikla Ben-Shushan1,  
Sabina Pozzi1, Asaf Madi2, Galia Tiram1, Anat Eldar-Boock1, Shiran Ferber1, Rachel Grossman3, 
Zvi Ram3, Ronit Satchi-Fainaro1,4*

Many drugs show promising results in laboratory research but eventually fail clinical trials. We hypothesize that 
one main reason for this translational gap is that current cancer models are inadequate. Most models lack the 
tumor-stroma interactions, which are essential for proper representation of cancer complexed biology. There-
fore, we recapitulated the tumor heterogenic microenvironment by creating fibrin glioblastoma bioink consisting 
of patient-derived glioblastoma cells, astrocytes, and microglia. In addition, perfusable blood vessels were creat-
ed using a sacrificial bioink coated with brain pericytes and endothelial cells. We observed similar growth curves, 
drug response, and genetic signature of glioblastoma cells grown in our 3D-bioink platform and in orthotopic cancer 
mouse models as opposed to 2D culture on rigid plastic plates. Our 3D-bioprinted model could be the basis for 
potentially replacing cell cultures and animal models as a powerful platform for rapid, reproducible, and robust 
target discovery; personalized therapy screening; and drug development.

INTRODUCTION
Cancer is the second leading cause of death globally (1). It is esti-
mated that around 30 to 40% of patients with cancer are being treated 
with ineffective drugs (2); therefore, preclinical drug screening plat-
forms attempt to overcome this challenge. Several approaches, such 
as whole-exome or RNA sequencing (RNA-seq), aim to identify 
druggable, known mutations or overexpressed genes that may be 
exploited as a therapeutic target for personalized therapy. More ad-
vanced approaches offer to assess the efficacy of a drug or combina-
tions of drugs in patient-derived tumor xenograft models or in vitro 
three-dimensional (3D) organoids. Unfortunately, most of the 
existing methods face unmet challenges, which limit their efficacy. 
For instance, cells can become quiescent or acquire somatic muta-
tions while growing many generations on plastic (3) under the in-
fluence of static mechanical forces and in the absence of functional 
vasculature. In addition, predictions of drug sensitivity derived from 
microarray and sequencing methods cannot always be validated, 
likewise the lack of information about the tumor microenvironment 
(TME), and hence do not offer reliable evaluations of tumor response. 
Currently, the development of drugs, until reaching approval and com-
mercialization, may take more than a decade and costs approximately 
2.6 billion U.S. dollars (4). Moreover, most of the anticancer 
compounds fail in clinical trials due to lack of efficacy, and thus, 
the overall likelihood of approval from phase 1 for all oncology 
approaches is 5.3% (5). Therefore, there is a need for a reliable, 
clinically relevant platform for high-throughput drug screening.

The conventional preclinical drug development process relies on 
in vitro evaluation of the drug toxicity/efficacy usually in 2D cell 
culture followed by animal studies. 2D culture methods have a 

tremendous value in biomedical research and in drug screening be-
cause of their low costs and ease of use. However, these methods 
do not support tissue-specific architecture and do not maintain the 
diverse functions of the multiple cell types that play important roles 
in the progression of the disease. Furthermore, 2D cultures struggle 
to predict the diverse effects of a given treatment in vivo (6). For 
in vivo studies of human source, traditionally, a small chunk of 
tumor tissue obtained from patients during surgery is implanted into 
immunodeficient mice [i.e., patient-derived xenografts (PDXs)]. 
These models include tumor cells and their stroma; while these tumors 
are implanted with their stroma, the human stroma is replaced by 
murine equivalents with time (7). Furthermore, drug screening using 
PDX models is an expensive and time-consuming process that can 
take up to 6 to 9 months to receive an answer regarding the suitable 
drug to a patient. This prolonged time phrase until a treatment can 
be offered makes, in many cases, the outcome irrelevant, either be-
cause the tumor cells have mutated and changed substantially from 
those cells that were resected originally or because the patient already 
succumbed to the disease. In addition, PDX models require the use 
of immunocompromised animals that lack a fully functional immune 
system and therefore cannot be used to test immunotherapies.

Numerous 3D cancer models have been developed over the years 
in the attempt to overcome the limitations of current cancer models 
and reduce the costs of preclinical drug evaluation. Tumor spheroids 
and organoids are the most commonly used 3D cancer models in 
preclinical research. These models better mimic the origin tissue 
architecture in terms of structural organization, cell-cell interactions, 
and cell–extracellular matrix (ECM) interactions. The heterogeneity 
of the TME can be partially recapitulated by coculturing cancer cells 
with stromal cells. This is important as, in many cases, drugs do not 
target directly the cancer cells but rather the interactions between 
the cancer cells and the TME cells. Moreover, tumor spheroids and 
organoids can be embedded in naturally derived hydrogel such as 
Matrigel or in other synthetic hydrogels that enable cells to polarize 
and interact with other cells. Although these 3D models have shown 
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great promises, they often do not reflect the complexity of tumors 
in vivo, as they lack the whole plethora of stromal cells and func-
tional blood vessels (8–14), which are critical for the development 
and progression of the disease and evaluation of the response to the 
therapy (15).

A novel promising technology in the field of tissue regeneration 
is 3D-bioprinting, a technology for precise 3D construction of com-
plex tissues and organs. 3D-bioprinting technology allows the posi-
tion of cells and biocompatible materials layer by layer, with spatial 
control of each component location. 3D-bioprinting allows the use 
of a wide range of biomaterials at different viscosities and cell den-
sities. Considering that the 3D-bioprinting process can control the 
organization of multiple cell types in 3D architecture, 3D-bioprinted 
models have the potential to better imitate the TME. Nonetheless, 
many of the 3D-bioprinted tumor models established thus far were 
designed without the complete physiological characteristics of the 
tumor, such as multiscale architecture (8, 9) and blood vessels 
(8, 9, 16, 17), and if included, the blood vessels are not frequently 
perfused (14). The establishment of physiologically relevant ex vivo 
vascularized 3D tumor model is of high importance, as without per-
fusable vasculature, the model lacks one of the main cancer hallmarks, 
angiogenesis (18). However, achieving hierarchical vascularization 
networks inside the desired 3D tumor model is a great challenge in 
3D-bioprinting (19). Therefore, some of the existing models rely on 
artificial microfluidic channel chips that lack the tissue-tissue inter-
faces (6, 10–13, 20), while other models rely on casted hydrogels on 
top of a needle or fiber vessels (21). A recent study had demonstrated 
the importance of accurate tomographic analysis of cancer 3D-
bioprinted model with perfused vasculature (22).

We present here a 3D-bioprinted engineered tumor model as a 
clinically relevant platform for rapid drug screening and prediction 
of treatment outcome. Our 3D engineered tissue constructs are 
based on two bioinks, a tumor bioink and a vascular bioink. The 
tumor bioink is composed of the natural polymers fibrinogen and 
gelatin, while the vascular bioink is composed of the thermo-reversible 
biocompatible synthetic polymer, Pluronic F127. Since the gelation 
process of Pluronic F127 is reversible, it was used as a sacrificial 
material to fabricate embedded vasculature inside the 3D model and 
liquefied to create a 3D lumen vascular structure.

As a proof of concept, we focused on 3D-bioprinting of glioblastoma 
(GB), the most common and aggressive primary brain cancer (23). 
With the current standard of care that includes surgery, chemotherapy, 
and radiotherapy, the 5-year survival rates of patients with GB are 
less than 10% (24). Poor patient outcome is attributed to the highly 
invasive and aggressive nature of GB tumors and to the development 
of resistance to chemotherapy. The complex intratumoral hetero-
geneity and the TME are the major contributors of GB cell resistance 
to therapy. The brain TME is known to be a dynamic and complex 
population that plays a major role in tumor progression, involving 
various signaling pathways that affect GB cell growth and invasion 
(24). Therefore, models that better mimic the intricate microenvi-
ronment of GB have the potential to facilitate the development of 
effective alternative treatment options.

In this study, we investigated the mechanical properties and bio-
logical functionality of our biocompatible fibrin 3D-bioink, exploiting 
an array of murine, human, and patient-derived GB (PD-GB) models. 
By incorporating into our 3D-bioink a penta-culture of GB tumor 
cells and stromal cells as well as a perfusable vascular network, 
our models are able to mimic GB cellular heterogeneity, cell-cell 

interaction, and spatial tomography. We evaluated the ability of 
these 3D-bioprinted GB models to recapitulate the various in vivo 
characteristics of GB tumors such as their growth kinetics, invasion 
capabilities, response to therapies, and their genetic signatures. We 
show that our model provides a more accurate evaluation of the 
native molecular and cellular characteristics of GB establishment 
and progression and the response to therapies compared to 2D 
plasticware models. Our 3D-bioprinted models can be exploited to 
better emulate the clinical scenario of various cancer types and can 
potentially serve as a powerful clinically accurate platform for pre-
clinical research and drug discovery.

MATERIALS AND METHODS
Materials
Dulbecco’s modified Eagle’s medium (DMEM; Gibco), fetal bovine 
serum (FBS; Gibco), l-glutamine, penicillin, streptomycin, myco-
plasma detection kit, EZ-RNA II total RNA isolation kit, and 
fibronectin (1 mg/ml; 1:100 dilution) were purchased from Biolog-
ical Industries Ltd. (Kibbutz Beit HaEmek, Israel). Percoll medium 
(catalog no. p4937), gelatin (type A, 300 bloom from porcine skin), 
Pluronic F127, 70-kDa dextran-FITC (fluorescein isothiocyanate), 
Latex beads for phagocytosis assays (catalog no. L4655), and all other 
chemical reagents, including salts and solvents, were purchased 
from Sigma-Aldrich (Rehovot, Israel). Milli-Q water was prepared 
using a Millipore water purification system. Fibrinogen, thrombin 
(Th), poly-l-lysine (PLL; 0.1 mg/ml; catalog no. A-005-C), Endo-Gro 
medium, and bovine serum albumin were purchased from Merck 
Millipore (Burlington, MA, USA). Transglutaminase (TG) was 
purchased from Moo Glue (Modernist Pantry, Eliot, Maine, USA). 
Collagenase II, collagenase IV, dispase II (neutral protease), and 
deoxyribonuclease I were purchased from Worthington Biochemical 
Corporation (NJ, USA). Red blood cell lysis solution (catalog no. 
420301) was purchased from BioLegend (San Diego, CA, USA). 
Magnetic-activated cell sorting (MACS) MS columns for cell 
separation (catalog no. 130-042-201), CD11b MicroBeads for 
cell isolation (catalog no. 130-093-634), CD31 MicroBeads for cell 
isolation (catalog no. 130-097-418), anti-AN2 MicroBeads for cell 
isolation (catalog no. 130-097-170), and CD144 MicroBeads for 
cell isolation (catalog no. 130-097-857) were purchased from 
Miltenyi Biotec (Bergisch Gladbach, Germany). P-selectin inhibitor 
(SELPi) KF38789 (catalog no. 2748) was purchased from Tocris 
BioScience (Bristol, UK). ProLong Gold mounting with DAPI 
(4′,6-diamidino-2-phenylindole; catalog no. p36935) and Hoechst 
33342 (catalog no. H3570) were purchased from Invitrogen (Carlsbad, 
California, USA). Mayer’s hematoxylin solution (catalog no. 05-06002) 
and eosin Y solution (catalog no. 05-10002) were purchased from 
Bio-Optica (Milano, Italy). PresoBlue Cell Viability Reagent was 
purchased from Thermo Fisher Scientific (MA, USA).
Plasmids
mCherry and iRFP (near-infrared fluorescent protein) were sub-
cloned by our group into the pQCXIP vector (Clontech, USA) as 
previously described (25).
Primary immunostaining antibodies
Rabbit anti-mouse/human glial fibrillary acidic protein (GFAP) 
(1:500 dilution; Dako, catalog no. 20025480; lot. no. 41556) and 
rabbit anti-mouse/human Iba1 (1:200 dilution; catalog no. NBP2-
19019; lot no. 41556) were purchased from Novus (CO, USA). 
Mouse anti-human P-selectin (1:20 dilution; catalog no. BBA1; 
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lot nos. APB081704 and APB0818111; clone BBIG-E) was purchased 
from R&D Systems (Minneapolis, MN, USA).
Secondary immunostaining antibodies
Goat anti-rabbit Alexa Fluor 488 (1:300 dilution; catalog no. ab150077; 
lot no. GR315933-2) was purchased from Abcam (Cambridge, UK), 
and goat anti-mouse Alexa-568 (1:400 dilution; catalog no. ab175473; 
lot no. GR3246243-3) was purchased from Jackson ImmunoResearch 
Laboratories Inc. (West Grove, PA, USA).
Flow cytometry antibodies
FITC rat anti-mouse CD62P P-selectin clone RB 40.34 (1:20 dilution; 
catalog no. 561923; lot no. 8340691) and FITC rat immunoglobulin 
G1 (IgG1) isotype control (1:20 dilution; catalog no. 553995; lot no. 
5100888) were purchased from BD Biosciences (NJ, USA). Mouse 
anti-human P-selectin (1:20 dilution; catalog no. BBA1; lot. no. 
APB0818111; clone BBIG-E) and mouse IgG1 isotype control (1:20 
dilution; catalog no. mab002; lot. no. IX2417011) were purchased 
from R&D Systems (Minneapolis, MN, USA). Mouse-IgG ƙ BP-CFL 
488 secondary antibody (1:20 dilution; catalog no. sc-516176; lot nos. 
K1119 and HO118) was purchased from Santa Cruz Biotechnology 
Inc. (Dallas, TX, USA).

Fibrin 3D-bioink
Fibrinogen is a glycoprotein that has an important role in the 
formation of blood clots in vertebrates; it forms a fibrin gel when 
mixed with Th. We combined fibrinogen with the hydrolyzed form 
of collagen, gelatin, which is a low-cost, abundant, and biocompatible 
material and the major component of the ECM in most tissues. We 
allowed slow cross-linking to the fibrin gel by TG, a natural, non-
toxic enzyme. TG can catalyze intramolecular and intermolecular 
covalent bonds between the glutamine and lysine residues of gelatin. 
Gelatin solutions at 7.5% (w/v), 15% (w/v), and 30% (w/v) were dis-
solved in phosphate-buffered saline (PBS) without calcium and 
magnesium at 70°C for 12 hours under vigorous stirring. Then, the 
pH was adjusted dropwise to 7.5 using 1 M NaOH. The solution was 
filtered through a 0.2-m filter and stored at 4°C. Fibrinogen solu-
tion (50 mg/ml) was produced by dissolving lyophilized human 
blood plasma protein at 37°C in sterile PBS without calcium and 
magnesium for 45 min. The pH was adjusted dropwise to 7.5 using 
0.5 M NaOH, and the solution was stored at −20°C. TG solution 
(100 mg/ml) was dissolved in PBS without calcium and magnesium, 
gently mixed for 20 min at 37°C, and sterile-filtered. Stock solution 
of 250 mM CaCl2 was prepared by dissolving CaCl2 powder in PBS 
without calcium and magnesium. To prepare stock solution of Th, 
lyophilized Th was reconstituted at 2000 U/ml using sterile PBS 
without calcium and magnesium and stored at −20°C. The bioink 
solutions were mixed together at 37°C.

Rheological characterization
The bioinks must flow through the deposition nozzle without 
clogging yet quickly solidify. To that end, the ink must be both shear 
thinning and viscoelastic, i.e., with a shear elastic modulus (G′) that 
exceeds the loss modulus (G″). The ink rheology, mechanical prop-
erties, and cross-linking kinetics were measured using a controlled 
stress rheometer (AR-G2, TA Instruments). Time-sweep oscillatory 
tests in a 20-mm cone plate with 1° geometry were performed using 
350 l of fresh fibrinogen solutions (resulting in a gap size of 600 m), 
1 min after its preparation at 37°C, 0.01% strain, and frequency of 
1 Hz. The gelation time was determined by the first point at which 
G′ raises. Each bioink formulation was tested three independent times.

Mechanical characterization
Young’s modulus (E) was evaluated using LS1 tensile testing instru-
ment (Lloyd Instruments Ltd.) equipped with a ultrasensitive 5-N 
load cell as previously described (26). Young’s modulus (E) is 
defined as

	​ E  = ​   ─  ​​	

where  is the stress applied on the sample and  is the strain in the 
linear region of the stress-strain curve.

Briefly, disk-shaped samples of fibrin 3D-bioink were prepared 
as described above, applied into silicone molds (8 mm in diameter 
and 2 mm in thickness; Sigma-Aldrich), and incubated at 37°C and 
5% CO2 for 1.5 hours. Young’s modulus was then evaluated by mea-
suring the slope of the compressive stress-strain curve in the linear 
region. The samples were compressed at a rate of 1 mm/min up to 
80% strain. The strain was calculated by determining the initial 
thickness of the sample at the point at which the stress values changed 
from negative to positive and started to increase during compressive 
test. The Young’s modulus was calculated from the linear region of 
the stress-strain curve, as the slope between 1 and 10% strain. De-
vice control, data acquisition, and processing were performed with 
NEXYGEN plus 3.0 software (Lloyd Instruments Ltd.). Each bioink 
formulation has six to eight samples per group, and the experiments 
were repeated in three independent times.

Cell culture
Human GB cells (U-87MG, T98G, and U373), human embryonic 
kidney 293T cells, human osteosarcoma (Saos-2) cells, and MDA-
MB-231 human breast cancer cells were obtained from the American 
Type Culture Collection (Manassas, VA, USA). GL261 murine GB 
cell line was obtained from the National Cancer Institute (Frederick, 
MD, USA). Cancer cells were grown in DMEM supplemented with 
10% FBS (Gibco), streptomycin (100 g/ml), penicillin (100 U/ml), 
nystatin (12.5 U/ml), and 2 mM l-glutamine. Human astrocytes 
(hAstro), human microglia (hMG), and primary human micro-
vascular brain pericytes (hPericytes) were purchased from ScienCell 
(CA, USA). hAstro and freshly isolated murine astrocytes (mAstro) 
cells were grown in the supplied astrocyte medium supplemented 
with 2% FBS, penicillin (100 IU/ml), streptomycin (100 g/ml), 
nystatin (12.5 U/ml), and 1% astrocyte growth supplements (ScienCell). 
Primary hMG and freshly isolated murine microglia (mMG) cells 
were grown on PLL (Sigma-Aldrich)–coated plates in the supplied 
microglia medium supplemented with 5% FBS, penicillin (100 IU/ml), 
streptomycin (100 g/ml), nystatin (12.5 U/ml), and 1% microglia 
growth supplements (ScienCell). hPericytes were grown on PLL-
coated plates in the supplied pericyte medium supplemented with 
2% FBS, penicillin (100 IU/ml), streptomycin (100 g/ml), nystatin 
(12.5 U/ml), and 1% pericyte growth supplements (ScienCell). 
Human umbilical vein endothelial cells (HUVECs) were purchased 
from Lonza and cultured in EGM-2 medium (Lonza, Switzerland) 
or Endo-Gro medium on fibronectin-coated plates. All cells were 
grown at 37°C and 5% CO2. All primary cell lines were grown up to 
passage 7. Mycoplasma tests were done routinely with a mycoplasma 
detection kit.

Ethical statement
All animals were housed in Tel Aviv University animal facility. The 
experiments were approved by the Animal Care and Use Committee 
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of Tel Aviv University (approval nos. 01-19-015 and 01-19-097) 
and conducted in accordance with the National Institutes of Health 
guidelines. Experiments involving human tissues were performed 
with the approval of the Institutional Review Board (IRB) and in 
compliance with all legal and ethical considerations for human sub-
ject research (approval no. 0735-13-TLV). All studies were approved 
by the local ethics committee, and written informed consent was 
obtained from all patients.

Human primary GB cells
PD-GB tissues were obtained during surgical procedures from Tel 
Aviv Sourasky Medical Center (Tel Aviv, Israel) under an approved 
IRB (0735-12-TLV and 920130237). Tumor tissues were kept in cold 
PBS and processed within 40 min. Tumor specimens were dissected 
to 0.5-mm pieces and incubated in rotation with collagenase IV/
dispase solution for a minimum of 3 hours at 37°C. Cells were passed 
through a 70-m strainer, and red blood cell lysis was carried out. 
Isolated cells containing mainly tumor cells were plated and grown 
in DMEM growing media. Following continuous media replacement, 
viable cancer cells remained attached to culture plates and kept 
growing in culture, while stroma and cell debris were washed.

Isolation of murine brain stromal cells
Brains from 6- to 10-week-old male C57BL/6 mice (Envigo CRS, 
Israel) were harvested, chopped, and incubated in rotation with 
collagenase IV/dispase II solution for 50 min at 37°C. Red blood cell 
lysis was carried out followed by Percoll gradient for myelin separation. 
Cell suspension was then incubated with CD11b or CD31 MicroBeads 
for microglia or endothelial cell separation, respectively, and placed 
in MACS MS columns. Murine pericytes were isolated using anti-AN2 
MicroBeads combined with anti-CD144 MicroBeads. The remain-
ing cells collected following bead separation were plated and grown 
in complete astrocyte medium for a week. Culture enrichment 
of astrocytes was evaluated for cell type and purity by fluorescence-
activated cell sorting (FACS; GLAST-APC antibody, Miltenyi Biotec; 
5 l/1 × 106 cells).

Swelling
To determine the swelling ability and the time required for swelling 
equilibrium, kinetic experiments were performed with fibrin 3D-bioink 
as previously described (27). Briefly, fibrin 3D-bioink samples 
were prepared in the absence or presence of GL261 or PD-GB4 cells 
(1 × 106 cells/ml). The samples were placed on a stainless-steel grid 
submerged in a six-well plate containing 15 ml of DMEM to simulate 
sink conditions and were incubated at 37°C and 5% CO2. The swelling 
kinetics was determined gravimetrically; each fibrin 3D-bioink 
sample was weighed at scheduled time intervals after gently removing 
excess water from the grid using a Kimwipe and returned immediately 
to the well plate. The swelling percentage at each time interval was 
calculated as follows

	​ %SWELLING  =  100 % ∙  ​ w − ​w​ o​​ ─ ​w​ o​​ ​​	

where wo is the initial weight of the fibrin 3D-bioink sample, right 
after cross-linking is ended and before swelling, and w is the weight of 
the sample at any other time.The wo refers to the original dimension 
at the time of fibrinogen polymerization and not to the dimension 
of the dry state of the bioink since it mimics better the experimental 
setup that the bioink has to tackle. Swelling at equilibrium of 

polymeric fibrin 3D-bioink was estimated from the swelling at the 
last time point (day 28). All swelling experiments were performed 
using six to eight samples per group, and the experiments were 
repeated in three independent times.

3D metabolic activity assays
GB cells, hAstro, mAstro, hMG, and osteosarcoma cells were cul-
tured in fibrin 3D-bioink at different cell densities and gelatin 
concentrations. Cell viability and growth rates up to 6 to 7 weeks in 
fibrin 3D-bioink were evaluated using PresoBlue Cell Viability 
Reagent. Cells were counted using Countess automated cell counter 
(Invitrogen). To evaluate the growth curve of GB cells (GL261, 
T98G, U-87MG, U373, PD-GB1, and PD-GB4), the initial concen-
tration was 1 × 106 cells/ml in DMEM. To evaluate the growth 
curve of human primary cells, the initial cell concentrations were 
1 × 105 cells/ml up to 2 × 106 cells/ml in astrocytes and microglia me-
dium, respectively. To evaluate the growth curve of cells grown in cocul-
ture, GB cells (PD-GB4, GL261, PD-GB1, and U-87MG-D) and 
astrocytes (hAstro or mAstro) were seeded at the final concentration 
of 2 × 106 cells/ml at a ratio of 1:1 and 1:2 and grown in mixed 
medium (1:1 ratio) of DMEM and astrocytes medium. To evaluate 
the growth curve of fast-growing and dormant GB cell types (T98G 
and U-87MG) in fibrin 3D-bioink, cells were seeded at the concen-
tration of 1 × 106 cells/ml, while osteosarcoma cells (Saos-2) were 
seeded at the concentration of 1 × 107 cells/ml in DMEM.

The 3D-bioink samples were placed in 500 l of PrestoBlue in a 
24-well plate and incubated at 37°C for 30 min or up to 4 hours 
(depending on the cell type) for growth curve experiments. We then 
took three samples of 100 l from each fibrin 3D-bioink sample to a 
96-well plate and measured the fluorescence by excitation of 545 nm, 
auto emission cutoff (590 nm), and emission of 600 nm. Measure-
ments were averaged to each sample, a control measurement of a 
clear fibrin 3D-bioink was subscribed, and the final result was 
normalized to the values obtained at the first day of incubation. The 
fibrin 3D-bioink samples were washed with PBS for 15 min at 37°C 
and then incubated in fresh cell medium. Each group contained 
four to six samples, and the experiments were repeated in three 
independent times.

Generation of fluorescently labeled cell lines
Cells were labeled with pQC-mCherry retroviral particles as previ-
ously described (25). Briefly, GL261, U-87MG, T98G, PD-GB3, and 
HUVEC were labeled with mCherry. Cells were selected for stable 
expression 48 hours following infection by puromycin (2 to 3 g/ml; 
TOKU-E, Singapore). hAstro and hMG cells, patient-derived cells 
(PD-GB1), and Saos-2 were labeled with green fluorescent protein 
(GFP). GFP-positive cells were then selected using G418 (0.5 mg/ml 
for Saos-2 and 2500 g/ml for hAstro and hMG; TOKU-E, Singapore) 
for 2 weeks. Human pericytes and patient-derived cells (PD-GB4) 
were labeled with iRFP, and positive cells were then selected using 
hygromycin (2.5 mg/ml for PD-GB4 and 250 g/ml for human 
pericytes; Sigma-Aldrich) for 2 weeks. PD-GB4 were also labeled 
with Azurite, and positive cells were selected using hygromycin 
(250 g/ml) for 2 weeks. All retroviral infected cells showed more 
than 90% positive fluorescent labeling.

Imaging and image analysis
To evaluate the viability of the labeled cells in the cell-laden bioink, 
fibrin 3D-bioink samples were prepared on a 35-mm petri dish with 
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a bottom grid glass (ibidi, Gräfelfing, Germany). Medium was re-
placed every other day. Fluorescent images were obtained using SP8 
confocal microscope (Leica, Wetzlar, Germany) or with EVOS FL 
Auto cell imaging system (Thermo Fisher Scientific). 3D projections 
and Z-stacks were generated using manual and automated processes 
in Leica and Imaris (Imaris 8.4.1, Bitplane Scientific Software). Each 
group contained three samples, and the experiments were repeated 
in three independent times.

Frozen OCT fibrin 3D-bioink samples fixation
Fibrin 3D-bioink samples (day 7 or 14 after cell seeding) were incu-
bated with 4% paraformaldehyde for 4 hours, followed by 0.5 M 
sucrose (BioLab) for 1 hour, and 1 M sucrose overnight. The samples 
were then embedded in optimal cutting temperature (OCT) com-
pound (Scigen) on dry ice and stored at −80°C.

Immunostaining
Fibrin 3D-bioink samples embedded in OCT were cryosectioned 
into 5-m-thick sections by a cryostat (Leica). Sections were stained 
by hematoxylin and eosin (H&amp;E) and for the relevant markers 
using antibodies. Immunostaining was performed using BOND RX 
autostainer (Leica). Briefly, slides were incubated with goat serum 
(10% goat serum in PBS + 0.02% Tween 20 + 0.02% gelatin) for 
30 min to block nonspecific binding sites. Slides were then added 
with rabbit anti-mouse/human GFAP, rabbit anti-mouse IBA1, and 
mouse anti-human P-selectin (1:20 dilution; R&D Systems). Follow-
ing 1 hour of incubation, slides were incubated with the following 
secondary antibodies for an additional 1 hour: goat anti-rabbit Alexa 
Fluor 488 for GFAP and IBA1 and goat anti-mouse Alexa-594 for 
human P-selectin and muse P-selectin. They were then washed and 
treated with ProLong Gold mounting with DAPI or Hoechst 33342 
before being covered with coverslips. Images were recorded using 
the EVOS FL Auto cell imaging system.

Invasion in 3D-bioink
We established a modified invasion assay in which a fibrin 3D GB 
tumor core is surrounded by brain-mimicking fibrin 3D-bioink 
tissue, allowing monitoring of tumor cell invasion into the outer 
core (fig. S2C). PD-GB4 iRFP-labeled were casted into 96-well glass-
bottom plates (Cellvis, CA, USA) in a core tumor at a density of 
1 × 107 cells/ml and surrounded with unlabeled hAstro (1 × 106 cells/ml). 
Experiments were done in a medium mixture at 1:1:1 ratio of 
DMEM, astrocyte medium, and microglia medium. For invasion 
estimation of dormant versus fast-growing cell types, mCherry-
labeled U-87MG and T98-G human GB cells (2 × 106 cells/ml) were 
plated in glass-bottom 96-well plates in the core of fibrin 3D-bioink. 
The surrounding fibrin 3D-bioink was an empty, clear fibrin 3D-
bioink. Experiments were done in a medium mixture at 1:1:1:1:1 
ratio of DMEM, astrocyte medium, microglia medium, pericyte 
medium, and Endo-Gro medium. Cell invasion was monitored for 
2 to 5 weeks using EVOS FL Auto cell imaging system and quantified 
by ImageJ software, presented here as relative light units (RLUs). 
Cell invasion was normalized by comparing the size of the cell core 
at day 1 (polygon drawing shape) up to day 14. Each group 
contained 6 to 12 samples, and the experiments were repeated in 
three independent times. For the evaluation of proliferation in the 
presence of P-selectin inhibitor (SELPi), mCherry-labeled U-87MG-F 
and T98G-F cells generating fast-growing tumors or iRFP-labeled 
PD-GB4 cells (4 × 106 cells/ml) were seeded in a glass-bottom 96-well 

plate in the core of fibrin 3D-bioink. The surrounding fibrin 
3D-bioink was an empty, clear fibrin 3D-bioink. Cells were then 
treated with 0.5 M KF38789, which is a selective inhibitor of 
P-selectin (SELPi) that we chose to serve as a small-molecule drug. It 
selectively inhibits P-selectin binding in lymphocytes at the half-
maximal inhibitory concentrations (IC50) of 2 M. P-selectin functions 
as a cell adhesion molecule on the surfaces of cells, which binds 
carbohydrates (18). It is also involved in tumor cell binding and 
promotes their invasion by supporting a permissive metastatic 
microenvironment, and P-selectin is highly expressed in GB (28). 
Control groups were treated with dimethyl sulfoxide (DMSO) vehicle 
at the corresponding volume percentage [0.2% (v/v)], prepared in a 
medium mixture at 1:1:1:1:1 ratio of DMEM, astrocyte medium, 
microglia medium, pericyte medium, and Endo-Gro medium. 
Proliferation was quantified during time with ImageJ software by 
RLU. Each group contained 6 to 12 samples, and the experiments 
were repeated in three independent times.

Scanning electron microscope (SEM)
For SEM analysis, acellular and cell-laden fibrin 3D-bioink sample 
were prepared and incubated for 14 days at 37°C and 5% CO2. 
Cell-laden samples were prepared using PD-GB4 cells (1 × 107 cell/ml) 
alone or in coculture with hAstro (1 × 107 cell/ml) and hMG (1 × 106 
cell/ml). Fibrin 3D-bioink samples were then removed from the 
culture medium after 14 days, washed in PBS, and fixed with 2.5% 
(v/v) glutaraldehyde (Sigma-Aldrich) in PBS overnight at 4°C. The 
samples were snap-frozen with liquid nitrogen and lyophilized. The 
same procedure was done for both healthy and tumorous (GL261 
intracranially injected cells, 15 to 20 days after implantation) brain 
hemispheres of C57BL/6 mice. Samples were stored under vacuum 
in a desiccator before sputter-coating with gold (~ 20 nm). SEM 
images were taken using a Quanta 200 FEG Environmental SEM 
(FEI, OR, USA) at high vacuum and 10.0 kV. Lengths and pore size 
were measured using ImageJ software.

Preparation of the vascular bioink
Pluronic F127 is a biologically inert triblock copolymer based on 
polyethylene oxide and polypropylene oxide, which exhibits reversible 
thermal gelation and a lower critical solution temperature behavior. 
At lower temperatures, Pluronic F127 solution is liquid, and upon 
heating to room temperature, it transforms into a gel. Pluronic F127 
[40% (w/v)] was dissolved in double-distilled water using an over-
head mechanical stirrer at 4°C. The solution was stored at 4°C. Be-
fore use, Th solution (2000 U/ml) was added to create the fugitive 
vascular bioink of final 38% (w/v) Pluronic F127 and Th (100 U/ml). 
The vascular bioink was loaded into a 30-ml syringe at 4°C and 
centrifuged to remove air bubbles.

Fabrication of 3D-bioprinted vascularized tumor model
Printing formulation of fibrin 3D-bioink [composed of 1% (w/v) 
fibrinogen and 6% (w/v) gelatin] was mixed with PD-GB4 cells 
labeled with Azurite (1 × 106 cells/ml), hAstro labeled with GFP 
(1 × 106 cells/ml), and hMG cells (1 × 105 cells/ml). The mixture forming 
the GB-bioink was loaded in a syringe (Nordson, CA, USA) and 
tapered with a needle tip (Nordson) of varying size attached via a 
luer-lock. The GB-bioink was cooled to 4°C for 15 min and then 
loaded into the 3D printer’s cartridge. Temperature was set to 24°C 
and held for 15 min before 3D-bioprinting initiation. 3D structures 
were printed using a 3D-Bioplotter (Manufacturer Series, EnvisionTEC, 
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Gladbeck, Germany) equipped with five independent ink cartridges. 
Before each 3D-bioprinting, the nozzles were calibrated to deter-
mine their respective X, Y, and Z offsets. Following calibration, 
six to eight layers were printed on a thin coverslip, framed by a 
polydimethylsiloxane (PDMS) (Sylgard 184, Dow, MI, USA) gasket, 
creating the bottom platform onto which vasculature structure 
could be printed. Cell-laden bioinks were printed for a time period 
up to 2 hours to prevent cell death. The printed layers were left to 
dry for up to 1 hour. Casting formulation of fibrin 3D-bioink [com-
posed of 1% (w/v) fibrinogen and 6% (w/v) or 12% (w/v) gelatin] 
was mixed with Azurite-labeled PD-GB4 cells (1 × 106 cells/ml), 
GFP-labeled hAstro (1 × 106 cells/ml), and hMG (1 × 105 cells/ml). 
The mixture forming the GB-bioink was casted on a thin coverslip, 
framed by a PDMS gasket, creating the bottom platform onto which 
vasculature structure could be printed. Cell-laden fibrin 3D-bioink 
constructs were left to fully cross-link for up to 2 hours. Then, the 
vascular bioink composed of Pluronic F127 38% (w/v) and Th 
(100 U/ml) was loaded onto a printer cartridge (Nordson) at 4°C, 
warmed to 29°C, and printed using a 0.25-mm needle tip attached 
via a luer-lock. 3D structures were printed with the vascular bioink 
according to a bioengineered design of vasculature, created with 
Rhino 6 3D modeling software (Rhinoceros). Immediately after the 
vascular bioink 3D-bioprinting was completed, connectors (Darwin 
Microfluidics, Paris, France) were inserted to the inlet and outlet 
positions of the PDMS gasket to allow future flow by peristaltic 
pump, and a fresh formulation of the fibrin 3D-bioink with PD-GB4 
and microenvironment cells was casted, covering the printed vascu-
lature and filling the PDMS frame completely. The sample was then 
covered with an additional coverslip glass and sealed in a metal frame 
(creating the perfusable chip), self-designed for optimal noninvasive 
monitoring of fluorescent signals (fig. S3A), and incubated at 37°C 
for a minimum of 3 hours until complete cross-linking is achieved, 
reaching the physiological stiffness of the brain. To liquefy the fugitive 
Pluronic F127 bioink, the sample was cooled to 4°C. Cold PBS was 
then injected into the mold’s inlet by applying positive pressure while 
applying negative pressure through the outlet, leaving the model with 
the desired 3D-bioprinted lumens. Following Pluronic F127 wash, 
fibronectin (100 g/ml) was injected into the lumens’ inlet and in-
cubated in rotation for 3 hours at 37°C to prime the vasculature wall 
and create an adherable interface. Next, a mixture of mCherry-
labeled HUVEC (8 × 106 cells/ml) and iRFP-labeled human micro-
vascular brain pericytes (2 × 106 cells/ml) (named vascular bioink) 
at 4:1 ratio was injected into the vessel and incubated for 2 hours. 
Cell seeding steps were repeated four times, and each time sample 
incubation positioning was rotated by 90° to maximize cell attach-
ment area. The model was then incubated in rotation overnight at 
37°C to allow cell attachment to the lumens’ walls with a full coverage 
of the lumen. The next day, the sample was connected to a peristaltic 
pump (EBERS, Zaragoza, Spain), incubated at 37°C, and perfused 
with medium mixture of all the cells in the samples at a 1:1:1:1:1 
ratio (DMEM, astrocyte medium, microglia medium, pericyte medium, 
and EGM-2) for 5 days. After confluent cover was validated by con-
focal imaging, 70-kDa dextran-FITC (1 and 0.1 mg/ml) was perfused 
through the vasculature using a syringe pump (Braintree Scientific, 
Braintree, MA, USA) at a flow rate of 25 l/min. Dextran-FITC 
flow-through was imaged by EVOS FL Auto cell imaging system at 
20-s intervals. 3D-printed GB models used for dextran-FITC 
perfusion were created with unlabeled cancer and stromal cells 
(hAstro and hMG).

Creating the metastatic model
We have created a simplified vascularized 3D model of breast cancer 
brain metastasis using a 23-gauge needle inside our perfusion chip. 
Brain metastatic human breast cancer cells MDA-MB-231, astrocytes, 
and microglia were mixed with the fibrin 3D-bioink under similar 
conditions as the GB microenvironment according to our calibra-
tions (cell type ratio was 1:1:0.1, respectively). Moreover, functional 
blood vessels were prepared using human endothelial cells and 
human microvascular brain pericytes in the same ratio of 4:1 follow-
ing the same cross-linking and seeding protocol.

2D proliferation assays
For growth curve evaluation, U-87MG and T98G human GB cells 
generating dormant or fast-growing tumors (25,000 cells per well) (29) 
were seeded onto 24-well plates in complete DMEM and incubated 
for 72 hours (37°C; 5% CO2). For the comparison of Saos-2 cell type 
growth curves in 2D culture, 10,000 cells per well were cultured in 
DMEM following a daily incubation with PrestoBlue reagent for 
4 hours. For proliferation evaluation in the presence of SELPi, U-87MG 
and T98G human GB cells generating dormant and fast-growing 
tumors or PD-GB4 cells (25,000 cells per well) were plated onto a 
24-well plate in complete DMEM and incubated for 24 hours (37°C; 
5% CO2) to allow cell attachment. Cells were then treated with 
either 0.5 M SELPi or with DMSO vehicle at corresponding percent 
(v/v) of 0.2% (v/v), prepared in medium mixture at 1:1:1:1:1 ratio of 
DMEM, astrocyte medium, microglia medium, pericyte medium, 
and Endo-Gro medium, for 30 min. All wells were washed twice 
with PBS and incubated further with fresh medium mixture. Cell 
proliferation was monitored by IncuCyte Zoom Live cell analysis 
system (Essen BioScience), while the first images were taken right 
before the treatment. Each group was assayed in triplicates, and the 
experiment was repeated in three independent times. Proliferation 
of cells was normalized to time 0 and presented as percent (%) of 
cell confluence.

Wound healing assay
U-87MG and T98G human GB cells (7.5 × 104 cells per well) 
were plated onto a 96-well plate (ImageLock, Essen BioScience, 
Hertfordshire, UK) in DMEM medium. A scratch was performed 
using a WoundMaker, followed by two washes with PBS. Cells were 
then treated with either 0.5 M SELPi or with DMSO vehicle at cor-
responding percent (v/v). Wound density percent was monitored 
and quantified by Incucyte ZOOM (Essen BioScience). Each treat-
ment was assayed in triplicates, and the experiment was repeated in 
three independent times.

Animal models
For gene expression analysis, mCherry-labeled murine GL261 GB 
cells (5 × 104) were stereotactically implanted into the striatum of 
7-week-old male C57BL/6 immunocompetent mice (n = 5, Envigo 
CRS), with prior anesthesia using ketamine (150 mg/kg) and xylazine 
(12 mg/kg) injected intraperitoneally. Mice were euthanized on day 
14 after injection, and the brains were resected for further evaluation 
of gene expression. For the establishment of human GB dormancy 
model, T98-G cells (1 × 106) were injected subcutaneously into the 
flank of 6- to 8-week-old male severe combined immunodeficient 
(SCID) mice (Envigo CRS). Tumor volume was monitored by 
caliper measurement (width2 × length × 0.52). Body weight was 
monitored q.o.d.



Neufeld et al., Sci. Adv. 2021; 7 : eabi9119     18 August 2021

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

7 of 19

Flow cytometry for P-selectin expression
For 2D culture samples, GB cells (1 × 106 cells per 10-cm2 petri) 
were grown in DMEM medium for 24 hours, then scraped with 
1 ml of PBS, and centrifuged for 5 min at 4°C and 2000 rpm. The 
pellet was resuspended in FACS buffer (PBS supplemented with 
0.5% bovine serum albumin and 0.5 mM EDTA; Sigma-Aldrich), 
and cells were counted using Countess automated cell counter 
(Invitrogen). For 3D-bioink samples, GB cells (1 × 106 cells/ml) 
were grown in fibrin 3D-bioink for 10 days in DMEM medium. 
Then, the fibrin 3D-bioink was digested with collagenase II (600 U/ml, 
1.5 hours) and filtered through a 70-m mesh to avoid undigested 
polymeric clots or particles. The suspension was centrifuged for 
5 min at 4°C and 2000 rpm, and supernatant was discarded. Murine 
GL261 cells were incubated with FITC rat anti-mouse anti–P-selectin 
or FITC rat IgG1 isotype control for 1 hour on ice at a concentra-
tion of 3 l per 1 × 106 cells. After incubation, FACS buffer was 
added to the pellet, and cells were washed twice by centrifugation 
for 5 min at 4°C and 2000 rpm. Human cells (PG-GB4, T98G, and 
U-87MG) were first incubated with nonlabeled primary antibody 
(mouse anti-human E-selectin/P-selectin or mouse IgG1 I.C.) for 1 hour 
on ice. Then, FACS buffer was added to the pellet, and cells were 
washed by centrifugation for 5 min at 4°C and 2000 rpm. Cells were 
then incubated with mouse-IgG ƙ BP-CFL 488 secondary for 1 hour 
on ice, followed by two washes as described above. Unstained sample 
and the corresponding isotype control were used as internal control 
for unspecific antibodies epitope binding. Fluorescent intensity was 
evaluated using Attune NxT Acoustic Focusing flow cytometer 
(Thermo Fisher Scientific) and analyzed by the Kaluza 1.3 software 
(Beckman Coulter). Each group contained four to eight bioink sam-
ples that were pooled after the bioink digestion, and the experi-
ments were repeated in three independent times. For 3D-bioink 
samples containing PD-GB(1-4) cells, the same procedure was used 
with 1 × 107 cells/ml (fig. S5A).

RNA sequencing
To evaluate changes in gene expression in our fibrin 3D-bioink 
compared to 2D culture and in vivo models, we performed RNA-seq 
analysis. For 2D culture and 3D-bioink models, a murine penta-culture 
composed of GL261 mCherry-labeled and freshly isolated murine 
primary astrocytes, microglia, pericytes, and endothelial cells was 
grown on a 2D petri dish, or in fibrin 3D-bioink, GL261 cells were 
seeded at the concentration of 1 × 106 cells/ml (in fibrin 3D-bioink or 
in 2D culture) at the ratio of 1:1:2:0.1:0.1, creating the penta-culture. 
For the in vivo GB model, mCherry-labeled GL261 tumor cells were 
sorted from tumor-bearing mice at day 14 after stereotactic implan-
tation. 3D-bioink was cut into 1- to 2-mm fragments, digested with 
collagenase II (600 U/ml) for 3 hours, and filtered with a 70-m 
mesh before RNA extraction. Total RNA was then isolated from all 
samples using the EZ-RNA II Total RNA Isolation Kit (Biological 
Industries, CA, USA), following the manufacturer’s protocol. RNA 
quality was evaluated by TapeStation RNA Assay (Agilent Tech-
nologies). Libraries were constructed with the NEBNext Ultra II 
Directional RNA Library Prep Kit for Illumina [#E7760, New 
England Biolabs (NEB)] using the manufacturer’s instructions. 
Twenty-five to 75 ng of RNA were amplified using 14 cycles of 
polymerase chain reaction. Final quality was evaluated by TapeStation 
DNA HS Assay (Agilent Technologies). Equimolar pooling of 
libraries was performed on the basis of Qubit values and loaded 
(in triplicates) onto an Illumina NextSeq 500 platform (Illumina, 

CA, USA) to evaluate changes in gene expression between the 
tested groups.

RNA-seq analysis
Data analysis was aligned to mice genome. RNA-seq reads were 
aligned using Kallisto (30) to mouse genome version mm10, and 
expression levels were calculated using RSEM (31), followed by fur-
ther processing using the Bioconductor package DESeq2 1.24.0 in R 
(32). The data were normalized using Trimmed mean of M values 
(TMM) normalization, and differentially expressed genes were 
defined using the differential expression pipeline on the raw counts 
with a single call to the function DESeq [false discovery rate (FDR)–
adjusted P < 0.05]. For global transcriptome quantification and 
comparison between the samples (2D culture, fibrin 3D-bioink, and 
in vivo), we performed principal components analysis (PCA) and 
calculated the Euclidean distance between each pair of transcrip-
tional profiles.

Temozolomide resistance evaluation in 2D versus 3D
The resistance of patient-derived cells to temozolomide (TMZ; LIXIN, 
China) was assessed in fibrin 3D-bioink and in 2D culture. Patient-
derived cells were seeded in fibrin 3D-bioink at a density of 1 × 
107 cells/ml to match resemble a very dense GB tissue in different 
TMZ concentrations (2000 to −0.01 M) for 7 days. For the 2D cul-
ture TMZ resistance evaluation, we seeded 20,000 to 40,000 cells per 
well in a 24-well plate in fresh DMEM. We replaced the media with 
different TMZ concentrations (10 to −0.01 M) for 3 days. Then, the 
3D-bioink samples were placed in 500 l of PrestoBlue in a 24-well 
plate and incubated at 37°C for 3 hours.

Statistical methods
Data are expressed as means ± standard error of the mean. Statistical 
significance was determined using an unpaired two-sided Student’s 
t test when comparing between two groups and analysis of multiple 
comparisons [analysis of variance (ANOVA) test] when comparing 
more than two groups. P < 0.05 was considered statistically sig-
nificant. All experiments were performed in three biological replicates 
with cells from different batches to ensure reliable and repetitive 
results. Statistical analysis was performed using GraphPad Prism 8.

RESULTS
Fibrin 3D-bioink formulation and characterization
We created a polymeric bioink based on fibrinogen and gelatin, 
which can provide a supporting 3D structure for GB cells and their 
microenvironment. First, we evaluated the effect of the addition of 
the cross-linker, Th, on the gelation time of a mixture of gelatin, 
fibrinogen, and TG [6% (w/v), 1% (w/v), and 3% (w/v), respectively] 
at different Th concentrations (0, 0.5, and 1 U/ml) via time sweep 
rheological test. Th induced rapid cross-linking and reached higher 
elastic modulus (G′) in a dose-dependent manner until complete 
cross-linking (Fig. 1A). On the contrary, a mixture of fibrinogen with 
TG alone and serial gelatin concentrations, without Th, was not 
sufficient to create a matrix with the appropriate tissue-like stiffness 
(fig. S1A). Furthermore, we have used a lower Th concentration 
(0.5 U/ml) to ensure homogeneous mixing of the 3D-bioink before 
casting. Moreover, Young’s modulus (E) of the created fibrin 3D-
bioink was evaluated by calculating and comparing the slope of a 
stress-strain curve, obtained by performing a compression test of 
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several 3D-bioink formulations at constant fibrinogen [1% (w/v)], 
Th (0.5 U/ml), and TG [3% (w/v)] and gelatin at serial concentra-
tions [3% (w/v), 6% (w/v), and 12% (w/v)]. We found that the stiffness 
can be controlled by varying the final concentration of the gelatin to 
generate the desired mechanical property of GB tumor that is com-
patible with cell growth. No significant differences were measured 
at the same gelatin concentration; however, significant differences 
were evaluated at different gelatin concentrations [3% (w/v) versus 
6% (w/v), P = 0.0037; 6% (w/v) versus 12% (w/v), P = 0.0003; 
3% (w/v) versus 12% (w/v), P < 0.0001 by two-way ANOVA Tukey’s 
multiple comparisons test]. Young’s modulus of 24.5 ± 2.6 kPa was 
achieved when the final gelatin concentration was 6% (w/v) (Fig. 1B). 
Our results are in agreement with a previous study conducted on 
U-87MG xenografts, reporting a tumor Young’s modulus of 26.6 kPa 
(33). The Young’s modulus of the cell containing formulation (PD-GB 

cells PD-GB4 or murine GB cell type GL261) remained constant for 
28 days. Another important physicochemical parameter of a bioink 
is its swelling behavior, which determines the accuracy of the 3D-
bioprinted final structure. Furthermore, we performed a kinetic 
swelling study in the absence or presence of murine GB cells at 
different gelatin concentrations. No significant differences were 
measured between 3% (w/v) and 6% (w/v) gelatin concentration; a 
significant difference was evaluated between 3% (w/v) and 6% (w/v) 
gelatin concentration to 12% (w/v) (P = 0.0014 and P = 0.0011, re-
spectively, by one-way ANOVA Tukey’s multiple comparisons test). 
Fibrin 3D-bioink samples containing 3% and 6% (w/v) gelatin 
reached an equilibrium state at around 5% swelling after 28 days, 
while samples containing 12% (w/v) gelatin reached an equilibrium 
state at around 20% swelling, indicating the ability of our bioink to 
retain its deposited dimensions (Fig. 1C). These findings are in 
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Fig. 1. Bio-mechanical characterization determined the bioink composition that best mimics the elasticity and composition of the brain tissue. (A) G′ of fibrin 
3D-bioink formation at different Th concentrations with 3% (w/v) TG at 37°C (average shown of n = 3 per group). (B) Young’s modulus of fibrin 3D-bioink at different 
concentrations of gelatin [3%, 6%, and 12% (w/v)] with 3% (w/v) TG and Th (0. 5 U/ml) as a clear bioink and as a cell-laden bioink composed of PD-GB4 or GL261 at 
1 × 106 cells/ml (n = 8 to 13 per group). (C) Swelling at equilibrium of fibrin 3D-bioink at different concentrations of gelatin [3%, 6%, and 12% (w/v)] with 3% (w/v) TG and Th 
(0.5 U/ml) (n = 8 per group). (D) Growth curves at different concentrations of gelatin [3%, 6%, and 12% (w/v)] with 3% (w/v) TG and 0. 5 U/ml of Th of GL261 [top: 3% (w/v) 
versus 6% (w/v), P < 0.00001; 6% (w/v) versus 12% (w/v), P < 0.00001; 3% (w/v) versus 12% (w/v), P = 0.002 by t test] and PD-GB4 [bottom: 3% (w/v) versus 6% (w/v), 
P = 0.0004; 6% (w/v) versus 12% (w/v), P = 0.0004, by t test] in fibrin 3D-bioink (n = 4 per group). (E) Representative images demonstrating the morphology of mCherry-labeled 
GL261 (top) and iRFP-labeled PD-GB4 cells (bottom) following 14 days in fibrin 3D-bioink [6% (w/v) gelatin, 3% (w/v) TG, and Th (0.5 U/ml)]. Cells were analyzed by live 
confocal Z-stack imaging of the whole bioink and by fluorescence imaging and H&E staining of bioink sections (n = 3 to 4 per group). Scale bars, 100 m.
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agreement with previous reports (34). Next, we set to calibrate the 
optimal seeding density of different GB models (GL261, human 
T98G, U373, and U-87MG, as well as PD-GB4) in our fibrin 
3D-bioink at 6% (w/v) gelatin. We found that the initial optimal cell 
seeding density is 1 × 106 cells/ml to achieve rapid growth rates. Cells 
from different origins (murine, human, and patient-derived) showed 
different growth rates in our fibrin 3D-bioink (fig. S1B). Next, we 
set to evaluate the proliferation rate of GL261 and PD-GB4 at different 
gelatin concentrations at a seeding density of 1 × 106 cells/ml. Cells 
at 6% (w/v) gelatin showed the highest proliferation rates in our 
fibrin 3D-bioink (Fig. 1D). Therefore, we decided to continue with 
further investigations using the fibrin 3D-bioink at the final con-
centrations of 1% (w/v) fibrinogen, 6% (w/v) gelatin, 3% (w/v) TG, 
and Th (0.5 U/ml) (unless stated otherwise). Diverse cell morphology, 
as demonstrated by fluorescence imaging of live and fixed fibrin 
3D-bioink samples as well as by H&E staining (Fig. 1E and fig. S1C), 
indicated that GB cells in our 3D-bioink may interact differently 
with the bioink, creating cell-matrix interactions that are unique to 
each cell type.

Fibrin 3D-bioink is suitable for in vitro and ex vivo assays
The TME is critical for a proper evaluation of cancer cell growth and 
response to drugs. Therefore, we set to recapitulate the complexity 
of the brain microenvironment by the addition of stromal cells in our 
fibrin GB 3D-bioink. We evaluated the growth of two of the main 
cellular components of the brain TME, astrocytes and microglia, at 
different cell densities according to their abundance in human 
brain samples; 20 to 60% of the total number of glial cells in the 
human brain are astrocytes (35). The growth rate of hAstro positively 
correlated with the number of cells seeded in the 3D-bioink. On the 
contrary, microglia cell viability was enhanced when primary hMG 
cells were seeded in low amount (fig. S2A). These results showed 
that our fibrin 3D-bioink can support the growth of the brain 
microenvironment cells over time. Next, we cocultured PD-GB4 cells 
together with hAstro and hMG using the fibrin 3D-bioink. We 
observed the expression of hAstro and hMG activation markers 
(GFAP and IBA1, respectively) in sections of our fibrin 3D-bioink 
7 days after cell seeding (Fig. 2A and fig. S2B). Activation of astro-
cytes and microglia was similarly detected in ex  vivo analysis 

A B C

D

Fig. 2. 3D brain-mimicking bioink is biocompatible and promotes long-term cell viability of GB cells and brain stromal cells. (A) Representative immunostaining 
images of GFAP (top, in green) or IBA1 (bottom, in green) in fibrin 3D-bioink seeded with GB and stromal cells cocultured for 7 days. Images depict Hoechst-stained 
nucleus (in blue), iRFP-labeled PD-GB cells (PD-GB4; in cyan). Scale bars, 100 m. (B) Growth curves of PD-GB cells (PD-GB4), alone or cocultured with hAstro (1:1 ratio) in 
fibrin 3D-bioink (P = 0.004, t test; n = 4 per group). (C) The invasion of iRFP-labeled PD-GB4 cells from the inner core to the surrounding area in the absence or presence of 
hAstro (1 × 106 cells/ml) was evaluated by fluorescent microscopy imaging. The invasion was calculated as the total area density in outer bioink and quantified using 
ImageJ by RLU (P = 0.004, t test; n = 12 per group). Representative images of cell invasion are shown; dashed lines delineate the edge between the core and the surrounding 
tissue according to the images on day 1. Scale bars, 100 m. (D) SEM images of acellular fibrin 3D-bioink (top left); cell-laden fibrin 3D-bioink composed of patient-derived 
PD-GB4 cells, hAstro, and hMG cells (bottom left); healthy hemisphere of a C57BL/6 mouse (top right); and GL261 tumor-containing hemisphere of the same mouse (bottom 
right). Scale bars, 10 m. The pore size diameter of each group was quantified using ImageJ (n = 2 to 20 photos per group, n = 13 to 170 measurements in each 
photo) and showed that enlarged and diverse pore sizes characterized the cell-laden bioink and brain tissue bearing the GB tumor.
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comparing the stromal activation of murine and human GB tumors 
versus healthy tissue (36, 37). This suggests that cells grown in our 
3D system have similar biological properties as observed in human 
GB samples and in mouse models. The addition of hAstro enhanced 
the growth rate of patient-derived PD-GB4 cells, suggesting that 
hAstro secrete factors that enhance cancer cell proliferation (Fig. 2B). 
Similar increase in GB cell growth was observed using three addi-
tional GB models: GL261, PD-GB1, and U-87MG (fig. S2D). In 
addition, we found that the invasion ability of PD-GB4 was 
enhanced by 50% toward the outer 3D-bioink containing hAstro 
compared to naïve surrounding bioink (Fig. 2C). We then evaluated 
the structure of our fibrin 3D-bioink using scanning electron microscopy 
in comparison to healthy and tumor-bearing mice brain tissues 
from C57BL/6 mice. Acellular fibrin 3D-bioink and healthy hemi-
sphere show smaller pores compared to the larger pores observed in 
the cell-laden fibrin 3D-bioink and tumor-containing hemisphere. 
Nonhomogeneous structure and an average pore size of 4.7 m in 
diameter were measured in acellular fibrin 3D-bioink; therefore, 
small molecules such as oxygen, nutrients, and drug molecules can 
diffuse freely through the model. The pore size of the GB-bioink 
was not significantly increased when PD-GB4 cells were seeded 
alone or cocultured with brain stromal cells (hAstro and hMG) in 
the 3D-bioink (7.2 to 7.1 m in diameter, respectively). The addi-
tion of activated and proliferating tumor and stromal cells alters 
the appearance of synthetic and natural ECM and significantly in-
creases their pore size (P = 2 × 10−13, t test). Similarly, the pore size 
of the tumor-containing hemisphere was higher than the pore size 
in a healthy hemisphere (P = 0.0002, t test). In addition, the cell-laden 
fibrin 3D-bioink shows cellular filopodia toward the surrounding 
matrix, suggesting the presence of cell-cell and cell-ECM interactions 
(Fig. 2D and fig. S2E).

3D-printed vascularization
Functional vasculature is essential for the growth and function of the 
tumor cells and their surrounding TME, as it supplies oxygen and 
nutrients, and essential for the clearance of metabolic excrements 
(23). In the absence of perfusable vasculature, cells are unable to 
remain viable if they are far from a blood vessel beyond the oxygen 
diffusion distance of approximately 200 m, leading to the develop-
ment of necrotic regions. Therefore, we have engineered a functional 
vascular included in our GB-bioink as illustrated in Fig. 3A. We 
designed a pattern resembling vascular structure—including curves, 
branching, and anastomosis—using Rhino 3D modeling software. 
A GB-bioink was created by mixing the fibrin 3D-bioink with PD-
GB4 cells, hAstro, and hMG. The vascular network was created using 
a fugitive bioink, composed of Pluronic F127 and Th, which was 
printed on top of the 3D printed/casted fibrin 3D-bioink according 
to the bioengineered design (Fig. 3B). After casting another layer 
of GB-bioink on top of the printed vasculature, the vascularized 
3D-bioprinted model was sealed in our self-designed metal perfusion 
chip (Fig. 3C and fig. S3A). Following the evacuation of the vascular 
ink, a mixture of HUVEC and human pericytes was injected directly 
into the hollow channel and incubated in rotation to allow cell 
attachment homogeneously to the lumens’ walls. The resulting 
penta-culture, vascularized 3D-bioprinted GB model, was connected 
to a peristaltic pump to facilitate the formation of the vascular lumen 
layer under flow for 5 days (Fig. 3D and schematic illustration in 
fig. S3B). We emphasize the perfusion ability of our 3D-bioprinted 
vascular tumor model in movie S1 and fig. S3C. We monitored cell 

arrangement by fluorescence and confocal microscopy to evaluate the 
coverage of the hollow channels with endothelial cells and pericytes. 
We indeed confirmed the formation of the desired 3D-bioprinted 
lumens (Fig. 3E and movie S2). Similar 3D-bioprinting protocol was 
performed with a penta-culture mixture of cells using a bioink pre-
pared at a final gelatin concentration of 6% with PD-GB4 cells 
(fig. S3D) or PD-GB3 cells (fig. S3E). To evaluate the functionality 
of the vascular network in our bioengineered GB model, we created 
the vascularized 3D-bioprinted model with the same composition 
of unlabeled cells in the GB-bioink to avoid overlapping of fluorescent 
signals. We perfused the vasculature with 70-kDa dextran-FITC 
solution using a syringe pump (fig. S3F) and monitored the flow of 
dextran-FITC by fluorescent microscopy. The use of the dextran 
FITC shows the potential to perfuse the sample through the vessels 
that are used as channels to transport nutrients and waste into and 
out of the system, respectively. These perfusable blood vessels offer 
the possibility to mimic the blood-brain barrier (BBB), allowing the 
evaluation of the integrity and functionality of the endothelial barrier 
in the presence or absence of cancer cells (Fig. 3F and movie S3).

3D GB model resembles the in vivo tumor settings better 
than 2D models
We have previously established and comprehensively characterized 
two pairs of GB cell types by generating dormant (“D”) and fast-
growing (“F”) GB models (29, 38). The first pair was established from 
the human T98G GB cell line (T98G-D), which generates small, un-
detectable tumors following inoculation into mice that remain dor-
mant for prolonged periods of time until they spontaneously escape 
and grow. From the “escaped” tumors, we isolated their “fast-growing” 
clone (T98G-F), which generates tumors rapidly (39). The second 
pair was established using the aggressive human U-87MG GB cell line 
(U-87MG-F), from which we isolated a dormant tumor-generating 
clone (U-87MG-D) out of many single-cell clones that we isolated. 
Despite the differences in their in vivo growth patterns, this pair 
of cells displays similar characteristics in vitro, showing similar 
growth rate kinetics when grown in vitro in 2D culture (Fig. 4, 
A and B) (29, 38). We therefore evaluated whether our fibrin 
3D-bioink was able to mimic in vivo tumor dormancy or fast growing 
using our two models of dormant and fast-growing GB models. In 
accordance with our previous publications, inoculation of T98G-F 
cells into SCID mice resulted in tumor growth within 2 months, 
while T98G-D remained dormant for up to 5.5 months. Similar tumor 
growth patterns were observed when U-87MG-F and D were 
inoculated in SCID mice (Fig. 4B). However, when cultured in 2D 
monolayer, both pairs of dormant and fast-growing cells displayed 
similar growth rates and invasion capabilities, losing their growth 
characteristics and differences observed in vivo (Fig. 4, C and D). 
Cells grown in our fibrin 3D-bioink showed similar tumorigenic 
characteristics as in the in vivo settings. In particular, cell generating 
fast-growing tumors displayed a significantly higher (P = 0.01 for 
T98G and P = 0.00008 for U-87MG cell types, t test) proliferation 
rate compared to cells generating dormant tumors (Fig. 4E). Invasion 
(experimental setup in fig. S2C) of T98G-F cells was 100-fold higher 
than that of T98G-D in fibrin 3D-bioink on day 14 (P = 4 × 10−8, 
t test), whereas invasion of U-87MG-F cells was twofold higher than 
U-87MG-D in fibrin 3D-bioink at day 14 (P = 0.002, t test) (Fig. 4F) 
in accordance to the in vivo observations (29).

In addition, we have previously established and comprehensively 
characterized pairs of dormant (Saos-2-D) and fast-growing (Saos-2-E) 
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human osteosarcoma models in mice. Similarly to our GB dormancy 
models, Saos-2-E fast-growing cells generate tumors within a month 
following inoculation into SCID mice, while Saos-2-D dormant 
cells remain dormant for up to 7 months (40). However, when cul-
tured in 2D, both dormant and fast-growing tumor-generating cells 
display similar growth rates. We have evaluated the growth rate of 
these additional cell types in our fibrin 3D-bioink and found that 
their growth patterns resemble the in vivo setting (P = 0.0002, t test; 

fig. S4A). These results suggest that our fibrin 3D-bioink could 
serve as a reliable ex vivo model, preserving the in vivo phenotype 
of a given tumor.

Therapeutic effect of SELPi in fibrin 3D-bioink tumor model
We set to evaluate the differences in response to therapeutics in cells 
grown in 2D culture, in our fibrin 3D-bioink and in vivo. For this 
purpose, we used a commercially available P-selectin inhibitor. 

B C

F
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E

D

Fig. 3. Fibrin brain-mimicking 3D-bioink integrated with 3D engineered printed perfusable vascular network. (A) Schematic illustration of the 3D-bioprinting 
model multistage process. (B) 3D-printed Pluronic-based vascular bioink (in cyan) on top of 3D-printed layers of fibrin 3D GB-stroma bioink (in white). (C) 3D-bioprinted 
vascularized GB model sealed in a metal frame showing the complete perfusion chip. (D) The vascularized 3D-bioprinted GB model is connected to a peristaltic pump 
through a tubing system, placed in a designated incubator. (E) Tiled Z-stack confocal microscopy images of the 3D-printed penta-culture vascularized GB model. Blood 
vessels are lined with iRFP-labeled hPericytes (in cyan) together with mCherry-labeled HUVEC (in red) (107 cells/ml; 4:1 ratio) and surrounded by azurite-labeled PD-GB4 
(in blue), GFP-labeled hAstro (in green), and nonlabeled hMG (2.1 × 106 cells/ml; 1:1:0.1 ratio). The dashed box represents a coronal cross-sectional plane of the vessel. 
(F) Fluorescence microscopy images of the 3D-bioprinted vascularized GB model before (top) and after (bottom) perfusion of 70-kDa dextran-FITC. The 3D-bioprinted 
model is composed of a fluorescently labeled vascular network (mCherry-labeled HUVEC and iRFP-labeled hPericytes) surrounded by nonlabeled GB-bioink (hAstro, 
PD-GB4, and hMG).
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Fig. 4. Fibrin 3D-bioink reproduced the dormancy phenomenon of two GB human cell types, which thus far could only be observed in SCID mice and not in 2D 
culture. (A) Schematic illustration of T98-G and U-87MG human dormancy models. (B) In vivo growth kinetics of dormant (T98G-D and U-87MG-D) and fast-growing 
(T98G-F and U-87MG-F) cell types. n = 4 in the T98G-F group and n = 3 in the T98G-D group. Values for U-87MG growth in mice were averaged from data previously pre-
sented (29). (C) Cell growth evaluation of both GB pairs in 2D culture. n = 3 per group. (D) Cell invasion evaluation of both GB pairs in 2D culture. n = 3 per group. (E) Growth 
kinetics of both dormant and fast-growing cell types were evaluated in fibrin 3D-bioink. n = 4 per group. (F) Cell invasion ability in fibrin 3D-bioink was quantified using 
ImageJ. n = 12 per group. Representative fluorescent images of the invasion from the core tumor model to the surrounding area are presented. Scale bars, 100 m. 
Dashed lines delineate the edge between the core and the surrounding tissue according to the images on day 1.
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SELPi did not affect the proliferation of PD-GB4 seeded in 2D cul-
tures. However, a significant inhibition of the PD-GB4 cell prolifer-
ation (P = 0.0001, t test) was observed when cells were grown in 
fibrin 3D-bioink. We have recently observed a similar inhibitory 
effect in vivo administering SELPi (16 mg/kg, i.v., q.o.d.) to GB-bear-
ing mice (36). We speculated that these differences in response to 
treatment with SELPi are corresponding to the different expression 
levels of P-selectin in 2D culture versus 3D. P-selectin is an adhe-
sion molecule that was previously demonstrated by our group to 
have a role in GB progression. We previously found elevated expres-
sion of P-selectin in GB 3D-spheroid models compared to 2D cul-
ture (28). Therefore, we evaluated P-selectin expression in GB cells 
grown in our GB fibrin 3D-bioink. Flow cytometry analysis demon-
strated high P-selectin expression levels on PD-GB4 cells grown in 
fibrin 3D-bioink compared to 2D culture (Fig. 5A). Similar high 
expression of P-selectin in fibrin 3D-bioink compared to 2D culture 
was observed in additional four PD-GB cell types (fig. S5A). Immuno
staining for P-selectin showed positive expression in fibrin 3D-bioink 
composed of PD-GB4 cells in the presence or absence of hAstro and 
hMG (fig. S5B) or in murine GB cells after 14 days in culture (fig. 

S5C). SELPi did not affect two additional human GB cell types in 
2D culture. Significant inhibition of T98G cells (P = 0.00003, t test) 
and U-87MG (P = 4 × 10−6, t test) fast-growing cell types was ob-
tained when cells were treated with SELPi in our fibrin 3D-bioink, 
which correlates to the higher expression levels of P-selectin in 
3D-bionk versus 2D culture (Fig. 5, B and C).

Higher similarities in the transcriptional profile between 
in vivo and 3D compared to 2D models
To further understand the changes attributed to the differences be-
tween 2D and 3D cell cultures, we evaluated the transcriptome of 
GB cells grown in 2D, in our 3D-bioink or isolated from GB tumors 
in mice. We performed RNA-seq of GB tumors grown in mice and 
compared it to the penta-culture composed of GL261 murine GB 
cells, primary astrocytes, microglia, pericytes, and endothelial cells 
grown in 2D or in 3D-bioink (fig. S6A and Materials and Methods). 
To specifically compare between tumor cells in all conditions, we 
focused on genes that have been previously shown to be intrinsically 
expressed in gliomas (9511 genes of 17,810) (41). The PCA (Fig. 6A) 
shows that the transcriptional signature of cells from the three 

A
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Fig. 5. Treatment with SELPi resulted in a substantial reduction in GB cell proliferation in fibrin 3D-bioink compared to 2D culture. (A to C) Response of PD-GB4 (A), 
T98G-F (B), and U-87MG-F (C) to treatment with SELPi in 2D culture (left, n = 3 per group) and in 3D-bioink (center, n = 8/12 per group), representative images of labeled cells 
at the end of evaluation. Scale bars, 100 m. Flow cytometry analysis of P-selectin expression of cells grown in 2D culture and in fibrin 3D-bioink (right, n = 3 per group).
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conditions differs. PC1, which contains the most variance (56%), 
indicates that cells grown in fibrin 3D-bioink are more similar to 
the signature of GB tumor cells isolated from GB tumor-bearing 
mice, as opposed to cells grown in 2D culture. To further investigate 
these differences, we calculated the Euclidian distance between the 
samples (Fig.  6B). This analysis quantitively shows that the cells 
grown in the fibrin 3D-bioink are indeed more similar to the cells 
isolated from mice brain than the 2D culture samples (P = 2.8 × 107; 
Fig. 6C). Analysis of differentially expressed genes between the 3D 
and the 2D culture of the 9511 glioma-associated genes identified 
6936 differentially expressed genes. Gene set enrichment analysis 
shows several enriched pathways (according to their FDR q < 0.05) 
including proliferation, cell-cell interaction, adhesion, inflammatory 
response, angiogenesis, and several oncogenic markers (fig. S6B). 
Among all enriched pathways, we focused on GB-related pathways 
[angiogenesis hallmark, Janus kinase–signal transducer and activator 
of transcription (JAK-STAT) signaling pathway, interferon- (IFN-)–
related response, vascular endothelial growth factor (VEGF) pathway 
up-regulation, epidermal growth factor receptor pathway up-regulation, 
and transforming growth factor– signaling pathway] and evaluated 
the up-regulated genes in each examined group (Fig. 6D and fig. 
S6C). We observed similar gene expression signature in cells grown 
in fibrin 3D-bioink as observed in cells isolated from intracranial 
GB tumors, suggesting that our system recapitulates various genetic 
programs that are also activated in vivo. For example, RNA-seq 
analysis revealed activation of the JAK/STAT pathway, suggesting 
that our system preserved GB-stroma interactions (42) better than 
the 2D model. We have also found enhanced expression of the 

following genes both in fibrin 3D-bioink and iv vivo: JAK3 and 
SOCS7, which are known GB oncogenes (43), while Pik3cd was 
found to regulate GB migration (44), and IFNGR2 was found to be 
an immune modulator. Among the gene signature analyzed, we 
found a significant up-regulation in the gene expression of markers 
involved in macrophage recruitment (the chemoattractant CCL2 
and ARG-1), angiogenesis (VEGFB and SPP1), matrix remodeling 
enzymes (MMP9), and genes related to endothelial cell junction 
molecules (PECAM1). We found that RNA isolated from cells 
grown in our 3D-bioink expressed high levels of GB markers 
(GFAP, CHIL1, and NTN1) and of MPZL3, CD79b, PTPRN, RQS14, 
TIMP4, and NDRG1, which were recently identified as potentially 
poor prognostic biomarkers of GB (45–47). These genes were 
also found to be highly expressed in the RNA isolated from the 
in vivo GB model.

Clinical relevance
TMZ is an alkylating agent used as a standard-of-care chemotherapy 
for patients with GB according to the Stupp protocol (48). There-
fore, we have evaluated the response of three patient-derived cells to 
TMZ when grown in 2D culture and in fibrin 3D-bioink (fig. S7). 
The IC50 values observed in 2D cultures were almost identical be-
tween the different PD-GB cells; however, each cell type exhibited a 
different IC50 value when grown in our 3D model. This correlates 
with the fact that each patient responds differently to the same therapy 
and emphasizes the need for this personalized approach. These 
patients showed a different response to TMZ, and each of them sur-
vived for a different period of time.

Fig. 6. RNA-seq analysis shows higher similarities between the gene expression of GL261 grown in fibrin 3D-bioink and GL261 cells grown in mice compared to 
those grown in 2D culture. (A) PCA analysis showing gene expression profile derived from 2D culture, 3D-bioink, and GB tumors in mice in vivo (n = 3 per group). 
(B) Euclidian distance matrix between samples showing a closer distance between the in vivo samples and the fibrin 3D-bioink compared to increased distance between 
the in vivo samples and the 2D culture. (C) Summary comparison between the Euclidian distance of the 3D-bioink and the 2D culture to the in vivo samples (P = 2.8 × 107, 
t test). (D) A comparison of gene expression levels of enriched pathways, displaying similarly high levels of expression both in fibrin 3D-bioink and in vivo.
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As another evidence for the robustness and the broad possible 
uses of our system, we have established a metastatic breast cancer 
model (fig. S8). We successfully created a vascularized 3D model of 
breast cancer brain metastasis, consisting of MDA-MB-231 human 
breast cancer cells, astrocytes, and microglia, as well as functional 
blood vessels prepared using human endothelial cells and pericytes. 
This is a proof of concept for the use of our 3D models for the study 
of brain metastasis in addition to GB primary models.

DISCUSSION
Nowadays, the discovery, development, and evaluation of ther-
apies are performed using human cancer cells grown in 2D culture 
dish, which are frequently subjected to mechanical stresses and 
bounded to the rigid plastic, followed by in vivo testing in immuno-
deficient mice. These experimental settings constitute a fundamental 
hurdle in the translation of preclinical discoveries into clinical prac-
tice, with only 1 of 10,000 potential drugs successfully reaching the 
market (49). Therefore, there is an unmet need for alternative drug 
discovery and screening platforms that can accurately predict clinical 
response to therapies.

We report here a perfusable 3D-bioprinted tumor model based 
on biocompatible polymers containing tumor and stromal cells. Ex-
ploiting GB as a proof-of-concept model, we set to demonstrate the 
feasibility of our 3D-bioprinted model to recapitulate the TME. Cells 
within tissues are exposed to physical forces such as hydrostatic 
pressure, shear stress and tension, and compression forces. These 
forces, generated by cell-cell or cell-ECM interactions, play major 
roles in regulating cell and tissue behavior (50). Furthermore, desmo-
plastic stroma, which is present in many solid tumors, is usually 
substantially stiffer than normal tissues (51). Another vital parameter 
is the swelling equilibrium, which describes the water content within 
the bioink sample at equilibrium. It relies on the cross-linking density, 
hydrophilicity, the polymer’s structure at equilibrium, and degree of 
ionization of the functional groups in the polymeric network (52). 
To that end, we first formulated and characterized a brain-mimicking 
fibrin 3D-bioink. We optimized the fibrin 3D-bioink’s gelation time 
as a function of the concentrations and ratios of the gelatin and the 
cross-linking enzymes, Th and TG. Rheological and mechanical 
characterization confirmed that our fibrin 3D-bioink shares similar 
mechanical properties of GB brain tissue (33) and can be tailored to 
resemble other tissue types by altering the bioink composition. Fur-
thermore, our fibrin 3D-bioink exhibited a moderate swelling degree 
of approximately 5 to 20%, a desirable aspect of the bioink charac-
teristics, since low swelling degree (less than 40%) is important to 
accurately maintain the printed model dimensions and the desired 
optimal mechanical properties (53). The swelling at equilibrium of 
our fibrin 3D-bioink suggests that it has the potential for high water 
content, high porosity, and efficient nutrient diffusion, same as other 
hydrogels with similar mechanical properties (54). Moreover, our 
fibrin 3D-bioink demonstrated a long-term culture capability, as it 
supported GB cell viability for up to 5 weeks. Similar cell morphology 
was exhibited by live confocal Z-stack images and in histological 
H&E staining of GB slides from mice (55). Murine GL261 GB 
and PD-GB4 cells demonstrated round morphology when grown in 
our fibrin 3D-bioink, while human PD-GB1 and U-87MG cells 
exhibited elongated cell morphology. Wang et al. (56) attributed 
different cell morphologies to the properties of the matrix. Cell 
morphology in stiff matrix will often be round, while cells in soft 

matrix will be elongated. Since both cell types were seeded in the 
same fibrin 3D-bioink formulation, we hypothesize that the changes 
in cell morphology are attributed to the difference in cell origin. As 
GB consists of several molecular subtypes exhibiting different mor-
phology and behavior (24), preserving the intrinsic properties of the 
different GB models is important when constructing drug screening 
systems As the brain TME plays a vital role in tumor progression 
(24), we incorporated into our bioink both astrocytes and microglia, 
which both have been shown to have a role in GB progression and 
constitute most of the glial cells in the brain (35). We found that 
fibrin 3D-bioink supports the viability of GB TME cells for up to 
8 weeks after seeding. PD-GB cells proliferated and invaded more 
rapidly when cocultured with hAstro in fibrin 3D-bioink. This is in 
coordination with other studies, which showed that astrocytes facil-
itate GB aggressiveness in vivo (57). Furthermore, immunostaining 
showed that hAstro and hMG in the 3D-GB-bioink were in their 
activated state, expressing GFAP and IBA1, respectively. This is 
supported by other reports demonstrating that hAstro and hMG are 
activated in GB tumors but not in normal brain tissues (37).

To further recapitulate tumor architecture and cellular hetero-
geneity, we 3D-bioprinted GB-stroma bioink composed of GB cells, 
astrocytes, and microglia together with a 3D-printing vascular bioink, 
composed of the thermo-reversible Pluronic F127, to generate a 
vascular lumen coated with endothelial cells and pericytes (58), 
generating a 3D-bioprinted penta-culture. This 3D-bioprinted tumor 
model, sealed in our self-designed perfusion chip, was perfused 
through its hollow channels by a peristaltic pump through a tubing 
system over 5 days. Metabolized cell media was pumped through the 
outlet vessel. Moreover, our 3D perfusion chip allows long-term 
flow, imaging, and drug response assessment. To the best of our 
knowledge, this is the first report of a perfusable 3D-bioprinted 
engineered GB penta-culture. Some of the existing 3D-bioprinted 
tumor models lack endothelial cells or blood vessels (8, 9, 16, 17), or 
in case there are endothelial cells, they lack lumen and therefore are 
not perfusable (59). A recent study had demonstrated 3D-printed 
model with perfused vasculature (22); however, only cancer and 
HUVECs were used.

Our system allows incorporation of peripheral blood mono-
nuclear cells, circulating tumor cells, and/or a variety of anticancer 
drugs that can be redirected either into a waste container after they 
perfuse through the 3D-bioprinted model or back toward the inlet 
vessel, generating a closed circulatory system. Hence, our perfusable 
3D-printed model can be manufactured on demand to serve as a 
drug screening array for the evaluation of drug response, customized 
to each patient individually by including patient-derived tumor, 
stromal, and immune cells in the 3D-bioink. The 3D tumor model 
can be printed rapidly and robustly, allow testing of several drugs or 
their combinations simultaneously with such perfusion system.

We demonstrate here that our 3D-bioink can serve as an alternative 
to mouse models, as it is able to mimic key features of tumors grown 
in vivo. Using our previously established GB dormancy models, we 
performed a set of experiments evaluating tumor growth and invasion 
in our 3D-bioink compared to traditional 2D culture and in vivo 
models. We show that the dormancy state of human cell line, thus 
far only observed in SCID mice and not in 2D culture (29, 38), can 
be recapitulated in our 3D-bioink. Furthermore, we demonstrate 
that our 3D-bioink can be used for a more accurate evaluation of 
response to therapies compared to 2D culture methods. Inhibition 
of P-selectin, overexpressed in GB tumors (28), by SELPi did not 
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have any effect on cells grown in 2D culture but resulted in a re-
markable reduction in GB cell proliferation in our fibrin 3D-bioink. 
These differences can be attributed to the elevated expression levels 
of P-selectin by GB cells grown in fibrin 3D-bioink and in vivo (36), 
compared to cells grown in 2D cultures. These results correspond to 
the effect of SELPi in mice bearing intracranial GB tumors, recently 
reported by our group (36). While GB-bearing mice treated with 
SELPi exhibited smaller tumor volumes compared to those of the 
control group 1 month following treatment initiation, tumor growth 
inhibition in our fibrin 3D-bioink was observed in a shorter time-
frame already after 1 to 2 weeks (depending on the cell source). 
Yi et al. (59) evaluated the resistance of their 3D-bioprinted human 
GB on a chip to chemotherapies such as cisplatin and TMZ in com-
bination with radiotherapy. They observed higher IC50 values when 
treating their 3D model, which was based on decellularized porcine 
brain, than those of the 2D culture; however, they only cocultured 
patient GB cells with HUVECs (59). Similarly, Tang et al. (45) ob-
served higher IC50 values when treating their hyaluronic acid–based 
3D model, compared to 3D spheres; however, they have also used 
only a coculture of GB cells and HUVECs. Moreover, 3D models 
based on gelatin methacrylate and glycidyl methacrylate-hyaluronic 
acid, previously created by Tang et al. (46), displayed enhanced 
resistance to erlotinib, gefitinib, and TMZ treatment, in contrast to 
3D spheres. Moreover, neither of those models can be perfused. 
Therefore, our insights on the fibrin 3D-bioink corroborate its ability 
to serve as a rapid predictive tool for in vivo drug response. A quick 
reply is crucial in GB because of its lethal nature; therefore, a rapid, 
robust, and reproducible 3D-printed ex vivo array of personalized 
GB models, as can be achieved using our platform, is extremely 
valuable. In addition, a common challenge with testing and targeting 
adhesion molecules is that they detach the cells in 2D culture (60). 
Using our platform, we can screen traditional chemotherapeutics, 
biological treatments, and immunotherapies as well as target adhe-
sion molecules. These evaluations provide additional evidence that 
conventional 2D culture strategies relying on monolayers of cancer 
cells may not be sufficient to capture the complex TME.

Gene expression profiling showed that the transcriptional signa-
ture of murine GB cells grown in fibrin 3D-bioink is more similar to 
the cells grown orthotopically in mice than to cells grown in 2D 
culture. The analysis highlighted several genes that were similarly 
up-regulated in cells grown in 3D-bioink and in vivo compared to 
cells grown in 2D culture, among them several oncogenes and prog-
nosis biomarkers for GB patient survival. For example, MMP9 is a 
key contributor to tumor growth and progression by degrading the 
basement membrane that further allows angiogenesis (61). Moreover, 
different genes involved in stroma-tumor cell crosstalk (IRF-1 and 
SEMA7A) were up-regulated both in fibrin 3D-bioink and in vivo 
but not in the 2D samples. Furthermore, higher expression of IRF-1 in 
RNA levels induces the cross-talk between astrocytes and GB cells 
(62). Moreover, IRF1 may be an important mediator of GB resistant 
to bevacizumab (63), while SEMA7A was described as a promigra-
tory cue under physiological and pathological conditions. As 
SEMA7A expression was indeed found in invasive U-87MG GB 
cells (64), it may be one of the contributors to tumor cell invasive 
phenotype (65). In addition, vascular cell adhesion protein 1 
(VCAM-1) expression promotes macrophage–tumor cell interac-
tion and tumor cell invasion and indicates that VCAM-1 may be a 
potential molecular target for improving cancer therapy (66). 
Specifically, GPR182 is a marker for endothelial differentiation (67), 
and a recent reported silencing of GPR182 reduced the growth 
and metastasis of pancreatic cancer, without excessive harmful 
effects, which indicated that GPR182 might be a valuable therapeutic 
target (68). These genes can be the basis for novel therapies since many 
of them are associated with proliferation, survival, and invasion. We 
also show that expressed genes in our fibrin 3D-bioink provides 
essential cues to enhance tumor growth and survival; however, they 
are inefficiently expressed in standard 2D culture. Up-regulated 
gene expression levels in our system were also seen in similar GB 3D 
models (17, 45, 46); however, these models lack the whole complex-
ity of GB TME (astrocytes, microglia, endothelial cells, and pericytes) 
together with the GB cells, as presented in this manuscript. This 
further emphasized that our 3D-bioink can serve not only as a drug 

Fig. 7. Bridging the translational gap from bedside to bench and back. Schematic illustration of the methodological approach using a perfusable microengineered 
vascular 3D-bioprinted tumor model for drug screening and target discovery. MRI, magnetic resonance imaging; -CT, micro–computed tomography.
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development tool but also as an important basic, preclinical re-
search tool.

Regarding the standard of care for GB, we have evaluated the 
response of three patient-derived cells to treatment with TMZ. The 
results showed different responses to TMZ between the different 
patient-derived cells when grown in our 3D models, while there 
were no differences observed in the response to TMZ when the cells 
were grown as 2D models. This demonstrates that our model reflects 
the broad spectrum of drug response seen in patients better than the 
traditional 2D models that resulted in similar responses for TMZ on 
different origins of GB cells from several patients. In addition, 
patient-derived cells grown in our fibrin 3D-bioink tumor models 
were more resistant to TMZ treatment with diverse IC50 values in 
the micromolar scale (1000, 1400, and 280 M), compared to cells 
grown in 2D culture with an IC50 value in the nanomolar scale (all 
around 0.004 M). These findings are in agreement with previous 
reports (8, 9), stating that 3D models are more resistant to chemo-
therapy due to lower diffusion rates, enzymatic cleavage, and other 
morphological and kinetic aspects reflecting better the clinical sce-
nario. These evaluations provide additional evidence that conven-
tional 2D culture strategies relying on 2D monolayer of cancer cells 
may not be sufficient to determine drug response and resistance.

In summary, using human and murine GB models, we show here 
that our perfusable 3D-bioprinted platform can serve as a reliable 
alternative preclinical tool. Our 3D-GB bioink was able to recapitulate 
fundamental aspects of in vivo GB models, including cell prolifera-
tion, invasion, response to therapies, and gene profiling. As we can 
control the mechanical properties of the 3D-bioink to emulate several 
other tissues, this platform can be easily modified to other cancer 
types beyond GB. As a proof of concept, we show here that our 
3D-bioink also successfully recapitulated growth patterns of a pair 
of dormant and fast-growing osteosarcoma cell lines originating from 
the same parental tumor sample (40). In addition, this platform could 
be easily converted to a brain metastasis model, by replacing GB cells 
with other cancer cell types such as melanoma or breast cancer cells, 
which frequently metastasize to the brain (69). We performed com-
prehensive calibrations and optimizations for protocol standardiza-
tion regarding the mechanical properties of the bioink, cell density, 
cell viability, and cell type–reflective 3D models of multiple cell types 
and origins (murine cell lines, human cell lines, and patient-derived 
samples). We also calibrated the ratio between the cancer cells and 
the brain microenvironment cells (astrocytes and microglia) to be 
1:1:0.1. Moreover, the ratio between the pericytes and the endothelial 
cells was calibrated to 1:4 to form a confluent coverage of the 3D-
bioprinted blood vessels. We believe that our thorough standardiza-
tion protocol will serve as the starting parameters for a given patient 
sample. However, as each patient is unique, the parameters may 
require mild adjustments in a personalized manner (Fig. 7).

Moreover, there is a need to develop reliable 3D multicellular 
BBB models for the assessment of drug delivery to the central 
nervous system. Recently developed BBB models have shown higher 
similarity to the in vivo scenario compared to traditional TransWell 
models. Some disadvantages of current BBB microfluidic systems 
include limited scalability and complex fabrication. Here, we show 
the ability of our 3D-bioprinted cancer model to include functional, 
intact blood vessels preventing 70-kDa dextran to extravasate into 
the outer gel. This shows that our model allows for proper arrange-
ment and communication of pericytes and endothelial cells forming 
tight tumor vasculature. Thus, our model may be adjusted and used 

in the future for high-throughput drug screening with a special focus 
on transport through the 3D-bioprinted blood vessels consisting of 
using brain microvascular endothelial cells. These optimized models 
will provide invaluable insights to brain disorders. There is still a 
need for standardized quantification of parameters such as viability, 
expression of tight junction proteins, various molecular transporters, 
and efflux pumps to enable correlation studies (70). Today, most 
preclinical cancer drug screening studies use animal models. In GB, 
these models are particularly difficult to establish and monitor, as 
there is no “one model fits all” since each patient is unique and re-
quires a complex cranial surgery followed by evaluation of drug 
efficacy by an endpoint histological analyses or via time-consuming 
noninvasive imaging techniques. Moreover, a high number of animals 
are required to achieve low-variance results, since this procedure can 
cause animal loss. Therefore, we postulate that our bioengineered, 
3D-printed GB model could help in narrowing the “valley of death” 
in drug development by advancing the preclinical studies and will 
revolutionize the way we treat patients with cancer by adequately 
mimicking the brain tissue and predicting the suitable clinical treat-
ment to each person, which has special importance in tumors with 
short-term survival like GB.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/7/34/eabi9119/DC1

View/request a protocol for this paper from Bio-protocol.
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