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Abstract

Glioblastoma (GBM) is the most common and aggressive form of primary brain tumor with 

median survival of 12 months. To improve clinical outcomes, it is critical to develop in vitro 
models that support GBM proliferation and invasion for deciphering tumor progression and 

screening drug candidates. A key hallmark of GBM cells is their extreme invasiveness, a process 

mediated by matrix metalloproteinase (MMP)-mediated degradation of the extracellular matrix. 

We recently reported the development of a MMP-degradable, poly(ethylene-glycol)-based 

hydrogel platform for culturing GBM cells. In the present study, we modulated the percentage of 

MMP-degradable crosslinks in 3D hydrogels to analyze the effects of MMP-degradability on 

GBM fates. Using an immortalized GBM cell line (U87) as a model cell type, our results showed 

that MMP-degradability was not required for supporting GBM proliferation. All hydrogel 

formulations supported robust GBM proliferation, up to 10 fold after 14 days. However, MMP-

degradability was essential for facilitating tumor spreading, and 50% MMP-degradable hydrogels 

were sufficient to enable both robust tumor cell proliferation and spreading in 3D. The findings of 

this study highlight the importance of modulating MMP-degradability in engineering 3D in vitro 
brain cancer models and may be applied for engineering in vitro models for other cancer types.
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INTRODUCTION

Glioblastoma (GBM) is the most common and aggressive form of primary brain tumor in 

adults. Despite aggressive treatment regimens, patients continue to face a median survival of 

12 months and a 5-year survival rate of 4%.1–3 A key hallmark of GBM cells is their 

extreme ability to invade and migrate into neighboring tissue, precluding complete surgical 
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removal of the tumor and leading to eventual tumor recurrence. 96% of patients will 

experience tumor recurrence at or within 2 cm of the margin of surgical tumor resection.4 To 

better understand brain tumor progression and improve clinical outcomes for patients, there 

is a critical need for in vitro culture models for deciphering tumor biology, as well as drug 

screening. Currently, the gold standard models are 2D monolayer culture and organotypic 

culture. Although 2D monolayer culture is low cost and convenient, such a model does not 

fully recapitulate the in vivo 3D extracellular matrix (ECM) architecture and does not permit 

studies of cell invasion in 3D. Alternatively, organotypic culture contains many ECM cues 

found in vivo, but offers little tunability of the inputs and can be low-throughput due to 

tissue availability and processing times.

Using the principles of tissue engineering, previous literature and our prior work have 

demonstrated the potential for biomaterials-based hydrogels as 3D in vitro tumor 

models.5–11 Such models can mimic native ECM architecture and composition, thereby 

providing a culture platform for studying tumor cell behavior in a physiologically-relevant 

and controllable manner. Hydrogels have high tissue-mimicking water content and are 

highly tunable, permitting mechanistic studies of various niche cues on tumor cell behavior 

in 3D. Previous literature has investigated the effects of varying mechanical or biochemical 

cues on GBM tumor cell behavior. For example, hyaluronic acid (HA) is the main 

component of brain ECM, and, in HA-based hydrogels, GBM tumor cells displayed 

stiffness-dependent cell migration patterns.5 In addition, in collagen I-based hydrogels, 

increasing collagen content led to decreased GBM tumor cell proliferation due to increased 

hydrogel crosslinking density.10 Lastly, in gelatin-based hydrogels, increasing hydrogel 

stiffness led to increased GBM tumor cell proliferation and spreading.9 These pioneering 

studies have elucidated significant insight into the effects of various tumor niche cues on 

GBM cell fates. While the degradability of the matrix plays an important role in GBM cell 

migration and invasion, previous studies did not vary hydrogel degradability in a controlled 

manner. As such, how matrix degradability would influence GBM cell invasion remains 

largely unknown.

GBM tumor cells are known to actively invade and infiltrate as single cells into neighboring 

tissue along the basal lamina of blood vessels or white matter tracts.12 To invade through the 

dense brain extracellular matrix (ECM), GBM tumor cells utilize matrix metalloproteinases 

(MMP), which can degrade various ECM proteins, including fibronectin, laminin, collagen, 

or gelatin.13 GBM cells are known to secrete various MMPs, including MMP1, MMP2, or 

MMP9,14–16 and upregulation of MMP expression has been shown to correlate with brain 

tumor grade and lower survival.17 Inhibition of various MMPs has been demonstrated to 

significantly decrease tumor cell invasion in vitro and tumor formation in vivo.12 These 

observations support the notion that MMPs play important roles in GBM tumor progression 

and the dissemination of tumor cells throughout brain tissue.

Given the pivotal roles of MMPs in GBM tumors, 3D hydrogel-based culture models should 

support MMP-mediated degradation by tumor cells. Previous literature has demonstrated the 

potential for introducing MMP degradability in engineered polyethylene glycol (PEG)-based 

hydrogels using MMP-degradable peptide crosslinkers.18 Furthermore, the authors 

demonstrated that fibroblasts showed increased cell spreading and proliferation when the 

Wang et al. Page 2

J Biomed Mater Res A. Author manuscript; available in PMC 2018 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



MMP-degradability of 3D hydrogels was increased.18 Recently, we reported a MMP-

degradable, PEG-based hydrogel system for culturing GBM cells in 3D.11 How the degree 

of MMP-degradability influences GBM tumor cell behavior remains largely unknown. The 

goal of this study was to analyze the effects of varying the percentage of MMP-degradable 

crosslinks (0%, 50%, and 100%) in 3D PEG-based hydrogels to determine an optimal 

hydrogel formulation that can support robust tumor cell proliferation and spreading. 8-arm 

PEG-norbornene (PEG-NB) molecules were used for hydrogel fabrication, which can be 

crosslinked with a MMP-degradable peptide crosslinker (CGPQGIWGQC) and a non-

degradable PEG-dithiol crosslinker (PEG-SH). The ratio between the two crosslinkers was 

tuned to achieve varying percentages of MMP-degradability (0%, 50%, or 100% MMP-

degradable). To allow for cell adhesion to the hydrogel network, a cell adhesion peptide 

(CRGDS) was chemically conjugated to PEG-NB molecules. HA is the main component of 

brain ECM,17 and to mimic the brain ECM, thiol-modified sodium hyaluronate (HA-SH) 

(20 – 40 kDa) was chemically incorporated into the hydrogel network. Thiol-ene UV 

photopolymerization was used to induce hydrogel gelation, as this process has been shown 

to be cytocompatible and permits spatial and temporal control.19 Hydrogels with varying 

percentages of MMP-degradability were characterized using a degradation assay in 

collagenase solution, mechanical testing, and quantification of equilibrium swell ratio. For 

cell studies, an immortalized GBM cell line (U87) was used as a model cell type and 

cultured in PEG hydrogels with varying percentages of MMP-degradable crosslinks for 14 

days. Cell proliferation was monitored using brightfield microscopy and was quantified via 

cell DNA content in the hydrogels after 14 days. Cell morphology was analyzed using 

brightfield and confocal microscopy. Gene expression levels of ECM-remodeling proteins, 

specifically MMPs and HA synthases, were quantified using RT-PCR.

MATERIALS AND METHODS

Materials

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

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

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

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

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

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

linear PEG-dithiol (PEG-SH) were synthesized as previously reported.19,20 Thiolated 

sodium hyaluronate (HA-SH) was synthesized as previously reported.21 All other reagents 

were obtained from Fisher Scientific (Pittsburgh, PA, USA) unless otherwise noted.

Hydrogel fabrication

8-arm PEG-NB (40 kDa) was used, which can be crosslinked with non-degradable linear 

PEG-SH (1.5 kDa) and MMP-degradable peptide (CGPQGIWGQC). 2 of 8 arms on PEG-

NB were used for conjugation of biochemical cues. The remaining 6 arms on PEG-NB were 

used for crosslinking with non-degradable linear PEG-SH and MMP-degradable peptide. To 

tune the percentage of MMP-degradable crosslinks (0%, 50%, and 100% MMP-degradable), 

8-arm PEG-NB, linear PEG-SH, and MMP-degradable peptide were mixed at varying molar 
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ratios (Table S1). For cell adhesion, RGD peptide (CRGDS) was covalently linked to the 

hydrogel network at a final concentration of 0.914 mM. To mimic brain ECM content, thiol-

modified sodium hyaluronate (HA-SH) was added at a final concentration of 0.004% (w/v), 

which was selected based on reported values of hyaluronic acid content in human brain 

tissue.22 To induce hydrogel formation via thiol-ene photopolymerization, hydrogel 

components were mixed together in the presence of photoinitiator Igracure D2959 (0.05% 

w/v, Ciba Specialty Chemicals, Tarrytown, NY, USA). Each hydrogel sample contained 75 

μL of hydrogel precursor solution, which was loaded in a cylindrical-shaped mold (3 mm in 

height, 5 mm in diameter). To induce gelation, hydrogels were exposed to UV light (365 nm, 

4mW/cm2) for 5 min at room temperature.

Measurement of diffusion of unbound HA-SH

HA-SH was fluorescently labeled with fluorescein-maleimide (Sigma) overnight at room 

temperature, such that 3.33% of the -SH groups were labeled. To measure the diffusion of 

unbound HA-SH over time, hydrogels were fabricated as above and placed in PBS at 37°C 

(n = 3). Supernatant was removed at the following timepoints: 0.5, 2, 24, 120, and 168 hrs. 

At each timepoint, the fluorescence signal of the supernatant was measured using a plate 

reader (excitation λ = 494 nm, emission λ = 521 nm) (Molecular Devices, Sunnyvale, CA, 

USA).

Hydrogel characterization

To analyze the degradation profiles of the hydrogels with varying percentages of MMP-

degradability, acellular hydrogels were prepared as above and equilibrated in PBS at 37°C 

overnight (n = 3). Hydrogels were transferred to either a solution of collagenase (Type II, 1 

U/ml, Worthington Biochemical Corp, Lakewood, NJ, USA) or PBS only control. The wet 

weight of the hydrogel was measured at 0, 1, 2, 3, 4, 6, and 7 hrs. The starting timepoint was 

defined as the time after hydrogels have reached equilibrium following overnight incubation.

To measure the stiffness of hydrogels with varying percentages of MMP-degradability, 

acellular hydrogels prepared as above were allowed to equilibrate overnight at room 

temperature for measuring the hydrogel stiffness on Day 1 (n = 3). Unconfined compressive 

tests were conducted using an Instron 5944 materials testing system (Instron Corporation, 

Norwood, MA, USA). The test set-up consisted of custom made aluminum compression 

plates lined with PTFE to minimize friction. All tests were conducted in PBS solution at RT. 

Hydrogel diameter and thickness were measured using digital calipers and the material 

testing system’s position read-out, respectively. Before each test, a preload of approximately 

2 mN was applied. The upper plate was then lowered at a rate of 1% strain/sec to a 

maximum strain of 30%. Load and displacement data were recorded at 100 Hz. The 

modulus was determined for strain ranges of 10–20% from linear curve fits of the stress vs. 

strain curve in each strain range.

To calculate equilibrium swelling ratio Q and theoretical mesh size of hydrogels with 

varying MMP-degradability, acellular hydrogels prepared as above were allowed to 

equilibrate in PBS at room temperature overnight (n = 3). The wet weight of the hydrogel 

was measured after overnight incubation, by which the hydrogels have reached equilibrium. 
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Hydrogels were subsequently lyophilized for 48 hrs, and dry weight was measured. The 

equilibrium swelling ratio Q was calculated as the ratio of the mass of the swollen hydrogel 

to the mass of the dry components after lyophilization. The theoretical hydrogel mesh size 

was calculated as done previously, based on the Flory-Rehner calculation.23

Cell encapsulation

U87-MG cells (U87) were expanded in standard growth medium consisting of Dulbecco’s 

minimal essential medium (DMEM, Life Technologies, Carlsbad, CA, USA), supplemented 

with 10% (v/v) fetal bovine serum (FBS, Gibco, Life Technologies), 100 units/ml penicillin 

(Life Technologies), and 100 μg/ml streptomycin (Life Technologies) at 37°C in 5% CO2. 

For encapsulation in hydrogels, trypsinized cells were resuspended in the hydrogel precursor 

solution at a final concentration of 0.5M cells/ml. 75 μL of the cell-containing hydrogel 

solution was pipetted into a cylindrical-shaped mold and UV crosslinked as described above. 

The samples were then cultured in growth medium as described above for 14 days at 37°C in 

5% CO2 with media change every other day.

Cell proliferation

Cell proliferation was monitored over 14 days using bright field microscopy (Zeiss, Jena, 

Germany). To quantify fold change in cell proliferation, cell DNA content in hydrogels at 

Days 1 and 14 was measured using the Quant-iT PicoGreen assay (Life Technologies). 

Briefly, lyophilized hydrogel samples were rehydrated and digested using papain 

(Worthington Biochemical Corp) at 60°C for 16 hrs (n = 3). After cooling to room 

temperature, samples were vortexed and centrifuged at 10,000 rpm for 5 min. The 

supernatant was used to measure total DNA content per hydrogel using PicoGreen assay 

(Life Technologies) per manufacturer’s instructions.

Gene expression

Gene expression levels of MMPs (MMP1, MMP2, and MMP9) and HA synthases (HAS1, 

HAS2, and HAS3) were analyzed on Days 1 and 14. To measure the expression of target 

genes, total RNA was extracted from the hydrogels, and RT-PCR was performed using 

primers as described previously (n = 3).11 Briefly, hydrogel samples were homogenized in 

TRIzol (Life Technologies). RNA was extracted by the addition of chloroform and 

precipitated using RNeasy Mini Kit columns (Qiagen, Valencia, CA, USA). cDNA was 

synthesized from extracted RNA using SuperScript III First-Strand Synthesis kit (Life 

Technologies) per manufacturer’s instructions. RT-PCR was then performed on an Applied 

Biosystems 7900 Real-Time PCR system (Applied Biosystems, Life Technologies) using 

Power SYBR Green PCR Master Mix (Applied Biosystems, Life Technologies) per 

manufacturer’s instructions. Relative expression levels of target genes were determined 

using the comparative CT method. Target gene expression was first normalized to an 

endogenous gene GAPDH, followed by a second normalization to the gene expression level 

on Day 1.

Wang et al. Page 5

J Biomed Mater Res A. Author manuscript; available in PMC 2018 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Immunostaining

For F-actin immunostaining, cell-laden hydrogels were fixed in 4% paraformaldehyde 

(Sigma) for 1 hr at 37°C (n = 2). Cells were then permeabilized in PBS containing 0.1% 

Triton X-100 (Sigma) for 1 hr at 37°C. Nonspecific binding was blocked using 1% BSA/

0.1% Triton X-100 in PBS overnight at 37°C. To stain for F-actin, cells were stained with 

phalloidin-rhodamine (50 μg/ml, Sigma) for 1 hr at 37°C. Cell nuclei were counterstained 

with Hoechst dye 33342 (0.25 μg/ml, Cell Signaling Technologies, Danvers, MA, USA) for 

1 hr at 37°C. Gels were then incubated in mounting media overnight at 4°C (Vectashield, 

Vector Laboratories, Burlingame, CA, USA) and imaged using confocal microscope (Leica 

SP5, Leica, Wetzlar, Germany).

Statistical analyses

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

analysis on cell proliferation and theoretical mesh size data. Unpaired student’s t-tests 

(assuming Gaussian distribution) and two-way analysis of variance (ANOVA) with Tukey’s 

multiple comparisons test were used to determine statistical significance (p < 0.05). Error 

was reported as standard deviation unless otherwise noted.

RESULTS

Characterization of materials and hydrogel properties

To achieve stable incorporation of hyaluronic acid (HA) within the hydrogel network, 

crosslinkable thiol groups were introduced onto sodium hyaluronate, as previously 

reported.21 NMR spectroscopy confirmed successful incorporation of thiol groups on 

sodium hyaluronate (Figure S1A). Minimal amount of HA-SH diffused after 7 days (0.4% 

diffused), confirming stable HA-SH incorporation in 3D hydrogels (Figure S1B).

Hydrogels with varying percentages of MMP-degradability had stiffnesses ranging from 1.2 

to 2.0 kPa, which is within the range reported for normal brain tissue (Figure 1C).24,25 The 

equilibrium swelling ratio (Q) was measured to calculate the theoretical mesh size for 

hydrogels of varying MMP-degradability using the Flory-Rehner calculation.23 Hydrogels 

with varying percentages of MMP-degradability had comparable equilibrium swelling ratios 

Q (30.43 – 32.68) and theoretical mesh sizes (14.72 – 15.18 nm) (Figure 1D, E).

To characterize MMP-mediated degradation profiles, hydrogels with varying percentages of 

MMP-degradability were incubated in collagenase solution (Figure 1B). 0% MMP-

degradable hydrogels did not have any change in wet weight, indicating the lack of MMP-

dependent degradation. The wet weight of 50% MMP-degradable hydrogels increased over 

time, indicating hydrogel swelling due to degradation. Lastly, 100% MMP-degradable 

hydrogels decreased in wet weight, indicating loss of hydrogel mass due to degradation.

Effects of MMP-degradability on GBM cell proliferation

Using an immortalized GBM cell line U87 as a model cell type, the effects of varying 

percentages of MMP-degradability on tumor cell proliferation were analyzed over 14 days 

(Figure 2). In all hydrogel formulations, U87 cells started as single cells after encapsulation 
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on Day 1 and formed large multicellular aggregates by Day 14 (Figure 2A). All hydrogel 

formulations supported robust tumor cell proliferation, up to 10-fold increases in DNA 

content after 14 days (Figure 2B).

Effects of MMP-degradability on GBM cell morphology

A key hallmark of GBM cells is their extreme ability to invade into neighboring tissue. 

Degradation of the surrounding ECM is an important player in permitting GBM cell 

protrusions and spreading, a prerequisite for cell migration. The effects of varying 

percentages of MMP-degradability on tumor cell morphology was analyzed over 14 days 

(Figure 3). On Day 1, following encapsulation, U87 cells started with a rounded morphology 

in all groups. By Day 8, in 50% and 100% MMP-degradable hydrogels, extensive cell 

spreading was observed, and these cell processes continued to elongate over 14 days. In 

contrast, in 0% MMP-degradable hydrogels, tumor cells remained rounded after 14 days in 

culture. Staining for cytoskeletal F-actin on Day 14 confirmed the brightfield microscopy 

observations (Figure 4, Supplementary Videos S1 – S3). As seen in 0% MMP-degradable 

gels, tumor cell aggregates remained rounded, whereas in 50% and 100% MMP-degradable 

hydrogels, extensive actin-rich cell protrusions from tumor mass were observed (animated 

confocal images of tumor cells in 0%, 50% and 100% MMP-degradable hydrogels are 

provided in Supplementary Videos S1, S2, and S3, respectively).

Effects of MMP-degradability on ECM remodeling and synthesis

To analyze the effects of MMP-degradability on ECM remodeling, the gene expression 

levels of MMPs (MMP1, 2, and 9) were measured using quantitative RT-PCR (Figures 5A – 

C). After 14 days in culture, all hydrogel formulations supported expression of MMP1 and 

MMP9. The greatest increase in expression was observed for MMP1 (36 – 46 fold, as 

compared to Day 1), followed by MMP9 (15 – 20 fold, as compared to Day 1). Minimal 

changes were observed for MMP2. Moreover, changing the percentage of MMP-degradable 

crosslinks did not further alter MMP expression.

To analyze the effects of MMP-degradability on ECM synthesis, the expression of different 

isoforms HA synthases (HAS1, HAS2, and HAS3) was measured (Figures 5D – F) using 

quantitative RT-PCR. Only HAS2 was highly upregulated over 14 days (12 – 15 fold, as 

compared to Day 1), and minimal changes were observed for HAS1 and HAS3. Changing 

the percentage of MMP-degradable crosslinks did not change HAS expression.

DISCUSSION

Matrix degradation via MMPs is an important prerequisite for GBM cell invasion, which 

drives tumor progression in vivo.17 Enhanced expression of MMP1 has been correlated with 

the degree of tumor malignancy, and MMP2 and MMP9 have been found at GBM cell 

invadopodia at the tumor periphery, highlighting the importance of MMPs in driving tumor 

development.15,26 We recently reported a MMP-degradable, PEG-based hydrogel platform 

for 3D culture of GBM cells as in vitro tumor model.11 How the degree of MMP-

degradability affects GBM cell proliferation and spreading remains unknown. Here we 

sought to investigate the effects of MMP-degradability on GBM cell behavior to identify an 
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optimal formulation that can support GBM cell proliferation and spreading. The percentage 

of MMP-degradable crosslinks (0%, 50%, and 100%) in PEG-based hydrogels was 

modulated by tuning the ratio of non-degradable PEG crosslinker and MMP-degradable 

crosslinker. The MMP-degradable crosslinker selected for this study has been shown to be 

degraded by GBM-relevant MMPs (MMP1, 2, and 9).18 Using an immortalized GBM cell 

line (U87) as a model cell type, we demonstrated that all hydrogel formulations with varying 

percentages of MMP-degradable crosslinks supported robust U87 cell proliferation. 

However, cell spreading was only observed in 50% and 100% MMP-degradable hydrogels, 

suggesting that MMP-degradability is required for GBM cell spreading in 3D. 50% and 

100% MMP-degradable hydrogels supported cell spreading in a comparable manner, 

suggesting that 50% MMP-degradable crosslinks may be a suitable formulation for in vitro 
brain tumor models.

A key hallmark of cancer, including GBM, is abnormal, excessive cell proliferation. In this 

study, all three hydrogel formulations with varying MMP-degradability supported robust 

proliferation of U87 cells, up to 10 fold after 14 days (Figure 1C). One striking difference 

between our results and previous hydrogel systems is a significantly higher fold change in 

cell proliferation over time in our PEG-based hydrogels. For example, in a gelatin-based 

hydrogel platform for U87 cell culture, cell proliferation over 14 days was less than 2 fold.9 

In a HA and gelatin composite hydrogel system, U87 cells proliferated less than 3 fold after 

14 days.27 Our hydrogel platform may be more permissive for cell proliferation for a 

number of reasons, including differences in the hydrogel stiffness and mechanisms of MMP-

mediated degradation of hydrogel crosslinks. First, in this study, the initial stiffness of 

hydrogels with varying MMP-degradability ranged from 1.2 to 2.0 kPa, which is within the 

range reported for normal human brain tissue.24,25 Previous hydrogel systems had stiffnesses 

ranging from 2.0 kPa to over 50 kPa, which is significantly stiffer than brain tissue.9,27 

Moreover, in our hydrogel platform, a MMP-degradable peptide was used for hydrogel 

crosslinking and for cell-mediated matrix degradation. The peptide selected has been shown 

to be degraded by GBM-relevant MMPs, MMP1, MMP2, and MMP9.18 Previous hydrogel 

platforms utilized gelatin for hydrogel fabrication and cell-mediated MMP degradation. The 

speed and specificity of cell-mediated degradation of our MMP-degradable peptide and the 

previously used gelatin polymer may be significantly different, resulting in differential cell 

proliferation responses. Interestingly, MMP-degradability did not seem to be required for 

U87 cell proliferation in PEG hydrogels, as all hydrogel formulations supported robust 

proliferation (up to 10 fold, as compared to Day 1). This result suggests that GBM cells can 

resist local stress and proliferate in a non-degradable microenvironment. Previous literature 

has shown that GBM cells can change their cell shape in order to adapt and squeeze through 

confined spaces,28,29 suggesting that matrix degradability may not be a pre-requisite for cell 

proliferation in 3D hydrogels. It is important to note that U87 is an immortalized cell line, 

and the immortalization process is known to alter tumor cell phenotypes relative to the 

patient samples.30 Future studies will investigate if primary patient-derived tumor cells 

display the same response to MMP-degradability. Furthermore, although the MMP peptide 

selected can be degraded by GBM-secreted MMPs, the effects of the peptide sequence on 

tumor cell fates remains to be investigated.
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Although U87 cells were able to robustly proliferate regardless of MMP degradability, cell 

spreading was highly sensitive to MMP degradability. In 50% and 100% MMP-degradable 

hydrogels, significantly more cell protrusions were observed by Day 8, resulting in extensive 

cell spreading and actin-rich cell processes by Day 14 (Figures 3 and 4, Supplementary 

Videos S1 – S3). In contrast, in 0% MMP-degradable hydrogels, U87 cells were unable to 

remodel the surrounding matrix and thus remained largely rounded. The lack of cell 

spreading in 0% degradable hydrogels was not due to a deficiency in ECM remodeling, as 

comparable gene expression levels of various MMPs were observed for hydrogels with 

varying percentages of MMP-degradability (Figure 5A – C). Instead, increased physical 

restriction and confinement of cells due to the lack of degradable crosslinks may be the 

dominating factor in preventing cell spreading. There are two main mechanisms by which 

cells migrate in 3D matrices, including mesenchymal migration, which depends on 

proteolytic ECM degradation, and amoeboid migration, in which cells change their 

morphology to move through confined spaces.6 Using the Flory-Rehner calculation and the 

equilibrium swelling ratio, we calculated the theoretical mesh sizes of hydrogels with 

varying MMP degradability to be ranging from 14.72 to 15.18 nm, which is several orders of 

magnitude smaller than the size of cells. Previous reports have suggested that mesh sizes in 

this range are prohibitive of amoeboid mode of migration.31 As such, the mesenchymal 

mode is likely the way by which GBM cells migrate and invade inside 3D hydrogels. Such 

behavior has been observed in GBM cells cultured in 3D collagen gels, organotypic brain 

slices, and in vivo mouse models, in which GBM cells exhibited mesenchymal mode of 

migration with polarized extensions at the leading membrane edge.13

In order to spread and migrate within 3D matrices, GBM cells secrete MMPs to degrade 

ECM proteins. Our hydrogel platform supported significant upregulation of MMP1 and 

MMP9 expression levels by Day 14 in all groups (Figure 5A and C). Minimal changes in 

MMP2 expression were observed over time in all groups (Figure 5B). Varying MMP-

degradability did not further alter MMP expression levels. MMP1 is a collagenase known to 

cleave collagen types I, II, III, VII, and X, gelatin, entactin, aggrecan, and tenascin.32 

Immunostaining of MMP1 within GBM tumors found significant expression in the invasive 

zone of the tumor, mostly around tumor cells and not within the ECM.15 MMP9 is a 

gelatinase, which degrades gelatin and collagen types IV and V. Previous literature has 

found MMP9 to play roles in GBM cell invasion, in addition to regulating the availability of 

vascular endothelial growth factor (VEGF), which plays pivotal roles in tumor 

angiogenesis.33 After 7 days in culture in composite GelMA/PEGDA hydrogels, previous 

literature found similar upregulation of MMP9 (20 fold) for U87 cells relative to 2D 

culture.9 MMP2 is also a gelatinase that degrades the same substrates as MMP9, but MMP2 

more efficiently degrades fibronectin compared to MMP9.34 In addition to ECM remodeling 

via degradation, GBM cells can also deposit their own matrix and secrete ECM proteins, 

such as HA via HA synthases (HAS). HAS2 expression was highly upregulated in all 

groups, up to 15 fold by Day 14. Minimal changes in HAS1 and HAS3 expression levels 

were observed in all groups. Varying the percentage of MMP-degradable crosslinks did not 

significantly change the expression of various HAS isoforms. HAS1 and HAS3 are 

responsible for synthesizing HA of molecular weight 2 × 105 to 2 × 106 kDa, while HAS2 is 

responsible for HA of molecular weight greater than 2 × 106 kDa.35 The molecular weight 
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of HA has been found to play differential roles in glioma cell proliferation and migration.17 

Previous literature has found also that overproduction of HA by HAS2 can enhance 

anchorage-independent growth tumor cell proliferation.36 Although varying the percentage 

of MMP-degradable crosslinks did not alter MMP and HAS expression levels, gene 

expression is a one-time snapshot, and possible differences in gene expression may occur at 

alternative timepoints and for other signaling pathways.

A key hallmark of GBM tumor cells is their extreme ability to migrate and disseminate 

throughout brain tissue, precluding complete surgical resection and leading to eventual 

tumor recurrence. To determine an optimal hydrogel formulation that facilitates MMP-

mediated GBM invasion, here we investigated the effects of varying the percentage of 

MMP-degradable crosslinks (0%, 50%, and 100%) in PEG hydrogels on GBM cell 

proliferation and spreading. All hydrogels supported robust tumor cell proliferation and 

upregulation of gene expression of ECM-remodeling proteins, namely MMP1, MMP2, and 

HAS2. MMP-degradability was required for tumor cell spreading, as no spreading was 

observed in 0% MMP-degradable. In contrast, 50% and 100% MMP-degradable hydrogels 

supported robust cell spreading in a comparable manner, suggesting 50% degradation is 

sufficient for engineering 3D in vitro GBM models that can support tumor cell proliferation 

and spreading. Our findings highlight the importance of modulating MMP-degradability to 

facilitate brain tumor cell fates in 3D niches and may be applied when engineering in vitro 
models for other cancer types.
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FIG. 1. 
(A) MMP-degradability of PEG hydrogels was varied by tuning the percentage of MMP-

degradable crosslinks (0%, 50%, and 100%). Immortalized adult GBM cell line, U87, was 

used as model cell type and encapsulated in hydrogels. (B) Hydrogel degradation in 

collagenase solution, as measured by hydrogel wet weight over time normalized to PBS 

control (n = 3). 0% MMP-degradable gels did not change in weight over time. 50% MMP-

degradable gels increased in weight due to hydrogel swelling as crosslinks are degraded. 

100% MMP-degradable gels decreased in weight due to mass loss. (C) Effects of varying 

percentage of MMP-degradable crosslinks on hydrogel stiffness, as measured using 

unconfined compression test (n = 3). * p < 0.05. (D) Effects of varying percentage of MMP-

degradable crosslinks on equilibrium swelling ratio Q, as calculated by the ratio of hydrogel 

wet weight to hydrogel dry weight. (E) Effects of varying percentage of MMP-degradable 

crosslinks on theoretical mesh size, as calculated from equilibrium swelling ratio Q and 

Flory-Rehner calculation.
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FIG. 2. 
All hydrogel formulations supported robust tumor cell proliferation over 14 days. (A) 

Brightfield microscopy of tumor aggregates in 3D hydrogels of varying percentages of 

MMP-degradable crosslinks. Scale bar = 200 μm. (B) Fold of cell proliferation by Day 14 in 

hydrogels of varying MMP-degradability, calculated from Days 1 and 14 DNA content (n = 

3). (n.s. not significant, *p < 0.05).
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FIG. 3. 
Extensive cell spreading was observed in 50% and 100% MMP-degradable hydrogels. 

Brightfield microscopy of tumor cell morphology in 3D hydrogels of varying percentages of 

MMP-degradable crosslinks. Scale bar = 50 μm.
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FIG. 4. 
Tumor cells displayed extensive F-actin-rich protrusions in 50% and 100% MMP-

degradable gels, which were largely absent in 0% MMP-degradable gels. Confocal Z-stack 

maximal projection of tumor cell F-actin staining in 3D hydrogels of varying percentages of 

MMP-degradable crosslinks on Day 14. (A) Scale bar = 200 μm. (B) Scale bar = 50 μm. 

Blue = nuclei. Red = F-actin.
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FIG. 5. 
All hydrogel formulations supported upregulation of MMP1, MMP9, and HAS2. Changing 

the percentage of MMP-degradable crosslinks did not further alter gene expression. Fold 

change in gene expression (n = 3) for MMPs ((A) MMP1, (B) MMP2, (C) MMP9) and HA 

synthases ((D) HAS1, (E) HAS2, (F) HAS3), on Day 14 normalized to Day 1. (n.s. not 

significant, *p < 0.05).
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