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Abstract
Glioblastoma multiforme (GBM) is a malignant brain tumor characterized by diffuse infiltration of
single cells into the brain parenchyma, which is a process that relies in part on aberrant
biochemical and biophysical interactions between tumor cells and the brain extracellular matrix
(ECM). A major obstacle to understanding ECM regulation of GBM invasion is the absence of
model matrix systems that recapitulate the distinct composition and physical structure of brain
ECM while allowing independent control of adhesive ligand density, mechanics, and
microstructure. To address this need, we synthesized brain-mimetic ECMs based on hyaluronic
acid (HA) with a range of stiffnesses that encompasses normal and tumorigenic brain tissue and
functionalized these materials with short Arg-Gly-Asp (RGD) peptides to facilitate cell adhesion.
Scanning electron micrographs of the hydrogels revealed a dense, sheet-like microstructure with
apparent nanoscale porosity similar to brain extracellular space. On flat hydrogel substrates,
glioma cell spreading area and actin stress fiber assembly increased strongly with increasing
density of RGD peptide. Increasing HA stiffness under constant RGD density produced similar
trends and increased the speed of random motility. In a three-dimensional (3D) spheroid paradigm,
glioma cells invaded HA hydrogels with morphological patterns distinct from those observed on
flat surfaces or in 3D collagen-based ECMs but highly reminiscent of those seen in brain slices.
This material system represents a brain-mimetic model ECM with tunable ligand density and
stiffness amenable to investigations of the mechanobiological regulation of brain tumor
progression.
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INTRODUCTION
Glioblastoma multiforme (GBM) is the most common and lethal primary brain tumor [1, 2].
The relentless progression of this disease is due in part to the infiltration of cells from the
primary tumor into distant regions of the brain, which renders complete surgical resection of
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the tumor mass virtually impossible and almost inevitably leaves the patient susceptible to
recurrence, typically leading to death within 1-2 years of diagnosis. This aggressive invasion
is a hallmark of malignant gliomas and is widely considered to be a key obstacle to the
development of successful therapies [3]. For example, anti-angiogenic agents that are
initially effective at reducing tumor bulk may induce an “adaptive-evasive” response
characterized by increased cellular invasiveness that largely offsets these agents’ overall
survival benefit [4, 5].

It is well established that the extracellular microenvironment plays an essential role in
defining the ‘context’ that allows tumors to grow and spread [6]. There are several
indications that the unusual aggressiveness of GBM may be mediated by its unique pattern
of interactions with the extracellular matrix (ECM) of the brain [7]. Specifically, GBM
tumors display a strikingly different pattern of invasion of brain tissue than systemic
malignant tumors that metastasize to the brain. GBM tumors readily invade brain tissue
including white matter, which is highly resistant to invasion by non-neural metastatic tumors
[8]. Conversely, GBM tumors do not invade into blood vessel walls, unlike systemic
metastatic tumors [9], and very rarely metastasize outside of the brain to other organs. This
pattern may be due in part to the fact that brain ECM is highly specialized and distinct from
that of other tissues in the body [10, 11]. For instance, brain ECM has a very low content of
fibrous proteins such as collagen, fibronectin, and vitronectin, as well as basement
membrane proteins such as laminin, which are largely restricted to the vascular and
perivascular spaces in the brain.

One major component of brain ECM is hyaluronic acid (HA) [12, 13], a non-sulfated
glycosaminoglycan that occupies a large fraction of the extracellular volume of the brain. In
addition to HA, brain ECM contains other glycosaminoglycans such as heparan sulfate, a
number of chondroitin sulfate proteoglycans of the lectican family such as aggrecan,
neurocan, and versican, and proteins such as tenascin and thrombospondin. There are several
lines of evidence that HA plays a significant role in glioma progression, including
histological analyses of tumor tissue, which have shown that malignant gliomas contain
greater levels of HA than normal brain tissue [14]. Treatment of cells with soluble HA, or
inclusion of HA in the ECM by adsorbing it to tissue culture plastic or incorporating it into
reconstituted ECM gels such as Matrigel or fibrin, has been shown to promote migration and
invasion of glioma cells [15-18]. This effect is partly mediated by signals transduced by
direct interactions between HA and its cell-surface receptors CD44 and RHAMM [15, 16,
19-21]. Correspondingly, CD44 is frequently overexpressed in gliomas and is correlated
with increased malignancy and reduced mean survival time [22-24]. CD44 triggers a wide
variety of downstream signaling programs upon engagement of HA [25], including pro-
survival signaling through the PI3K-Akt [26] and EGFR [27] pathways, and increased
migration via activation of Rho family GTPases [28].

In addition to the biochemical aspects of HA-induced signaling described above, there are
indications that HA may play a biophysical role in GBM tumor invasion. The high viscosity
and water-swelling ability of HA contribute to brain architecture and porosity and influence
directional cell movements during morphogenesis [13, 29]. Addition of HA to fibrin-based
ECMs has been shown to stimulate invasion of glioma cells via modulation of the fibrin
fiber architecture [17]. These findings assume broader significance when viewed in the
context of the growing consensus that cancer cells exert forces on and remodel their ECM
and that this biophysical crosstalk can influence tumor progression [30, 31]. For example,
we previously showed that the morphology, proliferation, and motility of GBM tumor cells
cultured on two-dimensional (2D) polyacrylamide substrates conjugated with full-length
collagen or fibronectin are regulated by the stiffness of the ECM [32, 33]. In a
complementary study, Beadle et al. showed that glioma cells upregulate nonmuscle myosin
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II in order to generate sufficient contractile force to squeeze cell nuclei through tight spaces
in the brain, suggesting that cells adapt their intrinsic contractile and adhesive machinery to
overcome mechanical and microstructural barriers to migration [34]. Previous attempts to
extend glioma cell-ECM mechanobiology to three-dimensional (3D) matrices have largely
been restricted to reconstituted ECM preparations such as collagen and Matrigel [35-38].
While these studies have provided tremendous insight into mechanisms of tumor invasion,
their interpretation is complicated by the fact that the biochemistry and architecture of these
matrices differ in important respects from those of brain parenchyma. In addition, control of
material properties in these systems is often achieved by changing the concentration of the
gel-forming proteins, which simultaneously varies ECM mechanics, microstructure, and
adhesivity, making it impossible to unambiguously attribute observed differences in cell
behavior to chemical or mechanical stimuli [39].

For all of these reasons, there is a strong need for HA-based ECMs that offer independent
control over biochemical functionality and mechanical rigidity and are amenable to studies
of GBM tumor invasion. Although HA-based scaffolds have been used extensively for tissue
engineering [40-48], only a few studies have used HA-based ECMs to study cell-matrix
interactions in GBM that underlie invasion [49, 50]. Furthermore, these few GBM-specific
studies have not addressed the potential regulatory role of ECM stiffness and architecture in
tumor invasion and therefore leave open the question of whether the biophysical context in
which HA is presented influences its effects on tumor progression. To meet this need, we
synthesized and characterized a series of HA-based hydrogels with independently tunable
stiffness and biochemical ligand density and used them to probe the dependence of glioma
cell adhesion, morphology, cytoskeletal architecture, and motility on the ligand
functionalization and stiffness in 2D culture. We also used these materials to investigate
patterns of 3D tumor invasion across a panel of glioma cell lines.

MATERIALS AND METHODS
HA-methacrylate synthesis

HA-methacrylate was synthesized as originally described by Smeds et al. [51] according to
the protocol detailed by Marklein et al. [52] (Figure 1). Briefly, HA of nominal molecular
weight 60 kDa (66 kDa – 90 kDa range, Lifecore Technologies) was dissolved at 1 wt% in
deionized water, and a six-fold molar excess of methacrylic anhydride (Sigma) (relative to
the HA disaccharide repeat unit) was added dropwise to the solution on ice. The pH of the
two-phase reaction mixture was adjusted to 8.0 with 5 M NaOH, and the reaction was
allowed to continue overnight at 5 °C with frequent re-adjustment of the pH. The product
was isolated by adding the reaction mixture to a five-fold volumetric excess of cold acetone,
followed by centrifugation to recover the precipitate, which was then re-dissolved in
deionized water, flash frozen in liquid nitrogen, and lyophilized. The powder thus obtained
was analyzed by 1H-NMR, and the degree of functionalization was estimated to be 60% (see
Supplementary Methods and Supplementary Figure S1). In order to synthesize HA-
methacrylate with a higher degree of functionalization, the reaction was initially carried out
overnight as above, after which an additional 3-fold molar excess of methacrylic anhydride
was added and the reaction further continued for 1 day at 5 °C. This yielded HA-
methacrylate with 85% degree of methacrylation as estimated by 1H-NMR.

HA gelation and rheology
In order to form crosslinked HA gels, HA-methacrylate polymers with 60% and 85%
degrees of functionalization (hereafter denoted as HA-60 and HA-85, respectively) and the
crosslinker DL-dithiothreitol (DTT) were dissolved in Dulbecco’s Modified Eagle Medium
(DMEM) and mixed to create gels with varying polymer weight fractions and thiol:HA
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repeat unit ratios. Oscillatory shear rheology was performed using an Anton Paar Physica
MCR 301 rheometer in the parallel-plate configuration using a 25 mm diameter top plate.
The gel was crosslinked in situ between the rheometer plates for 1 h at 37 °C in a humidified
chamber. Typically, 60 μL of the gel solution was used with a gap width of 0.1 mm between
the plates. Amplitude sweeps at constant frequency were performed to determine the linear
viscoelastic range of deformation for each sample, after which frequency sweeps were
performed at a strain amplitude within the linear range. Typically, frequencies from 0.05 Hz
to 100 Hz were tested at a strain amplitude of 0.5%.

Scanning Electron Microscopy (SEM)
SEM sample preparation and imaging were performed as described previously [35]. Briefly,
HA-DTT hydrogels were cast upon silicon wafers pre-treated with hydrophobic solution
(OMS OptoChemicals) to promote gel adhesion. After swelling in phosphate-buffered saline
(PBS) overnight, the hydrogels were fixed in 2% glutaraldehyde followed by 1% osmium
tetroxide, both for 1 h at room temperature in 0.1 M sodium cacodylate buffer at pH 7.2. The
samples were then dehydrated in ethanol, dried using the critical-point technique
(AutoSamdri 815, Tousimis, Rockville, MD), and sputter-coated with approximately 2 nm
of gold and palladium (Tousimis). SEM images were acquired using a Hitachi S-5000
scanning electron microscope.

Swelling studies
Hydrogels prepared as above were swollen in DMEM for 3 days at room temperature. The
estimated equilibrium swelling ratio Q was defined as the ratio of the mass of the swollen
hydrogel to that of the dry polymer obtained by lyophilization. The method of Canal and
Peppas [53] was then used to estimate the mesh size ξ of the polymeric network (see
Supplementary Methods).

Cell culture
U373-MG and U87-MG human glioblastoma and rat C6 glioma cells were cultured as
previously described [32] in DMEM (Invitrogen) supplemented with 10% Calf Serum
Advantage (JR Scientific, Inc.), 1% penicillin-streptomycin, 1% MEM non-essential amino
acids and 1% sodium pyruvate (Invitrogen).

Preparation of 2D HA-RGD gels
For 2D studies, HA-RGD gels were prepared on glass-bottom 6-well plates (MatTek). The
glass surface was briefly exposed to hydrophobic solution (OMS OptoChemicals) to
promote adhesion of the HA gel. HA-60 and DTT were dissolved in DMEM, mixed in the
appropriate ratios, and pipetted onto the glass surface. The gel precursor solution was then
covered with a glass coverslip, which had been plasma-treated to increase its hydrophilicity.
After incubation at 37°C for 2 h, the top coverslip was carefully removed to expose a flat
HA hydrogel of approximate (nominal) thickness 200 μm. Hydrogels were then soaked in
DMEM overnight at 37 °C to remove unreacted DTT.

In order to explore the effect of varying surface densities of RGD peptide (Ac-
GCGYGRGDSPG-NH2, Anaspec), hydrogels of elastic modulus G′ ~ 35 kPa (8 wt%
HA-60, 0.5 thiol:HA repeat unit ratio) were prepared as above. 25 μL of RGD peptide
dissolved in DMEM at concentrations ranging from 0.1 mg/mL to 5 mg/mL were incubated
on the hydrogel surface for 2 h at room temperature. Hydrogels were then rinsed and soaked
in DMEM overnight at 37 °C to remove unreacted peptide.

To vary the mechanical properties of hydrogels, formulations with varying HA weight
percent and crosslinking density were used, based on rheology data (Figure 2): G’ ~ 150 Pa
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(3 wt% HA-60, 0.1 thiol:HA repeat unit ratio), G’ ~ 1 kPa (3 wt% HA-60, 0.25 thiol:HA
repeat unit ratio), and G’ ~ 5 kPa (5 wt% HA-60, 0.25 thiol:HA repeat unit ratio). HA-60
was functionalized with 1 mM RGD peptide by vortexing for 2 h at room temperature prior
to DTT crosslinking and gelation in order to ensure that crosslinking did not compete with
peptide conjugation. Glass surfaces coated with full-length human fibronectin (FN) as
described previously [32] were used as controls.

Measurement of cell number
Cell density on hydrogel substrates was measured using the WST-1 assay (Roche), a
colorimetric assay which infers cell number from mitochondrial metabolic activity. For
these assays, 2,500 cells/cm2 were seeded with phenol red-free media and allowed to grow
for 4 days prior to measurement. Samples were incubated following manufacturer’s
instructions with 10% WST-1 reagent in the cell medium for 30 minutes at 37 °C.
Absorbance at 440 nm was measured and converted to cell number using a concurrently
obtained standard curve based on WST-1 measurements of defined numbers of cells. Data
shown are the means of two independent experiments, each done in triplicate (N = 6).

Fluorescence microscopy and morphometric analysis
In order to evaluate cell adhesion and spreading on 2D HA-RGD hydrogels, U373-MG
human GBM cells were seeded on hydrogel surfaces at an initial density of 5,000 cells/cm2

for 24 h. Cells were then fixed with 4% paraformaldehyde in PBS, permeabilized using
0.1% Triton-X100 in PBS, and blocked using 5% goat serum in PBS. To visualize vinculin,
cells were treated with a mouse anti-vinculin primary antibody (Sigma) and AlexaFluor-546
goat anti-mouse secondary antibody (Invitrogen). Actin filaments were visualized with
AlexaFluor-488 labeled phalloidin (Invitrogen). Cell nuclei were visualized using 4′,6-
diamidino-2-phenylindole (DAPI, Invitrogen). All fluorescence imaging was performed on a
Nikon TE2000E2 epifluorescence microscope as described previously [32, 33].
Morphometric analysis of projected cell area and circularity (calculated as 4π × area/
perimeter2, which varies from 1 for a circle to 0 for a straight line) was performed by
thresholding the actin fluorescence images to define the cell boundaries and applying
automated particle shape analysis (ImageJ).

Measurement of cell motility
Live-cell imaging was performed with a Nikon TE2000E2 microscope equipped with an
incubator chamber for control of temperature, humidity, and CO2, based on our published
protocols [32, 33, 35]. Briefly, U373-MG cells were seeded at 5,000 cells/cm2 and allowed
to adhere to the hydrogel surfaces for at least 4 h prior to imaging. Phase contrast images
were then obtained with a 10x objective every 30 minutes over an 18-hour period for at least
10 positions per sample and three samples per condition, in at least three independent
experiments. The migration speed for each 30-minute time-step was determined by dividing
the displacement of the nucleus (Manual Tracking plugin in ImageJ) by 30 minutes; these
step-speeds were then averaged over at least 4 h to obtain the average motility speed for
each cell. At least 120 cells per condition were tracked, excluding cells that came into
contact with other cells or moved outside the boundaries of the field of view.

3D invasion of glioma tumor spheroids
In order to study 3D invasion of glioma cells in HA-RGD hydrogels, multicellular tumor
spheroids were created using the hanging drop method as described previously [35, 54].
Briefly, glioma cells were suspended in growth medium, and 13 μL droplets of cell
suspension containing ~500 cells were plated on the lid of a petri dish, which was then
inverted over a dish containing growth medium for 4 days to yield multicellular spheroids.
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HA-RGD gels were prepared as described above with 2 mM RGD coupled to HA prior to
gelation. To ensure that the tumor spheroid would be implanted entirely within the gel, a
layer of hydrogel 5 mm in diameter and approximately 900 μm thick was first prepared on
the surface and allowed to gel for 2 h. Another layer of HA-RGD hydrogel was then pipetted
on the pre-formed gel surface and tumor spheroids of ~ 250 μm diameter were collected
using a micropipette and immediately implanted in the hydrogel during gelation. After
additional 2 h gelation, the hydrogels were incubated in full growth media for 7 days. To
visualize 3D invasion, live-cell microscopy was performed as described above after 4 days
in culture.

Data analysis and statistics
2D glioma cell morphology and migration speed data were obtained from two or more
independent experiments, each done in duplicate. Significant differences among cell
numbers inferred from WST-1 measurements were determined using one-way ANOVA
followed by the Tukey-Kramer HSD (honestly significant difference) test for multiple
comparisons. Significant differences among non-normally distributed data sets (cell
spreading, circularity, and migration speed) were determined using the non-parametric
Kruskal-Wallis test followed by Dunn’s test for multiple comparisons. In both cases,
statistically significant differences among discrete groups are indicated on graphs by
uppercase letters (A, B, C, etc.). Non-normally distributed data sets are shown as box-
whisker plots, with boxes indicating 25th, 50th, and 75th percentiles, whiskers indicating 5th

and 95th percentiles, and + marks indicating 1st and 99th percentiles.

RESULTS
HA-methacrylate synthesis and chemical characterization

To fabricate HA hydrogels (Figure 1), we first functionalized HA with methacrylate groups
using a simple, one-step reaction with methacrylic anhydride. We chose this strategy
because the methacrylate groups may be used for conjugation and crosslinking via a rapid
Michael-type addition with thiol-containing molecules, a reaction which may be carried out
in aqueous medium at physiological temperature and pH and, if needed, in the presence of
proteins [55] or cells [56, 57]. We synthesized two variants of HA-methacrylate, HA-60 and
HA-85, which respectively have 60% and 85% methacrylation of the HA backbone as
determined by 1H-NMR (Supplementary Figure S1). To create hydrogels of defined
mechanical stiffness, we crosslinked HA-methacrylate with DL-dithiothreitol (DTT) via
Michael-type addition in defined stoichiometries (described below). To incorporate
additional cell-adhesive functionality, we used Michael-type addition to graft cysteine-
containing RGD peptides to the methacrylated HA backbone.

Mechanical characterization of HA hydrogels
To determine if we could synthesize HA hydrogels spanning a range of elastic properties
relevant to brain ECM, we used parallel-plate rheology to measure shear elastic moduli of
HA hydrogels prepared from HA-60 or HA-85 at various weight fractions and DTT
crosslink ratios (Figure 2). As expected, elastic modulus increased with the HA weight
fraction for a given degree of methacrylation, consistent with the notion that hydrogel
elasticity increases with density [58]. For a given HA-methacrylate polymer and weight
fraction, the elastic modulus (G’) also depended strongly on the ratio of thiols to HA repeat
units, which is expected to govern the crosslink density. Optimal crosslinking (maximal
elastic modulus) was obtained at a thiol:HA repeat unit ratio of 0.5 for HA-60 and 0.8 for
HA-85, which in each case corresponds approximately to a 1:1 ratio of thiol groups to
methacrylate groups. The reduction in elastic modulus at high crosslinker concentrations has
been reported in other systems [56] and is consistent with a mechanism in which single-thiol
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ligation between DTT and the HA backbone is favored over dual-thiol ligation/crosslinking
when thiols are in excess of methacrylate groups. To test this hypothesis, we directly
measured the free thiol content of the hydrogels after gelation using Ellman’s test
(Supplementary Figure S2A). Indeed, the residual thiol content increased significantly above
a 1:1 ratio of thiols to methacrylates, indicating the presence of singly ligated DTT
molecules. We confirmed that these free thiols are quenched to levels that would not be
expected to interfere with cell physiology by repeating Ellman’s test after overnight
incubation in culture medium at 37 °C (Supplementary Figure S2B). Thus, by strategically
choosing HA weight fraction, degree of methacrylation, and degree of crosslinking, we can
generate hydrogels with elastic moduli ranging from 50 Pa to 35 kPa, which brackets
stiffness ranges previously observed in brain tissue [59-61].

Microstructural characterization of HA hydrogels
As described earlier, brain ECM lacks the highly fibrillar architecture associated with many
connective tissues and commonly used reconstituted ECM-mimetic hydrogels such as
collagen I and fibrin. To characterize the microstructure of our HA gels, we used scanning
electron microscopy (SEM), which revealed dense, folded sheets of polymer free of fibrillar
structures (Figure 3). Hydrogels with greater HA weight fractions and thus higher stiffnesses
exhibited a denser architecture. A similarly smooth, sheet-like appearance was reported in
previous studies of HA hydrogels [62-64]. These studies also observed that the sheet-like
architecture was interrupted with micron-scale pores; the absence of pores in our images
may be due to differences in dehydration protocols or other sample preparation details.

Due to these sample preparation artifacts and spatial resolution limits, accurate
quantification of mesh sizes from SEM images is challenging. We therefore exploited the
equilibrium swelling behavior of our HA hydrogels to determine the theoretical mesh size of
the polymer network (Table 1; see Supplementary Methods for details). This analysis
revealed mesh sizes ranging from 50-150 nm, consistent with previously reported values for
HA-based hydrogels used in tissue engineering applications [65]. Based on the SEM images
and mesh size calculations, we conclude that the HA hydrogels are nanoporous, similar to
hydrogels prepared from poly-ethylene glycol [66] or agarose [67]. The relationship
between experimentally-determined equilibrium shear modulus G’ and swelling ratio
followed an inverse power-law with an exponent of −3.6 (see Supplementary Figure S3),
similar to an exponent of −4 previously reported for disulfide-crosslinked HA hydrogels
[68].

Glioma cell behavior as a function of RGD peptide density
We next explored our ability to systematically vary ECM ligand density in HA gels, as well
as the sensitivity of glioma cell adhesion and cytoarchitecture to these variations. We began
by asking whether the density of RGD peptide coupled to the surface of hydrogels of fixed
stiffness influences cell morphology and cytoskeletal organization (Figure 4A). We selected
hydrogels of shear modulus 35 kPa, because we had shown previously that polyacrylamide
matrices tuned to this stiffness range and conjugated with high densities of full-length ECM
proteins are capable of supporting cell spreading [32]. The extent of cell adhesion increased
modestly with increasing RGD density (Supplementary Figure S4). A graded increase in
RGD density led to pronounced effects on cellular morphology, with a progressive increase
in cell area (Figure 4B) and decrease in circularity (Figure 4C). Moreover, substrate ligand
density strongly influenced cytoskeletal organization, with actin stress fibers only
observable in cells spread on surfaces coated with RGD concentrations above 0.5 mg/mL.
This relationship between ECM ligand density, cell spreading, and actin cytoskeletal
architecture is broadly consistent with many previous studies in non-HA matrix systems
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[69-71]. Thus, we can exercise control over ECM ligand density comparable to existing
synthetic hydrogel systems, and we observe the expected variations in cell morphology.

Glioma cell behavior as a function of HA hydrogel stiffness
Having established that we can vary ECM ligand density on HA gels and can thereby
control cell spreading and cytoarchitecture, we asked whether we could exercise similar
control by modulating ECM mechanical rigidity. We functionalized HA-60 with 1 mM
RGD prior to DTT crosslinking to prepare a series of hydrogels with constant RGD density
but variable elastic modulus. The extent of initial cell attachment did not depend on
hydrogel stiffness (Supplementary Figure S5), implying that RGD ligand densities were
functionally similar across all substrates. Cell morphology depended strongly on ECM
stiffness (Figure 5A), with cells on the softest hydrogel (G’ = 150 Pa) primarily exhibiting
rounded morphologies and diffuse distributions of F-actin and the focal adhesion protein
vinculin. In contrast, cells on 1 kPa and 5 kPa hydrogels spread and acquired a polarized
shape, as evidenced by significant increases in average cell area (Figure 5B) and decreases
in circularity (Figure 5C). Cells on 5 kPa hydrogels also exhibited hallmark characteristics
of well-spread cells including broad lamellipodia, distinct actin-based stress fibers, and
elongated vinculin-positive focal adhesions. These results are qualitatively similar to our
previous observations of U373-MG human GBM cells on polyacrylamide ECMs covalently
modified with either full-length fibronectin [32] or collagen I [33], providing additional
validation for HA as a platform for studying ECM stiffness-mediated regulation of GBM
and independent experimental support for ECM stiffness as a key governing parameter of
GBM cell behavior.

Glioma motility on variable-stiffness HA hydrogels
Since the architecture of cell-ECM adhesions and the actin cytoskeleton are strongly
influenced by HA-RGD hydrogel stiffness (Figure 5), and since ECM stiffness has been
observed to strongly influence cell motility in other material systems [72-74], we next asked
whether modulation of HA stiffness would alter motility. We measured the speed of random
cell migration on variable-stiffness HA hydrogels with equivalent RGD ligand functionality
(Figure 6 and Supplementary Movies S1 to S4). Cell migration speed increased dramatically
with increasing substrate stiffness, with maximum cell speeds on 5 kPa hydrogels nearly the
same as those observed on fibronectin-coated glass. Cells on 150 Pa hydrogels were unable
to form stable lamellipodia and migrate productively, whereas cells on 5 kPa hydrogels
exhibited typical mesenchymal motility with broad lamellipodial protrusions followed by
cell-body extension and rear-edge retraction. Intermediate-stiffness (1 kPa) hydrogels
contained subsets of cells exhibiting both phenotypes. This relationship between ECM
stiffness and cell migration speed is consistent with our studies of U373-MG cell migration
on fibronectin-coated polyacrylamide ECMs [32] and, more generally, with our
computational models of motility of highly polarized cells on defined-stiffness ECMs [75].

Glioma net cell growth on variable-stiffness HA hydrogels
Cell spreading has been strongly correlated with proliferation in a variety of other cell-
matrix systems [76], and our own previous studies have shown that increasing ECM
stiffness stimulates the proliferation of human glioma cells [32]. To investigate the
relationship between ECM stiffness and cell growth in the HA hydrogel ECM system, we
cultured cells on HA hydrogels of constant RGD density and varying stiffness and then used
a spectrophotometric assay of mitochondrial metabolic activity (WST-1) to estimate cell
number (Figure 7). After 4 days of culture, significantly fewer cells were present on 150 Pa
gels than on 1 kPa and 5 kPa hydrogels or fibronectin-coated glass, all three of which were
statistically indistinguishable from one another. It is important to note that these data are not
strictly interpretable in terms of differences in cell proliferation and could in principle be
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due to stiffness-dependent differences in cell detachment and apoptosis. However, we did
not observe significant cell detachment on any substrate, and our live-cell motility imaging
suggested that the vast majority of rounded cells on the 150 Pa gels were capable of
extending processes, with some observed to divide. Taken together with our earlier
observation that initial cell adhesion is independent of ECM stiffness (Supplementary Figure
S5), these results are consistent with our previously reported stiffness-dependent increase in
cell proliferation on polyacrylamide hydrogels [32] and provide further evidence that glioma
cells proliferate in a stiffness-dependent manner.

Glioma invasion in 3D through HA-RGD hydrogels
Brain ECM is a 3D structure, and so we next asked whether our HA-based hydrogels are
capable of supporting the 3D invasion of tumor cells and whether that invasion was sensitive
to hydrogel composition. We used the tumor spheroid invasion paradigm that has been used
successfully to study glioma invasion in 3D biomimetic ECMs [35-37], and studied invasion
across a panel of human and rat glioma cell lines. While all cell lines invaded the soft (150
Pa, 3 wt% HA-60) HA-RGD hydrogel after 3 days in culture (Figure 8A), there were clear
differences in the extent and pattern of invasion observed across cell lines. U87-MG and
U373-MG human GBM cells invaded to a lesser extent than rat C6 cells, and whereas U373-
MG cells appeared to disperse from the spheroid and invade singly, U87-MG and C6 cells
retained tight spheroid borders with cells invading actively at the edges (Figure 8A and
Supplementary Movies S5 to S7). Interestingly, the mode of motility was distinct from our
previous observations in 2D (Supplemental Movies S1-S4) and fibrous 3D collagen-based
matrices [35, 77], in that invading cells exhibited non-mesenchymal motility devoid of
lamellipodia at the leading edge (Figure 8B and Supplementary Movies S5 to S7). Instead,
cells exhibited highly dynamic leading processes that underwent cycles of protrusion,
retraction, and branching followed by sudden forward movement of the cell body. This
mode of motility is remarkably similar to that observed for glioma cells and neural
progenitors migrating in brain slice cultures [34, 78], which is postulated to be an adaptation
necessary for migration through the sub-micron pores in the tightly packed extracellular
spaces of the brain [79]. Strikingly, invasion was completely abrogated in the denser
hydrogel (5 kPa, 5 wt% HA-60) (Figure 8A), although the spheroids continued to grow in
volume indicating ongoing cell proliferation and mass expansion. The abolition of invasion
in these hydrogels could be due to density-dependent alterations in HA-based adhesive
signaling, hyaluronidase secretion, matrix secretion, or other factors. The high HA density
may also pose an effectively insurmountable steric barrier to migration, qualitatively
consistent with our previous observations in collagen-agarose composite hydrogels where
increasing the density of agarose inhibited invasion of U373-MG tumor spheroids [35] due
to increasing steric barriers and disruption of collagen remodeling. Thus, 3D invasion of
glioma spheroids in HA-RGD hydrogels recapitulates key morphological features of the
invasive phenotype of glioma in vivo.

DISCUSSION
In this study, we synthesized and characterized HA-based hydrogels with independently
tunable stiffness and ligand functionality and used this brain-mimetic ECM platform to
study the dependence of GBM tumor cell morphology, motility, and growth on the
adhesivity and mechanical rigidity of the ECM. We also demonstrated that these materials
support 3D tumor invasion with migratory modes similar to those observed in tissue. Our
work addresses a significant need for well-defined model systems that capture the HA-rich
milieu of brain ECM while permitting investigation of how brain tumor biology is regulated
by ECM biochemical and biophysical properties. Further, our findings on the dependence of
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GBM tumor cell behavior on the mechanical features of HA hydrogels bear relevance to the
pathophysiology of GBM progression in vivo.

In addition to providing a well-defined platform for studying glioma biology, our study also
advances the field’s ability to manipulate HA for biomaterials applications, such as the
engineering of soft tissues [46]. Although several investigators have previously reported on
the development of HA-based hydrogels with tunable stiffness and ligand density [45, 52,
80, 81], key design relationships such as the effects of polymer weight fraction, degree of
functionalization, and crosslink density on hydrogel structure and mechanics remain
incompletely understood. Our data begin to fill this gap by outlining conditions for
synthesizing hydrogels with moduli spanning three orders of magnitude (50 Pa to 35 kPa)
that overlap significantly with the range of stiffnesses observed in soft tissues. By
systematically varying the thiol:HA repeat ratio and measuring residual thiol concentrations
(Supplementary Figure 2A), we also demonstrate that hydrogel elasticity can be optimized
with respect to crosslinker (DTT) concentration; above this optimum, crosslinking moieties
are more likely to react with single sites on the backbone rather than ligating two distal sites.
Finally, our SEM imaging (Figure 3) demonstrates that these HA hydrogels are non-fibrillar
and lack micron-scale pores. This not only mimics the native structure of brain ECM [10,
79] but also profoundly influences the mode of cell motility through these matrices, as we
discuss in more detail below.

Our study may be placed in the context of previous in vitro, in vivo, and clinical studies that
relate to the mechanobiological regulation of GBM. The utility of ultrasound elastography in
guiding surgical tumor resection suggests that tumor tissue may be mechanically distinct
from normal brain tissue [82]. Further, AFM measurements of the elasticity of rat brain
tissue reveal significant mechanical heterogeneity within the hippocampus [59], and
between white and gray matter in the cerebellum [60]. In this context, the mechanosensitive
behavior of GBM tumor cells suggest that mechanical cues present in the tumor ECM may
promote cell adhesion and migration, thereby facilitating the spread of the disease. We have
reported previously on the mechanosensitive behavior of glioma cells on variable-stiffness
2D polyacrylamide substrates [32] and in 3D hydrogels composed of collagen and agarose
[35]. Others have studied glioma cell migration as a function of the pore size and density of
collagen matrices [38, 83]. Our findings that cell spreading, cytoskeletal assembly,
migration speed, and 3D invasion are all strongly regulated by ECM structural and
mechanical properties are consistent with these published reports and reinforce the notion
that tumor invasion may be tightly regulated by the biophysical microenvironment.

Our study also adds to the field’s specific understanding of the role of HA in the regulation
of GBM growth and spread. As described earlier, HA is enriched in tumor ECM [14], and
adhesive signaling triggered by HA binding to its receptors (e.g., CD44, RHAMM) – which
are also overexpressed in GBM [22, 23] – has been shown to contribute to tumor
progression [25]. While several studies have reported that HA promotes glioma migration
and invasion in vitro, these conclusions have largely been drawn from experiments in which
HA has either been added as a soluble factor or incorporated as a matrix component in a
background of collagen or Matrigel [15, 16]. By contrast, our results take advantage of a
solid-state HA-based ECM platform that is comparatively free of confounding influences
from other matrix elements and clearly show that in the absence of steric barriers GBM cell
morphology and motility are regulated by HA stiffness (Figures 5 and 6), which suggests
that the physical presentation of HA may strongly affect its adhesion-dependent biology.
This in turn begs the question of whether this mechanosensitivity is actuated through
integrins (via the RGD peptides) [84], CD44 and other HA receptors, or some combination
of the two. This materials platform should permit elucidation of the relative roles of CD44-
mediated and integrin-mediated signaling in glioma mechanobiology, which may have
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implications for other tissues in which HA receptor-based adhesion figures prominently,
such as cartilage [85].

Although previous studies have reported the colonization of HA hydrogels by glioma cells
[49, 50], our high-resolution time-lapse imaging of this process uniquely enables us to
observe that glioma tumor spheroids competently invade soft HA-RGD hydrogels that are
within the range of stiffness observed in brain tissue [59], but not significantly denser
hydrogels (Figure 8A). Moreover, the motility exhibited by invading cells in 3D soft HA
hydrogels is strikingly similar to that observed in migration of glioma cells in brain slice
cultures [34]. This behavior is not observed in fibrillar ECMs composed of collagen I, where
cells migrate in a largely mesenchymal mode through micron-sized pores following collagen
fibers and tracks [35, 36]. Since the HA-RGD hydrogels have nanoscale pores (Figure 3 and
Table 1) similar to the extracellular spaces in the brain [79], our data support the view that
the distinct motility exhibited in these ECMs, where the cell body appears to be extruded
through tight spaces, is specifically due to the constraints imposed by the dense extracellular
environment.

Interestingly, we also observed differences in the extent of invasion across cell lines, with an
order of invasiveness of C6 > U87-MG > U373-MG, which roughly corresponds to the
observed proliferation rates of these cells in culture (data not shown). However, the
observed differences in invasion may also be due to differences in HA-specific interactions
across cell lines, such as varying expression of CD44 [86] or hyaluronidases [87]. Indeed,
the ability of tumor cell lines to invade and colonize HA hydrogels has been correlated with
the expression of hyaluronidase [88], which can decrease steric barriers to invasion by
degrading the matrix [89]. The two human GBM cell lines used in this study (U373-MG and
U87-MG) have been reported to express certain hyaluronidases at levels that are either very
low [90] or close to zero [49]. Future studies should lend insight into the molecular
mechanisms that underlie these cell-specific differences.

CONCLUSIONS
In summary, we have developed and characterized an HA-based ECM platform with
independently tunable stiffness and ligand functionalization that mimics key biochemical
and biophysical features of brain matrix, and demonstrated its utility in elucidating ECM
mechanobiological regulation of glioma cell morphology, motility, and 3D invasion. We
anticipate this material platform will be broadly useful for in vitro studies of cell-ECM
interactions in the brain. Further, due to the excellent biocompatibility of HA [91], these
materials may be used as an implantable scaffold to investigate matrix regulation of tumor
invasion in vivo [92] as well as in regenerative medicine approaches to treat specific central
nervous system pathologies [46].

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Schematic description of HA functionalization and crosslinking. HA-methacrylate was
functionalized with an RGD peptide using the Michael-type addition reaction between the
methacrylate groups on the polymer and the cysteine thiol groups on the peptide. The same
addition reaction with the methacrylate groups was used to induce crosslinking via reaction
with dithiothreitol (DTT) to form HA hydrogels.
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Figure 2.
Mechanical characterization of HA gels. Shear elastic moduli of the DTT-crosslinked HA
hydrogels were measured by oscillatory rheometry. Each curve represents HA gels
containing a particular HA-methacrylate polymer (HA-60 or HA-85 with 60% and 85%
degree of methacrylation, respectively) and weight fraction, at varying ratios of thiols used
for crosslinking. Error bars represent standard deviation; N ≥ 2 replicates.
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Figure 3.
Scanning Electron Microscopy (SEM) imaging of dehydrated HA gels (higher magnification
images in insets). The gel microstructure consists of dense, folded sheets of polymer free of
fibrillar structures and does not contain micron-sized pores. The apparent density of the
polymer network increases with increasing polymer weight fraction and stiffness. Scale bar
= 20 μm; inset scale bar = 5 μm.
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Figure 4.
Glioma cell morphology on 35 kPa HA gels with varying surface density of RGD peptide.
(A) Morphology and cytoarchitecture of cells adhered to variable-RGD density gels after 24
hr incubation, as visualized by epifluorescence imaging of F-actin (green) and nuclear DNA
(blue). Scale bar = 50 μm. (B) Quantification of projected cell spreading area. (C)
Quantification of cell shape, as measured by circularity (see methods). N ≥ 55 cells for each
condition. Statistically distinct groups (p < 0.05) determined by Dunn’s test are marked by
A, B, C, D (see methods).
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Figure 5.
Glioma cell adhesion to variable-stiffness RGD-functionalized HA gels. (A) Morphology of
cells adhered to variable-stiffness gels after 24 hr incubation. Top row: immunofluorescence
imaging of vinculin (orange), F-actin (green), and nuclear DNA (blue). Bottom row: Isolated
vinculin signal at higher magnification. Scale bar = 50 μm. (B) Quantification of projected
cell area. (C) Quantification of circularity. N ≥ 85 cells for each condition. Statistically
distinct groups (p < 0.01) determined by Dunn’s test are marked by A, B (see methods).
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Figure 6.
Regulation of glioma cell motility by matrix stiffness. The plot depicts the average speed of
random motility of U373-MG cells cultured on RGD-functionalized HA gels of constant
peptide density and varying stiffness. N ≥ 120 cells for each condition. Statistically distinct
groups (p < 0.01) determined by Dunn’s test are marked by A, B, C (see methods).
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Figure 7.
Cell number on variable-stiffness HA-RGD substrates. U373-MG cells were cultured on
matrices of the specified rigidity and constant ligand density for 4 days. Cell number was
then measured using the WST-1 metabolic assay. Error bars represent standard error of the
mean; N = 6 replicates. Statistically distinct groups (p < 0.01) determined by Tukey’s test
are marked by A, B (see methods).
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Figure 8.
3D invasion of glioma spheroids through HA-RGD hydrogels. (A) Variation of extent and
patterns of invasion with cell type and matrix density. U373-MG cells dispersed and invaded
as single cells (open arrows) whereas U87-MG and C6 cells retained spheroid borders with
cells invading at the edges (filled arrows). No cells invaded the dense 5 kPa hydrogel. (B)
Time-lapse images of U373-MG cells invading the 150 Pa hydrogel. Cells exhibited
distinctly non-mesenchymal motility, with dynamically extending and branching leading
processes, following by abrupt movement of the cell-body forward. Scale bar = 100 μm.
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