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Abstract—The invasion of malignant glioblastoma (GBM)
cells into healthy brain is a primary cause of tumor recurrence
and associated morbidity. Here, we describe a high-through-
put method for quantitative measurement of GBM prolifer-
ation and invasion in three-dimensional (3D) culture.
Optically clear hydrogels composed of thiolated hyaluronic
acid and gelatin were chemically crosslinked with thiol-
reactive poly(ethylene glycol) polymers to form an artificial
3D tumor microenvironment. Characterization of the visco-
elasticity and aqueous stability indicated the hydrogels were
mechanically tunable with stiffness ranging from 18 Pa to
18.2 kPa and were resistant to hydrolysis for at least 30 days.
The proliferation, dissemination and subsequent invasion of
U118 and U87R GBM spheroids cultured on the hydrogels
were tracked in situ with repeated fluorescence confocal
microscopy. Using custom automated image processing, cells
were identified and quantified through 500 um of gel over
14 days. Proliferative and invasive behaviors were observed
to be contingent on cell type, gel stiffness, and hepatocyte
growth factor availability. These measurements highlight the
utility of this platform for performing quantitative, fluores-
cence imaging analysis of the behavior of malignant cells
within an artificial, 3D tumor microenvironment.

Keywords—Tumor microenvironment, Cell tracking, Three-
dimensional cell culture, Biomaterial hydrogels, Hyaluronic
acid, Gelatin, Poly(ethylene glycol).

INTRODUCTION

Glioblastoma (GBM) is a grade IV astrocytoma with
particularly poor clinical prognosis. Following surgical

Address correspondence to Rachael W. Sirianni, Barrow Brain
Tumor Research Center, Barrow Neurological Institute, 350 W.
Thomas Road, Phoenix, AZ 85013, USA. Electronic mail: jmh325@
glink.drexel.edu, derek.overstreet@gmail.com, ldle2@asu.edu, brent.
vernon@asu.edu, rachael.sirianni@dignityhealth.org

resection, radiation treatment, and chemotherapy,
patients face a median survival time of only 12-15
months.*® Invasion of malignant cells from the bulk
tumor into surrounding healthy brain tissue remains a
key factor in tumor recurrence and lethality, since the
cells evade surgical resection and are also often resistant
to chemotherapy and radiation therapy.'’*

In cancer research, the majority of standard migration
assays are performed on two-dimensional (2D) tissue
culture plastic. However, it is becoming increasingly
understood that cells interact differently with three-
dimensional (3D) substrates as compared to 2D sur-
faces.**!"** For example, in 3D, GBM cells interact with
the extracellular matrix (ECM) through various mem-
brane surface receptors, while also secreting enzymes,
such as matrix metalloproteinases (MMPs). These
enzymes actively degrade ECM glycoproteins, glycos-
aminoglycans (GAGs) and fibrous proteins to facilitate
invasion.* Moreover, the tumor—-ECM interactions ini-
tiate complex cell fate-regulating signaling pathways that
are drivers of invasion and tumor malignancy.*'"*

Both natural and synthetic materials have been used
to construct customizable microenvironments to study
the movement of cells in 3D.* Of the naturally derived
materials, hyaluronic acid (HA) is of particular interest
for studying cellular behaviors in GBM. HA is a neg-
atively charged GAG polysaccharide of p-glucuronic
acid and N-acetylglucosamine repeat units that is the
most abundant component of brain ECM.%'® The
interaction of malignant cells with HA plays a signifi-
cant role in regulating migration through the ECM,
and is mediated by cell surface receptors such as CD44
and RHAMM.'->¢-18:29 Expression of these receptors is
frequently upregulated in high grade gliomas, and the
concentration of HA is higher in the in vivo tumor
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microenvironment compared to healthy brain."!

These factors synergistically stimulate increased
GBM-HA interactions to promote malignancy.>!'®

Multiple approaches have been taken to develop
HA-based scaffolds with tunable properties that incite
biologically relevant invasion in vitre.>%!%:19:22:32:36.37:40
For example, Pedron et al. reported that glioma cells
cultured in HA hydrogels lacking integrin binding
domains will form spontaneous spheroids.>*> An addi-
tional consideration in the design of HA scaffolds is that
they are susceptible to degradation by enzymes that are
secreted by cells and may weaken during extended 3D
cultures. Consequently, most HA systems are combined
with other materials that provide cellular adhesion sites,
such as gelatin, or those that improve enzymatic stability,
such as poly(ethylene glycol) (PEG). Interestingly, thiol-
ene crosslinking with acrylate terminated PEG has been
widely used to improve the enzymatic stability of HA
hydrogels,”>?** even though the ester linkage may be
susceptible to hydrolytic degradation."> HA-composite
scaffolds have been used to study cell morphology, gene
expression, and protein expression of malignant cells over
time.>'>?%3236 While this prior work provides compelling
rationale for studying GBM behavior in 3D, few plat-
forms are capable of quantitatively tracking both prolif-
eration and invasion over time using a single assay format.

The goal of this work was to develop a better
material platform and analytical method for studying
GBM invasion in vitro. Hyaluronic acid and gelatin
were functionalized with thiol groups to allow for
chemical crosslinking with thiol-reactive PEG cross-
linkers, including PEG diacrylate (PEGDA) and PEG
divinyl sulfone (PEGDVS). Cell proliferation and
invasion were tracked over time in situ with repeated
fluorescence confocal microscopy and were quantified
from this data using a custom, automated image ana-
lysis program. We observed distinct cellular behaviors
that were a function of cell type, microenvironmental
stiffness, and the availability of hepatocyte growth
factor (HGF). Improved methods for tracking and
measuring GBM invasion in vitro could provide insight
into the cues that promote invasion, divergence from
the proliferative tumor, and chemoresistance. Future
work will focus on the development of this biomaterial
platform to study the response of patient-derived cells
to anti-invasive or chemotherapeutic agents, opening
the door to personalized GBM therapy.

MATERIALS AND METHODS

Materials

3,3-Dithiopropionic acid (DTPA), anhydrous
methanol, anhydrous ethanol, hydrazine hydrate (HH),
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hexane, gelatin type A from porcine skin, hyaluronic
acid sodium salt (HA) from Streptococcus equi, N-3-
dimethylaminopropyl-N’-ethylcarbodiimide hydrochlo-
ride (EDC), polyethylene glycol (PEG) 6 kDa, dichlo-
romethane (DCM), ethyl ether, triethylamine (TEA),
acryloyl chloride, and 5,5’-dithiobis-2-nitrobenzoic
acid (Ellman’s reagent) were purchased from Sigma
Aldrich (St. Louis, MO, USA). Dithiothreitol (DTT)
was purchased from Gold Biotechnology (St. Louis,
MO, USA). Poly(ethylene glycol) divinyl sulfone
(PEGDYVS) 5 kDa was purchased from JenKem Tech-
nology USA (Allen, TX, USA). Dulbecco’s modified
eagle medium (DMEM), fetal bovine serum (FBS),
recombinant human hepatocyte growth factor (HGF),
and trypsin—-EDTA were purchased from Life Tech-
nologies (Carlsbad, CA, USA).

Polymer Synthesis

Dithiopropionic dihydrazide (DTPH) was synthe-
sized from DTPA and HH in a two-step reaction as
previously described.*® High molecular weight HA and
gelatin were functionalized with thiol groups through
conjugation of DTPH via EDC chemistry using a
previously described procedure.’’” PEGDA was syn-
thesized from PEG through an acyl halide addition
reaction with acryloyl chloride.”> '"H NMR spectra
were collected for each polymer product with D,O as
the solvent for HA and gelatin and CDCl; as the sol-
vent for PEGDA (400 MHz Varian liquid state NMR,
Agilent Technologies, Santa Clara, CA, USA). Ell-
man’s reagent test was used to confirm and quantify
the thiolation of the HA and gelatin polymers.'* Dried
polymers were sterilized by ethylene oxide gas and
stored at —20 °C until used.

Preparation of HA-Gelatin Hydrogels

Hyaluronic acid (HA-S) and gelatin (Gel-S) hydro-
gels were chemically crosslinked via Michael-type
addition with PEGDA or PEGDVS."*" Gel-S and
HA-S were dissolved in equal concentrations in pH 3
cell culture media (DMEM + 10% FBS) and titrated
between pH 7 and pH 8 with 1 M NaOH to deproto-
nate acid groups on the polymers, using phenol red as
a colorimetric indicator of pH. PEG crosslinker (either
PEGDA or PEGDVS) was dissolved in DMEM +
10% FBS at concentrations that yielded an equimolar
ratio of thiol-reactive groups to thiols present on the
HA-S and Gel-S. HA-S and Gel-S solutions were
combined in a 1:1 volumetric ratio and mixed with an
equal volume of PEG crosslinker solution. The com-
bined solution was vortex mixed for 15s prior to
plating.
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Rheometry

The mechanical properties of hydrogels with vary-
ing total polymer content were evaluated by rheome-
try. Immediately after mixing HA-S/Gel-S with the
crosslinker, 400 uL of gelling solution was placed
between the flat 25 mm plates of an Anton Paar MCR-
101 rheometer (Anton Paar USA Inc, Ashland, VA,
USA) preheated to 37 °C with a gap height of 0.5 mm.
Hydrogels were formed at 5.00, 3.54, 2.50, 1.77, 1.25,
0.88, and 0.63 w/v% combined HA-S/Gel-S concen-
tration. Gel concentrations were selected beginning
with 5.00 w/v% and decreasing the w/v% by a factor
of V2 until the concentration was too dilute to form a
gel. A measurement frequency of 1 Hz was used with
an oscillatory shear strain in the linear viscoelastic
region (0.5%). The storage and loss modulus of each
gel concentration corresponding to the viscoelastic
stiffness and viscosity were recorded for up to 6 h after
mixing. The “working time” for each hydrogel was
calculated as the time to reach a storage modulus of
10 Pa, above which it could no longer be transferred
by a micropipette.

Hydrogel Hydrolysis

The hydrolytic stability of gels crosslinked with
either PEGDA or PEGDVS was evaluated in cell-free
conditions. Crosslinker solutions were titrated between
pH 5 and pH 10 in one-unit increments. HA-S/Gel-S
hydrogels (2.5 w/v%, 1 mL volume) were cross-linked
in microcentrifuge tubes and left overnight, after which
an equal volume of cell-free media was added to the
surface of each gel. Fresh media was exchanged every
2-3 days for 30 days. Hydrogel integrity was assessed
by inversion of the microcentrifuge tube.

GBM Cell and Spheroid Culture

Green fluorescent (GFP) expressing human neuro-
nal GBM cell lines were generously gifted by the
Translational Genomics Institute (TGen, Phoenix, AZ,
USA) and included U118, and U87R. US7R are an
invasive population of U87-MG cells derived through
serial in vivo passages of invasive subpopulations as
previously described.>®> Multicellular spheroids were
formed in a hanging drop culture.'® Briefly, cells were
suspended for 4 days in droplets of culture media (5 k
cells/droplet) on the lid of a petri dish.

In Vitro 3D GBM Invasion Assays

Spheroids were cultured on the surface of hydrogels
to assess cell invasion into the scaffold. Hydrogels
were formed as described above at 2.5, and 1.77 w/v%

HA-S/Gel-S and crosslinked with PEGDVS. Gels were
formed in 70 uL volumes in a clear-bottom 96-well
plate. The plates were incubated at 37 °C for 1 h to
permit gelation of the scaffold prior to spheroid addi-
tion. A single GBM spheroid was gently pipetted onto
the surface of each gel and allowed to attach overnight.
An equal volume of media was added to each gel and
exchanged every 2-3 days. For analysis of growth
factor effect on invasion, HGF was added to the media
at 20 ng/mL in selected samples. The hydrogel samples
were incubated at 37 °C and 5% CO,, and were
imaged with a Leica SPE II fluorescence confocal
microscope (Leica Microsystems, Wetzlar, Germany)
equipped with a live-cell incubator. 3D z-stack images
were acquired at each time point starting at the top
surface of the hydrogel and working down through
500 um of gel in 10 um steps to capture the spheroid
and cells invading into the gel below (3D renderings of
z-stack data at different time points are provided in
Supplementary Videos 1-4). The initial position of each
spheroid was marked in the imaging software at the
first time point. At all subsequent time points, spher-
oids were located using the previously marked posi-
tion, and imaged at that location. The growth of some
spheroids at later time points extended beyond the
microscope field of view. In these cases, the field of
view was adjusted to capture the majority of the
spheroid along with the cells invading into the gel
below.

Image Processing

Images of GBM cells invading through the hydrogel
were analyzed in MATLAB (2013B, MathWorks Inc.,
Natick, MA, USA) using native and scripted image
processing functions to perform a watershed transfor-
mation to define individual cell borders.” Example
images showing a step-by-step representation of the
program image outputs are provided in Supplementary
Fig. 2. Total cell numbers were calculated in each
image of the collected z-stacks as a function of depth in
the hydrogel. A detailed description of the scripts
developed to process images is provided in the Sup-
plementary Information.

Statistics

Statistical tests were carried out in GraphPad Prism
5 (GraphPad Software Inc., La Jolla, CA, USA). Cell
counts for all samples were compared between cell
lines over time using 2-way ANOVA statistical testing,
with repeated measures where applicable and Tukey
post hoc tests in all cases. Statistical significance was
evaluated with multiplicity adjusted p values and is

reported where p < 0.05.
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RESULTS

Polymer Synthesis and Characterization

Synthesis of Gel-S and HA-S was confirmed by 'H
NMR (Figs. la, 1b). The addition of thiols derived
from DTPH side groups to HA and gelatin is indicated
by the appearance of peaks at 2.5 and 2.7 ppm.*” Thiol
content, determined by Ellman’s reagent test, was
consistently measured in the range of 350-500 umol
per gram of polymer.'* PEGDA synthesis was also
confirmed by "H NMR (Fig. lc), with acrylation of
84% to 100% of the available endgroups.'?

(a)

Gel-S
I W

Gelatin
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Hydrogel Preparation and Characterization

HA-S/Gel-S hydrogels were formed by chemical
crosslinking available reactive thiols with PEGDA or
PEGDYVS, and the storage (G”) and loss (G”) moduli
for different formulations were determined by rheol-
ogy (Table 1). G’ increased exponentially in the initial
30 min of gel formation, followed by slow crosslinking
as remaining reactive groups were gradually con-
sumed. G” was negligible in comparison to G’ in all
formulations, indicating that the hydrogels are more
accurately described by solid-like elastic behavior
than by viscosity. PEGDA and PEGDVS crosslinked

(b)
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FIGURE 1. 'H NMR spectra of synthesized polymers. (a) Comparison of gelatin and thiolated Gel-S. The synthesis is confirmed by
the appearance of two new peaks, highlighted in red, at 2.5 and 2.7 ppm. (b) Comparison of HA and thiolated HA-S. Thiolation is
confirmed by the appearance of peaks, highlighted in red, at 2.56 and 2.75 ppm. (c) PEGDA (6 kDa) with acrylate-associated peaks,
highlighted in red, appearing between 5.8 and 6.5 ppm, and the PEG-associated peak at 3.6 ppm.
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TABLE 1. Working time, storage modulus (G’) and loss
modulus (G”’) values for hydrogels formed at 0.88-5.0 wt.%
HA-S/Gel-S crosslinked with PEGDVS (or PEGDA marked with
**) after 1 and 6 h of crosslinking as measured by rheology.

Storage Loss
modulus modulus
(Pa) (Pa)

HA-S + Gel-S Working
(W/V%) time (s) 1h 6 h 1h 6 h
5.0 <77 17,400 18,200 20 29
3.54 <77 8770 9410 11 12
2.5 <77 5060 6950 18 20
2.5 <75 4430 5020 21 20
1.77 146 1480 2230 3 3
1.25 235 460 540 1 2
0.88 1800 13 18 0.9 1

The working time was determined as the time required to form a gel
with G" = 10 Pa.

HA-S/Gel-S at the same concentration (2.5 w/v%) by
comparable kinetics and reached similar resultant
strength (Fig. 2a). Gels crosslinked with PEGDVS
were also tested with HA-S/Gel-S concentrations
ranging from 0.63 to 5.0 w/v%. As expected, lower
total polymer concentration produced weaker gels,
while the elastic strength increased with increasing
concentration (Fig. 2b). At the highest concentration,
5.0 w/v%, gels crosslinked rapidly and the working
time for hydrogel solutions was within 20 to 77 s (exact
times within this range could not be determined due to
lag in the initial rheometer measurement after plating
the sample). These gels achieved a G’ of 18.2 kPa 6 h
after mixing. Conversely, the lowest HA-S/Gel-S con-
centration yielding a measurable G” was 0.88 w/v% at
18 Pa 6 h after mixing .

Hydrogel Hydrolysis

In early experiments, HA-S/Gel-S hydrogels cross-
linked with acrylate terminated PEGDA were observed
to dissolve upon incubation at 37 °C after several days,
even in cell-free conditions. To test the hypothesis that
dissolution of the scaffolds was due to hydrolysis of
the acrylate-thiol linkage, we tested the integrity of 2.5
w/v% HA-S/Gel-S mixtures crosslinked either with
PEGDA or with vinyl sulfone-terminated PEG (PEG-
DVS). The crosslinker solutions were titrated between
pH 5 and 10 to analyze pH effects on gel stability.
Hydrogels crosslinked with PEGDA in increasingly
alkaline solutions degraded faster than gels formed in
acidic solution. The most alkaline samples degraded
within 9-12 days, and after 16 days, all PEGDA
crosslinked gels had dissolved. Gels crosslinked with
PEGDVS under the same conditions were observed for
30 days; these hydrogels did not dissolve, regardless of
pH (Supplementary Fig. 1).
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FIGURE 2. Viscoelastic characterization of HA-S/Gel-S/PEG
hydrogels. (a) Comparison of the gelation profiles for 2.5
w/v% HA-S/Gel-S hydrogels crosslinked with either PEGDVS
or PEGDA over 6 h. The gelation profiles are represented by
the storage (G’) and loss (G”’) modulus values measured by
rheology. (b) 30 min gelation profiles for hydrogels formed at
concentrations of HA-S/Gel-S ranging from 0.88 to 5.0 wt.%
crosslinked with PEGDVS (or PEGDA—denoted by **) repre-
sented by G’ values measured by rheology. As the concen-
tration of polymers in the hydrogels increases, the speed
of crosslinking and mechanical stiffness of the hydrogels
increase.

Cellular Invasion and Proliferation

GFP expressing multicellular spheroids (U118 or
U87R, n = 6 for each group, 5000 cells per sample)
were cultured on HA-S/Gel-S hydrogels crosslinked
with PEGDVS for 14 days. Scaffolds were imaged
regularly with fluorescence confocal microscopy to
track spheroid growth and invasion of cells into the
gel. GBM cells in each experimental sample were
counted by automated analysis to determine cell
number as a function of depth in the gel and time. The
imaging setup allowed for cells to be counted in 50
discrete planar images that extended through 500 pm
of the hydrogel. The image processing method com-
piled cell counts as a function of depth from the
hydrogel surface. Representing average cell counts on
the y-axis and relative depth from the surface of the gel
on the x-axis, we were able to reconstruct profiles that
characterized the proliferation and invasion of GBM
cells through the hydrogel. A schematic of the experi-
mental set up and measurement technique is displayed
in Fig. Sa. Initial studies examined cell invasion on gels
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U118

5 kPa 2 kPa

5 kPa + HGF

FIGURE 3. Proliferative and invasive behavior of U118 multicellular GBM spheroids cultured in 3D HA-S/Gel-S/PEG hydrogels
formed at 2, 5, and 5 kPa + HGF over 14 days. Fluorescence confocal images capturing GFP signal are shown as compressed 2D
maximum intensity projections of a 3D image stack (step size = 10 um, stack size = 500 um, scale bar = 200 um).

with stiffness varying from 18 Pa (0.88 w/v%) to
18.2 kPa (5.0 w/v%). Spheroids did not adhere well to
9.4 kPa or 18.2 kPa hydrogels, and appreciable growth
was not observed in these constructs. The greatest
distinction between proliferative and invasive behav-
iors over 14 days was observed in 2 kPa (1.77 w/v%)
and 5 kPa (2.5 w/v%) gels, and these are the data
presented here.

In 2 kPa hydrogels with standard media supple-
mentation, U118 tumor spheroids were observed to
rapidly proliferate and invade through more than
500 um of gel within 10 days of culture (Figs. 3, 5b).
Both rounded and eclongated morphologies were
observed, although the majority of invading cells were
elongated. Increasing the gel stiffness to 5 kPa resulted
in decreases in rates of proliferation and invasion as
U118 spheroids grew as large solid structures with
fewer detached invasive cells and fewer elongated cells
(Fig. 3). The difference in growth is best identified by
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the altered shapes of the invasion curves, which flatten
as cells invade deeper into the gel (Fig. 5¢). Invasion
in the stiffer 5 kPa gels was restricted to the
upper ~ 300 um of gel over 14 days. Supplementing
cultures in 5 kPa hydrogels with HGF led to increases
in invasion, as cells moved through more than 500 um
of gel by day 10 (Figs.3, 5d). Thus, although
increasing stiffness caused a decrease in invasion, a
more invasive phenotype was adopted in the stiffer
5 kPa gels upon application of HGF.

We next explored specific differences in proliferation
relative to invasion. The average fold change in
total cell number and maximum depth of invasion
(500 um) were measured as a function of time for
each condition. Cells cultured in the 2 kPa gels showed
significant increases in proliferation over the 5 kPa
and 5 kPa + HGF cultures from days 8 through
14 (Fig. 6a). During that same time period, cells
also invaded significantly deeper into 2 kPa and
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FIGURE 4. Proliferative and invasive behavior of U87R multicellular GBM spheroids cultured in 3D HA-S/Gel-S/PEG hydrogels
formed at 2, 5, and 5 kPa with supplemented HGF (20 ng/mL) over 14 days. Fluorescence confocal images capturing GFP signal
are shown as compressed 2D maximum intensity projections of a 3D image stack (step size = 10 um, stack size = 500 um, scale

bar = 200 um).

5 kPa + HGF gels compared to non-supplemented
5 kPa gels (Fig. 6b). There were no differences in
invasion depth between the 2 kPa and HGF supple-
mented 5 kPa hydrogel cultures at these time points.
The 2 kPa hydrogels supported rapid proliferation
and invasion of U87R cells. In fact, U87R spheroids
appeared to disseminate within 5 days of 3D culture
such that the spheroid boundary was difficult to iden-
tify, with invading cells extending beyond the micro-
scope field of view (Fig. 4). These cells invaded
through more than 500 um of gel within 8 days
(Fig. 5e). Again, both rounded and elongated mor-
phologies were observed, with most invasive cells
exhibiting elongated spindle-shaped phenotypes.
Increasing the gel stiffness to 5 kPa decreased the rates
of proliferation and invasion (Fig. 4). Although cells at
the rim of the spheroid were observed to move into the
gel, this invasion was limited to the upper 250 um

of gel (Fig. 5f). Additionally, more invading cells
appeared to adopt rounded morphologies compared to
those observed in the softer gels. Similar to U118
cultures, addition of HGF produced an increase in the
rate of invasion, with cells moving through ~ 450 um
of gel by day 14 (Fig. 5g).

Analysis of the invasion curves shows that prolifera-
tion was significantly increased in 2 kPa gels over 5 kPa
gels from day 8 to day 12, and also in 5 kPa + HGF
cultures at day 14 day (Fig. 6¢). Similar to U118 cul-
tures, invasion of U87R cells in 2 kPa gels was signifi-
cantly greater than in 5 kPa gels from day 5 to day 14
(Fig. 6d). HGF also significantly increased the invasion
of U87R in 5 kPa hydrogels at day 8 and also from day
12 to day 14. At the two later time points, there was no
difference in invasion in 2 kPa and 5 kPa + HGF gels.
Therefore, HGF enhanced both proliferation and inva-
sion in the U87R cells in the 5 kPa hydrogel.
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<«FIGURE 5. Quantification of proliferative and invasive
behaviors of U118 and U87R cells over 14 days in 3D culture.
(a) Schematic detailing the experimental setup and resulting
quantitative analysis. Multicellular spheroids and invasive
cells were tracked by fluorescence imaging and counted
through the depth of the hydrogels at each time point. Data is
plotted as the average number of cells vs. distance from the
gel surface (depth). (b + e) Average invasion profiles of U118
and U87R cells cultured in 2 kPa hydrogels. (c + f) Average
invasion profiles of U118 and U87R cells cultured in 5 kPa
hydrogels. (d + g) Average invasion profiles of U118 and U87R
cells cultured in 5 kPa hydrogels supplemented with HGF
(20 ng/mL).

One interesting observation from these experiments
was the formation of secondary spheroidal (multicel-
lular) structures, which were observed for both U118
and U87R cells when spheroids were cultured on the
surface of 5 kPa gels for 14 days (Fig. 7). These sec-
ondary structures were detached from the primary
spheroid, and were not observed in either the 2 kPa
samples or the 5 kPa samples supplemented with
HGF. For the data in Fig. 7, we measured the shortest
distance to the edge of the secondary spheroids from
the edge of the primary spheroid in the same XY plane,

U118
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7+ HHl 5kPa s
¢4 MM 5kPa+HGF
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* *

Fold Change in Cells
'S
L

Depth um

R K O
R P S g

>

as well as the largest diameter of each of these struc-
tures. In the pictured U118 sample, the primary
spheroid has a long-axis diameter of 965 um, and the
four secondary spheroids have the following distance
and diameter measurements from left to right as
marked by the white arrows: 1. 526 ym distance,
144 um diameter; 2. 465 um distance, 154 ym diame-
ter; 3. 651 um distance, 137 um diameter; 4. 259 um
distance, 188 um diameter. For the U87R sample, the
primary spheroid has a long-axis diameter of 619 um,
and the two secondary spheroids have the following
measurements from top to bottom marked by white
arrows: 1. 152 um distance, 531 um diameter; 2.
505 um distance, 473 um diameter.

DISCUSSION

Unlike other cancers, glioblastoma does not
metastasize through the blood stream and colonize
other tissues.'®?' Instead, cells invade through the
surrounding white matter and perivascular tissue to
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FIGURE 6. Analysis of U118 and U87R proliferation and invasion in 3D culture. (a + c) Proliferation is described by the fold
change in average U118 and U87R cells counted in 500 um stacks of confocal imaging data over 14 days. Data is normalized to the
average total cells on day 1 and compared between the three microenvironmental conditions over time. (b + d) Invasion is
described by the average maximum depth of cell penetration at each time point for the three microenvironmental conditions. (n = 6
for 5 kPa, n = 3 for 5 kPa + HGF and 2 kPa, *p<0.05 compared to 5 kPa, s‘p< 0.05 compared to 5 kPa + HGF, error bars = SEM).
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FIGURE 7. Formation of secondary spheroids from invasive
U118 and U87R cells within 5 kPa hydrogels after 14 days in
culture. For both cell lines, the edge of the primary spheroid is
circled with a white dotted line, and secondary spheroids are
labeled with arrows. Images are compressed 2D maximum
intensity projections of a 3D image stack capturing GFP sig-
nal (step size = 10 um, stack size = 500 um, scale bar =
200 um).

form lethal secondary tumors.’’ These recurrent
tumors often appear within several centimeters of the
primary tumor location.”®* Understanding the pro-
cesses that modulate invasion and the response of
invading cells to microenvironmental cues is therefore
a principal issue in GBM research. Biomaterial scaf-
folds with tunable and biomimetic properties are useful
tools for studying how malignant cells invade and
interact with the local ECM. These systems can be
engineered to recapitulate key aspects of the tumor
microenvironment by providing a high degree of con-
trol over the physical and chemical properties of the
matrix, such as adhesion site density, stiffness, and
signaling factors.

In this work, we developed and characterized
hydrolytically stable HA-S/Gel-S/PEG scaffolds suit-
able for in situ tracking of GBM proliferation and
invasion in 3D with quantitative analysis of fluores-
cence imaging. HA is a highly relevant material for
studying glioma invasion in vitro.>*>33¢ Increased
stromal HA content is a hallmark of the GBM
microenvironment, and is directly correlated with
increased tumor malignancy.!' The addition of pro-
teins bearing enzymatically degradable focal adhesion
sites, such as those found in gelatin, is necessary to
elucidate invasive phenotypes in 3D cultures.***3%:3
Although fibrillar collagen is not a natural component
of brain ECM, gelatin has previously been shown to
promote physiological GBM behaviors in vitro.***%
To study these malignant behaviors, we chose to cul-
ture two GBM cell lines, U118 and U87R, as models of
noninvasive and invasive tumors respectively. The
U118 cell line is a classic long-term immortalized GBM
model originally isolated by Ponten and Macintyre.>
These cells have been described as forming solid
tumors with well-defined boundaries in xenografts.®
The U87R cell line was derived from the parental U87-
MG GBM cell line through isolation of tumorigenic

E BIOMEDICAL ENGINEERING SOCIETY™

www.bmes.org

cells that had invaded away from an orthotopic
xenograft. This line was originally developed and
characterized by Johnston et al. as a more biologically
relevant model of GBM growth and invasion.” Both
cell lines were cultured as multicellular spheroids which
are considered to more accurately represent native
GBM structure, growth, and invasion compared to cell
suspensions dispersed in 3D.'°

Thiolation of HA and gelatin through EDC chem-
istry allows for participation in Michael-type addition
reactions with a variety of Michael-acceptor reactive
groups. These reactions are highly specific nucleophilic
additions that occur under mild physiological condi-
tions, without producing harmful byproducts. and can
be initiated between thiols and terminal vinyl chemical
groups such as acrylate, acrylamide, maleimide, and
vinyl sulfone.'*** Thiolated HA (HA-S) and gelatin
(Gel-S) were chemically crosslinked with PEG func-
tionalized with either acrylate (PEGDA) or vinyl sul-
fone (PEGDVS) end groups. This condensation
polymerization strategy provided fast in situ gelation
that is preferable to UV crosslinking commonly used
to polymerize methacrylate-functionalized gelatin and
HA.?"3%3 Michael-type addition does not require
photoinitiator chemicals or generate free radicals and
also allows for homogeneous crosslinking that is not
limited by the penetration of light through the gel. The
reaction is, however, nonreversible, and the hydrogel
would require the addition hyaluronidase and gela-
tinase enzymes to be dissolved. The biochemical
structure of the HA-S/Gel-S/PEG hydrogels offers
improved reproducibility compared to natural ECM
derivatives such as decellularized matrices and Matri-
gel®. Although the gel components do not recapitulate
the complex composition or anisotropy of the native
brain ECM, the resultant hydrogels formed optically
clear 3D scaffolds that supported GBM spheroid
growth, and enabled in situ measurements of prolifer-
ation and invasive cell penetration with confocal
microscopy. This platform also offers the advantage of
providing sites for incorporation of biologically rele-
vant proteins, which will be an interesting subject for
future studies.

The ideal scaffold format would maintain defined
mechanical properties to facilitate analysis of cellular
responses to mechanical cues. In early experiments, we
observed significant hydrolysis in HA-S/Gel-S/PEG
gels; scaffolds dissolved over several days, even in the
absence of cells. Since local mechanical cues play an
important role in determining the activity of malignant
cells, we were motivated to develop a material platform
for studying invasion that would both provide control
over gel stiffness and maintain its integrity over the
observation period. Both HA and gelatin are actively
degraded by secreted matrix degrading enzymes, such
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as MMPs and hyaluronidase; these enzymes do not
degrade the synthetic crosslinker poly(ethylene glycol)
(PEG), which contributes to the popularity of PEG
derivatives, such as PEG-diacrylate (PEGDA), for
improving the structural support of scaffolds for 3D
culture.?>?%33 However, we observed that PEGDA
crosslinked HA-S/Gel-S hydrogels were susceptible to
degradation even in the absence of cells (Supplemen-
tary Fig. 1). This degradation was caused by hydro-
lysis of the thio-acrylate linkages within the hydrogel
which have also been empirically shown to degrade
faster in alkaline solutions.'* The hydrolytic dissolu-
tion of PEGDA crosslinked gels confounds the inter-
pretation of stiffness-dependent proliferation and
invasion, and prevents analysis of these behaviors over
time periods longer than several days. Therefore,
PEGDA is an unsuitable crosslinker in this particular
hydrogel system for studying the mechanobiology of
GBM over long periods of time. By utilizing PEG-
divinyl sulfone (PEGDVS) instead of PEGDA, we
generated a stable scaffold capable of supporting the
invasion of enzyme-secreting cells that was also resis-
tant to hydrolysis. This stability allows for malignant
cells to engage in behaviors, such as the formation of
secondary spheroid structures, which may take up to
14 days to develop (Fig. 7).

Microenvironmental stiffness is recognized as a key
controller of cellular phenotypes in 3D cultures and is
directly related to polymer concentration.'? Gliomas
cultured in 3D gels with lower stiffness and larger pore
sizes will tend to exhibit increased motility with
adherent cells characterized by their elongated mor-
phologies and spine-shaped cellular processes.>**3¢
This phenotype is consistent with a mesenchymal mode
of invasion in which cells enzymatically breakdown
the local ECM.>'® We further observed that cells
adopted rounded morphologies in stiffer scaffolds.
This behavior is consistent with an amoeboid mode of
invasion in which cells rely on cytoskeletal rearrange-
ment to squeeze through matrix pores, rather than
degrading the ECM.>'® Additionally, we observed that
spheroids embedded within the 5 kPa hydrogels did
not exhibit appreciable proliferation or invasion over
the same time period (results not shown). The
increased physical barrier of the matrix is a likely cause
for this divergence. This has been previously reported
in GBM cultures of similar stiffness, and investigated
at length in other 3D in vitro cancer culture mod-
els.>?%*! Polymer content—and resultant stiffness—is
therefore an important microenvironmental cue that
drives different mechanisms of motility. Rheological
analysis of HA-S/Gel-S/PEG confirmed that these
hydrogels behaved like solid elastic materials after
crosslinking and that the stiffness of the gels increased
with increasing concentrations of the constituent

polymers and crosslinking density (Fig. 1). Matrix
stiffness values from 18 Pa to 18 kPa were achieved by
increasing or decreasing component concentrations
(Table 1). Although the modulus of native brain is
approximately 1 kPa, scaffolds similar to ours in stiff-
ness (1-5 kPa) have been reported to induce biologically
relevant proliferation and invasion in 3D GBM cul-
ture.>!>3%33:3639 Our results corroborate these reports.

Distinct qualitative differences in the extent and
mode of invasion were observed between U118 and
U87R in 3D culture (Figs. 3, 4). Spread morphologies,
indicative of mesenchymal-type motility, were pre-
dominantly observed in both U87R and U118 cells
cultured in 2 kPa hydrogels, in which cells rapidly
invaded through more than 500 um (Figs. 3, 4, 5b, and
5e). As the gel stiffness was increased to 5 kPa, both
U118 and U87R cells exhibited decreased motility and
proliferation. Additionally, rounded morphologies,
suggesting amoeboid-type motility, predominated in
the invasive populations. In 5 kPa cultures, U118
spheroids grew substantially, but did not invade into
the deeper layers of the gel (Figs. 3, 5¢). U87R cells
were also not observed to invade deep into the 5 kPa
gel, and generally moved radially across the upper gel
layers where resistance to invasion was decreased
(Figs. 4, 5f). The U87R line was developed by serial
passaging of U87 cells in vivo to enrich an invasive
subpopulation, and thus this result is not surprising.
Moreover, U118 and US87R cells adopted a more
invasive phenotype in 5 kPa gels when treated with
exogenous HGF (Figs. 3, 4). HGF is a growth factor
that promotes GBM proliferation and motility and is
also commonly found at elevated concentrations in the
tumor microenvironment.?! Supplementation of 5 kPa
cultures with HGF increased U87R proliferation and
increased invasion in both cell lines (Fig. 6). These
observations confirm that the assay format developed
here is capable of inducing and measuring biologically
relevant cellular phenotypes.

After 14 days in 3D culture in the 5 kPa gels,
invasive U118 and U87R cells began to form second-
ary clusters of cells within local proximity of the pri-
mary spheroid (Fig. 7). To our knowledge, this is the
first report of the formation of secondary structures
detached from a primary GBM spheroid maintained in
3D culture. These secondary structures could be
composed either of cells that invaded as a group, cells
that invaded to a similar location and subsequently
adhered to one another, or individually invading cells
that regained a proliferative phenotype. Secondary
structures were only observed for spheroids main-
tained in culture for 14 days, highlighting the value of
long term spheroid culture in 3D. Understanding the
precise mechanisms by which secondary spheroids
form in culture remains the subject of future work.
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In this work, we describe the development of an
in vitro platform for quantitative analysis of cellular
invasion in a 3D microenvironment. HA-S/Gel-S
hydrogels crosslinked with thiol reactive PEGDVS
formed optically clear, hydrolytically stable scaffolds
that supported cellular invasion for up to 2 weeks and
the formation of secondary spheroids. The hydrogel
platform enabled in situ quantitative measurements of
cellular behaviors through fluorescence imaging and
automated image processing. This technique could
easily be expanded by reprograming the microscope to
image larger volumes within each hydrogel, or by
labeling protein or gene targets with fluorescent tags to
quantify relative expression profiles. Such an expan-
sion would further increase the applicability of this
platform by enabling a broader range of biological
analysis of cell-matrix interactions in a 3D paradigm.
Cells were tracked with fluorescence confocal micros-
copy, and automated image analysis enabled in situ
quantitative measurement of proliferation and inva-
sion of cells through the depth of the gel. These
methods were applied to identify distinct differences in
invasive behavior as a function of cell type, matrix
compositions, and growth factor availability. The
platform developed here holds potential for future
studies focused on the biological processes that define
tumor cell malignancy and recurrence. Potential stud-
ies include but are not limited to the analysis of spa-
tiotemporal aspects of secondary tumor spheroid
formation, response of malignant cells to biophysical
cues in the extracellular environment, or the identifi-
cation of treatments that will most effectively target
both invasion and proliferation in 3D.
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