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Abstract:

Glioblastoma (GBM), characterized by high infiltrative capacity, is the most common and
deadly type of primary brain tumor in adults. GBM cells, including therapy-resistant
glioblastoma stem-like cells (GSCs), invade into the healthy brain parenchyma to form
secondary tumors even after patients undergo surgical resection and chemoradiotherapy. New
techniques are therefore urgently needed to eradicate these residual tumor cells. We previously
characterized and optimized a thiol-Michael addition injectable hydrogel for compatibility
toward GBM therapy. In this study, we aimed to develop the hydrogel further to capture
GBM/GSCs through CXCLI12-mediated chemotaxis. We investigate the release kinetics of
hydrogel payloads, perform migration and invasion assays in response to chemoattractants, and

study the GBM-hydrogel interactions in vitro. We demonstrate with a novel dual layer hydrogel
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platform that CXCL12 released from the synthetic hydrogel can induce the migration of U251
GBM cells and GSCs from the extracellular matrix microenvironment and promote invasion
into the synthetic hydrogel via amoeboid migration. The survival of GBM cells entrapped deep
into the synthetic hydrogel is limited, while live cells near the surface reinforce the hydrogel
through fibronectin deposition. Our synthetic hydrogel therefore demonstrates a promising
method to attract and capture migratory GBM cells and GSCs responsive to CXCL12

chemotaxis.

1. Introduction

Glioblastoma (GBM) is a grade IV astrocytoma and the most malignant type of primary
brain tumor, possessing an incident rate of 3.22 cases per 100,000 people.l'! Even after
conventional therapies such as maximum surgical resection followed by adjuvant radiotherapy
and chemotherapy is applied to target proliferating cells,?! secondary tumors still recur and lead
to five year survival rates of only 5% post-diagnosis.[*! This recurrence can be attributed to the
infiltrative capacity and intratumoral heterogeneity of GBM.

The diffuse nature of GBM limits complete tumor removal, and the residual cancer cells
can migrate from the resection cavity and invade 20 — 25 mm deep into healthy brain tissuel*!
without being detected by radiographic imaging.’! Nearly half of all GBM patients have tumors
that resist treatment inherently, while this resistance is acquired in other instances.[®! According
to Pisco and colleagues, some GBM treatments are reminiscent of a Lamarckian process and
induce GBM cells to adapt and acquire resistance,’! while Prager and colleagues argue that
treatments can serve as a Darwinian process to be selective towards and expand GBM therapy-
resistant subclones.®! Further compounding this issue of heterogeneity is the presence of GBM
cells with stem-like properties, known as glioblastoma stem cells (GSCs). GSCs not only
overexpress DNA damage repair enzymes and possess the metabolic characteristics necessary
to resist chemoradiotherapy, but can self-renew with tumorigenicity to form secondary tumors,
while the differential expression of various GSC biomarkers renders it difficult to selectively

LILLI2] Moreover, GSCs are more migratory with an elevated invasion

target them.M
potential, enabling these cells to drive GBM recurrence post-resection,!3! but we believe this
characteristic may also provide a potential avenue for GSC therapeutic targeting. It is currently
difficult to eradicate both GBM and GSC populations, as several signaling pathways present in
these malignant cells are also conserved within healthy neural stem cells.[!#]

Preclinical models indicate GBM cells can migrate with unidirectional movements at

velocities ranging from 2 — 6 pm/h.['3] Perivascular migration, also known as vessel co-option,
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is the most prevalent method of invasion for certain GBM cell lines.['8] In this method, pre-
existing vascular structures serve as scaffolds for GBM migration, as the chemoattractant
gradients from CXCL12 chemokine production by blood vessels attract the GBM cells.!!”]
GBM migration is a complex process impacted by the signaling paths and interactions between
the tumor and its extracellular matrix (ECM),['8M11%] where invading cells first detach from the
primary tumor mass, adhere to the ECM, and then subsequently degrade the ECM to migrate
using motility and cell contractility.2"]

Clinical and lab research during the last three decades have not yielded significant
increases in GBM patient survival times.!?!! Several therapies have attempted to mitigate GBM
invasion by targeting their migratory potential. For example, the upregulation of chemokine
receptors (such as CXCR4) in invasive GBM cells make them more responsive to chemotactic
cues compared to healthy brain cells or non-invasive GBM cells.[??+23] Although inhibition of
the CXCR4 receptors in vitro can reduce GBM migration,?*! similar results were not obtained
in vivo.!*’! These findings are likely due to GBM cells’ ability to bind CXCL12 to an additional
receptor like CXCR7, which enables the cells to utilize compensation mechanisms to activate
one receptor when the other receptor is inhibited.[>M27] However, these limitations present a
unique opportunity to exploit the invasive potential of GBM cells for therapeutic applications.

In their work, Kim and colleagues determined that cytokines released by breast
carcinoma and melanoma can promote colonization of circulating cancer cells to self-seed and
reinfiltrate the tumors of origin, thereby contributing to local recurrences in solid tumors after
resection.!?®] The concept of ecological trap developed by Van Der Sanden and colleagues
builds on this tumor self-seeding phenomenon for GBM treatment.!*®! Specifically, the
researchers purport that gradients and migratory cues can be utilized to guide GBM cells to a
particular region to concentrate the cells and eradicate them with a localized therapy.[*”) Recent
research efforts have attempted to implement the ecological cell trap concept by developing a
biomaterial scaffold that can be implanted into the resection cavity post-surgery to attract and
entrap residual GBM cells. Biomaterials such as biocompatible hydrogels are promising in
GBM therapies due to their potential stimuli-responsive behavior, capacity to be modified for
flexibility in tuning toward specific applications, and ability to be loaded with therapeutic
agents for controlled delivery. Autier and colleagues had developed a bacterial cellulose-based
scaffold loaded with conditioned media from glioma associated stromal cells for implantation
in the resection cavity to capture GBM cells with chemotaxis for ablation by stereotactic
radiosurgery.’%) However, the release kinetics demonstrated fast release, as 98.2% of the

hydrogel payload comprising the model protein human serum albumin was released within 24
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hours, which contributed to a limited ability to maintain the chemoattractant gradient for a
sustained period of time. Although the Transwell assays demonstrated F98 glioma cells
migrated in response to this chemoattractant released by the hydrogel, the scaffold was only
able to attract nearby GBM cells up to 5 mm away due to diffusion limitations as reported by
organotypic brain slice assays, while cell entrapment was limited to adherence on the gelatinous
hydrogel surface only. The non-degradable nature of the scaffold would require surgical
removal in patients after treatment, and ablation with stereotactic radiosurgery may be unable
to completely eradicate GSCs, which are resistant to radiotherapy compared to GBM cells.[*!]
In order to address these challenges, we are developing a synthetic and biodegradable,
injectable hydrogel platform to attract and entrap GBM/GSCs for their subsequent ablation
utilizing both chemical and physical stimuli. In contrast to implantable hydrogels, injectable
hydrogels are advantageous, as they increase patient comfort by undergoing sol-gel transition
in situ and can conform to the patient specific anatomy. After resection of the primary GBM
tumor mass, an injectable hydrogel loaded with chemokines can be dispensed into the resection
cavity, where the sustained release of the chemokines can generate a chemoattractant gradient
to induce the migration of residual GBM and GSCs into the hydrogel, as indicated by the
schematic overview for clinical application of this concept in Figure 1. Our current study
thereby focuses on developing this hydrogel platform to release chemokines to attract and
capture invasive GSCs and GBM cells. We had previously systematically tuned and
characterized nine formulations of a poly(ethylene glycol)-based injectable hydrogel, which
was crosslinked via a thiol-Michael addition click reaction.??) We had determined that the
hydrogel formulation comprising 0.175 M NaHCO3(aq) and 50 wt% water content was the most
optimal for biological, physical, and chemical compatibility with the GBM microenvironment
and our proposed GBM therapy by systematically characterizing the hydrogel swelling ratios,
gel fractions, degradations, viscoelastic properties, as well as the hydrogel interactions with

(321 Furthermore, the

normal human astrocytes on the basis of cytotoxicity and immunogenicity.
optimized formulation of the hydrogel possessed mesh sizes with well cross-linked networks in
the nanometer range, which may help sustain the release of chemokine payloads over time. In
this study, we guide GBM/GSC migration with CXCLI12-mediated chemoattraction and
develop our synthetic hydrogel further to capture these malignant cells in vitro. We utilize a
novel 3D engineered model of the GBM tumor microenvironment with a dual layered platform
comprising a synthetic hydrogel interfaced with an extracellular matrix for therapy

development and preclinical testing prior to in vivo models. We also investigate the interactions

between the malignant cells and this ECM-synthetic hydrogel platform to elucidate the invasion
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pathway and identify further research avenues to improve GBM/GSC cell entrapment in the
synthetic hydrogel for their subsequent ablation. Specifically, future research will focus on
developing our hydrogel further by integrating electrotaxis®¥ to enhance and increase
malignant cell invasion into the hydrogels and investigate eradication of the entrapped cells
using minimally or non-invasive ablation technologies such as focused ultrasound™* or

irreversible electroporation.[*>!

N ol .

Glioblastoma Tumor Removed Hydrogel Injected into CXCL12 Chemokines _Glioblastoma Cell
Tumor by Surgical Resection Resection Cavity Released from Hydrogel Migration into Hydrogel
Resection Cavity Residual Glioblastoma Cells
CXCL12 Chemokines Crosslinked Hydrogel
i Hydrogel Precursors Loaded with CXCL12 Chemokines

Figure 1. Schematic overview and clinical application of proposed CXCL12-mediated
chemotaxis of residual GBM cells. After resection of the primary tumor mass, an injectable
hydrogel loaded with CXCL12 chemokines can be dispensed for crosslinking in the resection
cavity in situ. Sustained release of the chemokines can generate a chemotactic gradient and
induce the migration of residual GBM cells near the resection cavity for their subsequent
invasion into the injectable hydrogel. Upon localization, the malignant cells can be eradicated
with a non-invasive ablation technique such as focused ultrasound. Created with
BioRender.com

2. Results

2.1 FITC-Dextran Release Kinetics and Predicted Model

In order to assess the kinetics of payloads released from the synthetic hydrogels, FITC-dextran
at 10 kDa was loaded at concentrations of either 0.5, 5, or 10 pg/mL. The FITC-dextran released
from the hydrogels was monitored until complete hydrogel degradation. As indicated by the
cumulative release profile in Figure 2a, varying the loading concentration impacted the total
cumulative release. Lower loading concentrations led to more rapid and higher release, as the
0.5 pg/mL loading concentration resulted in a final 98.5% cumulative release, 5 pg/mL led to
94.1% release, and 10 ug/mL led to 80.2% release. In all cases, a burst release was observed
during the first 96 hours, in which the cumulative releases were 84.4%, 76.5%, and 68.2% with
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respect to 0.5, 5, and 10 pg/mL loading concentrations. Afterwards, the release reached a
plateau, until the final FITC-dextran remnants were released and corresponded to complete
hydrogel degradation. A higher loading concentration led to a slower degradation of the
hydrogels, and the highest loading concentration of 10 pug/mL led to the most prolonged and
sustained release of FITC-dextran by releasing any retained FITC-dextran in its network at the
384 hour time point, approximately 24-48 hours beyond the complete degradation time points
observed for the lower payload concentration hydrogels. While the experimental data indicated
the release profiles followed a sigmoidal curve shape, the computational model based on the
diffusivity data from the 5 pg/mL loading concentration predicted a hyperbolic release curve
with 90.9% cumulative release by 336 hours (Figure 2a). This predicted cumulative release
profile was the same regardless of the initial loading concentration. Figure 2b illustrates the
total amount of FITC-dextran released for every time point. After the initial exponential release
during the first 24 hours, the highest loading concentration of 10 pg/mL resulted in the highest
amount of FITC-dextran released per day, while 0.5 pg/mL loading concentration resulted in
considerably lower amounts of release per day. 5 pg/mL loading concentrations led to a release
amount in between these two extremes per day and was determined to be the most optimal

loading concentration for subsequent CXCL12-based studies.
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Figure 2. Release kinetics of 10 kDa FITC-dextran payload from synthetic hydrogels
submerged in 1X PBS at 37°C for initial loading concentrations of 0.5, 5, and 10 pg/mL. a)
Comparison of cumulative release over time for different hydrogel payload concentrations and
predicted cumulative release profile from the computational model based on Fickian diffusion
and hydrogel degradation. b) Total amount of FITC-dextran released over time from hydrogels
for each loading concentration. All data expressed as mean + SD (n=4).
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2.2. CXCL12 Release from Synthetic Hydrogels

Synthetic hydrogels were loaded with 5 pg/mL of CXCL12 and maintained in 1X PBS at 37°C
to monitor the chemokine release over 72 hours. An enzyme-linked immunosorbent assay
(ELISA) was used to quantify the concentration of CXCL12 released from the hydrogel and
into the PBS over time. The cumulative release profile from Figure 3a demonstrated that the
CXCL12 release from the hydrogels was slow and sustained, with approximately 9.8 ng of
CXCLI12 released by 24 hours. As indicated by Figure 3b, the variation in amount of CXCL12

released from the hydrogels increased over time.
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Figure 3. CXCL12 release from synthetic hydrogels submerged in 1X PBS at 37°C for loading
concentration of 5 pg/mL. a) Cumulative release (ng) of CXCL12 over 72 hours. b) Amount of
CXCL12 (ng) released for each time point from hydrogels. All data expressed as mean + SD
(n=4) by one way ANOVA and Tukey’s post-hoc analysis. **p < 0.01.

2.3. CXCL12-mediated Migration of GBM Cells and GSCs

The feasibility of using the synthetic hydrogel to release chemoattractants and induce the
migration of the GBM/GSCs was next assessed. A Transwell migration assay was set up
according to the schematic diagram in Figure 4a. Either GBM or GSC U251 cells were loaded
onto the upper chamber of the insert and the number of cells that migrated through the
membrane and onto the underside in response to the chemoattractant on the bottom chamber
was quantified. All cell migration data were normalized to the corresponding control group
comprising only the migration media as the chemoattractant. According to Figure 4b, the
highest migration index of the GBM cells across both time points was in response to the positive
control comprising CXCL12 in solution at a concentration of 0.2 pg/mL. The GBM cells had a
significantly higher migratory response to U251 GBM hydrogel-encapsulated cells compared
to the control group. After 48 hours, the GBM cells also migrated significantly more in response

to CXCL12 released from hydrogels compared to the control group. Similar to the GBM cells,
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the U251 GSCs were most responsive across both time points for the positive control
comprising CXCL12 in solution at high concentrations of 0.2 pg/mL. However, the GSCs were
only significantly more responsive to GBM-loaded hydrogels compared to the control during
the first 24 hours only (Figure 4c¢). The GSCs maintained migratory responses to CXCL12
released from hydrogels during both time points, although this significant difference against the
control group was lower during the 48 hour time point compared to the 24 hour time point. The
GSC migration index during 48 hours of incubation with CXCL12 in solution was 10.2 units
higher than the 24 hour time point. In contrast, the corresponding increase in GBM migration
index for CXCL12 in solution was more modest at 4.5 units. For GBM and GSCs across both
time points, the migration index in response to the control migration media was not significantly

different from the empty hydrogel group.

The Transwell migration assay was repeated for a 24 hour time point with primary, patient-
derived G34 and G528 GSCs with conditions comprising the control migration media, empty
hydrogel, CXCL12 in solution at 0.2 pg/mL, and CXCL12 loaded into hydrogels at 5 pg/mL.
The results, as indicated by Figure 4d, revealed that both patient-derived GSCs had
significantly higher migratory responses from chemokines released from the hydrogels
compared to the control group. For each cell type, the hydrogel loaded with CXCL12 induced
a migration response that was similar to the positive control comprising CXCL12 in solution.
(G528 cells had a higher migration index in response to both CXCL12 in solution and CXCL12
released from the hydrogels compared to the G34 cells. In particular, the migration index of
(G528 cells in response to hydrogel-CXCL12 was 5.3, which was approximately 0.5 migration
index units higher than G34 cells’ response to hydrogel-CXCL12.
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Figure 4. Glioblastoma and glioblastoma stem-like cell migration in response to
chemoattraction in vitro. a) Schematic overview of Transwell setup for migration assay. Created
with BioRender.com. 20,000 U251 GBM, U251 GSC, G34, or G528 cells were loaded on the
top chamber. The number of cells that migrated through the Transwell insert (8§ um pore) to the
underside in response to the chemoattractant on the bottom chamber was quantified.
Chemoattractant groups on the bottom chamber were either the migration media (control)
comprising DMEM supplemented with 0.1% bovine serum albumin for U251 cells or complete
Neurobasal media without growth factors for G34/G528 cells, empty synthetic hydrogels in
migration media (hydrogel), synthetic hydrogels loaded with 5 pg/mL of CXCL12 in migration
media (hydrogel-CXCL12), or 0.2 pg/mL of CXCL12 in migration media (CXCL12 solution).
Transwell assays with the U251 cells had an additional chemoattraction condition comprising
synthetic hydrogels loaded with 3 x 106 U251 GBM cells in migration media (hydrogel-U251).
Number of cells quantified were averaged from ten random fields of view per sample at 10X
with a confocal microscope. Migration index reported as ratio of number of migrated cells from
sample to number of migrated cells from control group. Migration index of b) U251 GBM cells
at 24 or 48 h time point, ¢) U251 GSCs at 24 or 48 h time point, and d) G34 and G528 GSCs at
24 h time point. Data shown are mean £ SD (n=3), *p<0.05, **p<0.01, ***p<0.001,
*Hx%p<0.0001 by Student’s t-test against the corresponding control group.
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2.4. CXCL12-mediated Invasion of U251 Cells

The bioactivity of CXCL12 loaded into the synthetic hydrogels and the feasibility of using this
chemokine to induce U251 GBM and GSC invasion in vitro was assessed. A novel dual layered
hydrogel comprising the collagen-hyaluronic acid hydrogel on top and the synthetic hydrogel
on the bottom was synthesized in polydimethylsiloxane (PDMS) stamps as indicated by the
schematic diagram in Figure 5a to mimic the interface of the extracellular matrix and synthetic
hydrogel. The ECM hydrogel layer on top encapsulated either U251 GBM or GSCs, while the
synthetic hydrogel on the bottom was left empty or loaded with 5 pg/mL of CXCL12
chemokines. After 24 hours of cell culture, the dual layer hydrogel was imaged with reflectance
at 640 nm to demarcate the two hydrogel layers and identify the interface. Once this z position
was identified, the hydrogels were switched to imaging with the 488 nm and DAPI filters to
visualize the cells that invaded into the synthetic hydrogel and assess the cell morphologies.
The total number of cells that had invaded at least 20 um deep into the synthetic hydrogel was
quantified for each cell type. No cells had invaded beyond 20 um deep in the empty synthetic
hydrogels (Figure Sc¢ and Figure Se), while both GBM and GSC cell invasion into the
hydrogels loaded with CXCL12 was observed, as quantified in Figure 5b and depicted by
Figure 5d and Figure 5f. The number of U251 GSCs and GBM cells that had invaded into the
synthetic hydrogel from the ECM hydrogel layer in response to CXCL12 was not significantly
different from each other. Both GBM and GSCs remained round, as indicated by the green actin
staining during the invasion assay endpoint (Figure Sc-f). The maximum depth of invasion into
the synthetic hydrogel ranged from 22 — 79 um for the GBM cells and ranged from 32 — 120
um for the GSCs.

10
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Figure 5. Glioblastoma and glioblastoma stem-like cell invasion in response to CXCL12-
mediated chemotaxis in vitro. a) Schematic overview of dual layer hydrogel invasion assay
setup. Created with BioRender.com. Either empty or 5 pg/mL CXCLI12-loaded synthetic
hydrogels were synthesized in PDMS molds as the bottom layer. On the top layer, collagen-HA
hydrogels were synthesized encapsulating either U251 GBM or GSCs at 1 x 10° cells/mL. After
24 hours, reflectance confocal z-stack imaging at 640 nm was used to demarcate the two
hydrogel layers. Blue is DAPI and green is actin filament staining. b) Quantification of GSCs
or GBM cells that invaded at least 20 um (1 cell diameter) deep in synthetic hydrogel due to
CXCL12. Data shown are mean + SD (n=3) by Student’s t-test. No background invasion for
empty synthetic hydrogels was observed. Reflectance and confocal z-stack images of U251 cell
invasion after 24 hours in dual layer hydrogel for ¢) GBM cells and empty synthetic hydrogel,
d) GBM cells and CXCL12-loaded synthetic hydrogel, €) GSCs and empty synthetic hydrogel,
and f) GSCs and CXCL12-loaded synthetic hydrogel on bottom layer. Scale bars represent 200
pm.

2.5. Blebbistatin Treatment and Myosin IIA Immunofluorescence

The U251 GBM invasion assay was repeated with the addition of a blebbistatin treatment group
and immunostaining for myosin IIA in order to determine the mechanism of invasion into the
synthetic hydrogels. As demonstrated by Figure 6a, no GBM invasion from the ECM hydrogel

and into the synthetic hydrogel layer was observed for empty synthetic hydrogels without
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CXCL12 chemokines. Similarly, no GBM cell migration into the synthetic hydrogels was
observed when samples were treated with blebbistatin (Figure 6¢). In contrast, cell invasion
into the synthetic hydrogel was observed for samples loaded with CXCL12 chemokines and
without being subjected to blebbistatin treatment (Figure 6b). Cells had also remained round
for all three groups during the invasion assay (Figure 6d). A semi-quantitative analysis was
performed to quantify the normalized myosin IIA fluorescence of the U251 GBM cells across
the three sample groups during migration through the ECM hydrogel layer according to our
previous protocol.’?! As illustrated by Figure 6e, the normalized myosin ITA fluorescence in
samples where invasion occurred (CXCL12-loaded hydrogels) was significantly higher than in
samples where no invasion of the GBM cells was observed (empty and blebbistatin treated
groups). Images of the ECM hydrogel layer acquired through second harmonic generation with
a multiphoton confocal microscope (Figure 6f) indicated that the collagen fibers formed a
network in the ECM hydrogel layer. The pores and defects present on the surface of the
synthetic hydrogels ranged in size from 0.799 — 16.61 um, as determined by reflectance imaging
with a multiphoton confocal microscope at 543 nm.

a b
Empty Synthetic Hydrogel CXCL12-Loaded Synthetic Hydrogel

Synthetic gy nthetic
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Figure 6. Mechanism of U251 GBM invasion into synthetic hydrogel from collagen-HA
hydrogel layer. Either empty or 5 pg/mL CXCL12-loaded synthetic hydrogels were synthesized
in PDMS molds as the bottom layer. On the top layer, collagen-HA hydrogels were synthesized
encapsulating U251 GBM cells at 1 x 10° cells/mL. After 14 hours, reflectance confocal z-stack
imaging at 640 nm was used to demarcate the two hydrogel layers. Blue is DAPI, green is actin
filament staining, and red is myosin IIA. Cell invasion in response to a) empty synthetic
hydrogels, b) CXCL12-loaded synthetic hydrogels, and c) CXCL12-loaded synthetic hydrogels
subjected to 30 uM of (-)-blebbistatin incubation. Scale bars represent 200 pm. d)
Representative 1.61 pm optical slice images of the cells in the collagen-HA layer for each
corresponding sample group. Scale bars represent 50 pm. e) Quantification of normalized
myosin IIA fluorescence intensities based on 3 cells from five representative images in
collagen-HA layer with confocal microscope at 20X. Data shown are mean + SD (n=3) by one
way ANOVA and Tukey’s post-hoc analysis. No background invasion for empty synthetic
hydrogels or blebbistatin treated samples was observed. *p-value < 0.05, **p-value < 0.01. f)
Representative second harmonic generation image of U251 GBM-encapsulated collagen-HA
hydrogel after 24 hours of culture. Scale bar is 50 pm. g) Representative reflectance (543 nm)
image of synthetic hydrogel swelled for 24 hours in PBS at 37°C. Scale bar is 50 um.

2.6. Immunofluorescence of Stem Cell and Glial Markers During U251 GBM and GSC
Interaction with Hydrogel Surface

The GBM and GSC interactions with the ECM and synthetic hydrogel surfaces were examined
by assessing nestin and glial fibrillary acidic protein (GFAP) immunofluorescence when the
cells were cultured on the surface of each hydrogel type over the course of 24 hours (Figure
7a) and 48 hours (Figure 7b). While both cell types remained rounded on the synthetic hydrogel
surface, the cells formed networks on the control ECM hydrogel surface. A semi-quantitative
analysis revealed that the normalized GFAP fluorescence of the GBM cells cultured on the
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synthetic hydrogel at the 24 hour time point was significantly the highest, more so than the
GSCs cultured on the synthetic hydrogel at the 24 hour time point, GBM cells cultured on the
synthetic hydrogel at the 48 hour time point, and GBM cells cultured on the ECM hydrogels at
both time points (Figure 7¢). In contrast, there was no significant difference in normalized
GFAP fluorescence between the two cell types when cultured on the ECM hydrogels, while the
GBM cells cultured on synthetic hydrogels at the 48 hour time point continued to be
significantly higher than the corresponding GSCs on the synthetic hydrogel as well as the GBM
cells in the ECM hydrogel at both time points. The normalized nestin fluorescence was
significantly lower in the GBM cells compared to the GSCs on the synthetic hydrogel surface
during the first 24 hours only (Figure 7d). The two cell types also maintained similar levels of
normalized nestin fluorescence when cultured on the surface of the ECM hydrogel during both
time points and for the synthetic hydrogel at the 48 hour time point. The GSC normalized nestin
fluorescence was significantly higher in the synthetic hydrogel during 24 hours compared to
GSCs cultured on the synthetic hydrogel at 48 hours and GSCs on ECM hydrogel at both time

points.
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Figure 7. Immunofluorescence analysis of stem cell and glial markers during U251 GBM and
GSC interaction with synthetic hydrogel and collagen-HA hydrogel surfaces. 100,000 U251
GBM cells or GSCs were seeded on the surface of either synthetic hydrogels or collagen-HA
ECM hydrogels. 1.61 pm thick representative optical slice images of the cells focused on the
hydrogel surface for a) 24 hour time point and b) 48 hour time point. Quantification of
normalized ¢) GFAP fluorescence and d) nestin fluorescence. Ten fields of view were randomly
selected and three cells were analyzed per field of view. Data shown are mean + SD (n=3) by
one way ANOVA and Tukey’s post-hoc analysis. *p<0.05, **p<0.01,
*H%p<(0.001,****p<0.0001. Scale bar is 50 um.

2.7. Hydrogel Encapsulated U251 GBM Cell Viability

The viability of U251 GBM cells entrapped in the synthetic or ECM hydrogels was compared
and assessed through a live/dead assay over the course of 120 hours. As indicated by Figure
8a, the GBM cells entrapped in synthetic hydrogels maintained a rounded morphology and
tended to cluster together, while cells in the control ECM hydrogels elongated to form networks.
The calcein AM green stained live cells were more abundant near the surface of the synthetic
hydrogels, while cells deeper beyond 400 um in the synthetic hydrogels were not viable, as

indicated by the propidium iodide staining through z-stack images (Figure 8b). In contrast,
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both live and dead cells were spread throughout the entirety of the ECM hydrogels. Therefore,
the viabilities of cells within 300 pm of the hydrogel surfaces were quantified for each hydrogel.
The viability of GBM cells entrapped within 300 pm in the synthetic hydrogels ranged from
19.5% - 23.3%, which was significantly lower than the viability in ECM hydrogels ranging
from 97.1% to 98.3% within the same corresponding depth (Figure 8c). Throughout the
duration of the experiment up to 120 hours, the cell viabilities in the ECM hydrogel or the
synthetic hydrogel within this depth did not significantly differ with time.

24 h 72 h 120 h

Synthetic

ECM

o
(1]

Calcein AM Propidium lodide Merged

100 ok Py Hk m Synthetic
DECM
80
‘s 60
40
T . -
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ECM

Figure 8. Viability of GBM cells encapsulated in synthetic or collagen-HA hydrogels. U251
GBM cells were encapsulated in synthetic or collagen-HA hydrogels at a density of 1 x 10°
cells/mL and cultured for up to 120 hours in complete DMEM media. a) Representative images
of cells encapsulated in both hydrogels subjected to live/dead staining at 24, 72, and 120 hour
time points. Red stain is propidium iodide (dead cells) and green stain is calcein AM (live cells).
Scale bar is 200 um. Images acquired up to 300 pm deep in each hydrogel. b) Representative
z-stack images of live/dead stained U251 GBM cells encapsulated either in the synthetic
hydrogel or collagen-HA hydrogel during the 120 hour time point. Scale bar is 200 pm. c)
Viability of U251 GBM cells encapsulated either in collagen-HA hydrogel or synthetic
hydrogel over time. Cell viabilities based on percentage of live cells over total number of cells.
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Ten fields of view were randomly selected per hydrogel sample to quantify the number of live
and dead cells per hydrogel. Acquired images were limited to 300 um deep in each hydrogel.
All data are averages + SD (n=3), ****p-value < 0.0001 by one way ANOVA and Tukey’s
post-hoc analysis. No significant difference in cell viability within ECM hydrogels or synthetic
hydrogels over time.

2.8. Degradation of U251 GBM-encapsulated Synthetic Hydrogels

The impact of entrapped GBM cells on the hydrogel stability was next assessed. Synthetic
hydrogels were either loaded with U251 GBM cells or left empty, and the degradation of the
hydrogels in terms of percent mass loss was monitored until complete degradation. As
demonstrated by Figure 9a, the empty acellular hydrogels began to degrade significantly faster
than cellular hydrogels starting from the first 24 hours of cell culture. While acelluar hydrogels
degraded within 120 hours, cellular hydrogels continued to remain intact and stable at the 120
hour time point (Figure 9b) until degradation was observed at 168 hours. While the percent
mass loss in cellular hydrogels steadily increased with each designated time point, the increase
in percent mass loss rose from 49.4% to 81.7% between the 72 and 120 hour time points for

acellular hydrogels, which was a rapid 32.3% increase in the degradation of the hydrogel.

2.9. Fibronectin Deposition

The deposition of fibronectin by GBM cells upon entrapment in the synthetic or control ECM
hydrogels was next determined. U251 GBM cells were encapsulated into both synthetic and
ECM hydrogels. After 72 hours of cell culture in the two hydrogel groups, immunofluorescence
staining was used to image the fibronectin deposition by the entrapped cells and the normalized
fluorescence was determined semi-quantitatively with confocal microscope imaging. As
indicated by Figure 9¢, U251 GBM cells secreted fibronectin in both the ECM hydrogels and
the synthetic hydrogels. A comparison between these two hydrogels indicated that although
cells encapsulated in the ECM hydrogels deposited higher normalized fluorescent levels of
fibronectin than the cells encapsulated in the synthetic hydrogels, this increase was not
statistically significant (Figure 9d). As indicated by confocal z-stack images in Supplementary
Figure S1, the fibronectin deposition by cells in the synthetic hydrogel was only up to 400 pm
deep in the hydrogel, as beyond this depth, no fibronectin deposition was observed. Therefore,

all images were acquired up to 300 pm deep in each type of hydrogel for analysis.
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Figure 9. Hydrogel degradation and fibronectin deposition by encapsulated U251 GBM cells.
a) Total degradation of either empty synthetic hydrogels (acellular) or synthetic hydrogels
encapsulated with 3 x 10° cells/mL of U251 GBM cells (cellular) over time. All data shown are
mean + SD (n=3) by one way ANOVA and Tukey’s post-hoc analysis. b) Representative
images comparing complete degradation of acellular hydrogels from 0 to 120 h against intact
cellular hydrogels from 0 to 120 h during the degradation study. c) Representative 1.61 pm
optical slice images of U251 GBM cells encapsulated in synthetic or collagen-HA ECM
hydrogels depositing fibronectin. Cells were encapsulated at a density of 1 x 10° cells/mL and
cultured in complete DMEM media for 72 hours. Blue is DAPI and green is fibronectin. Scale
bar is 20 um. d) Quantification of normalized fibronectin deposition for U251 GBM cells
encapsulated in collagen-HA ECM hydrogels or synthetic hydrogels. All data shown are mean
+ SD (n=3) by one way ANOVA and Tukey’s post-hoc analysis. Five fields of view were
randomly selected per hydrogel and three cells were analyzed per field of view at 20X. Acquired
images were limited to 300 um deep in each hydrogel.

2.9. Hydrogel Electroconductivity

The electroconductivity of both freshly prepared synthetic hydrogels (cured) and synthetic
hydrogels maintained in 1X PBS for 24 hours (equilibrated) was determined by applying direct
current electric fields with approximately 50 V. The resulting electroconductivity data are
provided by Table 1 and indicated that equilibrated hydrogels possessed an electroconductivity
of 0.329 S/m, which was about 53% higher than freshly cured hydrogels at 0.255 S/m. The
hydrogel precursor solutions, including the Thiocure, PEGDA, 0.175 M NaHCO3(q) and its
corresponding deionized water were also assessed for their electroconductive properties. The

results indicated that while Thiocure and PEGDA were not conductive, the base solution was
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highly conductive (1.23 S/m), indicating the hydrogel conductivities were derived from the base

solution.

Table 1. Electroconductivity of synthetic hydrogels and synthetic hydrogel precursors.
Equilibrated hydrogels were maintained in 1X PBS for 24 hours at 37°C and allowed to reach
room temperature prior to testing electroconductivity. All other samples tested were maintained
at room temperature. Equilibrated and cured hydrogel electroconductivities were determined
through direct current electric fields of 50 V. Electroconductivity of precursor solutions was
determined with a portable conductivity probe. All electroconductivities determined with
samples prepared in triplicate.

Sample Electroconductivity (S/m)
Equilibrated Hydrogels 0.329 +0.008
Cured Hydrogels 0.255 + 0.006
PEGDA 0.000007 £ 0.000005
Thiocure 0.0001
0.175 M NaHCO3(aq) 1.23+0.05
Deionized Water 0.00029 + 0.00003

3. Discussion

Despite patients undergoing surgical resection and chemoradiotherapy, residual GBM
cells lead to tumor recurrence. This challenge can be addressed by exploiting GBM cells’
infiltrative capacity to redirect their migration for subsequent eradication. CXCL12 is the most
extensively studied chemokine for inducing GBM migration.[*¥) This study further developed
our previously optimized thiol-Michael addition injectable hydrogel®?! comprising 50 wt%
hydration level and 0.175 M NaHCO3(.q) to sustain the release of CXCL12 payloads and induce
GBM/GSC migration. We investigated GBM/GSC invasion into the hydrogel, mechanism of
invasion for cells that migrated and became entrapped, and GBM-hydrogel interactions.

10 kDa FITC-dextran was used to model the release kinetics of proteins like CXCL12,
which is also positively charged with a molecular weight of 8 kDa.l’” All three payload
concentrations demonstrated biphasic release profiles. The hydrogel mesh sizes are 5.6 + 0.6
nm, 2 while dextran possesses hydrodynamic radii around 2.3 nm.3® The small hydrogel mesh
sizes retained the FITC-dextran payload and generated a barrier for a sustained, lower burst
release by diffusion during the first 96 hours compared to hydrogels reported in the literature,
which released 90.7% of proteins within four hours. The rapid diffusion during the first 24
hours (Figure 2a) was likely due to micrometer sized pores and defects releasing molecules
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near the surface. 5 ug/mL was the most optimal loading concentration, as it sustained release
for 336 hours with a high final cumulative release of 94.1% while yielding release amounts
ranging from 0.01 — 0.16 pg/day (Figure 2b), which is within the therapeutic range of CXCL12
elution necessary to induce migration.*’]

FITC-dextran release was not exclusively by diffusion, as the bumps in the cumulative
release profiles after plateau (Figure 2a) corresponded to complete hydrogel degradation,
indicating some FITC-dextran payload was retained and not released until hydrogel
disintegration. The payload concentration tuned the release profile, with a higher concentration
leading to longer sustained release, albeit with less total cumulative release, and a slower
hydrogel degradation rate. Introducing payloads into hydrogel polymer networks can decrease
degradation times, as these molecules may serve as additional crosslinks requiring a longer
degradation time to hydrolyze.[*”) Since our profiles alluded to potential solute-hydrogel
interactions, we developed a simplified computational model based on second order Fickian
diffusion and hydrogel degradation to enhance our understanding of the release kinetics and
compare the predicted and experimental data.

The time-varying diffusivities determined from the cumulative release data for 5 pg/mL
payloads were used as the model input, as described by Sheth and colleagues previously.[*!]
The computational model aligned with the experimental cumulative release, but did not predict
biphasic release, while a sensitivity analysis revealed the initial loading concentrations did not
impact the cumulative release profile. The experiment release kinetics data and its deviation
from the predicted model therefore indicated dextran-hydrogel interactions were present due to
non-specific binding in the hydrogel. Particle diffusion through polymer networks is a complex
process entailing hydrodynamic interactions, obstruction effects, thermodynamic agitation,
electrostatic interactions, hydrophobic effects, hydrogen bonding, and van der Waals

[421143] Dextran is not a neutral molecule during diffusion through hydrogels,'*?! and

interactions.
non-specific binding within the matrix may have contributed to the tunability in release kinetics.

We therefore next assessed the release of CXCL12 loaded into the synthetic hydrogels
at 5 pg/mL. As indicated by Figure 3, the hydrogel sustained slow release of the chemokine
payload with approximately 7 — 10 ng release per day. The chemokine payload release was an
order of magnitude less and with greater variation across replicates than FITC-dextran,
indicating potential CXCL12-hydrogel interactions were more prevalent than dextran-hydrogel
interactions. These interactions may be strongly electrostatic, since CXCL12 possesses a much

g[44

higher surface positive charge density compared to other chemokines** and may bind tightly

to the acidic, negatively charged thiol groups in the hydrogel. While CXCL12 hydrodynamic
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radius is also less than 3 nm,!**! dextran is a linear polysaccharide, and proteins like chemokines
may form tertiary or quaternary structures for more complex interactions with the hydrogel
matrices.[*] CXCL12-hydrogel interactions may be advantageous, as gradual CXCL12 release
can sustain the chemotactic gradient for a longer duration compared to the burst release
observed in the literature for porous hydrogels.

The Transwell migration assay revealed CXCL12 released from the synthetic hydrogels
induced GBM/GSC migration. Since previous research demonstrated CXCL12 concentrations
ranging from 0.02 — 0.2 pg/mL induce GBM migration, the Transwell assay comprising
CXCLI12 in solution was set to the maximum concentration of 0.2 pg/mL for high
chemoattractive potency as a positive control for inducing GBM/GSC migration.[*"}48] Both
U251 GSCs and GBM cells migrated in response to factors secreted from the hydrogel-
entrapped U251 GBM cells, illustrating GBM cells localizing into the hydrogel may induce
more GBM migration as a positive feedback loop. Interestingly, the GBM-loaded hydrogels
induced significant GBM migration within the first 24 hours, while CXCL12-hydrogels did not
induce significant migration until 48 hours. Multiple factors secreted by the entrapped GBM
cells may synergistically be more potent as chemoattractants. For example, conditioned media
from glioma associated stromal cells containing fibronectin, CXCL12, and hepatocyte growth
factors possess more potent chemoattractive properties compared to purified CXCL12.130
Chemokine cellular secretion rates range from 10 — 10 ng/hour/cell,*”] which can maintain
a steady chemoattractant gradient from the hydrogel-entrapped GBM cells. GSCs migrated
significantly more in response to GBM-entrapped hydrogels compared to the control during the
24 hour time point only. Future research will explore loading other chemokines such as
CX3CL1, which can mediate GSC migration,’” to induce migration of heterogeneous
malignant cells.

The Transwell results were validated with primary, patient-derived G34 (mesenchymal
subtype) and G528 (classical subtype) GSCs (Figure 3d) known to be chemotactic to CXCL12
via the CXCR4 receptor.l*!l These cells were characterized previously and bear similarity to
neural stem cells while recapitulating the gene expression, genotype, and in vivo biology of

s.521 Both cell types migrated

their corresponding human, GBM parental primary tumor
significantly more in response to CXCL12-hydrogels compared to the control, indicating the
chemokines released can attract other GSC subtypes besides the U251 cells. G528 cells were
more migratory in response to CXCL12 compared to G34 cells, with this difference being
statistically more significant for the positive control CXCL12 in solution. This difference may

be attributed to the higher percentage of G528 cells expressing CXCR4 receptors compared to
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G34 cells.l>3] While the G34 and G528 cells had similar migratory responses to CXCL12 in
solution and CXCL12-hydrogels, the U251 GBM/GSCs were more responsive to the positive
control comprising CXCL12 in solution at both time points. This finding may be attributed to
the hydrogel-cell interactions impacting U251 GSC stemness and U251 GBM malignancy,
which is investigated with immunofluorescent staining of glial and stem cell markers and
discussed in more detail in a subsequent section. These interactions are not reflected in the
Transwell assay, as there was no significant difference in the migration index between the
control and empty hydrogel groups. 2D migration across Transwell membranes is less
physiologically relevant for non-adherent or loosely adherent cells such as GSCs.’*1 3D ECM-
based hydrogels can better mimic in vivo migration due to the presence of chemical cues, while
chemokines binding to anionic glycosaminoglycans in the ECM is another important
consideration.!*4!

A novel dual layered ECM and synthetic hydrogel platform was therefore developed
(Figure 5a) to recapitulate the in vivo interface between the extracellular matrix and synthetic
hydrogel during invasion. The top ECM layer comprising a collagen I and hyaluronic acid
matrix was loaded with either U251 GBM or GSCs, while the bottom synthetic hydrogel layer
was left empty or loaded with CXCL12 at 5 pg/mL. We aimed to determine whether
GBM/GSCs possessed the propensity to migrate from the ECM and into synthetic hydrogel
with CXCL12-mediated chemotaxis. Hyaluronic acid (HA) is the most abundant (30 — 50%)
molecule in the glioma tumor microenvironment,’>> while collagen I is present in the brain-
vascular migration microenvironment.[*s! Although collagen I is not abundant in normal brain
tissue, its expression is upregulated in GBM,” where it is more filamentous and increases the
invasion potential of GBM cells.[®® Both molecules contribute to a pro-invasive tumor

[56. 391 and the collagen-HA hydrogel recapitulates the flow velocity and

microenvironment,
Young’s modulus observed in vivo in the brain.[") For all subsequent studies (such as nestin
and GFAP immunofluorescence, GBM viability, and fibronectin deposition) this ECM
hydrogel was used as a control to compare GBM/GSC behavior in the synthetic hydrogel
against behavior in the GBM microenvironment. Collagen-HA hydrogels have been extensively

(611,621,631 Moreover,

characterized as in vitro models to investigate GBM behavior and invasion.
the incorporation of collagen I into the HA matrix does not significantly alter GBM invasion or
morphologies.[6"]

Reflectance confocal imaging at 640 nm distinguished synthetic and ECM hydrogel
layers (Figure 5 and Figure 6) based on differences in opacity. CXCL12 released from the

synthetic hydrogels generated a chemokine gradient and directed U251 GBM/GSC invasion
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into the synthetic hydrogels, while empty hydrogels did not attract invasion. Only cells that had
invaded at least 20 um (one cell diameter) into the synthetic hydrogel were considered to avoid
quantifying cells localizing on the synthetic hydrogel surface only. The number of invaded
GBM and GSCs were not significantly different due to the high variation in the GSC group
(Figure 5b). We hypothesized U251 GSCs may be differentiating upon interaction with the
synthetic hydrogel, as there was a loss in migration index at 48 hours compared to 24 hours
when chemoattractants were released from the hydrogels (Figure 4c¢), which is discussed later.

Mesenchymal GBM motility resembles fibroblasts with elongation, crawling, actin
filament formation, ECM remodeling through matrix metalloproteinase secretion, and strong
cell-ECM interactions.!* However, the GBM cells demonstrated amoeboid migration during
invasion (Figure Sc-f), which entailed a rounded morphology with membrane blebbing, weak
ECM-cell interactions due to low integrin expression, cortical actin formation, and a lack of
matrix metalloproteinase based ECM degradation.[®3}%] Cells utilized this primitive and
efficient migration mode to squeeze through narrow spaces at high velocity,[*7+%8 even as they
responded to chemoattractant cues.[®] The hydrogels with HA content led to GBM amoeboid
migration phenotypes in the ECM layer,>® while the lack of integrin and ECM ligand
interactions in the synthetic hydrogel also contributed to amoeboid migration upon entrapment,
as free thiols in the synthetic hydrogel reduced cell spreading and entailed a rounded
morphology.[6”]

We hypothesized cells used amoeboid blebbing and myosin ITA activation to invade
through pores present on the synthetic hydrogel surface and sought to determine the mechanism
of invasion through blebbistatin treatment. The brain parenchyma comprises submicrometer
sized extracellular spaces with tightly packed glial and neuronal processes.’”) Glioma cells
utilize amoeboid blebbing to extend their leading cytoplasmic process, exhibit a burst of
forward movement, and then deform their cell body and nucleus in an hourglass shape to

squeeze through these tight pores.!’!]

Myosin II is required for nuclear translocation and
cytoplasmic contractile forces, with the myosin IIA isoform uniformly expressed and
upregulated in tumors.”!! Furthermore, myosin II in specific physical environments and under
the presence of chemoattractants impact GBM migration.’”2l We therefore investigated
immunofluorescence of GBM cells expressing myosin IIA during invasion. Blebbistatin is a
cell-permeable, small allosteric inhibitor of myosin 1173 that blocks cell membrane blebbing.!’#]
Blebbistatin dose concentration and treatment time was limited to the range appropriate for

U251 cells as determined previously to mitigate any potential cytotoxic effects.>-71]
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Blebbistatin treatment inhibited U251 GBM invasion into the synthetic hydrogels, even
under the presence of CXCL12 (Figure 6¢), which conformed with a study from Ivkovic et al.
where 30 uM blebbistatin inhibited 95% of glioma migration.”>) CXCL12-hydrogels without
blebbistatin demonstrated GBM cells invaded into the synthetic hydrogel (Figure 6b) and
resulted in significantly higher normalized myosin IIA fluorescence compared to the
blebbistatin and control groups without invasion (Figure 6e). Myosin II is hence blocked with
blebbistatin and necessary for GBM cells to invade into the synthetic hydrogel. Indeed,
blebbistatin only inhibits U251 migration when myosin II activity is required for motility, such
as when cells need to squeeze through spatial constraints imposed by Transwell assays or
aligned nanofibers, as opposed to instances without any geometric barriers to migration like a
wound healing assay in 2D.l"6]

All cells maintained a rounded morphology, while only invading cells in the hydrogel-
CXCL12 without blebbistatin condition demonstrated membrane blebbing protrusions (Figure
6d). These bleb-like protrusions driven by actomyosin contractility enable cells to sense their
microenvironment through mechanotransduction and penetrate into tight spaces.’””] The low
collagen fiber density in the ECM hydrogels (Figure 6f) can be attributed to HA, which further
induced amoeboid migration. The lack of collagen fiber remodeling further confirmed cells
used amoeboid migration to squeeze through the collagen fibers with minimal interactions or
ECM degradation.’”! Multiphoton confocal reflectance imaging at 543 nm revealed the
presence of micrometer sized pores and defects on the hydrogel surface (Figure 6g). Although
the hydrogel mesh size was in the nanometer range,!*?! these larger pores allowed a limited
number of GBM cells to squeeze inside by activating myosin IIA during CXCL12-mediated
migration and invasion. We had previously determined the synthetic hydrogel possessed a tan
8 (ratio of viscous to elastic response) value of 0.34 in the elastic range.*?! Cells can invade
into pores smaller than the cells if the hydrogel possesses a low viscous component that enables
polymer chains to disentangle, deform, and enlarge the pores upon cell interactions.””! However,
the limited number of these micrometer sized pores on the hydrogel surface may have
contributed to the limited number of GBM/GSC invasion observed. Future research will study
if physical stimuli, like focused ultrasound or electric fields,®® can be applied to
spatiotemporally control the delivery of CXCL12 retained in the hydrogel as well as the
hydrogel pore sizes and porosity to improve cell entrapment.

The nestin and GFAP immunofluorescences revealed GSCs maintained their stemness
while interacting with the synthetic hydrogel for the first 24 hours, after which point stemness

decreased. We had previously characterized expression of three stem cell markers (CD133,
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CD44, nestin) and the glial marker GFAP when U251 cells are cultured either under spheroid
forming or normal culture conditions, which had revealed U251 GSCs express lower levels of
GFAP and higher levels of nestin compared to U251 GBM cells.[®!) Our current study shows
GSCs maintained significantly lower levels of GFAP and higher levels of nestin during the first
24 hours compared to the GBM cells when cultured on the synthetic hydrogel. During the 48
hour time point for synthetic hydrogels, this difference in normalized GFAP fluorescence was
lower, while nestin levels were not significantly different altogether. U251 GSCs may be
differentiating over time upon interaction with the synthetic hydrogel, which may have
contributed to their lower migratory response to the CXCL12 released from hydrogels at 48
hours compared to 24 hours (Figure 4c).

The normalized GFAP fluorescence of both cells were significantly lower when cultured
on ECM hydrogels compared to the synthetic hydrogels. GFAP expression is negatively

(82] Hence,

correlated with astrocytoma grade, which is indicative of tumor malignancy.
collagen-HA hydrogels maintained GBM malignancy, while the cells may have become more
senescent upon interaction with the synthetic hydrogel. Such a finding will need to be explored
in follow-up studies by assessing metabolic changes in GBM/GSCs upon interaction with the
synthetic hydrogels using in vivo, rodent GBM resection models. ECM hydrogels led to no
significant difference in the GFAP or nestin levels between the two cell types. Collagen I
supports neural cell differentiation in vitro,®*) while HA supports neural stem cell
differentiation.®* Collagen-HA hydrogels may have provided the microenvironment for
potential GSC differentiation over time and contributed to GSC heterogeneity (Figure Sb). The
range of maximum distance GSCs had invaded (spanning 88 pum) into the synthetic hydrogel
was larger compared to the GBM cells (spanning 55 pm). GSCs in the ECM layer may have
possessed different differentiation statuses during invasion, which likely impacted invasive
potential. Indeed, GBM invasion under interstitial flow in a 3D hydrogel is dependent on their
differentiation status, as GSCs can invade 300 um deeper into collagen-Matrigel hydrogels

(851 The dual layer hydrogel platform therefore recapitulated an in vivo

compared to GBM cells.
tumor microenvironment for studying heterogeneous malignant cell response to CXCL12-
mediated chemotaxis.

U251 GBM/GSCs did not invade beyond 120 pm deep into the hydrogel and were
therefore limited to near the surface, which may be attributed to the low cell viability upon
invasion. Synthetic hydrogel-encapsulated GBM cells only near the surface maintained
viability, while cells deeper inside the hydrogel were exclusively dead (Figure 8b). Even 300

um deep into the hydrogels, U251 GBM cells remained viable and formed networks for up to
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120 hours when entrapped in the ECM hydrogels (Figure 8a and Figure 8c), while cells were
less viable at around 20% throughout the 120 hours when encapsulated in the synthetic
hydrogels.

Solano and coworkers discovered grafting RGD peptides into alginate macroporous
hydrogels promote F98 glioma cell adherence with passive migration.[®] However, these
peptides do not enhance invasion, as cells adhere only to the hydrogel surface to proliferate.
We observed GBM cells can go beyond only localizing onto our synthetic hydrogel surface by
invading inside through CXCL12-mediated chemotaxis. The entrapment of cells deep into the
hydrogel also led to passive eradication. However, future research will need to investigate if
ablation can eradicate live cells near the hydrogel surface. One limitation is that our cell
viability assay was performed for GBM cells entrapped in the hydrogel during the synthesis
process. We previously determined the cured synthetic hydrogel is not cytotoxic to normal

[321 1t is therefore possible the low viabilities were due

human astrocytes cultured on its surface.
to the sol-gel transition promoting programmed cell death during synthesis for hydrogel-
encapsulated GBM cells.[*”] However, it is more likely that mass transfer, oxygen, and nutrient
diffusion limitations imposed by the polymer network induced GBM apoptosis and resulted in
the cell viability gradient, resulting in unviable cells deep in the hydrogel matrix. Cell death
due to sol-gel transition would have resulted in uniformly low viabilities throughout the
hydrogel. CXCL12 retained in the hydrogel matrix and its impact on GBM viability should also
be considered, as its release was slow and sustained due to potential non-specific binding of the
chemokines in the hydrogel, while CXCL12 affects GBM proliferation and survival.[*7- 88
Future research with an in vivo, rodent GBM resection preclinical model will need to assess
GBM cell viabilities upon invasion into the CXCL12-loaded hydrogels while simultaneously
decoupling the sol-gel transition process from cytotoxicity assays.

The synthetic hydrogels lose 74% total mass when incubated in 1X PBS at 37°C for 15
days.*?l While these in vitro conditions mimicked cerebrospinal fluid, the impact of cell
entrapment and hydrogel degradation by enzymolysis should also be considered.®*! The dual
hydrogel layer invasion studies demonstrated GBM/GSCs can invade into the synthetic
hydrogel with CXCL12-mediated chemotaxis over 24 hours. Hence, the synthetic hydrogels
were encapsulated with 3 x 10° U251 GBM cells to mimic the typical in vivo density of GBM
cells in the brain,®®! which served as the maximum possible cell invasion into the hydrogel
post-resection. Hydrogels without cells (acellular) were a control group to decouple the
degradation due to serum/DMEM from the degradation due to encapsulated cells. Cell culture

conditions led to faster degradation within 168 hours compared to degradation in PBS only,*?]
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as the higher DMEM pH enhanced ester hydrolysis.®!l Interestingly, cellular hydrogels
degraded slowly compared to acellular hydrogels. While hydrogel-entrapped GBM cells may
have promoted an acidic environment to slow material degradation, encapsulated U251 GBM
cells may have also deposited their own ECM components. Glioma cells secrete ECM
molecules such as HA and fibronectin during migration to increase their invasiveness and
mobility."?!

We therefore assessed fibronectin secretion by hydrogel-encapsulated U251 GBM cells
in the ECM and synthetic hydrogels. Fibronectin was selected, since HA deposition would be
difficult to distinguish from native HA present in the ECM matrix. As indicated by Figure S1,
fibronectin deposition by GBM cells in the synthetic hydrogels was limited to within 400 pm
of the hydrogel surface, corresponding to the depth at which live cells were observed (Figure
8b). The fibronectin deposition, as quantified by normalized fluorescent levels, was similar in
both synthetic and ECM hydrogels (Figure 9¢ and Figure 9d) within the 300 um depth
limitation set by the study. Live GBM cells entrapped near the surface secreted ECM molecules,
which helped to reinforce the synthetic hydrogel to counteract degradation effects induced by
the local environment. Bryant & Anseth determined PEG-based hydrogels enable ECM
deposition even without integrin-binding ligands.”®! GBM cell invasion can hence potentially
slow the hydrogel degradation process to allow more malignant cells to localize before ablation
is applied.

The thiol-Michael addition injectable hydrogel demonstrated potential to attract and
entrap invasive GBM/GSCs through CXCL12-mediated chemotaxis. Our novel 3D dual layer
hydrogel tumor model is an in vitro platform that can isolate CXCL12-responsive GBM/GSCs
from a heterogeneous population to study cancer cell migration. Although beyond the scope of
the current study, future research will need to investigate GBM hydrogel entrapment under
more clinically relevant settings with an in vivo, rodent, GBM resection model. Such studies
will elucidate the impact of interstitial diffusion and convection,® which may increase release
rates of hydrogel payloads as well as regulate GBM invasion and chemokine distributions in
the brain.[%") Preclinical models can also investigate hydrogel degradation in the tumor
microenvironment and the potential selectivity toward entrapping malignant cells over healthy
brain cells. In our current study, we performed invasion assays with U251 GSC and GBM cells
to directly compare CXCL12-mediated hydrogel entrapment potential for GBM cells and GBM
cells at a stem-like cell state. GSC differentiation over time likely contributed to the similarity
in number of invaded U251 GSCs and GBM cells in the synthetic hydrogel (Figure 5d).

However, this similarity may have also stemmed from the fact that both cell types were derived
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from the same U251 cell line. To address this limitation and gain further insights into the
hydrogel GBM cell entrapment strategy, future research should utilize in vivo preclinical
models to deduce the invasion responses of a heterogeneous population of cells present near
the resection cavity, including healthy brain cells and CXCR4- GBM/GSCs.

While invasion beyond 24 hours will need to be investigated in the future, the limited
ability of the synthetic hydrogel to entrap many GBM/GSCs from the ECM hydrogel (Figure
5d and Figure 5f) may be attributed to two reasons. First, although U251 cells express
significantly higher CXCR4 than normal glial cells!®>], CXCL12-mediated chemotaxis is
limited to CXCR4+ cells. Second, the slow, sustained release of CXCL12 from the synthetic
hydrogels (Figure 3) due to chemokine-hydrogel interactions may be a limiting factor.
Additionally, other CXCR4+ migratory cells in the brain aside from GBM/GSCs may become
responsive to CXCL12 released from the hydrogel.?®! These limitations may be addressed by
implementing electrotaxis with chemotaxis to synergistically and selectively induce GBM/GSC
migration post-resection for optimal entrapment of malignant cells in the synthetic hydrogel.

Sublethal, direct current electric fields enable cell-specific migratory responses with a
voltage-dependent directional bias through electrotaxis,®® including for GBM tumor
aggregates,®’l cell lines,’”) and GSCs®®l. Cured and equilibrated hydrogels possessed
electroconductivities ranging from 0.255 — 0.329 S/m, which is within the range necessary for
controlled delivery of therapeutic hydrogel payloads upon electric stimulation.®”) The
hydrogels can potentially be used for electrotaxis, as conductivities around 1.5 S/m can model

98],

electrolyte solution during computational simulations of GBM electrotaxis.”*+°?1 Our results

indicated the GSC population is heterogeneous during invasion. Since electric fields can tune

cell migration direction, speed, and biases, ]

electrotaxis can direct GBM migration to confer
patient-specificity and may guide a greater number of malignant cells deeper into the synthetic
hydrogel. Therefore, we aim to conduct further research to determine if electrotaxis and
chemotaxis can synergistically improve the hydrogel entrapment of GBM/GSCs for their

subsequent ablation with non-invasive techniques like focused ultrasound.

3. Conclusion

This study demonstrated that a thiol-Michael addition injectable hydrogel can attract and
promote invasion of GBM and GSCs into the hydrogel through CXCL12-mediated chemotaxis.
The initial loading concentration of hydrogel payloads tuned the release kinetics, with
experimental data and computational modeling indicating that the model molecule FITC-

dextran interacted with the hydrogel matrix. We demonstrated CXCL12 loaded into the
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hydrogel at the optimized 5 pg/mL concentration is released slowly in a sustained manner with
about 7-10 ng of release per day. Transwell migration assays illustrated U251 GBM/GSCs and
primary, patient-derived G34 and G528 GSCs migrated in response to CXCL12 released from
the synthetic hydrogel. We showed with a novel, in vitro, dual layer hydrogel platform that
invasive U251 GBM/GSCs have the propensity to migrate from the collagen-HA ECM layer
and invade into the synthetic hydrogel through CXCL12-mediated chemotaxis. Myosin 1A
activation enabled cells to squeeze through subnuclear sized pores on the synthetic hydrogel
surface to invade inside by amoeboid migration. Fibronectin deposition by viable malignant
cells entrapped near the synthetic hydrogel surface helped reinforce the hydrogel to slow down
its rate of degradation, while cells entrapped deep inside the hydrogel displayed limited
viabilities. A decrease in U251 GSC stemness and GBM malignancy upon interaction with the
synthetic hydrogel was observed, thereby indicating potential direct therapeutic effects of the
hydrogel. Overall, this injectable hydrogel demonstrates promise to promote invasion and
entrapment of GBM/GSCs with CXCL12-mediated chemotaxis. Future research will need to
investigate the feasibility of implementing electrotaxis to further improve this hydrogel-based
GBM/GSC entrapment strategy for subsequent ablation of captured cells to help mitigate tumor

recurrence in GBM patients post-resection.

4. Experimental Section

Synthetic Hydrogel Synthesis: The synthetic injectable hydrogels were prepared as described
previously.??)  Briefly, Thiocure ETTMP 333L, a trithiol crosslinker ethoxylated
trimethylolpropane  tri-3-mercaptopropionate  (generously donated by Bruno Bock
Thiochemicals) as well as poly(ethylene glycol) diacrylate (PEGDA) at 575 g/mol numbered
average weight from Sigma-Aldrich were both brought to room temperature. Aqueous 0.175 M
NaHCO; (Fisher Chemical) was prepared by dissolving the appropriate mass in deionized water.
1.38 mL hydrogel volumes were prepared in a 1:1 thiol to acrylate stochiometric ratio by using
0.389 g of Thiocure, 0.300 g of PEGDA, and 0.690 mL of the 0.175 M NaHCO3(q). These
ratios were scaled accordingly to adjust the final desired volumes of hydrogel solutions.
PEGDA was first dissolved in the NaHCO3aq), vortexed for 10 s, after which point the Thiocure
was injected into the precursor solution and mixed with a stir rod for 20 s. All hydrogels were

crosslinked at 37°C.

FITC-Dextran Release from Hydrogels: The synthetic hydrogels were loaded with various

concentrations of a model molecule and the release kinetics profiles were assessed to determine
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the impact on the payload concentration. Fluorescein isothiocyanate (FITC) dextran (Sigma-
Aldrich) at 10 kDa was dissolved in 1X phosphate buffered saline (PBS) solution containing
calcium and magnesium and prepared with serial dilutions at concentrations ranging from 100
to 0.0001 pg/mL for a standard curve. The fluorescence of these solutions was measured with
a spectrophotometer (SpectraMax M2°¢ Molecular Devices) at 490 nm excitation and 520 nm
emission. The resulting standard curve relating the FITC-dextran fluorescence to its
corresponding concentration was used to determine the FITC-dextran concentrations present in
PBS solution upon release from the hydrogels. Hydrogels were prepared as described in the
previous section and crosslinked at 500 pL volumes in 24 well plate wells. FITC-dextran
solutions in 1X PBS were prepared and loaded into the hydrogels to obtain final payload
concentrations of 0.5, 5, or 10 pg/mL in the hydrogels. The concentrations were varied from
0.5 - 10 pg/mL to identify an optimal FITC-dextran loading concentration, as previous research
had demonstrated that chemokines loaded into hydrogels at concentrations of 0.3 pg/mL!"?! and
10 pg/mL1 induced cancer cell migration. The volume of FITC-dextran solutions loaded into
the hydrogels was limited to 10 pL to avoid disrupting the native gelation and hydration levels
of the synthetic hydrogels. FITC-dextran was mixed into the hydrogel precursor solution
containing the PEGDA-NaHCOs(.q) precursor solution, prior to the addition of Thiocure, to
entrap the solute before gelation. Four replicate hydrogels were prepared for each FITC-dextran
loading concentration. Additionally, PBS and 10 pg/mL FITC-dextran in PBS solutions were
also prepared as a negative and positive control, respectively. Sample hydrogels were
submerged in 1.5 mL of 1X PBS containing magnesium and calcium and maintained in the dark
at 37°C for the duration of the experiment. At designated time points (1, 2, 5, 8, 12, 18, 24 hours
and then every 24 hours until complete hydrogel degradation), all of the PBS releasate solution
was collected and refreshed. In triplicate subsamples, the fluorescence of the releasate solution
for each sample was determined at 490 nm excitation and 520 nm emission. The standard curve
was used to determine the final concentration of FITC-dextran present in the releasate solution
at each time point. These concentrations were then used to determine the amount of FITC-
dextran released at each time point. In addition, the percentage of FITC-dextran released at each
time point in relation to the total amount of FITC-dextran initially loaded into each hydrogel
was also determined to report the cumulative release (%) of FITC-dextran at each designated

time point.

Computational Model of FITC-Dextran Release Kinetics: The experimental release studies

were next used to determine the diffusivity of the FITC-dextran payload and consequently
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develop a computational model to predict the theoretical FITC-dextran release profiles from the
hydrogels. We had previously monitored the swelling properties and ratios of the hydrogel
formulations with 0.175 M NaHCO3(.q) and 50 wt% water content every 24 hours for 9 days, at
which point the hydrogels reached equilibrium swelling.[*2] The characteristic swelling ratio
(Q) at each time point from the swelling study was therefore used to estimate the hydrogel
swelled thickness (0max in mm) based on the initial hydrogel thickness (& in mm) from the

release study according to Equation (1).11%%]

5. =65xQ3 M
The swelled hydrogel thicknesses from these time points were then averaged and determined
to be 3.54 mm. This average thickness was implemented into the diffusion equations to model
the predicted cumulative release, which is discussed in greater detail below. Sheth and
colleagues*! had also determined from their study that implementing the average hydrogel
thickness helps to accurately model release kinetics from a swelling and degrading hydrogel

with time-varying thicknesses.

The hydrogel was approximated as a thin slab with diffusion in only one direction, since the
bottom surface and sides adhered to the well plate during the experiments. The solute release
equation developed by Ritger and Peppas!!® was applied to determine the FITC-dextran
diffusivity at each time point. These diffusivities were based on the cumulative release fraction
from the experimental release profiles of FITC-dextran loaded into the hydrogel at a
concentration of 5 pg/mL. Hence, for each time point, the corresponding diffusivity was
determined according to Equation (2), where M is the total mass (g) of solute released at time
t (h) from the hydrogel, My, is the total mass of solute (g) loaded into the hydrogel, D is the
diffusion coefficient in mm?/h, and h is the average thickness of the hydrogel in mm:

M [ Dt ]0-5 )

M,  Imh?

According to Ritger and Peppas, 193

if the hydrogel aspect ratio is equal to or larger than 1, then
Equation (2) is valid for the first 65% - 75% cumulative release. The hydrogel aspect ratio
(diameter/height) was determined to be 3.96, and therefore Equation (2) was applied to
determine the diffusion coefficients for the first 96 hours, when approximately 75% of the
solute was released from the hydrogel, as indicated by the cumulative release profile from
Figure 2a. To calculate the diffusion coefficient for time points beyond 96 hours and therefore

1041 and utilized by

late-time cumulative release, the equation developed by Park and colleagues!
Fu and Kaol'%! was applied according to Equation (3) for 120 to 216 hours as follows:
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M, 8 l—nZDtl 3)
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Controlled diffusion-based models were implemented across all time points to determine the
diffusion coefficients, instead of incorporating anomalous transport or controlled swelling.
According to Ritgers and Peppas,l'% for hydrogels with swelling ratios less than 1.33, the
swelling can be considered moderate-low and solute diffusion is primarily Fickian. Since our
swelling studies had previously indicated the highest swelling ratio was less than 1.33,3% the

Fickian diffusion transport equations were applicable.

The diffusion data obtained from the experimental release profiles were next curve fitted to an
exponential family. Although Sheth and coworkers*! had found that curve fitting
experimental diffusivity data to an exponential family or quadratic splines yielded similar
results, quadratic splines may not work well for limited timepoints and can also yield
oscillatory and unrealistic curves. The exponential 3P tool in JMP software was used to curve
fit the diffusion coefficients against time according to Equation (4), where a is the asymptote,

b is the scale, and c is the decay/growth rate.

D(t) =a+bxe 4
The resulting curve fitted equation was D(t) = 0.013 + 0.0572 x e~ %96t and fit the data with
an R? value of 0.952. The experimental diffusivity data and curve fitted data are both shown
by Supplementary Figure S2. MATLAB was used to then model the corresponding predicted

cumulative release profile based on this curve fitted diffusivity exponential equation.

FITC-dextran released from the hydrogel in the model is assumed to be based on Fick’s Second
Law of Diffusion, and the method primarily developed by Sheth and colleagues!*!! was followed.
In the model, the diffusivity is time varying due to hydrolytic bulk degradation. The partial
differential equation which represents the solute release profile is provided by Equation (5),
where c is the concentration of the solute in mol/L, t is time in minutes, D(t) is the time varying
diffusivity of the protein in m?/min, and x is the time varying thickness of the hydrogel with

degradation in m.

at ax2
In the model, time is varied from 0 to 336 hours, at which point the cumulative release for the
hydrogels loaded at 5 pg/mL concentration reaches a maximum. The spatial domain of x in

Equation (5) is —h < x < h, where h is the half thickness of the gel. Since the constant
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average thickness of the hydrogel throughout degradation was determined to be 3.54 mm, the
value of h is set to 1.77 mm. In their model of drug release from porous and biodegradable
polymer matrices idealized as cylinders with length of L, Lemaire and colleagues used the
symmetry at the midpoint z = L/2 to simplify their problem further by only considering half of
the total length from 0 < z < L/2.11%] As such, due to the symmetry in our hydrogel slab
model, the computational model in this study will consider the spatial domain of x from x =0

to x = h due to the symmetry at the center of the slab.

In order to solve the system, a set of Dirichlet boundary conditions is applied. The solute
concentration is assumed to be zero at the gel boundaries according to Sheth and colleagues,*!]
since the hydrogel volume is smaller than the releasate solution volume to generate an infinite
sink. As such, c(h,t) =0. Under symmetric geometry, one common boundary condition applied
to drug releasing hydrogels is setting the derivative to 0 at the symmetric point. For example,

Raman et al. investigated diffusion from a hydrogel with spherical geometry comprising radius

. : .. L . d
R, with r as the radial position.!'®®) At the symmetric point r = 0 in the center, d—j = 0. Hence,

e . d . o
the second boundary condition in this model is set to d—; = 0 at x =0. An initial condition is also

applied, where at t = 0, c(x,0) = ¢, for 0 < x < h(0), where ¢, is the initial concentration of
FITC-dextran loaded into the hydrogel, which is 5 pg/mL in the case of our model. This initial
condition assumes that the solute is distributed uniformly throughout the hydrogel upon loading,
before beginning the release experiments, and also corresponds to the solute concentration

loaded into the hydrogel.

A numerical method and computational approach are applied to solve this problem and
Equation (5). Specifically, spatial discretization in x with centered finite difference
approximation is performed in MATLAB to obtain an ordinary differential equation, which is
solved with MATLAB solver ode45. A total of 10 nodes is used with the method of lines
approach to conserve the accuracy while also minimizing the computation time. An array of
D(t) is created based on the exponential equation. This array is the same size as the array created
to compute and store the dc/dt values in the function that uses method of lines to solve the ODE,
to enable the values of D that step through time to be placed as inputs into the function that

computes ¢ through time according to Equation (5).
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The model considers the concentration in the hydrogel over time from the center of the hydrogel
to the right boundary. As such, the concentration matrix when Equation (5) is solved is
integrated from 0 to h obtain a single profile of total concentration, ¢, in the hydrogel from 0 to
336 hours. In order to obtain the final cumulative concentration released, the following
Equation (6) is implemented to obtain the normalized concentration released (c;) from 0 to 1 in
accordance with the data reported. Since c is already normalized in the computational model,
the released concentration can be obtained by simply subtracting ¢ from 1. The cumulative

release in terms of percentage can therefore be obtained by simply multiplying ¢, by 100

Co — C,C
cr=°c—°=1—c (6)
o

Since the hydrogel was previously demonstrated to degrade with time in PBS,1*?! a simple
degradation term was also incorporated into Equation (6) to account for the FITC-dextran
release due to bulk hydrolytic degradation. This degradation component was based on the
nonlinear Kopcha model, which considers the relative relaxation of the hydrogel and diffusion
of the solute component according to Equation (7), where Q is the percent of the solute released
due to the degradation at time t in h, A is the diffusion exponent (1 for a slab), and B is the
erosion constant.l'% Here, B is taken to be 0.172% mass loss per hour, which was approximated
from the 4.13% mass loss per day in 0.175 M NaHCO3(.q) hydrogels with 50 wt% water content
as determined in our previous degradation study conducted in PBS.[*?]

Q = At5 + Bt (7)

Quantifying CXCL12 Release from Synthetic Hydrogels: Four replicates of synthetic hydrogels
were synthesized at 0.69 mL final volumes in 6 dram vials. The hydrogels were loaded with
CXCL12 at 5 pg/mL by adding the appropriate volume of recombinant human SDF-la
(PeproTech) reconstituted in 1X PBS into the PEGDA-NaHCO3(q) precursor solution and
mixing gently by stirring prior to the addition of Thiocure. 3 mL of 1X PBS prewarmed to 37°C
was added to each dram vial and the hydrogels were incubated at 37°C. At designated time
points (1, 3, 6, 12, 24, 48, and 72 h), all of the PBS was collected and stored at -20°C until
analysis. The dram vials were refreshed with 3 mL of 1X PBS at 37°C at each time point. To
quantify the concentration of CXCL12 released, an enzyme-linked immunosorbent assay
(ELISA) was performed. The frozen releasate samples were brought to room temperature and
the CXCL12 concentration was quantified with Human CXCL12/SDF-1 DuoSet ELISA kit
(R&D Systems) according to the manufacturer’s protocol. Absorbance values of the resulting

samples from ELISA were quantified with a spectrophotometer (SpectraMax M2¢ Molecular
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Devices) with readings taken at 450 nm and reference readings taken at 540 nm to consider
wavelength corrections. The 4P logistic sigmoid curve fit function from JMP was used to
generate a calibration curve from the standards and determine the corresponding concentrations

of CXCL12 in the samples based on the absorbance values.

Cell Culture: The human glioblastoma cell line U251-MG (Sigma-Aldrich) was cultured in
complete Dulbecco’s Modified Eagle Medium (DMEM) (ATCC) containing 4 mM L-
glutamine, 4500 mg/L glucose, 1 mM sodium pyruvate, and 1500 mg/L sodium bicarbonate
supplemented with 10% fetal bovine serum (Tissue Culture Biologicals) and 1% penicillin-
streptomycin (Corning). Cells were maintained in 5% CO> and 37°C until 80% confluence was
reached, at which point the cells were passaged. For all migration and invasion assays, adherent
cells were lifted from flasks by incubating with non-enzymatic cell dissociation solution
(ATCC) for 10 minutes at 37°C during passaging. Otherwise, 0.25% trypsin-EDTA (Lonza)
was used to collect adherent cells. In order to culture spheroid forming GBM cells with stem-
like cell properties, a previously established protocol was applied to isolate cancer stem cells
from the U251 cell line under serum-free culture conditions.!'!'Y Briefly, U251 GBM cells
subcultured to new flasks were cultured under normal conditions for 24 hours to allow
adherence before being switched to serum-free culture conditions by maintaining the cells in
neural stem cell media containing DMEM/F-12 (ATCC), 1X B-27 (Gibco), 20 ng/mL
recombinant human epidermal growth factor (Life Technologies), 20 ng/mL human basic
fibroblast growth factor (Acro Biosystems), 10 ng/mL human leukemia inhibitory factor (Acro
Biosystems), and 4 U/l insulin (Sigma-Aldrich). Thereafter, the GSC population was isolated
by mechanical agitation to dislodge the spheroids, which were subsequently filtered through a
37 um pore size reversible strainer (StemCell Technologies). Mechanical agitation was used to
further breakdown spheroids to single cells, which were cultured in suspension on non-tissue
culture treated flasks. The GSCs were continuously cultured under serum-free neural stem cell
media conditions at 37°C with 5% CO; and subcultured every 9-10 days to avoid a necrotic
core.l8! The patient-derived primary G34 and G528 glioma stem cells were provided through a
collaboration with Dr. Benjamin Purow (University of Virginia) and were originally a kind gift
from Dr. Jakub Godlewski. These cells were cultured according to a previously established
protocol that had also characterized them."?! Briefly, these GSCs were cultured in 1X
Neurobasal Medium (Life Technologies) supplemented with Glutamax (Gibco) at 0.5 mM, B-
27 without Vitamin A (Gibco) at 0.5X, N2 (Gibco) at 0.5X, human basic fibroblast growth
factor (Life Technologies) at 25 ng/mL, and human epidermal growth factor (Life
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Technologies) at 25 ng/mL. Spheroids were allowed to reach between 200-500 pm before
passaging or being used for the Transwell assay. Mechanical agitation was used to dislodge
spheroids and subsequently breakdown spheroids into single cells, which were then isolated
from media with centrifugation and then cultured in suspension on non-tissue culture treated

flasks and maintained at 37°C with 5% CO».

Transwell Migration Assay: Tissue culture treated, polycarbonate Transwell inserts (Corning)
with 8 pm pore size were placed over 24 well plate wells and used in migration assays for both
the U251 GSC and GBM cells. Migration media comprised DMEM supplemented with 0.1%
bovine serum albumin (BSA) (Fisher BioReagents) and 1% penicillin-streptomycin. Sterile
synthetic hydrogels were prepared under sterile conditions according to our previous
protocol.??) Briefly, the 0.175 M NaHCO3(.q) solution was prepared using sterile deionized
water. This base solution, the Thiocure precursor, and PEGDA precursor solutions were all
sterile filtered with 0.22 pm sterile filter units (Millex) prior to proceeding with the rest of the
synthesis process. Hydrogels were loaded with CXCL12 chemokines during synthesis as
described in the previous section. Five different conditions were prepared as the
chemoattractant on the bottom chamber of the Transwell assay setup (Figure 4a), including
just migration media, empty synthetic hydrogels, synthetic hydrogels encapsulated with 5
ug/mL of CXCL12, synthetic hydrogel encapsulating U251 GBM cells at a density of 3 x 10°
cells/mL, and 0.2 pg/mL of CXCL12 solution in migration media. All of the hydrogel samples
were submerged in migration media as well. For the top chamber, 20,000 U251 cells suspended
in migration media were seeded on the upper side of the Transwell membrane insert. These
cells were allowed to settle for 10 minutes in the incubator at 37°C prior to introducing them to
the wells containing the chemoattractant in the bottom chamber. For each of these five
conditions, three replicates of samples were prepared. Samples were prepared independently
for each of the two time points (24 h and 48 h) for each cell type (U251 GBM and GSCs).
Samples were maintained at 37°C with 5% CO- until the designated time point, at which point
a cotton swab was used to gently remove cells and the media from the upper side of the
membrane insert. Samples were then washed twice with 1X PBS, fixed with 10% formalin
(Sigma-Aldrich) for 20 min, permeabilized with 0.5% TritonX-100 (Polysciences Inc) for 20
minutes, blocked with 1% BSA for 1 hour, incubated with 0.1 ng/mL of DAPI (Sigma-Aldrich)
for 15 minutes, and then dried for 30 minutes at room temperature. Samples were washed twice
in 1X PBS in between each of these steps. Afterwards, a scalpel was used to remove the

membrane insert from the Transwell, which was then placed over a 25 pL droplet of PBS on a
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No. 1 glass coverslip (Corning) for imaging. Samples were imaged with a Zeiss LSM 800, axio
observer Z1/7 inverted confocal microscope with a Plan-Apochromat 10X objective lens at 0.45
numerical aperture. Ten fields of view were randomly selected to count the number of DAPI
positive cells that had migrated to the underside of the membrane insert for each sample. The
number of cells that migrated per field of view was quantified and averaged for each sample
group. The final average number of migrated cells per sample group was normalized to the
average number of migrated cells in the control group comprising just the migration media as
the chemoattractant for each designated time point and cell type to determine the migration
index. Statistical analyses were performed for each condition against the control migration
media with a Student’s t-test to determine the chemoattractive potential of each sample

compared to background migration of the cells.[””]

The U251 GBM and GSC Transwell assay results were validated by repeating the Transwell
migration assay with the patient-derived, primary G34 and G528 glioma stem cells. For each
cell type, four different conditions were prepared as the chemoattractant, including just
migration media, empty synthetic hydrogels submerged in migration media, CXCL12 loaded
into synthetic hydrogels at 5 pg/mL concentration and submerged in migration media, and
CXCLI12 in migration media at 0.2 pg/mL concentration. Sterile synthetic hydrogels were
prepared as described before and each chemoattractant condition was prepared as described
before in the same Transwell inserts. The migration media comprised the complete Neurobasal
medium without the epidermal and basic fibroblast growth factors to mitigate any impact on
migration. Three replicate samples of the Transwell assay were prepared for each of these
conditions and for each cell type. The top chamber comprised 20,000 cells (either G34 or G528)
suspended in the migration media, which was allowed to settle for 10 minutes at 37°C prior to
adding the insert onto the bottom chamber with the chemoattractant. Samples were maintained
at 37°C and 5% CO; for 24 hours, at which point the samples were prepared for imaging by
removing cells from the upper side of the insert with a cottons swab, fixing, permeabilizing,
blocking, and DAPI staining as described previously. Samples were imaged with the confocal
microscope and the migration index was quantified in the same manner as described for the

U251 cells.

Extracellular Matrix Hydrogel Synthesis: Sterile collagen—hyaluronic acid (HA) ECM
hydrogels were prepared according to a previous protocol.l!''! Briefly, U251 GBM or GSCs at

a concentration of 1 x 10° cells/mL were seeded into the ECM hydrogels comprising 0.12% rat
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tail type I collagen (Corning) and 0.2% thiolated hyaluronic acid (Advanced Biomatrix), with
0.2% PEGDA (Advanced Biomatrix). Hydrogels were crosslinked for 30 minutes at 37°C under
5% COz before 1 mL of the appropriate media was added for cell culture.

U251 GBM and GSC Invasion Assay: Polydimethylsiloxane (PDMS) mold cutouts were
prepared at a ratio of 10:1 (Dow SYLGARD 184) with 10 mm diameter and 1 mm depth
according to a previous protocol.[''?] These PDMS stamps were then autoclaved, plasma treated
for 5 minutes (Harrick Plasma), and each side was sterilized under UV exposure for 1 hour and
then placed into 24 well plate wells. Subsequently, the stamps were treated for 10 minutes with
1% polyethylenimine, treated with 0.1% glutaraldehyde for 20 minutes, washed with sterile
deionized water, and then dried for 30 minutes under sterile conditions. Sterile synthetic
hydrogels were synthesized and either left empty or loaded with CXCL12 at 5 pg/mL as
described previously and dispensed at 50 uLL volumes to crosslink directly in the PDMS molds
at 37°C. ECM hydrogels encapsulating either U251 GBM or GSCs at 1 x 10° cells/mL were
dispensed at 50 pL volumes directly on the surface of the synthetic hydrogels in the PDMS
molds and crosslinked in the incubator as described previously, after which point 1 mL of
migration media was added to each sample. For each condition (empty control hydrogels or
chemokine loaded hydrogels) and cell type (GBM or GSCs), three replicates were prepared.
This dual layer hydrogel platform setup for the invasion assay is illustrated by the schematic
diagram in Figure Sa. Samples were maintained at 37°C in 5% CO> for 24 hours, after which
point the media was removed and samples were fixed, permeabilized, and blocked as described
previously in the Transwell migration assay setup. Afterwards, samples were washed twice
again in PBS and incubated for 1 hour with the staining buffer comprising Alexa Fluor 488
phalloidin (1:200, Life Technologies) and 0.1 pg/mL DAPI in 1% BSA solution. Samples were
washed twice in 1X PBS and imaged with confocal microscopy. The hydrogel-PDMS
composites were carefully taken out of the well plate and flipped onto a 25 pL droplet of PBS
on a No. 1 glass coverslip. Reflectance imaging at 640 nm with 41 um pinhole at 10X was first
conducted in order to identify the demarcation between the ECM and synthetic hydrogel layers
based on a difference in opacity. Reflectance was used to set the top and bottom z positions for
the entire range through the dual layer hydrogels, including the surface of the ECM hydrogel
on the top layer and the bottom of the synthetic hydrogel layer when the PDMS mold was
visible. Z-stacks with slices of 4.37 um thickness were used to image the entire interval from
the ECM hydrogel surface, through the synthetic hydrogel layer, and to the start of the PDMS
molds. Once the demarcation of the two hydrogel layers was identified through this 3D rendered
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z-stack image, the filter was changed to Alexa Fluor 488 and DAPI to image the cells in the
hydrogel layers. Z-stack images were taken at 10X and 37 pm pinhole with optical slices 3.71
um thick. These z-stack intervals began on the same z position as that which was determined
by the reflectance imaging to be the top of the ECM hydrogel surface, while last z positions
were set to 200 — 400 pm deep into the synthetic hydrogel layer in order to image invading cells.
The number of invaded cells at least 20 um (one cell diameter) deep into the synthetic hydrogels

was quantified with ImageJ software for each sample.

Blebbistatin Treated Invasion Assay and Myosin IIA Immunofluorescence: Treated and sterile
PDMS molds were prepared as described previously. Sterile dual layer hydrogels comprising
the synthetic hydrogel on the bottom and ECM hydrogel on top were synthesized in PDMS
molds as described previously in the invasion assay setup. A total of three different conditions
were prepared, each with hydrogel samples in triplicate, including a negative control
comprising empty synthetic hydrogels in migration media, a positive control with synthetic
hydrogels loaded with 5 pg/mL CXCL12 in migration media, and synthetic hydrogels loaded
with 5 pg/mL CXCL12 in migration media containing 30 pM (-)-blebbistatin (Sigma-Aldrich).
In all of these dual layer hydrogels, U251 GBM cells at a density of 1 x 10° cells/mL were
embedded in the ECM hydrogel layer. After 14 hours of incubation, the media from all samples
was removed and samples were washed, fixed, permeabilized, and blocked as described in the
Transwell migration assay setup. Samples were then incubated with recombinant Alexa Fluor
647 anti-non-muscle myosin IIA conjugated antibody (1:100, Abcam Inc) for 1 hour at room
temperature. Afterwards, samples were washed twice and incubated for 1 hour at room
temperature with staining buffer comprising 0.1 pg/mL DAPI, Alexa Fluor 488 phalloidin
(1:200), and 1% BSA. Samples were washed twice and imaged with confocal microscopy in
the same manner as the U251 GBM and GSC invasion assay reported in the previous section.
Similarly, the number of invaded cells at least 20 pm deep into the synthetic hydrogels was
quantified with ImageJ software for each sample. Five fields of view from the ECM hydrogel
layer were randomly selected per sample z-stack for further analysis. For each field of view,
three cells were selected and the normalized myosin IIA fluorescence was determined semi-
quantitatively with analysis from Zeiss Zen Blue 3.3 software. The normalized fluorescence
intensities were quantified by determining the ratio of the average fluorescence intensity per
pixel for each cell to the average background fluorescence intensity in the same field of view

[32]

according to our previous protocol.’<) This method of semi-quantitative analysis was

implemented to take into consideration any changes in the microscope setting with time
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H3L[14] Representative 1.61 pm optical slice images were

according to previous protocols.!
acquired with a Plan-Apochromat 20X objective lens comprising a numerical aperture of 0.8

and a 35 pm pinhole.

ECM Hydrogel Collagen Fiber and Synthetic Hydrogel Surface Pore Imaging: An LSM 880
multiphoton confocal microscope was used to image the collagen fibers in the ECM hydrogels.
In triplicate, ECM hydrogels loaded with 1 x 10° U251 GBM cells/mL were synthesized and
crosslinked at 100 pL volumes in sterile, treated PDMS molds. The samples were cultured at
37°C and 5% CO; for 24 hours, after which point the samples were washed, fixed,
permeabilized, blocked, and stained with DAPI as reported in previous sections. The chameleon
laser at 780 nm under the non-descanned mode was used, and samples were imaged with
second-harmonic generation. Images were acquired with a Plan-Apochromat 20X objective
lens with numerical aperture of 0.8 from five fields of view selected at random. The multiphoton
confocal microscope with laser HeNe543 and Channel 2 was also utilized for reflectance
imaging of pores on the synthetic hydrogel surface at 543 nm. In triplicate, 100 pL of the empty
synthetic hydrogels were also synthesized and crosslinked directly in PDMS molds at 37°C.
Hydrogels were swelled for 24 hours in 1X PBS at physiologic temperature prior to imaging.
Five random fields of view were selected for imaging the hydrogel surface at 20X. The
diameters of pores and defects on the hydrogel surface were obtained through image analysis
in Zen Blue, where 10 pores or defects were selected per field of view for quantitative analysis

of the sizes.

Immunofluorescence of Stem Cell and Glial Markers Upon GBM/GSC Interaction with
Hydrogels: Sterile and treated PDMS molds were prepared as described previously. 100 pL of
either sterile synthetic hydrogels or ECM hydrogels were dispensed and crosslinked separately
in the PDMS molds at 37°C as described previously. All hydrogels were then hydrated with 1
mL of either complete DMEM media for GBM cell samples or I mL of GSC serum-free media
for samples intended for GSC culture. Afterwards, the media was removed and 100,000 U251
GSC or GBM cells were seeded on top of the hydrogel surface. Samples were incubated for 10
minutes at 37°C and 5% CO: to allow the cells to settle on the surface. Subsequently,
appropriate volumes of either complete DMEM or GSC media were added to the samples and
the cells were cultured on the hydrogel surface until the designated time point (24 or 48 hours).
For both time points, a total of four different conditions each with three replicates of hydrogels

for both cell types were prepared: GBM cells cultured on the ECM hydrogel, GSCs cultured on
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the ECM hydrogel, GBM cells cultured on the synthetic hydrogel, and GSCs cultured on the
synthetic hydrogel. At the designated time point, the media from the samples was removed and
samples were washed, fixed, permeabilized, and blocked as reported in the Transwell migration
assay previously. The samples were then incubated for 1 hour at room temperature with the
primary antibody buffer comprising rabbit nestin polyclonal antibody (1:200, Proteintech) and
glial fibrillary acid protein (GFAP) mouse monoclonal antibody GAS (1:200, Life
Technologies). After washing with PBS, samples were then incubated for 1 hour at room
temperature with the secondary antibody staining buffer comprising goat anti-rabbit secondary
antibody Alexa Fluor 647 (1:500, Invitrogen) and IgG1l cross-adsorbed goat anti-mouse
secondary antibody Alexa Fluor 488 (1:500, Life Technologies). Samples were then washed
again with PBS, incubated for 30 minutes with 0.1 pg/mL DAPI and washed again prior to
imaging with the confocal microscope. Optical slice images 1.61 pm thick and focused on the
hydrogel surface were acquired with a 20X objective lens comprising a numerical aperture of
0.8 and a 35 um pinhole. Ten random fields of view were selected per sample. For each field
of view, three cells were selected and the normalized nestin or GFAP fluorescence intensities
were determined semi-quantitatively as reported in the previous section. Samples of both ECM
and synthetic hydrogels with no primary antibody incubation were also prepared as negative

controls to confirm the lack of non-specific binding and staining with the secondary antibodies.

U251 Cell Viability in Hydrogels: Sterile and treated PDMS molds were prepared as described
previously. Both ECM and synthetic hydrogels at 100 pL volumes and encapsulated with 1 x
10° U251 GBM cells/mL were dispensed separately and directly crosslinked in the PDMS
stamps. Three replicates of each hydrogel type were prepared for each time point, including 24,
72, and 120 hours. 1 mL of complete DMEM media was added to each well after hydrogels
were crosslinked, and samples were maintained at 37°C under 5% CO> until the designated
time point, after which point the media was removed, samples were washed with sterile 1X
PBS, and incubated in the dark at 37°C for 1 hour with the live/dead staining buffer comprising
calcein green AM (1:500, Invitrogen) and propidium iodide (1:65, Life Technologies) in 1X
PBS. Samples were subsequently washed with sterile 1X PBS and the hydrogel-PDMS stamps
were taken out of the well and flipped onto a No. 1 glass coverslip for imaging with the confocal
microscope. For each hydrogel, samples were imaged under the 514 nm and 617 nm
wavelengths with z-stacks for depths up to 600 um (ECM hydrogels) and 1 mm (synthetic
hydrogels). These images were obtained with a 10X objective lens with a numerical aperture

of 0.45 and optical slices with a thickness of 3.45 pm. Samples were also imaged with an N-
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Achroplan 5X objective lens at 0.15 numerical aperture with 32 pm pinhole to acquire
representative images up to 300 um deep in each hydrogel. Ten fields of view were randomly
selected per sample to image and quantify live/dead cells. Images of negative controls of both
ECM and synthetic hydrogels without any encapsulated cells confirmed the lack of non-specific
background staining. The number of calcein stained cells (Cc) and propidium iodide (C,) stained
cells per field of view was quantified with an automated algorithm in ImagelJ using green and
red channels, respectively, and used to determine the percent cell viability of the U251 GBM

cells encapsulated in the hydrogels according to Equation (8) as follows:

Cc (8)
0 e
Y% cell viability C.+G, x 100

Hydrogel Degradation: Sterile hydrogels of 500 pL volumes were synthesized in 24 well plate
molds and either were left empty or encapsulated with U251 GBM cells at a density of 3 x 10°
cells/mL. Three replicates of both cellular and acellular hydrogels were prepared for each time
point, including 24, 72, 120, and 168 hour time points. These hydrogels were then transferred
to sterile, vented 6 dram vials maintained in 3 mL of complete DMEM media at 37°C in 5%
COz. During the designated time point, media from the corresponding hydrogels was removed
and the hydrogels were washed twice with deionized water to remove any salts and proteins
before being placed in a watch glass to air dry for 24 hours at room temperature and then dried
in vacuo at room temperature for 48 hours or more until completely dried. The final dried
masses were recorded (mr). The media was completely refreshed every other day for all samples.
Another set of both cellular and acellular hydrogels with three replicates for each was also
prepared. These hydrogels were not subjected to any media and were air dried and then dried
in vacuo as described to obtain the final dried masses of cured hydrogels (m,). The percent
degradation of the hydrogels at each time point was then calculated according to Equation (9)

as follows:

m
% degradation = m—f x 100 )

o

Fibronectin Deposition: Sterile and treated PDMS molds were prepared as described previously.
In triplicate, collagen-HA hydrogels and synthetic hydrogels were prepared separately and
dispensed at 100 pL volumes to crosslink directly in the PDMS molds. Each hydrogel was
encapsulated with 1 x 105 GBM cells/mL and cultured in 1 mL of complete DMEM media at
37°C and 5% CO,. Media for all samples was refreshed after two days of cell culture. After 72
hours of cell culture, the media from all samples was removed and samples were washed, fixed,
permeabilized, and blocked as described previously in the Transwell migration assay.

Subsequently, samples were incubated overnight at 4°C with fibronectin primary mouse
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antibody 2F4 (1:100, Novus Biologicals Inc), after which point samples were washed twice
with PBS and incubated for 1 hour at room temperature with goat anti-mouse IgG1 cross-
adsorbed Alexa Fluor 488 secondary antibody (1:1000, Life Technologies). Samples were again
washed twice with PBS and incubated for 30 minutes at room temperature with 0.1 pg/mL
DAPI and washed twice again before imaging with a confocal microscope. Z-stacks were
obtained with 3.73 pm slices at 10X to image up to 400 um depths into both hydrogels. Five
fields of view were randomly selected per hydrogel sample for imaging at 20X, and 1.61 pm
thick optical slice images were acquired with a 37 um pinhole. These representative images
were limited to within 300 um depths into each hydrogel. Three cells were selected for analysis
per field of view, and the normalized fibronectin fluorescence was determined semi-
quantitatively for each cell as described in the previous section on myosin IIA staining. Samples
without any primary antibody incubation were also prepared and imaged to confirm minimal to

lack of non-specific binding of primary antibody to both ECM and synthetic hydrogels.

Electroconductivity: In triplicate, synthetic hydrogels were synthesized and dispensed in 900
uL volumes to crosslink directly in electroporation cuvettes (Sigma-Aldrich) with 0.4 cm gap
width. Hydrogels were incubated in 900 puL of 1X PBS containing calcium and magnesium ions
(to mimic cerebrospinal fluid) for 24 hours. Subsequently, direct current electric field pulses
were applied to the samples with an ECM 830 electro square porator (BTX) at 50 V with pulse
lengths of 100 ps and 3 pulses at 1 second intervals with an attenuation of 1/100. An
oscilloscope (Wavesurfer 3024z) was used to determine the final voltage (V in volts) and
resulting current (I in amperes) values to calculate the resistance (R in ohms) according to
Equation (10) as follows:

R=Y (10)

The pulsing scheme was applied to each sample thrice. The resistances and geometry of the
cuvettes were then used to determine the conductivity of the hydrogels (C in S/m) according to
Equation (11), where t is the gap between plates (0.004 m) and A is the area of the plates (0.02
x 0.01 m).

t (11)
C =
RXxA

Freshly prepared synthetic hydrogels not subjected to 24 hours of incubation in PBS were also

pulsed using the same procedure to determine the conductivity of cured hydrogels. For the

hydrogel precursor liquid solutions, including 0.175 M NaHCO3(.q), PEGDA575, Thiocure, and

deionized water, an Oakton PCTS 50 conductivity probe was used to determine the
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electroconductivities. The precursor solutions were freshly prepared in triplicate to report the
final average conductivity values. All samples (cured hydrogels, equilibrated hydrogels, and
precursor solutions) were brought to room temperature prior to subjecting them to pulsing or

the conductivity probe.

Statistics: All results are reported as averages + standard deviations based on replicates in
experiments. All experiments were performed in triplicate or more. Statistical analyses were
performed through JMP software using one way analysis of variance (ANOVA) with Tukey’s
post-hoc analysis or Student’s t test. Differences in data were deemed statistically significant

based on p-values < 0.05.
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Development of a Synthetic, Injectable Hydrogel to Capture Residual Glioblastoma and
Glioblastoma Stem-like cells with CXCL12-mediated Chemotaxis

This study focuses on developing a hydrogel to attract and
entrap glioblastoma and glioblastoma stem-like cells. Results
from in vitro studies indicate that the sustained release of
CXCL12 chemokines from the synthetic hydrogel induces
the migration and invasion of the malignant cells into the
hydrogel through an amoeboid blebbing migration mode.
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DAPI Fibronectin Merged

Figure S1. Confocal microscope z-stack images of fibronectin deposition by U251 GBM cells
encapsulated in synthetic hydrogels. Cells were encapsulated at a density of 1 x 10° cells/mL
and cultured in complete DMEM media for 72 hours. Fibronectin deposition observed up to
approximately 400 um deep in synthetic hydrogel. Scale bars represent 200 pm.
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Figure S2. Time varying diffusivity of 10 kDa FITC-dextran loaded into synthetic hydrogels
at 5 ug/mL payload concentration. The diffusion coefficients were determined based on

experimental data obtained from the cumulative release profile. Experimental data-based
diffusion coefficients fit the exponential equation with an R? value of 0.952.
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