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Abstract

Glioblastoma multiforme (GBM) is an aggressive primary brain cancer and although patients
undergo surgery and chemoradiotherapy, residual cancer cells still migrate to healthy brain tissue
and lead to tumor relapse after treatment. New therapeutic strategies are therefore urgently
needed to better mitigate this tumor recurrence. To address this need, we envision after surgical
removal of the tumor, implantable biomaterials in the resection cavity can treat or collect
residual GBM cells for their subsequent eradication. To this end, we systematically characterized
a poly(ethylene glycol)-based injectable hydrogel crosslinked via a thiol-Michael addition
reaction by tuning its hydration level and aqueous NaHCO3 concentration. The physical and
chemical properties of the different formulations were investigated by assessing the strength and
stability of the polymer networks and their swelling behavior. The hydrogel biocompatibility was
assessed by performing in vitro cytotoxicity assays, immunoassays, and immunocytochemistry to
monitor the reactivity of astrocytes cultured on the hydrogel surface over time. These
characterization studies revealed key structure-property relationships. Furthermore, the results
indicated hydrogels synthesized with 0.175 M NaHCOs3 and 50 wt% water content swelled the
least, possessed a storage modulus that can withstand high intracranial pressures while avoiding
a mechanical mismatch, had a sufficiently crosslinked polymer network, and did not degrade
rapidly. This formulation was not cytotoxic to astrocytes and produced minimal immunogenic
responses in vitro. These properties suggest this hydrogel formulation is the most optimal for
implantation in the resection cavity and compatible toward glioblastoma therapy.
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1. Introduction

Glioblastoma multiforme (GBM) is the most aggressive and common primary brain
tumor in adults. Poorly defined borders make complete resection of the primary tumor mass
difficult, and adjuvant chemotherapy and radiotherapy are subsequently administered to
eradicate the remaining cancer cells and prevent tumor recurrence. However, permeation of
chemotherapeutic drugs is limited by the blood-brain-barrier, while the doses of radiotherapy
often lead to healthy tissue necrosis [1]. Even with combinatorial therapies, residual GBM cells
invade the healthy brain parenchyma by traveling through white matter tracts and blood vessels
to form secondary tumors within 2 — 3 cm of the original resection cavity in 90% - 95% of
patients, whose median survival times are only 15 months [2]. A subpopulation of GBM cells
with stem cell-like properties known as glioma stem cells (GSCs) initiate tumor growth and
resist conventional therapy [3], yet the lack of consensus on their established surface biomarkers
make selective targeting of GSCs difficult [4]. Strategies to effectively eliminate these
heterogeneous populations of GBM are urgently needed to mitigate tumor recurrences while
minimizing damage to the brain.

Most GBM research focuses on targeted therapies to eradicate the malignant cells.
Although localized treatments like biodegradable wafers loaded with chemotherapeutic agents
that release drugs in the resection cavity have been tested on patients, randomized clinical studies
did not yield improved outcomes [1]. Recently, techniques have been developed to attract GBM
cells by harnessing their infiltrative capacity and guiding cancer cell migration to implants for
their subsequent eradication. For example, Autier and colleagues developed a cellulose-based
hydrogel to release chemokines in the resection bed to attract and immobilize GBM cells on the
implant [5]. However, the hydrogel was not biodegradable and the chemotactic gradient was

diffusion limited to 5 mm. Polycaprolactone nanofibers have also been developed to mimic



blood vessels and white matter tracts and guide GBM cells to an extracortical, drug-conjugated
hydrogel to induce apoptosis [6]. Yet, this conduit is highly invasive and can potentially leak
tumor cells into healthy brain tissue if compromised. We are developing a hydrogel-based
treatment that can address these limitations, and the specific aim of this present study is to
optimize the hydrogel formulation for compatibility with the GBM microenvironment. For the
future GBM treatment approach, we envision that this optimized hydrogel can be injected into
the GBM resection cavity to crosslink in situ and conform to patient specific anatomy. A
combination of chemical and physical cues, such as chemotaxis [6] and electrotaxis [7], can then
selectively guide GBM/GSC migration into the hydrogel to entrap the malignant cells. An
ablation technique, such as focused ultrasound [8] can then potentially enable the non-invasive
ablation of the entrapped cancer cells. Specifically, we envision histotripsy can be employed to
non-thermally and mechanically fractionate GBM cells to an acellular debris and liquid
homogenate [9] with precise lesion areas [10].

This study focused on characterizing the injectable hydrogel to deduce key structure-
property relationships and tune the hydrogel toward compatibility with glioblastoma therapy.
Click chemistry refers to reactions in which the reagents rapidly crosslink, produce high yields,
and are not impacted by water and biological processes in vivo due to their bio-orthogonal nature
[11]. Click reactions are therefore suitable for synthesizing injectable materials, and more
specifically, the thiol-Michael addition reaction can occur under physiological temperatures and
pH [12] and is ideal for generating hydrogels that encapsulate proteins and cells [13]. The
thioether linkage in thiol-acrylate reactions can be hydrolytically degraded, while bases are
efficient thiol-Michael addition catalysts that minimize side reactions [14]. The alkaline

environment deprotonates thiol groups to produce nucleophilic thiolate anions and conjugate



acids [14]. The thiolate anion (Michael donor) conjugates to the a,B-unsaturated carbonyl
(Michael acceptor) in the acrylate to form an intermediate anion, which obtains a hydrogen from
the conjugate acid to form the final thioether product [14]. Poly(ethylene glycol) (PEG) is often
the dominant precursor in hydrogels, since it is a biocompatible polymer and FDA approved for
implantation in vivo [15].

Moon and colleagues used aqueous NaHCOs as the base catalyst to synthesize an
injectable poly(ethylene glycol) diacrylate (PEGDA) based hydrogel with the three-arm, trithiol
crosslinker ethoxylated trimethylolpropane tri-3-mercaptopropionate (Thiocure ETTMP) for use
as a packing material during cancer brachytherapy [16]. The PEGDA molecular weight and
acrylate:thiol stoichiometric ratios minimally influenced hydrogel properties. However,
preliminary findings indicated NaHCO3 concentration and water content tuned the hydrogel
properties, although this was not systematically investigated. In a separate study, Khan and
coworkers utilized a similar platform with NaOH catalysts to assess the impact of polymer
concentrations and stoichiometric ratios [17]. While a slight excess of thiol was favorable and
monomer concentrations modulated hydrogel properties, the researchers focused on optimizing
their platform as a three-dimensional (3D) in vitro cancer cell culture model. Peach and
colleagues [18] demonstrated the PEGDA-Thiocure hydrogel which utilizes NaHCO; conforms
to anatomical structures in cadavers in situ and produces minimal heat upon crosslinking. In this
study, we therefore selected this biomaterial platform and systematically varied across three
levels the initial hydration level (25, 50, and 75 wt% water) and aqueous NaHCO3 concentration
(0.1, 0.175, 0.25 M) and characterized the 9 resulting formulations based on physical, biological,
and chemical compatibility with the GBM microenvironment and our proposed application. We

aimed to 1) identify and establish structure-property relationships between the hydration/basicity



and hydrogel properties and 2) determine the most optimal formulation for compatibility with
GBM therapy.

2. Materials and Methods
2.1 Hydrogel Synthesis
PEGDA with numbered average molecular weight of 575 g/mol (Sigma Aldrich) and

Thiocure ETTMP 1300 333L (generously donated by Bruno Bock Thiochemicals) were brought
to room temperature. Aqueous NaHCOs (Fisher Chemical) was prepared at 0.1 M, 0.175 M, and
0.25 M by dissolving appropriate masses in high performance liquid chromatography (HPLC)
deionized (DI) water (Fisher Scientific). Hydrogels were prepared with a 1:1 stoichiometric ratio
of thiol:acrylate with 0.300 g of PEGDA and 0.389 g of Thiocure. A volume of 0.230, 0.690, and
2.050 mL of NaHCO3(.q) was used to prepare 25, 50, and 75 wt% water content hydrogels,
respectively. PEGDA was dissolved in the appropriate volume of NaHCO3(aq) by vortexing for
10 seconds, and Thiocure was injected into this solution and mixed vigorously with a stir rod for
20 seconds. Hydrogels were crosslinked in 6 dram vials (Fisher Scientific) at 37°C. Three
replicates were synthesized for each of the 9 hydrogel formulations at the three varying hydration
levels and NaHCOj3 concentrations to quantify the gelation times. Completion of reactions was
verified in vials with the inversion method.

2.2 Swelling Studies

Hydrogels were prepared according to section 2.1. The mass was recorded for each as
prepared hydrogel (mg), after which point the hydrogel was submerged in 50 mL of 1X
phosphate buffered saline solution (PBS) (Gibco) pre-equilibrated to 37°C in a jar. Hydrogels
were maintained at 37°C and at 10-minute intervals for 3 hours, the hydrogel was taken out of

the PBS, patted dry with Kimwipe, measured with a scale to quantify the wet mass (my), and



placed back in PBS. The swelling ratios were determined based on the percent mass increase in
the hydrogels due to PBS absorption according to Equation [1] as follows:

Percent mass increase = % x 100 [1]
d

Hydrogels were monitored daily to obtain the swelling ratios at equilibrium as well as the time
point at which equilibrium was achieved.

2.3 Rheology

Three replicates of hydrogels per formulation were synthesized to possess 2 mm
thicknesses and were excised to 10 mm x 10 mm dimensions. These hydrogels were swelled and
maintained in 10 mL of 1X PBS at 37°C for 12 hours prior to rheological analysis. Each
hydrogel was placed on a 25 mm plate in an RSA-G2 solids analyzer (TA Instruments), which
was a linear rheometer that subjected the hydrogel to compression at 37°C. The gap between
plates was less than 2.5 mm to maintain a force of 0 N. A frequency sweep from 0.1 to 10 Hz
was performed at 2% strain in the linear viscoelastic region to collect the values for the storage
and loss moduli (TA Trios). The final data are reported at 1 Hz during plateau.

2.4 Mesh Size

The hydrogel mesh size is the distance between crosslinks and impacts loading capacities
and release profiles of encapsulated agents [19]. Since hydrogel viscoelastic properties impact
the microstructure, the rheological data were used to calculate average mesh sizes (1) according
to the rubber elastic theory [19], as indicated by Equation [2]. Na is Avogadro’s number, R is the
universal gas constant (J mol! K-, T is temperature (K), and G’ is storage modulus in Pa as

follows:

[2]




The crosslinking density ({) indicates the number of elastically active junctions in the network
per volume and was determined from the rubber elastic theory according to Equation [3], where

G is the storage modulus value at plateau during a frequency sweep [20].

Ge [3]

‘RT

2.5 Gel Fraction

A 12 well plate was used as a mold to prepare 1 mL volume hydrogels. Three replicates
were prepared for each formulation. Hydrogels were transferred to a watch glass and the masses
were recorded. Hydrogels were air dried for 24 hours and then dried in vacuo for 48 hours or
more at room temperature until fully dry. Dried masses were recorded (mary), and dried
hydrogels were incubated in 25 mL of dichloromethane (Millipore Sigma) in a jar and placed in
a mini shaker (Fisher Scientific) at room temperature with speeds of 150 rpm for 24 hours to
extract soluble components. Hydrogels were transferred to a watch glass and air dried at room
temperature for 24 hours and then dried in vacuo for 48 hours or more until completely dry. The
final extracted and dried hydrogel masses were recorded (mex). The percentage gel fraction can
be determined using Equation [4] as follows:

Mex

Gel Fraction (%) = —=
dry

x 100 [4]

2.6 Degradation

1 mL volume hydrogels were prepared in 9.5 dram vials with three replicates for every
formulation at each time point: days 0, 3, 6, 9, 12, and 15 for total 18 hydrogels. Day 0 hydrogels
were placed in a watch glass and air dried for 24 hours and then dried in vacuo for 48 hours or
more at room temperature until completely dry. Final dried masses were recorded (mo). The
remaining hydrogels were submerged in separate vials containing 14 mL of 1X PBS with

magnesium and calcium (Fisher Scientific) and placed in the incubating mini shaker with a speed



of 150 rpm at 37°C. At the designated time point, relevant hydrogels were taken out from the
vials, washed three times with 10 mL of HPLC DI water to remove residual salt from the surface
[21], and placed in a watch glass to air dry for 24 hours and then dry in vacuo for 48 hours or
more until completely dry at room temperature. The final dried mass for each time point was
recorded (mr). PBS was refreshed completely every three days. The degradation at each time
point was calculated as the percent mass loss with respect to the dried hydrogels at day 0
according to Equation [5]:

Percent mass loss = ? x 100 [5]
0

2.7 Cell Culture and Preparation of Sterile Hydrogels

Normal Human Astrocytes (NHA) from Lonza were cultured in Astrocyte Growth
Medium (AGM) from Lonza containing fetal bovine serum, L-glutamine, recombinant human
epidermal growth factor, ascorbic acid, gentamicin sulfate amphotericin B, and insulin. The cells
were maintained in T-25 flasks at 37°C and 5% CO> and passaged upon reaching 80%
confluence according to the manufacturer’s protocol. Cells from passages 5 - 7 were used for all
experiments. Sterile hydrogels were prepared inside a biosafety cabinet under aseptic conditions
with autoclaved dram vials and UV radiation sterilized equipment. Autoclaved HPLC DI water
was used to dissolve NaHCO3. Aqueous NaHCO3, PEGDA, and Thiocure were all sterile filtered
through 0.22 um filter units (Millex). 500 uL. volumes of hydrogels were synthesized and
dispensed into 24 well plate molds and crosslinked in the incubator at 37°C. Each hydrogel was
submerged in 1 mL of AGM for 24 hours to pre-equilibrate prior to seeding cells.

2.8 Cytotoxicity

The pH of the media after hydrogels reached equilibrium was recorded with a pH meter
(Accumet Basic). The alamarBlue (AB) assay (BioRad) was used to quantify potential

cytotoxicity of hydrogels to NHA by monitoring proliferation of cells cultured on hydrogel



surface according to the manufacturer’s protocol. Pre-equilibrated media in hydrogels was
discarded and 50,000 NHA were seeded on each hydrogel’s surface. Four replicates of hydrogels
were synthesized for each time point at each formulation and wells were filled with 1.5 mL
AGM. A positive control for the assay was conducted with 50,000 NHA seeded directly on the
surface of each tissue culture treated well (n = 4) to assess cell proliferation under standard cell
culture conditions. The alamarBlue incubations were performed for 4 hours at the designated
time point (day 1, 3, 5, and 7) with media containing 10% AB reagent by volume. Media with
AB reagent only and no cells was used as negative controls. Spectrophotometer (SpectraMax
M2¢ Molecular Devices) absorbance readings were conducted for each sample with 3
subsamples at 570 nm and 600 nm. Cell density data for a standard curve relating the
spectrophotometer absorbance to the astrocyte cell concentrations on well plates ranging from
1000 — 100,000 cells was also conducted with the same procedure. The standard curve data was
curve fitted and the resulting equation was used to transform the absorbances from the
experimental samples to a cell density as the cells proliferated. The astrocyte proliferations
reported for the cytotoxicity assay are the final cell densities at each time point on the hydrogel
or positive control sample normalized to the initial cell seeding density for each sample (50,000
NHA).

2.9 Immunoassay

An Enzyme-Linked Immunosorbent Assay (ELISA) was used to quantify the interleukin
6 (IL-6) secretion from NHA seeded on the hydrogels. Sterile hydrogels were synthesized in 24
well plate molds and pre-equilibrated with 2 mL of AGM at 37°C for 24 hours. 50,000 NHA
were seeded and cultured on each hydrogel surface or directly on the tissue culture treated 24
well plate in triplicate at 37°C and 5% CO». All samples were refreshed with 2 mL of AGM

every other day. At designated time points (days 1, 3, 5,7, 9, 11, 13, and 15), the media was



collected and centrifuged at 1500 rpm for 10 minutes at room temperature. 1.5 mL of the
supernatant was collected and stored at -80°C until use. A scratch wound was performed on
NHA cultured directly on the wells after collecting the supernatant on day 5, when NHA reached
100% and complete confluency as outlined by a previously established protocol [22]. Briefly, the
scratch wound was applied by dragging a sterile 200 pL pipette tip as a single line across the
diameter of the well. Detached cells were removed by washing the well thrice with 1 mL of PBS
and then replenishing the media. This scratch wound was used as a positive control for the
immunoassay to compare IL-6 secretions of NHA exposed to hydrogels with IL-6 secretions
from reactive astrocytes. Frozen supernatants were brought to room temperature and Human IL-
6 DuoSet ELISA kit (R&D Systems) was used to quantify IL-6 concentrations in the 1.5 mL of
supernatant according to the manufacturer’s protocol. Spectrophotometer readings were taken at
450 nm with reference readings at 570 nm to account for wavelength corrections. The 4P logistic
sigmoid curve fit (JMP) was used to model the standards and obtain the IL-6 secretion
concentrations from the absorbances.

2.10 Immunocytochemistry

The glial fibrillary acidic protein (GFAP) intensity and morphology of NHA cultured on
hydrogels were monitored with confocal microscope imaging. Hydrogels were synthesized in
polydimethylsiloxane (PDMS) mold cutouts that were 10 mm in diameter and 1 mm in depth
according to a previous protocol [23]. Each stamp was autoclaved, plasma treated (Harrick
Plasma) for 4 minutes, and sterilized by UV radiation for 30 minutes. The stamps were incubated
with sterile 1% polyethylenimine for 10 minutes, sterile 0.1% glutaraldehyde for 20 min, and
washed with sterile DI water. Each stamp was placed in 24 well plate wells, and 90 pL volumes
of sterile hydrogel precursors were dispensed into the stamp and crosslinked at 37°C for 30

minutes, followed by equilibration with 1 mL of AGM for 24 hours at 37°C prior to cell seeding.
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For the positive control, a custom 3D printed polylactic acid (PLA) plate with 14 mm diameter
and 12 mm deep wells was fitted with No. 1.5 thick 18 mm x 18 mm glass coverslips on the
bottom (Fisher Scientific) for imaging cells. These plates were plasma treated, followed by 70%
ethanol treatment and UV sterilization. The coverslips were coated with 2% gelatin solution
according to the manufacturer’s protocol (Sigma Aldrich) and thereby enable NHA adherence on
the glass coverslip to image the cells as a control for standard cell culture cultivation on surfaces.

Samples were stained and imaged on days 1, 3,5, 7,9, 11, 13, and 15 for each
formulation and control sample. All incubations were performed at room temperature in the dark
unless otherwise noted. Washing steps were performed thrice with 1X PBS. For each time point,
three PDMS-hydrogel composites were prepared for every formulation and three samples were
prepared for the control condition on glass coverslips. 20,000 NHA were seeded on glass
coverslip wells, while 100,000 NHA were seeded on the hydrogel surface. All samples were
cultured in 1 mL of AGM, refreshed every other day, and maintained at 37°C and 5% CO». At
designated time points, media was removed and samples were washed, then fixed with 10%
formalin (Sigma Aldrich) for 20 minutes. After washing, samples were permeabilized with 0.5%
TritonX-100 (Polysciences, Inc) for 20 minutes, washed, and blocked with 1% bovine serum
albumin (BSA) (Fisher Bioreagents) for 1 hour. After washing, samples were incubated with
GFAP monoclonal antibody GAS5 (Life Technologies) (1:200) overnight at 4°C. Samples were
washed and incubated with goat anti-mouse IgG1 cross-adsorbed secondary antibody Alexa
Fluor 488 (Life Technologies) (1:1000) for 1 hour. After washing, samples were counterstained
with 0.1 pg/mL DAPI (Sigma Aldrich) for 30 minutes (hydrogels) and 10 minutes (control). The
cells were washed prior to imaging with an EC Plan-Neofluar 40X objective lens with a

numerical aperture of 0.75 in a Zeiss LSM 800, axio observer Z1/7 inverted confocal microscope
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to obtain morphology and GFAP intensity of the astrocytes. Z-stacks with 300 um thickness
were used to confirm the cells had not invaded into the hydrogel and had remained on the
surface. PDMS-hydrogels were carefully removed from the well and inverted onto a No 1.5 glass
coverslip coated with a 20 pL droplet of PBS for imaging the astrocyte monolayer on the
hydrogel surface. Control conditions were imaged directly from the glass coverslip on the bottom
of 3D printed well plates. Three fields of view were randomly selected per hydrogel or well
plate, and all images were taken with a 45 um size pinhole and 8x averaging. All acquired
images were 1.85 um thick optical sections of the astrocyte monolayer focused on the hydrogel
surface or gelatin coated glass coverslip. These optical section images were analyzed and
processed with Zen 3.3 software (Zeiss Zen Lite). The normalized GFAP fluorescence intensity
was determined in a semi-quantitative manner for the astrocytes cultured on the hydrogel

surface. This value was determined based on the ratio of the average fluorescence intensity per
pixel for each individual cell to the average fluorescence intensity in the background for the field
of view containing the same cell to account for changes in microscope setup over time, according
to previous protocols [24, 25]. Control samples without primary antibody were used to confirm
the lack of non-specific binding of the secondary antibody to NHA or the hydrogel.

2.11 Statistical Methods

Quantitative data are represented as means + standard deviations. All experiments were
conducted in triplicate or more. Tukey’s post-hoc test (JMP) for multiple pair-wise comparisons
was performed using one way ANOVA, with p-values < 0.05 considered statistically significant.

3. Results
3.1 Hydrogel Synthesis
Hydrogels were synthesized with PEGDA and Thiocure precursors with NaHCO3(aq) and

crosslinked at 37°C, as illustrated by the schematic in Figure 1. According to Table 1, increasing
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NaHCO; concentrations generally decreased gelation times. This trend was apparent in
hydrogels with 25 wt% water, but this trend was not observed in 75 wt% hydrogels. Hydrogels
with 0.1 M NaHCOs3 and 25 wt% hydration had the highest gelation time at 856 + 20 s, while

hydrogels with 0.25 M and 50 wt% had the lowest gelation time at 14 + 1 s.
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Fig. 1. Schematic representation of the synthesis method for generating the thiol-Michael addition hydrogels.
PEGDA and Thiocure precursors were crosslinked in a 1:1 stoichiometric ratio by NaHCO3(aq) base catalysis at
physiologic temperature. Created with BioRender.com and ChemSketch.

Table 1. Gelation time and time to reach equilibrium swelling for hydrogel formulations.

Water Content NaHCOs Concentration Average Gelation Time to Reach Equilibrium

(%) ™M) Time (s) Swelling (h)
0.1 856 =20 77.500

25 0.175 46+ 1 2.500
0.25 21+1 3.000
0.1 38+1 3.000

50 0.175 41+3 102.500
0.25 14+1 76.000
0.1 361 0.000

75 0.175 41+1 0.167
0.25 37+£2 0.167
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3.2 Swelling Studies

Upon implanting a hydrogel in the brain, the diffusion of cerebrospinal fluid may cause it
to swell. Hydrogels were therefore swelled in PBS and according to the swelling kinetics (Fig.
2A), all formulations swelled continuously for 180 minutes, except for hydrogels with 75 wt%
water content. The 75 wt% hydrogels deswelled and exhibited the highest variations in swelling
kinetics data. The 25 wt% hydrogels swelled the most with equilibrium ratios ranging from 0.66
to 0.77 (Figure 2B), while 50 wt% hydrogels swelled the least (0.25 — 0.31) with the lowest
variation. The 0.175 M and 50 wt% hydrogel took the longest time to reach equilibrium swelling
at 4 days (102.500 hours), while the remaining formulations reached equilibrium in 3 days or
less (Table 1). All formulations were transparent while swelling, except for the 75 wt%
hydrogels that became opaque during swelling in PBS at 37°C (Fig. 2C). The 75 wt% hydrogels

were screened out from further study due to poor crosslinking.
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Fig. 2. Effect of hydration level and NaHCOs concentration on hydrogel swelling. Hydrogels were swelled in
phosphate buffer saline solution (PBS) at 37°C. (A) Swelling kinetics obtained at 10-minute intervals for up to 180
minutes. (B) Swelling ratios at equilibrium. 0.1 M, 75 wt% hydrogel never reached equilibrium (x). ** p-value <
0.01, error bars represent standard deviations (n = 3). (C) Change in opacity for hydrogel formulation at 0.25 M
NaHCOs and 75 wt% water content upon swelling at 37°C in PBS.

3.3 Rheology and Hydrogel Microstructure

According to the data in Figure 3A, the 0.25 M at 50 wt% formulation possessed the
highest storage modulus (69.2 + 3.5 kPa). The other 5 formulations had storage moduli ranging
from 3.9 — 25.5 kPa. There were no trends or significant differences in storage modulus among
the 25 wt% hydrogels. In contrast, the storage modulus increased with increasing NaHCO3
concentration for 50 wt% hydrogels, with a significant difference between 0.1 M and 0.25 M
NaHCO:s. The tan  values representing the ratio of the loss modulus (G’’) to storage modulus
(G’) ranged from 0.10 to 0.36 for all formulations (Figure 3B). The hydrogel mesh sizes are
summarized by Table 2. 25 wt% water content hydrogel mesh sizes were consistently around 8
nm, while the mesh sizes for 50 wt% hydrogels decreased with increasing base concentration and

ranged from 4.2 — 11.0 nm. The crosslinking densities were inversely proportional to mesh sizes
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and increased with base concentration in 50 wt% hydrogels, with no such trend in 25 wt%

hydrogels. The 0.25 M, 50 wt% hydrogels possessed the highest crosslinking density at 26.9 +

14.3 mol/m>.
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Fig. 3. Rheological analysis of hydrogel formulations. All hydrogels were swelled for 12 hours in PBS at 37°C
before being subjected to the compression mode in an RSA-G2 at 2% shear strain and frequency sweep from 0.1 to
10 Hz at 37°C. Hydrogels with dimensions of 10 mm x 10 mm x 2.5 mm were used for each formulation. Data
reported for 1 Hz at plateau. (A) Storage modulus. (B) Tan § values for ratio of the loss modulus (G’’) to the storage
modulus (G’). * p-value < 0.05, ** p-value < 0.01, error bars represent standard deviations (n = 3).

Table 2. Hydrogel mesh sizes and crosslinking density based on rubber elastic theory.

Water Content NaHCOs Concentration (M)  Average Mesh Size (nm) Average Crosslinking

(%) Density (mol/m?)
0.1 84+24 3.8+2.8

25 0.175 82+28 54+6.2
0.25 8.8+1.3 27+14
0.1 11.0£23 1.5+0.9

50 0.175 5.6+0.6 99+3.1
0.25 42+0.8 269+ 14.3

3.4 Degradation

The fastest degradation was observed for 0.25 M and 50 wt% hydrogels, with
approximately 5.9% loss in mass per day (Figure 4A) and a total of 92.9% loss in the original
mass after 15 days (Figure 4B). For 50 wt% hydrogels, degradation increased with increasing
NaHCOs; concentration. In contrast, changes in base concentrations did not significantly impact
the degradation of 25 wt% hydrogels. 25 wt% hydrogels had slow degradation rates after day 6,

while degradation continued to increase for 50 wt% hydrogels at 0.25 M and 0.175 M. The 0.1
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M and 25 wt% hydrogels had the lowest degradation rate at only 1.5% mass loss per day, with
only 26.0% loss in its original mass after 15 days. As indicated by Figure 4C, this hydrogel
formulation remained stable throughout the 15 days.

3.5 Gel Fraction

Although the gel fractions did not differ significantly across the different formulations,
both 0.25 M hydrogels were below 80% gel fractions (dotted line) with a high standard deviation
(Figure 4D) and were screened out from further study due to an insufficiently crosslinked
polymer network. The 0.175 M hydrogels had the highest gel fractions at 90.9% and 85.2% for

the 25 wt% and 50 wt% hydrogels, respectively, and possessed the lowest variations in the data.
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Fig. 4. Effect of NaHCO3 concentration and hydration level on hydrogel stability. (A) Degradation kinetics profile
of hydrogels over 15 days. (B) Total degradation of hydrogels after 15 days. Hydrogels were submerged in PBS at
37°C in triplicate. Degradation in terms of mass loss upon drying. (C) Comparison of hydrogels on Day 0, before
degradation began, to Day 15. (D) Percent gel fraction and strength of polymer network. Soluble components of
hydrogels were extracted with dichloromethane. Dashed line is 80% threshold. ** p-value < 0.01, error bars
represent standard deviations (n = 3).
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3.6 Cytotoxicity Assay
After 24 hours of equilibration, the pH of media that submerged the 25 wt% hydrogels at

0.1 M and 0.175 M NaHCOs3 was determined to be 6.2. For the 50 wt% hydrogels at 0.1 M and
0.175 M, the media pH was 6.9 and 7.1, respectively. NHA proliferations at each time point were
determined by normalizing the final cell densities to the initial cell seeding densities and ranged
from 78% to 153% during the 7-day period, as indicated by Figure SA. During the first 24 hours,
both 0.175 M hydrogels had significantly higher cell proliferations (120% — 125%) than the 0.1
M hydrogels (77% — 85%). By day 7, both 50 wt% hydrogels had significantly higher cell
proliferations (142% — 153%) than 25 wt% hydrogels (114% — 115%) (Figure 5B). 0.175 M and
50 wt% hydrogels had the highest proliferations throughout the 7 days. NHA proliferations in the
control condition with cells cultured directly on tissue culture treated wells increased from 305%
on Day 1 during the first 24 hours of culture to 381% on Day 7. Both the 25 wt% hydrogels (0.1
M and 0.175 M) were screened out from further characterization due to significantly lower cell

proliferations on day 7 compared to 50 wt% hydrogels.
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Fig. 5. Cytotoxicity of hydrogels to normal human astrocytes. (A) Cell proliferation (%) over 7 days for astrocytes
cultured as a monolayer on hydrogel surface. (B) Cell proliferation (%) of astrocytes cultured as a monolayer on
hydrogel surface on day 1 and day 7. Hydrogels were pre-equilibrated with media prior to cell culture. Astrocytes
seeded at a density of 50,000 cells per hydrogel. Cell cultures maintained at 37°C with 5% CO: in astrocyte growth
media. Cell proliferations quantified with alamarBlue assay and determined by normalizing the final cell densities at
each time point to the initial cell seeding densities. *** p-value < 0.001, **** p-value < 0.0001, error bars represent
standard deviations (n = 4).

3.7 Immunoassay

NHA cultured on hydrogels secreted IL-6 with concentrations from 23.5 pg/mL to 238.7
pg/mL in 1.5 mL of culture media supernatant (Figure 6A). The secretion profiles for the two
formulations (0.175 M and 0.1 M at 50 wt%) were similar. IL-6 secretion profiles were also
normalized to cell densities at each time point to directly compare IL-6 concentrations on a per
cell basis up to day 7, before hydrogels began to degrade significantly, with results indicating
secretion peaked on Day 5 for 0.175 M and on Day 7 for the 0.1 M hydrogels (Supplementary
Figure S1). From Day 7 and onwards, IL-6 secretions began to decline for both formulations
(Figure 6A). NHA cultured on well plates secreted significantly higher IL-6 than the hydrogels
after the scratch wound was applied on Day 5 according to the normalized secretion profile
(Supplementary Figure S1). The 7-day cumulative and normalized data (Figure 6B)

demonstrated IL-6 secretion between the two formulations was not significantly different, with

19



0.0081 pg/cell and 0.0093 pg/cell for 0.175 M and 0.1 M hydrogels, respectively. In contrast,

cumulative and normalized IL-6 secretions for wounded NHA were an order of magnitude

higher at 0.0230 pg/cell.
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Fig. 6. Immunogenic response and IL-6 secretion of normal human astrocytes cultured on surface of the hydrogels.
Astrocytes were seeded on the surface of hydrogels at a density of 50,000 cells per hydrogel or well plate and
cultured for 15 days. Cell cultures maintained at 37°C with 5% COxz in astrocyte growth media. 1.5 mL culture
media supernatants were collected and analyzed by ELISA to quantify IL-6 secretion. A scratch wound assay was
performed on astrocytes seeded on the control well plate cell culture conditions on Day 5. (A) IL-6 secretion over 15
days. (B) Cumulative IL-6 secretion on Day 7 normalized to astrocyte cell density from each time point. *** p-value
< 0.001, error bars represent standard deviations (n = 3).

3.8 Immunocytochemistry

1.85 um thick optical sections of astrocytes as a monolayer on the surface of the
hydrogels or on gelatin-coated glass coverslips (control) are indicated by the confocal
microscope images in Figure 7A. NHA cultured on the hydrogels maintained a round
morphology throughout 15 days, while cells elongated in the control condition. The average
GFAP fluorescence intensities of astrocytes cultured on the hydrogels were normalized to the
background fluorescence and these levels ranged from 18.2 to 65.6 on 0.175 M and 50 wt%
hydrogels, with highest values from days 1 — 3 (Figure 7B). For cells cultured on 0.1 M and 50
wt% hydrogels, the normalized GFAP fluorescence intensity ranged from 22.5 — 88.3 and peaked
on day 5, at which point it was significantly higher than days 7, 9, and 15 for 0.175 M hydrogels
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and days 9, 13, and 15 for 0.1 M hydrogels. For both hydrogels, GFAP levels decreased and
plateaued after reaching the highest values. NHA diameters ranged from 13.3 —35.1 um, peaking
on day 3 for 0.1 M hydrogel, which was significantly higher from the NHA diameters for all
0.175 M hydrogels and NHA diameters from days 5 and onwards for 0.1 M formulations (Figure
7C). NHA average cell diameter and normalized GFAP fluorescence intensity had a weak

positive association with a correlation of 0.23 (Figure 7D).
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Fig. 7. Normal human astrocyte reactivity to hydrogels. Astrocytes were seeded on surface of hydrogels at a density
of 100,000 cells per hydrogel and 20,000 cells per well under control cell culture conditions. Cell cultures were
maintained at 37°C in 5% CO> and imaged with confocal microscopy every other day for 15 days. All acquired
images are 1.85 um thick optical sections focused on the astrocyte monolayer on hydrogel surface or well plate. (A)
Morphology of astrocytes. Green stain is GFAP, blue stain is DAPI. Scale bar is 10 pum. (B) Normalized GFAP
fluorescence intensity of astrocytes on hydrogels. (C) Average diameters of astrocytes on hydrogels. (D) Correlation
between normalized GFAP fluorescence intensity and cell diameter of astrocytes on hydrogels had a value of 0.23. *
p-value < 0.05, ** p-value < 0.01, error bars represent standard deviations (N = 3, n = 3).
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4. Discussion

This study aimed to develop an injectable thiol-Michael addition hydrogel that is
physically, chemically, and biologically compatible with the GBM microenvironment. Nine
different formulations were generated by tuning the initial water content and aqueous NaHCO3
catalyst concentration, and these hydrogels were characterized to determine structure-property
relationships and the most optimal formulation for GBM therapy. Except for the 0.1 M and 25
wt% hydrogels, all other formulations crosslinked rapidly. The 0.25 M hydrogels with 50 wt%
and 25 wt% water content crosslinked within 14 — 21 seconds, which may be too fast for
dispensing the hydrogel precursor solution in situ. In contrast, hydrogel formulations with 0.175
M crosslinked from 41 — 46 seconds, indicating their suitability as an injectable material for
undergoing gelation within a clinically relevant timeframe [26] in the GBM resection cavity.
Higher base concentrations generally decreased gelation times due to their role as catalysts in the
reaction. However, varying the base concentrations did not impact 75 wt% hydrogels, since the
high water content affected the kinetics of crosslinking. The longest gelation time was over 14
minutes for 0.1 M and 25 wt% hydrogels. Its low hydration led to rapidly increasing viscosity as
crosslinking occurred, which likely decreased chain mobility, hindered crosslinking, and
decreased the reaction rates [27]. The NaHCOs3 content during synthesis was also the lowest for
this formulation due to the combined low water content and base concentration, and therefore the
hydrogel took longer to crosslink.

Hydrogels thermodynamically interact with aqueous media in a manner similar to the
extracellular matrix (ECM), which is why characterizing their swelling behavior is critical [21].
Excessive swelling can damage adjacent neurons, compromise patient safety, and decrease
hydrogel functionality in vivo [21, 28]. The hydrogel swelling studies were conducted in 1X PBS

to mimic artificial cerebrospinal fluid and physiologic pH and ionic strength. According to Roy
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and Gupta [29], hydrogel swelling is primarily influenced by the pH, temperature, and analyte
composition in the fluid. PBS and artificial cerebrospinal fluid are buffer systems comprising
similar components such as sodium chloride, potassium chloride, potassium phosphate, and
disodium phosphate. Furthermore, Baldwin and colleagues had found no significant differences
in the response of an electrophysiological-thermal flow sensor between 1X PBS and artificial
cerebrospinal fluid [30].

The initial water content overall had a greater impact on swelling behavior than NaHCO3
concentrations, as a decrease in hydration increased swelling. All three 75 wt% hydrogels
possessed a water content above equilibrium, and these formulations therefore deswelled over
time. Swelling data can help identify hydrogels with batch-to-batch variations [31], and these
three formulations also possessed the largest standard deviations (Figure 2A). The large variation
in swelling behavior, the tendency to deswell, and the change in hydrogel opacity when
submerged in PBS (Figure 2C) indicated the 75 wt% hydrogels were poorly crosslinked. The
high hydration increased the base content during the synthesis, which lowered the hydrogel cloud
point and led to a separation of phases. Pritchard and colleagues had also observed poor
polymerization in hydrogels with increased salinity due to a lower cloud point [21]. 75 wt%
hydrogels were therefore deemed unsuitable as chronic implants for GBM treatment and
screened out from further characterization. In contrast, 50 wt% hydrogels exhibited the least
batch-to-batch variability and lowest levels of swelling. The 25 wt% hydrogels swelled the most,
since the initial water content was below the equilibrium swelling point. The 0.175 M hydrogel
at 50 wt% took the longest time to reach equilibrium, which can be beneficial for GBM
treatment by enabling adjacent neural tissues to gradually adjust to an expanding hydrogel in the

resection bed.
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The elastic modulus of normal brain tissue typically varies among patients with a value
around 1 kPa [32]. Since the hydrogel storage moduli were all higher, the formulations can
maintain structural integrity against distending tissue forces upon implantation. However,
growing brain tumors are restricted to a confined skull space, which increases the pressure in
vivo. Compression stiffening also increases due to fluctuations in ion conductance and a rise in
GBM vascularization [33]. Furthermore, GBM tumorigenesis leads to ECM remodeling and an
increase in rigidity, as high-grade glioma cells secrete 20 times more ECM components like
hyaluronan compared to healthy brain cells to promote more migration and invasion along these
denser and structured matrices [34]. Rheological analysis in compression mode was hence
performed to mimic GBM compression stiffening. The storage modulus of GBM cells are
typically between 0.1 — 10 kPa, while the upper limit can be as high as 50 kPa [35]. In their
study, Wang and colleagues report that the stiffness of GBM tissues is around 25 kPa [36]. As is
evident from Figure 3A, the storage modulus of the 0.25 M and 50 wt% hydrogel was above this
threshold and may risk mechanical mismatch with soft brain tissue and the GBM
microenvironment to augment an inflammatory response and patient discomfort. In contrast, the
storage moduli of the other 5 formulations corresponded to GBM compression stiffening.
Overall, the storage moduli of the 25 wt% hydrogels were lower than their 50 wt% counterparts,
since the 25 wt% hydrogels swelled more with PBS prior to compression (Figure 2B). For 50
wt% hydrogels, the storage modulus and crosslinking density increased with base concentration,
while there was no such clear trend for 25 wt% hydrogels. The low water content in 25 wt%
hydrogels led to high viscosities, which likely dominated the matrix modulus and kinetics of

crosslinking.
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Tan d values assess the viscoelasticity of a material [19]. Since all tan 6 values were
between 0 - 1, the storage moduli were higher than the loss moduli, indicating the hydrogels
exhibited mostly elastic behavior [17]. This elasticity is beneficial to potentially capture GBM
cells, since high loss moduli hinder cell movement in hydrogels by limiting material deformation
in response to cell migration and motility [37]. Hence, stiff hydrogels with solid-like properties
do not allow long polymer chains to rearrange [38] and thereby cells to infiltrate inside. On the
other hand, GBM cell invasion into the hydrogel can potentially increase the pressure inside the
material. Therefore, future work will need to characterize the hydrogel viscoelastic properties
further when GBM cells are entrapped inside and determine to what extent the storage modulus
increases.

The tight range in tan 6 values and mesh sizes indicated hydrogels possessed
homogeneous mechanical properties and microstructures. The rubber elastic theory was
applicable for measuring the mesh sizes, since all formulations were elastic and can recover from
small deformations [39]. As expected, higher crosslinking densities resulted in lower mesh sizes.
The high storage modulus of 0.25 M and 50 wt% hydrogels can be attributed to its high
crosslinking density, and its small mesh size may make it difficult to entrap GBM cells. 0.175 M
and 50 wt% hydrogels with a 25.5 kPa storage modulus can conform to the GBM environment
and withstand pressure from the elevated intracranial pressures. Its storage modulus is also
suitable for a heterogeneous population of GBM cells, whether they prefer a high elastic
modulus and are stiff-sensitive for migration and adhesion or are stiffness independent [40].

Degradation was conducted by submerging hydrogels in 14 mL of PBS, since resected
GBM tumors are typically 3 cm in diameter and 14 mL of cerebrospinal fluid refill resected

cavities [41]. A higher hydrogel hydration increased degradation, indicating that bulk erosion
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and the hydrolysis of acrylate ester bonds in the hydrophilic PEGDA backbone were the
dominant mechanisms for degradation [14]. Furthermore, the degradation profile (Figure 4B)
aligned with the storage modulus data (Figure 3A). O’Shea and colleagues reported that
increasing mechanical loads increase hydrogel degradation rates [42], and degradation profiles
relate to hydrogel behavior under mechanical stresses. Interestingly, the degradation results also
aligned with the crosslinking densities, as higher crosslink densities increased degradation.
Metters and Hubbel found crosslinking densities did not impact the degradation of their PEG-
acrylate Michael-type hydrogels [43]. However, our results seem to indicate that for these
PEGDA-Thiocure hydrogels, the onset of degradation in more densely packed crosslinks results
in a cascade effect by promoting the degradation of more bonds in the same space.

A biodegradable hydrogel in the resection cavity is advantageous as an adjuvant therapy
to conventional GBM treatments. For example, it can be used for therapeutic applications prior
to degradation during the GBM post-wound healing process after surgical resection, when most
patients wait less than 6 weeks before chemoradiotherapy [44, 45]. However, one potential
limitation is that the hydrogel degradation rate can impact its cell entrapment capacity and ability
to sustain the release of payloads. As such, the degradation profiles from Figure 4A can be used
as a guide to tune the hydrogel degradation parameters to suit specific therapeutic GBM
applications. In particular, it would be prudent to conduct further studies in the future to
determine how long the hydrogel can retain cells or therapeutic payloads before significant
degradation.

Another important consideration for biodegradable hydrogels in therapeutic glioblastoma
applications is whether the degradation products are able to pass through the blood-brain-barrier.

The blood-brain-barrier permeability enables the passage of small, lipophilic, positively charged
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molecules between 400 — 600 Da [46]. Considering that the molecular weight of Thiocure is
1300 Da, its degradation products may not naturally pass through the blood-brain-barrier.
Several technologies such as focused ultrasound [47] and high frequency electroporation [48]
can temporarily disrupt the blood-brain-barrier for passage of drugs to treat intracranial tumors.
Since our proposed hydrogel-based GBM treatment is compatible with these emerging
technologies, the hydrogel biodegradation products will be able to pass through when the blood-
brain-barrier is temporarily disrupted and opened. As such, it will be important to investigate in
future research whether the hydrogel degradation products are naturally able to pass through the
blood-brain-barrier or only when its permeability is enhanced.

The gel fraction data indicated that tuning the hydration and NaHCO3 concentration did
not significantly impact the strength of the polymer networks. Showalter and colleagues report
catalyst efficiencies and temperatures have a larger impact on gel fractions [49]. Regardless, both
0.25 M hydrogels had gel fractions below 80%, which is a threshold for sufficient conversions
and well crosslinked networks [49]. The low gel fractions in 0.25 M hydrogels can therefore risk
leaching soluble components into the surrounding tissue and increasing the material cytotoxicity.
Furthermore, the high variation in these 0.25 M gel fractions suggests a reduced homogeneity in
the polymer network. The low gel fractions and high variations in the two 0.25 M formulations
can be attributed to their very rapid gelation times of 14 — 21 seconds (Table 1), which may not
have enabled the hydrogels to crosslink sufficiently. Coupled with a high storage modulus and
degradation rate for 0.25 M and 50 wt% hydrogels, both 0.25 M hydrogels were therefore
screened out from further study.

Astrocytes are the most abundant cell type in the glioma environment and most likely to

interact with hydrogels, since neurons are typically displaced during implantation of neural
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devices [50]. The cytotoxicity assay revealed the hydrogels were biocompatible with NHA. This
biocompatibility aligns with previous studies that evaluated the cytotoxicity to healthy cells such
as RAW-blue macrophage cells [42] and vaginal epithelial cells [16], which were all
demonstrated to be highly viable against a similar thiol-acrylate hydrogel platform. The
proliferation of astrocytes cultured on the hydrogel surface was monitored for up to 7 days,
before the onset of significant hydrogel degradation (Figure 4A). As expected, the positive
control yielded a significantly higher cell growth and faster proliferation rate than astrocytes
cultured on the hydrogels, since the well plates were tissue culture treated and the surfaces were
optimized for cell attachment and proliferation. According to Figure 5B, hydrogels with a higher
NaHCOj; concentration yielded higher cell proliferations during the first 24 hours and are better
suited as acute implants, while a higher hydration level was favorable in the long term at day 7
for chronic implants. The two 0.175 M hydrogels yielded higher cell growth than the two 0.1 M
hydrogels during the first 24 hours due to the higher crosslinking densities. Wilts and colleagues
had demonstrated poly(lactic-co-glycolic-acid)-diacrylate hydrogels with lower crosslinking
densities increased cytotoxicity for breast cancer epithelial cells due to the presence of free
acrylate groups from a low conversion [51]. Hence, the high crosslinking density in the 0.175 M
hydrogels likely reduced the number of free acrylate groups available and increased
biocompatibility to NHA. The presence of free acrylates decreased over time and the hydration
level dominated cell proliferations by day 7. The pH of 50 wt% hydrogels were closer to
physiologic pH than 25 wt% hydrogels. The 25 wt% hydrogels were more acidic due to the
lower NaHCO3 content that was available to neutralize the acidic thiol and acrylate groups.
Kasymov and colleagues report that astrocytes near or residing on the ventral surface of brain

stems are highly sensitive to pH [52], so NHA thrived more on 50 wt% hydrogels in the long
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term. 0.175 M and 50 wt% hydrogels were the most ideal for NHA proliferation due to the
combined high water and base content, which resulted in the highest continuous proliferations
above 100% throughout the 7 days. Since 50 wt% hydrogels had better cytocompatibility as a
chronic implant and are better suited for GBM treatment, the two 25 wt% hydrogels were
screened out from further study. The in vitro cytotoxicity assay was limited to 7 days to delineate
cell proliferations on the hydrogel surface from proliferations on the tissue culture treated surface
of the well plate upon hydrogel degradation. Future biocompatibility research with in vivo animal
models can potentially explore the impact of the degradation products and their cytotoxicity to
healthy brain cells for beyond 7 days.

Biomaterial implants can trigger an immune response, but the post-surgery reverse
migration theory postulates an immune response can enhance GSC migration into the resection
cavity [53]. When astrocytes become reactive due to an insult in the brain, they undergo
morphological, cellular, and functional changes and secrete specific cytokines [54]. Reactive
astrocytes release elevated levels of IL-6, thereby activating MMP-2 expression and upregulating
fascin-1, an actin-bundling protein that helps cells form protrusions [55]. As a result, IL-6
promotes invasion and migration in GBM cells, including CD133+ GSCs [56] by remodeling the
ECM [54]. The low levels of IL-6 secretion compared to the reactive astrocytes from the scratch
wound indicated the hydrogels did not induce a significant inflammatory response. Since this
secretion decreased with time, the astrocyte reactivity dwindled as NHA adapted to the hydrogel
environment. Glial responses in the brain are constrained to a 50 micron radius around hydrogel
implants, since the inflammatory factors are secreted by cells which directly contact the surface
and therefore do not diffuse far before clearance from tissues [57]. IL-6 increases GBM

migration and invasion, and this low secretion may help sensitize GBM/GSCs near the resection
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cavity to migrate toward the injectable hydrogel in the resection cavity in response to the
chemical gradient.

The normalized, cumulative IL-6 secretions indicated that a change in base concentration
did not have a significant impact (Figure 6B). The two remaining formulations (0.175 M and 0.1
M at 50 wt%) possessed similar swelling and degradation profiles, which were more strongly
influenced by the initial water content than base concentration. Astrocyte reactivity against PEG
hydrogels depend on the degradation rates, which in turn are dependent on water diffusing into
the polymer network [57]. Astrocyte reactivities also depend on the degradation products and the
scaffold material. As such, the immunoassay was conducted over the course of 15 days to
capture the effect of the hydrogel degradation rate and degradation products on the immune
response of the astrocytes. Since these properties were all consistent between the two
formulations, the IL-6 secretions did not vary significantly between the two hydrogels. The
degradation products did not further incite an increase in astrocyte reactivity, and the onset of
degradation did not prolong inflammation, since IL-6 secretions plateaued when hydrogels began
to slowly degrade on day 7. As expected, wounded NHA secreted significantly more IL-6 and
exhibited an elevated immune response that was maintained throughout the duration of the study
due to sustained astrocyte reactivity, as indicated by Figure 6A. These results conform with
research conducted by East and colleagues, which had revealed astrocytes cultured as a
monolayer on 2D surfaces exhibit a constitutively activated state with high levels of IL-6
secretion [58].

Astrocytes in vivo possess small 10 pm cell bodies and radially branched processes that
connect to synapses [59]. GFAP is an intermediate filament in astrocytes which is upregulated

during activation, as reactive astrocytes indicate neuroinflammation through higher quantitative
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levels of the protein and morphological changes with hypertrophic cell bodies [57]. The
immunocytochemistry experiments and confocal microscope imaging were also conducted over
the course of 15 days to determine the effect of the hydrogel degradation on the astrocyte
reactivity, both in terms of the cell morphology and GFAP. For both 0.175 M and 0.1 M
hydrogels with 50 wt% water content, astrocytes on the hydrogel surface retained a round
morphology. When natural ECM polymers like collagen are used in hydrogel cell culture
models, astrocytes often retain their in vivo stellate morphology and express lower GFAP than in
standard cell culture conditions on tissue culture treated surfaces of flasks and plates, since the
microenvironment naturally supports a heterogenous population of astrocytes and in vivo
phenotypic markers [60]. However, synthetic hydrogels reduce the stellate morphology of
astrocytes and increase reactivity [61]. Previous research has shown that there is an optimal
stiffness for hydrogels to adopt physiological morphologies, since soft hydrogels decrease the
traction needed for astrocytes to extend their processes, while the matrix is difficult to deform in
stiffer hydrogels [25]. Regardless, the hydrogels yielded astrocyte morphologies which more
closely resembled their native state, since the mechanical cues from the control well plates
forced astrocytes to adjust to flat surfaces and adopt defined shapes [62]. A round morphology
and the presence of GFAP from NHA on the hydrogels indicated astrocyte reactivity [63]. The
weak positive association between the normalized GFAP fluorescence and cell diameter is
indicative of the hypertrophy upon NHA activation.

For both formulations, the normalized GFAP fluorescence intensities followed a similar
timeline as the IL-6 secretions, indicating IL-6 release was linked to astrocyte reactivity.
Furthermore, NHA diameters and GFAP intensities began to decrease and plateau from day 5

and onwards after the highest values were reached by both formulations, as the NHA adjusted to
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the hydrogel microenvironment. These results suggest the onset of degradation, including an
enzymatic breakdown of hydrogels due to NHA and the degradation products, did not further
incite or sustain astrocyte reactivity. The 0.1 M and 50 wt% hydrogel induced a significantly
higher astrocyte reactivity than the 0.175 M hydrogel through its peak GFAP intensity on day 5
and peak astrocyte diameter on day 3. This finding can be attributed to the difference in storage
moduli between the two formulations. Hu and colleagues observed hydrogels with a lower
storage modulus have a higher astrocyte reactivity [64], since astrocytes cultured on stiff
matrices express lower GFAP, while cells on soft matrices exhibit high GFAP levels. According
to the rheology data (Figure 3A), the 0.1 M and 50 wt% hydrogels had an 85% lower storage
modulus than 0.175 M and 50 wt% hydrogels. The immunocytochemistry data overall revealed
the hydrogels were not inert and elicited a reactive astrocyte phenotype. The 0.175 M hydrogel at
50 wt% appears to be more biocompatible, as it induces a lower astrocyte reactivity than the 0.1
M hydrogel. Astrocyte reactivity can potentially be beneficial, as Bjugstad and colleagues
suggest inducing the reactive astrocyte phenotype can be a therapeutic strategy during brain
cancer treatment by reducing the population of tumor associated astrocyte phenotypes that make
tumors more malignant [57].

The motivation for this study was to characterize the hydrogel properties and determine
the most optimal formulation for compatibility toward GBM treatment. The overall findings
have indicated that the thiol-Michael addition hydrogel with 0.175 M NaHCO3 and 50 wt%
water content is the most compatible mechanically, chemically, and biologically with the GBM
microenvironment. This formulation will thus be a suitable injectable hydrogel platform for
GBM therapy. Although soft hydrogel matrices less than 1 kPa can enhance the hydrogel-tissue

interface and contact area in the brain for optimal drug delivery applications [65, 66], stiffer
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materials have been demonstrated to promote GBM invasion through expression of CD44 and
matrix metalloproteinases such as MMP-2 [67]. Hence, hydrogels that possess storage moduli
and stiffnesses higher than soft brain tissue may help to promote GBM migration into the
material for subsequent entrapment, as is proposed for our future application of this hydrogel
platform. However, more research efforts are needed to develop this hydrogel platform further
for capturing GBM cells. For example, Solano and colleagues had demonstrated that a sodium-
alginate based macroporous hydrogel both with and without RGD cell-adhesion peptides grafted
on the surface enabled F98 GBM cells to invade into the matrix [68]. Previous research had also
shown thiol-acrylate injectable hydrogels can be functionalized with oligolysine peptides to
promote cell attachment to the surface [21]. The hydrogel pores can therefore be tuned and/or the
hydrogel surfaces can potentially be functionalized with affinity ligands to help promote GBM
migration into the matrices. Future research will also entail conducting in vivo studies to
determine the immune responses of the hydrogel implants in an orthotopic rodent model and the
role that the interstitial fluid flow may play in the GBM migration and invasion into the material
[69].
Conclusions

The results from this study indicated that a PEGDA-Thiocure injectable hydrogel with 50
wt% water content and 0.175 M NaHCOz3(aq) is an optimal platform for physical, chemical, and
biological compatibility toward GBM therapy. This formulation swells minimally and slowly
over time and can potentially mitigate damage to healthy neurons upon implantation in the
resection cavity. It possesses a sufficiently crosslinked network and can reduce the risk of
leaching soluble components into the GBM resection bed. Its storage modulus is ideal for

withstanding the high intracranial pressures associated with GBM, while also avoiding a tissue
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mechanical mismatch. The hydrogel is biodegradable, yet stable over the course of two weeks
and can potentially be used for chronic implantation. Furthermore, this formulation is
biocompatible with astrocytes and elicits a low immunogenic response. It induces astrocytes to
secrete small levels of IL-6, which can potentially attract GBM migration and invasion toward
the hydrogel in the resection cavity. The astrocyte reactivity stabilizes after 5 days, and the onset
of degradation does not incite further immunogenicity. Overall, this platform is a promising
biomaterial for compatibility toward GBM therapy. This injectable hydrogel platform will be
developed further to entrap and eradicate GBM cells with chemical and physical stimuli.
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