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Abstract

Tumoricidal neural stem cells (NSCs) are an emerging therapy to combat glioblastoma (GBM).
This therapy employs genetically engineered NSCs that secrete tumoricidal agents to seek out

and kill tumor foci remaining after GBM surgical resection. Biomaterial scaffolds have previously
been utilized to deliver NSCs to the resection cavity. Here, we investigated the impact of scaffold
degradation rate on NSC persistence in the brain resection cavity. Composite acetalated dextran
(Ace-DEX) gelatin electrospun scaffolds were fabricated with two distinct degradation profiles
created by changing the ratio of cyclic to acyclic acetal coverage of Ace-DEX. /n vitro, fast
degrading scaffolds were fully degraded by one week, whereas slow degrading scaffolds had

a half-life of > 56 days. The scaffolds also retained distinct degradation profiles /n vivo. Two
different NSC lines readily adhered to and remained viable on Ace-DEX gelatin scaffolds, in vitro.
Therapeutic NSCs secreting tumor necrosis factor-related apoptosis-inducing ligand (TRAIL)

had the same TRAIL output as tissue culture treated polystyrene (TCPS) when seeded on both
scaffolds. Furthermore, secreted TRAIL was found to be highly potent against the human derived
GBM cell line, GBMS, in vitro. Firefly luciferase expressing NSCs were seeded on scaffolds,

"Corresponding author at: Division of Pharmacoengineering and Molecular Pharmaceutics, UNC Eshelman School of Pharmacy, 4211
Marsico Hall, 125 Mason Farm Road, Chapel Hill, NC 27599, USA. ainsliek@email.unc.edu (K.M. Ainslie).

Declaration of competing interest

The authors declare the following financial interests/personal relationships which may be considered as potential competing interests:
Drs. Ainslie and Bachelder serve on the advisory board for IMMvention Therapeutix, Inc. Although a financial conflict of interest
was identified for management based on the overall scope of the project and its potential benefit to IMMvention Therapeutix, Inc., the
research findings included in this publication may not necessarily related to the interests of IMMvention Therapeutix, Inc. Dr. Shawn
Hingtgen is the Founder and CSO of Falcon Therapeutics which has exclusively licensed aspects of scaffold-based technology for
GBM therapy. The terms of this arrangement have been reviewed and approved by the University of North Carolina at Chapel Hill in
accordance with its policy on objectivity in research.

Appendix A. Supplementary data
Supplementary data to this article can be found online at https://doi.org/10.1016/j.msec.2020.110846.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Moore et al. Page 2

implanted in a surgical resection cavity and their persistence in the brain was monitored by
bioluminescent imaging (BLI). NSC loaded scaffolds were compared to a direct injection (DI)
of NSCs in suspension, which is the current clinical approach to NSC therapy for GBM. Fast
and slow degrading scaffolds enhanced NSC implantation efficiency 2.87 and 3.08-fold over
DI, respectively. Interestingly, scaffold degradation profile did not significantly impact NSC
persistence. However, persistence and long-term survival of NSCs was significantly greater for
both scaffolds compared to DI, with scaffold implanted NSCs still detected by BLI at day 120
in most mice. Overall, these results highlight the benefit of utilizing a scaffold for application of
tumoricidal NSC therapy for GBM.
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1. Introduction

Glioblastoma (GBM) is the most common primary brain tumor and is classified by the
World Health Organization (WHO) as Grade 1V, the most malignant type of glioma [1].

The current standard of care (surgical resection, oral chemotherapy with temozolomide,

and radiation) typically fails to eliminate the tumor, leading to a dismal median patient
survival of 15-18 months [2]. There are several contributing factors that limit the efficacy
of current GBM therapies, including high tumor infiltration into surrounding tissue, poor
drug diffusion in and across the brain, and drug resistance. Moreover, GBM is diffuse

and presents invasive projections that prevent gross total surgical resection. While small
molecule drugs are limited by various barriers such as short diffusion distances in the tissue
and across the blood-brain barrier, stem cells (SCs) may provide therapeutic benefit because
they have been shown to migrate throughout the brain and seek out GBM cells in response to
chemotactic signals [3,4]. As an emerging strategy to combat GBM, tumoricidal SC therapy
employs genetically engineered cells to produce anti-tumor agents so they may seek out
and kill remaining tumor cells after resection. SCs can be readily engineered to produce a
wide array of therapeutics including tumoricidal proteins, prodrug enzymes, viral vectors,
and immunomodulatory molecules [5-7]. Phase I clinical trials have established the safety
of injecting tumoricidal SCs in the brain, and Phase Il clinical trials are currently underway

(8].

Despite their promise, there are considerable challenges remaining for tumoricidal SC
therapy for GBM; chiefly, effective and stable implantation of SCs into the surgical resection
cavity. Preclinical studies have shown that SCs injected into the GBM surgical resection
cavity are cleared rapidly from the brain between 4 and 14 days, whereas SCs seeded on

a hyaluronic acid scaffold persist in the brain > 28 days [9]. The increased SC persistence

in the brain correlated with enhanced tumor killing and overall survival in mice [9]. The
benefit of scaffolds for enhancing persistence of SC after implantation in the resection cavity
has been demonstrated using a number of other scaffold types, including those composed of
hyaluronic acid (HA), fibrin hydrogels, electrospun poly(L-lactic) acid (PLA), and alginate
gels [9-14],[53].
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While these results show potential, these prior studies did not characterize the degradation
profiles of the scaffolds and as a result, the role of scaffold degradation rate on persistence
has yet to be elucidated. This study is aimed at determining the effect of the scaffold
degradation profile on neural stem cell (NSC) persistence in the brain, utilizing the novel
biomaterial, acetalated dextran (Ace-DEX). Ace-DEX has been used because of its tunable
degradation properties to rationally design drug delivery platforms for a variety of therapies
[15-18]. By simply changing reaction time, the ratio of cyclic to acyclic acetal coverage
(CAQC) is altered, which controls the polymer degradation rate that can range from hours

to months [19]. Ace-DEX is easily fabricated into scaffolds by electrospinning, a scalable
process that generates flexible, fibrous scaffolds [18]. We have previously demonstrated
the safety of implanting drug loaded and blank electrospun Ace-DEX scaffolds in the

brain [17]. Using Ace-DEX, fast and slow degrading electrospun scaffolds were fabricated,
characterized, and evaluated /n vitro and in vivo for their impact on NSC persistence in the
brain.

2. Materials and methods

All materials were purchased from Sigma (St. Louis, MO) and used as purchased, unless
otherwise indicated.

2.1. Acetalated dextran (Ace-DEX) synthesis

Ace-DEX was synthesized as previously described [20]. Briefly, lyophilized dextran and
acid catalyst, pyridinium p-toluenesulfonate (> 98%), were dissolved in anhydrous dimethyl
sulfoxide (DMSO, > 99.9%). Under anhydrous conditions, dextran (molecular weight
450-650 kDa) was reacted with 2-ethoxypropene (Matrix Scientific, Columbia, SC) in
DMSO for ~16 min or 2 h to generate pendant acetal groups. The reaction was quenched

by the addition of triethylamine (TEA, > 99%) and then the mixture was precipitated

into basic water and lyophilized. Impurities were removed by dissolving the polymer

in ethanol, centrifuging, and precipitating into basic water (0.04% TEA in water). The
resulting polymer, Ace-DEX, was lyophilized and stored in —20 °C until further use. Nuclear
magnetic resonance (NMR, Varian Inova 400) was used to characterize the relative cyclic
acetal coverage (CAC) as previously described [20].

2.2. Ace-DEX gelatin scaffold fabrication

Ace-DEX (75% wt/wt) and gelatin (25% wt/wt) were dissolved in a tri-solvent consisting of
hexafluoroisopropanol (> 99%), 1-butanol (=99.4%), and TEA at a ratio of 89%, 10%, 1%
v/v, respectively at a concentration of 150 mg/mL. The polymer solution was pumped out of
a glass syringe with a 21-gauge needle at a rate of 2 mL per hour. A voltage bias of 15 kV
was applied from the tip of the needle to a collection plate 13 cm apart.

Scaffolds were crosslinked by dehydrothermal (DHT) crosslinking by wrapping in
aluminum foil and placing in a vacuum oven at 130 °C under —67.7 kPa for 0-100 h. Then,
scaffolds were stored in a vacuum desiccator at room temperature. ICG-loaded Ace-DEX
gelatin scaffolds were fabricated as described above, with 0.5% wt/wt ICG (VWR, Randor,
PA) added to the polymer solution.
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2.3. Scaffold materials characterization

Scaffold morphology was evaluated by scanning electron microscopy (SEM). Scaffolds were
mounted onto aluminum stubs using carbon tape. Samples were coated with palladium

using a sputter coater and imaged at 2 kV on the Hitachi S-4700 Cold Cathode Field
Emission Scanning Electron Microscope. Gelatin loading was determined by fluorescamine
assay adapted from a protocol described by Lorenzen et al. using a gelatin standard

curve [21]. Non-crosslinked scaffolds were degraded at a concentration of 4 mg/mL in
hydrochloric acid (0.1 N), then neutralized by dilution to 1 mg/mL in 0.1 M borate buffer.

A fluorescamine assay was performed by combining fluorescamine solution (3 mg/mL in
DMSO) with samples at a 1:4 ratio and reading fluorescence in a plate reader (excitation:
390 nm, emission: 460 nm) and comparing to a standard curve.

2.4. Invitro degradation and release studies

Scaffold degradation was measured by mass loss, where pre-weighed scaffolds were placed
in individual microcentrifuge tubes containing 1x phosphate buffered saline (PBS, pH 7.4)
at 1.5 mg/mL. Tubes were then kept at 37 °C on a shaker plate at 150 RPM. At specific time
points, the supernatant was removed and stored at —20 °C for analysis of gelatin release. To
determine degradation, scaffolds were washed with basic water (to remove salts from PBS),
lyophilized and re-weighed. Mass loss was determined by subtracting final mass from initial
mass and normalizing to the initial mass at time 0. The supernatant was tested for gelatin
content by a fluorescamine assay [21].

ICG-loaded scaffolds were characterized similarly, where degradation was determined by
mass loss at various time points. To determine ICG release, after re-weighing for mass
loss, scaffolds were dissolved in DMSO and water (50%:50% v/v). ICG remaining in the
scaffolds was evaluated by fluorescence in a plate reader (excitation:788 nm, emission:813
nm) and compared to a standard curve.

2.5. ICG scaffold degradation in vivo

Female athymic nude mice (6-8 weeks of age, University of North Carolina at Chapel Hill
Animal Studies Core) were used for all in vivo experiments. All experimental protocols were
approved by the Animal Care and Use Committees at The University of North Carolina at
Chapel Hill.

Scaffold degradation /7 vivo was investigated using a surgical model of resection [10,

[9]]- Mice were anesthetized by vapor isoflurane and secured on a three-point stereotaxic
apparatus (Stoelting, Kiel, WA). A small circular window in the skull was made using a
bone drill (Ideal Microdrill, Harvard Apparatus, Holliston, MA), exposing the right frontal
lobe of the brain. A surgical resection cavity approximately 1 mm deep was made by
removing a small portion of brain by aspiration. Once bleeding was controlled with the
hemostatic agent, Surgicel (Ethicon, Somerville, NJ) and rinsed with cold saline, a single

3 mm ICG-loaded scaffold was implanted (fast, n = 2; slow, n = 2) and the incision was
then closed with Vetbond Tissue Adhesive (3 M, Maple-wood, MN). For pain management,
meloxicam (5 mg/kg) was administered subcutaneously prior to surgery and then daily for
the next 3 days during recovery. Fluorescence from ICG was measured non-invasively in the
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brain over time using the Perkin Elmer IVIS Lumina /n Vivo Imaging System (Waltham,
MA\) at excitation 710-760 nm and emission 810-875 nm with 1-10 second exposure times.
ICG remaining was quantified by normalizing total flux (p/s) from each mouse to the total
flux from day 0.

2.6. Celllines

Immortalized C17.2 NSCs were used for initial /n vitro cell viability experiments. C17.2

s were cultured in Dulbecco’s Modified Eagle Medium (DMEM, Corning, Corning, NY)
supplemented with 1% penicillin-streptomycin (Hyclone, Pittsburg, PA) and 10% fetal
bovine serum (Corning). Primary cortical NSCs derived from CD-1 mice (R&D Systems,
Minneapolis, MN) were utilized for /n vitro GBM killing, TNF-related apoptosis-inducing
ligand (TRAIL) output analysis, and /n vivo experiments. Patient-derived GBM cell line,
GBMS8, was a kind gift from Dr. Hiroaki Wakimoto (Massachusetts General Hospital,
Boston, MA). Primary NSCs and GBM8 cells were cultured in suspension in neuro-basal
media (Gibco Laboratories, Gaithersburg, MD) supplemented with 2% B-27 supplement
(Gibco Laboratories), 1.5% L-glutamine (Gibco Laboratories), 0.5% N-2 supplement (Gibco
Laboratories), 0.5% anti-biotic-antimycotic (Gibco Laboratories), 1 mg heparin (Gibco
Laboratories), 10 pg fibroblast growth factor (FGF, Gemini Bio-Products, West Sacramento,
CA), and 10 ug epidermal growth factor (EGF, Gemini Bio-Products).

Primary NSCs were transduced by lentivirus encoding either mCherry-firefly luciferase
(mCh-FLUC) or GFP-TNF-related apoptosis-inducing ligand (GFP-TRAIL) vectors
(Invitrogen, Carisbad, CA). GFP-TRAIL NSCs were isolated by fluorescence-activated cell
sorting (FACS). GBMB8 cells were transduced with mCh-FLUC, and puromycin selected.

2.7. Invitro NSC seeding and viability on scaffolds

Prior to seeding, 96-well plates were coated with agar (1% wt/v) dissolved in 50% DMEM
and 50% PBS. After the agar solidified, scaffolds (punched into 3 mm diameter circles) were
placed in the center of the well to hydrate. Slow degrading scaffolds were allowed to hydrate
on agar coating overnight, and fast degrading scaffolds required < 0.5 h. Silicone inserts
with a 3 mm inner diameter and 5 mm outer diameter were placed on top of each scaffold.
Cells were funneled onto scaffolds in 30 pL and allowed to attach for 4 h (Supplemental Fig.
1). Scaffolds were transferred to 0.5 mL media in a 24-well plate 4 h after seeding. In order
to get the non-adherent primary NSCs to adhere to the scaffolds, NSCs were first treated
with 2% FBS to make them adherent for 24 h in a tissue culture dish before seeding onto
scaffolds.

C17.2 cell viability and proliferation were determined by a thiazolyl blue tetrazolium
bromide (MTT) assay alongside a cell standard curve in a 24-well plate with 0.5 mL of
media. Briefly, cells were incubated with MTT dissolved in media at 0.5 mg/mL for 3

h. Media was then removed, and isopropanol (> 99.5%) was added to dissolve formazan
crystals. Absorbance was measured at 560 nm using 670 nm as a reference. Cell seeding
efficiency was determined by normalizing number of cells on scaffold at 6 h to number of
cells seeded. Cell carrying capacity was calculated by quantifying cell number on scaffolds
at 24 h after seeding. Cell viability was measured at 6, 24, and 48 h.
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2.8. Quantification of TRAIL output from TRAIL-NSCs on scaffolds

2.9.

Scaffolds were seeded with TRAIL-NSCs at a density of 2.5 x 10° per well for 4 h, and then
were transferred into a 96 well plate with 200 uL of media. At the same time, a range of cell
densities were also seeded on TCPS in a 96-well plate with 200 puL of media. Twenty-four
hours after seeding, the media was replaced with fresh and allowed to be conditioned by

the cells in the incubator for 4 h. Media was then collected and stored in =20 °C for

TRAIL quantification by human TRAIL ELISA kit (Invitrogen). Cells were dissociated
from scaffolds or the 96-well plate and counted by hemocytometer. TRAIL output was
normalized by cell number.

In vitro GBM killing

A co-culture experiment was performed in a 96-well plate by seeding a fixed number of
mCherry-FLUC-GBMS8 tumor cells (1 x 10* per well) along with a range of TRAIL-NSCs
or NSCs (blank) (1.25 x 103—4 x 104 cells per well) in a total of 200 pL of media. After

72 h of co-culture, GBMB8 viability was determined by bioluminescence using a plate reader
(BioTek Instruments, Winooski, VT) and normalized to untreated GBM8 cells.

TRAIL-conditioned media was generated after 6.5 h of TRAIL-NSC (2.5 x 10° per well)
incubation in a 96-well plate. TRAIL concentration in the conditioned media was quantified
by ELISA. GBMS tumor cells (2 x 10% per well) were treated for 48 h with serially diluted
TRAIL-conditioned media in a 96-well plate with a total of 200 uL of media. GBM8
viability was measured by MTT assay to calculate the half maximal inhibitory concentration
(ICsp) of TRAIL secreted by NSCs.

2.10. NSC persistence model

The effect of scaffolds on NSC persistence was evaluated in the surgical model described
above. 2.5 x 10° mCherry-FLUC-NSCs were implanted in the resection cavity either seeded
onto a single 3 mm scaffold or by direct injection (DI) loaded into a Hamilton syringe in 4
pL PBS (fast, n = 5; slow, n = 4; DI = 5). NSC persistence was monitored by bioluminescent
imaging (BLI) for the duration of the study (120 days). At each imaging time point, mice
were anesthetized by inhaled isoflurane and imaged by the Perkin Elmer IVVIS Lumina /n
Vivo Imaging System. Mice were given an intraperitoneal injection of D-luciferin (15 mg/kg
in PBS; Perkin Elmer) and imaged 25 min later at a 5 minute exposure to monitor NSC
persistence. Image exposure length and time after D-luciferin injection was optimized to
maximize BLI signal. BLI signal (total flux, p/s) was normalized to background signal from
a mouse containing no NSCs. NSC implant efficacy was determined by quantifying the BLI
signal from each mouse on day 2 and normalizing it to the “maximum intended dose” which
is the average BLI signal from the 5 mice with the highest signal, regardless of group. The
time to NSC clearance was determined by fitting trendlines to the normalized BLI signal for
each mouse and applying a threshold of 15% of “maximum intended dose” (Supplemental
Fig. 2). The time to clearance was plotted as a Kaplan-Meier survival curve.

2.11. Statistical analysis

Statistical analysis was performed using GraphPad Prism (La Jolla, CA). Cell seeding
and growth comparisons were performed by Student #test. Kaplan-Meier curves of NSC

Mater Sci Eng C Mater Biol Appl. Author manuscript; available in PMC 2023 July 16.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Moore et al. Page 7

clearance in the brain were analyzed by Log-Rank (Mantel-Cox) test. All other comparisons
done by one-way ANOVA with Tukey’s Multiple Comparisons post-test.

3. Results and discussion

3.1. Fabricating Ace-DEX gelatin scaffolds by electrospinning and dehydrothermal
crosslinking

In tissue engineering, degradation has been regarded as an important scaffold parameter,
where it is widely accepted that the rate of scaffold degradation should match the rate of
tissue formation to allow for smooth integration into the surrounding tissue [23]. However
in NSC-based cancer therapy, the goal is to stabilize transplanted cells post-surgery, then
ultimately release the therapeutic cells into brain where they can track down residual

cancer foci. By investigating the role of scaffold degradation, we could move towards a
more optimal NSC therapy for GBM. Previously, scaffold degradation has been tuned by
blending differently degrading polymers [24,25] and changing fabrication parameters that
include polymer concentration [26], solvent properties [27], and crosslinking [28]. Here,
we utilized the tunability of Ace-DEX to generate scaffolds with two different degradation
times. Reacting Ace-DEX for approximately 16 min or 2 h resulted in polymer with an
average of 46.0 + 0.7 or 61.3% + 1.7 CAC, respectively (Fig. 1A). These times were chosen
based on previous studies to generate “fast” and “slow” degrading polymers [29]. Initially,
it was determined that NSCs would not attach to pure Ace-DEX electrospun scaffolds,
likely due to the hydrophobicity of the polymer (data not shown). In order to facilitate NSC
adherence, Ace-DEX polymer was blended with gelatin, a widely used, natural biopolymer
derived from denatured collagen [28,30,31]. Furthermore, a commercially available gelatin
foam named Gelfoam® has been utilized for hemostasis during brain surgery, illustrating the
safety of gelatin for use in the brain [32]. With the addition of gelatin, we anticipated that
NSCs would readily adhere to the scaffolds, consistent with previous reports in the literature
[33-35].

Composite scaffolds were fabricated with a gelatin mass loading of 28.4% + 1.97 and 29.0%
+ 1.65 for fast and slow scaffolds, respectively (Fig. 1A). Next, scaffolds were stabilized

via dehydrothermal (DHT) crosslinking to prevent rapid release of hydrophilic gelatin when
placed in aqueous solution. Under high heat and vacuum, amide bonds are generated by
condensation reactions between adjacent amino acid residues resulting in crosslinked gelatin
[36,37]. DHT crosslinking was utilized because it does not pose the potential risk of toxicity
that can be seen with more commonly used chemical crosslinkers like glutar-aldehyde

[28]. Scaffolds were crosslinked for times ranging from 0 to 112 h and then evaluated for
gelatin release (Supplemental Fig. 3A-B). Un-crosslinked scaffolds rapidly released gelatin
upon incubation in PBS and had released almost all gelatin within 72 h. However, with
increasing DHT crosslinking time, the rate of gelatin release decreased. Saturation of gelatin
crosslinking was achieved by increasing DHT time until the gelatin release profile plateaued,
occurring between 99 and 112 h for both scaffolds (Supplemental Fig. 3A-B). For this
reason, 100 h was chosen as the crosslinking time for the remainder of the study. Scanning
electron microscopy (SEM) micrographs demonstrate that scaffold morphology was not
altered after 100 h of DHT crosslinking (Supplemental Fig. 3C-F).
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The effect of DHT time on crosslinking has been previous reported, however, with different
results likely due to scaffold composition. Haugh et al. found that DHT times beyond 24 h
resulted in no further crosslinking of freeze dried collagen scaffolds [36]. This is in line with
our results which indicate a saturation of crosslinking occurs; however, these pure collagen
scaffolds may achieve crosslinking saturation more rapidly compared to our composite
scaffolds, where the presence of Ace-DEX may increase the distance between amino acid
residues on gelatin.

Degradation of Ace-DEX gelatin scaffolds in vitro and in vivo

Despite blending with gelatin, the influence of Ace-DEX cyclic acetal coverage (CAC)
remained the driver of scaffold degradation, /n vitro. Ace-DEX gelatin scaffolds composed
of polymer with 46.0% + 0.7 CAC degraded rapidly, with only 25% mass remaining by day
three (Fig. 1A-B). Conversely, scaffolds composed of the 61.3% + 1.7 CAC Ace-DEX had
~60% mass was remaining on day 56. After an initial burst release of gelatin within the
first 24 h, the remaining scaffold mass attributed to gelatin was relatively stable over time.
This is likely due to saturation of gelatin crosslinking by DHT. SEM micrographs show that
Ace-DEX CAC does not influence scaffold morphology (Fig. 1D-E).

In order to investigate Ace-DEX gelatin scaffold degradation /n vivo, indocyanine green
(ICG), a near infrared fluorescent dye, was added to the composite scaffolds. ICG loaded
composite scaffolds had the same degradation rate as un-loaded blank composite scaffolds
(data not shown). Because ICG is embedded in the scaffold fibers and not chemically
conjugated, its release from the scaffolds is likely governed by a combination of diffusion
and polymer degradation [38]. While the ICG release from fast degrading scaffold tightly
follows its degradation profile in vitro, the slow degrading scaffold releases ICG more
rapidly than it degrades (Fig. 2A). Yet, the fast and slow degrading scaffolds exhibit unique
ICG release rates allowing us to approximate scaffold degradation /n vivo. In vivo, ICG
fluorescence was monitored non-invasively using serial fluorescent imaging after being
implanted in the brain resection cavity. Interestingly, mice bearing fast degrading scaffolds
had 2% of their original fluorescent signal after 7 days compared to 18% at the same
timepoint /n vitro, suggesting that their degradation profile /in vivo is slower than in vitro
(Fig. 2B—C). On day 28, there was < 0.15% of the initial fluorescent signal from the fast
degrading scaffold group compared to the slow degrading scaffold group which had on
average a signal 6.72x higher signal (Fig. 2B). Consistent with our /n vitro study, these
results illustrate a difference in degradation between the fast and slow Ace-DEX gelatin
scaffolds /n vivo.

Scaffold degradation has been found to impact brain tissue regeneration after CNS injury
[26,39,40]. Ghuman et al. generated hydrogels that degraded in the brain at rates similar
to Ace-DEX gelatin scaffolds by changing protein concentration [26]. This work showed
that degradation influenced neural tissue regeneration, with the rapidly degrading hydrogel
leading to neovascularization and an increase in infiltrative cells such as neurons and
oligodendrocytes in the stroke cavity. Considering the significant influence of scaffold
degradation on the local microenvironment after CNS injury, we investigated how scaffold
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degradation would affect the persistence of NSCs implanted in the surgical resection cavity
with Ace-DEX gelatin scaffolds of two distinct degradation rates.

3.3. Effect of Ace-DEX gelatin scaffold degradation on NSCs in vitro and in vivo

For clinical translation, controlling the number of implanted cells is important for
standardizing patient dose. Therefore, we evaluated the ability of the Ace-DEX gelatin
scaffolds to hold a high capacity of NSC while maintaining viability. A series of /n vitro
studies were performed with an immortalized murine NSC line, C17.2, for initial scaffold
testing. The NSC carrying capacity and seeding efficacy was measured on scaffolds scaled
to fit in the surgical resection cavity of the murine brain (Fig. 3A). With increasing number
of cells, the seeding efficiency decreased slowly until the number of cells adhered to the
scaffolds at 24 h approached a saturation of 139,000 + 15,700 cells and 114,000 + 14,900
per a 3 mm scaffold for fast and slow degrading scaffolds, respectively, when 500,000 cells
were seeded (Fig. 3B). There was no statistical significance between fast and slow degrading
scaffolds for cell carrying capacity or seeding efficiency (Fig. 3C). Previous studies using
electrospun scaffolds have only reported the cell number seeded, which may not be the
accurate number of cells that adhere to the scaffolds are subsequently implanted in the brain
[10].

Moving forward to /n vivo studies, a primary murine cortical NSC line was utilized, as

the immortalized line C17.2 was found to pro-liferate rapidly when implanted in the brains
of nude mice (data not shown). Primary NSCs were able to be seeded onto the scaffolds

at a higher seeding efficiency than immortalized cells, where the maximum number of
cells was 190,000 + 69,800 cells on fast and 165,000 + 40,300 cells on slow degrading
scaffolds when seeding 250,000 cells (Fig. 3C). We hypothesize this increase in seeding
efficiency is because the primary NSC are smaller than the immortalized line. Similar to
the immortalized NSC line, primary NSCs maintained the same level of viability after
seeding onto scaffolds and supported proliferation for 48 h (Fig. 3D). Despite the fact that
fast degrading Ace-DEX gelatin scaffolds had only 32% mass remaining by 48 h, NSC
remain viable (Figs. 1C, 3D). This is in line with literature, where Hackett et al. found

that 72 h after seeding, around 90% of NSCs remained viable on electrospun composite
polycaprolactone collagen scaffolds despite the scaffold degrading completely by 100 h
[41]. These results support our finding that NSCs can maintain viability despite significant
scaffold degradation.

In addition to the number of cells implanted, the amount of therapy released from the cells
is vital to characterize. TRAIL was selected for its potency against GBM, which induces
apoptosis via binding to the death receptor 5 on the surface of cancer cells, and because it
is commonly used in tumoricidal SC studies [42—44]. NSCs transduced with a lenti-viral
vector for TRAIL have been previously reported [44—46], and a similar method was used
here. To investigate if Ace-DEX gelatin scaffolds would alter therapeutic efficacy, TRAIL
output was measured from TRAIL-NSCs seeded onto scaffolds and TCPS. Our results
indicate that TRAIL output per cell was the same across both fast (3.20 + 1.20 fg/cell)

and slow (3.23 + 1.13 fg/cell) degrading scaffolds as well as TCPS (2.81 + 0.665 fg/cell),
suggesting that the nanofibrous structure does not alter TRAIL secretion (Fig. 4A). In
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addition, we determined that TRAIL output was not affected by NSC density and correlated
linearly with NSC number (Supplemental Fig. 4).

To evaluate the efficacy of secreted TRAIL, TRAIL-NSCs were cultured in the presence of
a human derived GBM cell line, GBM8. TRAIL-NSCs showed potent killing compared to
control unmodified NSCs (Fig. 4B). In order to investigate the amount of TRAIL required
to kill GBM cells /n vitro, GBM cells were treated for 48 h with supernatant conditioned
by TRAIL-NSCs (Fig. 4C). The half maximal inhibitory concentration (ICsq) of GBM8
cells was determined to be 8.63 ng TRAIL/mL. Taken together, these studies suggest that
TRAIL-NSCs seeded onto Ace-DEX gelatin scaffolds should be highly effective in killing
GBM in vivo.

In order to determine the impact of scaffold degradation on NSC persistence, a murine
model of surgical resection was utilized to recapitulate implantation of the NSCs after
debulking a GBM tumor, and thus maintain clinical relevance. Firefly luciferase expressing
NSCs were seeded onto scaffolds for 24 h and then implanted into a surgical resection
cavity in the right frontal lobe of nude mice. NSCs on scaffolds were compared to a

direct injection (DI) of an equivalent number of cells into the wall of the resection cavity,
mimicking the current administration of therapeutic NSCs in the clinic [47]. BLI was used
to monitor NSC persistence over time (Fig. 5A). Both fast and slow degrading Ace-DEX
gelatin scaffolds increased the delivery efficacy of NSCs into the resection cavity 2.87

and 3.08-fold, respectively, (P-value = 0.0047, P-value = 0.0034) over DI (Fig. 5B). Bago
et al. saw a similar increase in SC delivery efficacy by fibrin scaffolds compared to DI,
reporting a 2.17-fold increase in human mesenchymal stem cell (MSC) BLI signal at 3

h after implantation [11]. Additionally, Hansen et al. reported increased NSC delivery
efficacy using an ECM-based scaffold compared to DI as measured by number of NSC
that migrated from the resection cavity to an established GBM tumor in the con-tralateral
hemisphere 1 week after implantation [48]. The prevailing hypothesis in the literature for
scaffold enhanced transplant efficacy is that providing SCs with a substrate for attachment
during the implantation process prevents mechanical wash-out from the resection cavity by
cerebrospinal fluid and reduction in programmed cell death [14,48].

Fast and slow degrading scaffolds also had a significantly increased area under the

curve (AUC) for BLI signal compared to DI (Fig. 5C, P-value = 0.0107 and P-value =
0.0037, respectively). Furthermore, both fast and slow degrading Ace-DEX gelatin scaffolds
significantly extend the length of time that NSCs persist in the brain compared to the DI,
P-value = 0.0039 and P-value = 0.0472, respectively (Fig. 5D). The time to NSC clearance
below the 15% BLI threshold is longer for the slow degrading scaffold group compared

to fast, however not significantly (P-value = 0.0766), with a median persistence of 21

versus 16 days (Fig. 5D). Our results demonstrate that scaffolds enhance SC persistence

in the surgical resection cavity over DI which has been seen previously with other SC

lines [[9],10,11,49,51[53]]. Other previous studies with scaffolds compared persistence of
SCs implanted into the brain surgical resection cavity with DI also via BLI signal, yet

only monitor persistence until 28 days at the latest [9-11]. Bago et al. found that fibrin
scaffolds extended persistence of human MSCs implanted into a resection cavity in the brain
> 14 days compared to DI in the resection cavity [11]. The BLI signal for SC implanted
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by DI, normalized to its initial signal on day 0, was non-existent by day 14, as well as
representative images showing disappearance in pixels attributed to BLI signal between

day 10 and 14 as well. In the same time frame, Kauer et al. reported that murine NSCs
administered by DI cleared between 7 and 14 days [9]. These results are in line with ours,
where all mice that received NSCs administered by DI had cleared by day 11 determined by
our threshold (Fig. 5D). Hansen et al. observed a longer persistence of NSCs, reporting that
NSCs were still detectable by histology at day 36 [48]. However, the disparity in persistence
seen there could be due to the difference in sensitivity of NSC detection method.

Interestingly, Ace-DEX gelatin scaffolds extend long-term survival of NSCs in the brain
significantly compared to DI. NSC BLI signal still detected in both scaffold groups at day
120, despite /n vitro degradation occurring within ~7 days and ICG having only 0.15% of its
original fluorescent signal after 28 days (Figs. 1C, 2B, 5A). Yan et al. utilized a composite
scaffold, composed the polysaccharide, chitosan, and collagen to transplant MSCs after
traumatic brain injury. They found that MSCs seeded on the scaffolds incurred a greater
cognitive improvement compared to MSCs administered by DI. The scaffolds had degraded
by 1 month after implantation and MSCs transplanted on the scaffolds had differentiated into
neurons or glial cells, suggesting that a relatively rapidly degrading scaffold is sufficient to
enhance MSC persistence [51].

While there was a trend towards more NSCs remaining in the brain with slower scaffold
degradation rates in our study, this was not statistically significant compared to fast
scaffolds. One explanation for the minimal difference in NSC persistence may be that
increasing NSC implant efficacy is the main factor influencing NSC survival in the brain.
Moreover, the NSCs may also be remodeling the fast degrading scaffolds with ECM,
allowing them to sustain viability in the cavity beyond the lifetime of the original scaffold
[52]. Overall, the results of this study support literature findings that the use of a scaffold
increases short-term and long-term persistence of NSCs in the brain. As such, we conclude
that scaffold degradation in the time range we explored has a limited impact on the
persistence of NSCs in the resection cavity.

4. Conclusion

Tumoricidal SC therapy is a promising avenue for GBM therapy due to the ability to
overcome conventional drug delivery barriers. While scaffolds have been found to improve
SC implantation in the resection cavity, the role of scaffold degradation rate on SC
persistence has not been investigated systematically. To this end, the tunability of the
Ace-DEX polymer platform allowed us to generate composite scaffolds with two different
degradation profiles /in vitroand in vivo simply by changing the reaction time of Ace-DEX
polymer synthesis. /n vitro, fast degrading scaffolds degraded within 7 days while slow
degrading scaffolds retained 60% of its mass out to 56 days. Scaffold degradation did

not influence NSC seeding efficiency, short-term viability, or TRAIL output /n vitro. The
effect of scaffold degradation was evaluated in a clinically relevant orthotopic mouse model
that mimics surgical GBM resection. Ace-DEX gelatin scaffolds significantly increased
NSC implantation efficacy and long-term persistence compared to DI. However, scaffold
degradation profile had limited impact on NSC persistence. These results illustrate the
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importance of supporting NSCs during the process of implantation to enhance NSC
persistence in the brain after surgical resection.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

Time (days)

Degradation profiles of composite Ace-DEX gelatin scaffolds. (A) Table of fast and slow
scaffold parameters, including Ace-DEX % cyclic acetal coverage (CAC), gelatin loading
(% wi/w), and degradation half-life of resulting scaffolds. (B) Degradation profiles of

fast and slow scaffolds after 100 h of crosslinking. Percent of total scaffold mass (solid
marker) and mass attributed to gelatin (open marker) are shown. (C) Fast degradation profile
magnified. Data presented as mean + standard deviation. Representative scanning electron
microscopy (SEM) micrographs of scaffolds with (D) fast and (E) slow Ace-DEX gelatin
scaffolds crosslinked for 100 h. Scale bar is 10 um.
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Fig. 2.
In Vitroand Vivo characterization of ICG-loaded Ace-DEX gelatin scaffolds. (A) /n

vitro characterization of ICG release from fast and slow Ace-DEX gelatin scaffolds. Data
presented as mean + standard deviation. (B) Quantified % remaining ICG at representative
timepoints /in vivo. Data presented as mean + standard deviation. (C) Fluorescent images
of ICG-loaded scaffolds impanated in the surgical resection cavity /in vivo at representative
time points. Fluorescence scale is in radiance (p/s/cm2/sr) with limits set at 2.00 x 107 to
2.00 x 109 chosen to best visualize both the high initial signal and the disappearing signal
thereafter.
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Fig. 3.
NSC seeding and viability on Ace-DEX gelatin scaffolds. (A) Image of 3 mm size scaffold

scaled to fit in surgical resection cavity of a mouse. (B) Cell carrying capacity of scaffolds
at 24 h with C17.2 NSCs. (C) Cell seeding efficacy determined by normalizing number of
cells on scaffold to number of cells seeded for immortalized and primary NSCs. (D) Growth
of cells seeded on scaffolds at 48 h, normalized to viability at 24 h for immortalized and
primary NSCs. Data presented as mean + standard error of the mean.
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Fig. 4.

ngeration of therapeutic NSCs and seeding onto scaffolds. (A) Quantification of TRAIL
secreted from TRAIL-NSCs seeded onto fast and slow degrading scaffolds compared to
TCPS. (B) Viability of GBM cells cultured with increasing ratios of unmodified NSCs or
TRAIL-NSCs. (C) Viability of GBM cells treated with supernatant collected from NSCs
containing secreted TRAIL. Data presented as mean * standard deviation. ANOVA was
done to determine statistical significance utilizing Tukey’s multiple comparisons post-test.
**P < 0.005 and ****P < 0.0001 with respect to NSCs of the same ratio to GBM.
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Fig. 5.

Pegrsistence of NSC seeded on Ace-DEX gelatin scaffolds in resection cavity. (A) BLI
images showing NSCs at representative time points after implantation in surgical resection
cavity. BLI scale is in radiance (p/s/cm?/sr) with limits set at 2 x 10% to 2 x 10°. (B)
Efficacy of NSC implant method comparing DI to NSC seeded on fast degrading and slow
degrading scaffolds. Data presented as mean + standard deviation. Statistical significance
measured by ANOVA with Tukey’s multiple comparison post-test. *P < 0.05 and **P <
0.005 with respect to DI. (C) BLI signal of NSCs in the brain normalized to background
over time. Data presented as mean + standard error of the mean. An ANOVA was done

to determine significance of the AUC. **P < 0.005 with respect to DI. (D) Kaplan-Meier
curve of NSC clearance from the brain comparing DI to NSCs seeded on fast and slow
degrading scaffolds. Clearance was defined as BLI signal dropping below a 15% threshold.
Log-rank (Mantel-Cox) test was done to determine statistical significance. *P < 0.05, **P <
0.005 with respect to DI. (E) Average radiance of NSCs at day 120 showing NSC implant
efficiency. Data presented as mean + standard deviation. Statistical significance measured by
ANOVA with Tukey’s multiple comparison post-test. *P < 0.05 with respect to DI.
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