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Abstract

Despite ongoing advancements in the field of medicine, glioblastoma multiforme (GBM)

is presently incurable, making this advanced brain tumor the deadliest tumor type in the

central nervous system. The primary treatment strategies for GBM (i.e. surgical resection,
radiation therapy, chemotherapy, and newly incorporated targeted therapies) fail to overcome the
challenging characteristics of highly aggressive GBM tumors and are presently given with the goal
of increasing the quality of life for patients. With the aim of creating effective treatment solutions,
research has shifted toward utilizing injectable biomaterial adjuncts to minimize invasiveness of
treatment, provide spatiotemporal control of therapeutic delivery, and engage with cells through
material-cell interfaces. This review aims to summarize the limitations of the current standard of
care for GBM, discuss how these limitations can be addressed by local employment of injectable
biomaterial systems, and highlight developments in the field of biomaterials for these applications.

Graphical Abstract

1duosnuey Joyiny

1duosnuey Joyiny

"To whom correspondence should be addressed to: tatiana.segura@duke.edu.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Anderson and Segura Page 2

Anti-tumor agents Injectable delivery for
glioblastoma treatment

\ ¥
ey i
S
- ]
_ TV ‘?r=
Biomaterials

Glioblastoma is the most aggressive type of brain tumor and is presently uncurable. Numerous
limitations of treating brain tumors can be mitigated by incorporating injectable biomaterials

for delivery of therapeutic payloads. Injectable biomaterials in combination with chemotherapy,
radiation therapy, and targeted therapy strategies are being explored to overcome the limitations of
treatment and increase therapeutic efficacy.
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1. Introduction

Glioblastoma multiforme (GBM) is the most aggressive form of malignant brain cancer.
There are an estimated 17,000 new patients diagnosed with GBM each year, with an
incidence rate of 3.19 out of every 100,000 people.[t] Unfortunately, this grade IV
astrocytoma remains incurable with a median survival of merely fifteen months.[2] Despite
recent advances in technology and tumor treatment, the current standard of care for GBM
has been unchanged since established in 2005: maximally safe surgical resection followed
by radiation therapy and concurrent Temozolomide (TMZ) chemotherapy.[3! Patients with
inoperable tumors are unable to undergo surgical tumor resection and are faced with worse
prognoses. However, after first-line treatment, patients with resected tumors observe high
incidence (>99%) of local tumor recurrence.[4] In addition to the standard of care strategies,
targeted therapies (i.e. treatments targeting genes or proteins specific to tumor tissue) have
gained traction as a second-line treatment option for GBM. Even so, there is currently

no cure for this highly aggressive form of cancer. The bleak outcomes for GBM patients
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are a result of the numerous challenges associated with treating this tumor type using the
current standard of care. Because GBM is a brain tumor, tumor resection is conducted

using ‘maximally safe’ surgical margins with the goal of removing all cancerous cells while
leaving as much of the healthy parenchyma intact as possible.l5] This strategy is particularly
important for GBM because damaging or removing the highly specialized healthy brain
tissue will result in language, motor, or neurocognitive deficits. Drug delivery is limited

in the brain by the blood-brain barrier (BBB) as well as the abnormal tumor vasculature

in GBM tumors which causes inhomogeneous delivery to the entire tumor.[8] In addition

to abnormal vasculature, other microenvironmental factors such as tumor hypoxia and the
resultant interstitial pressure also support immune evasion and reduce the efficacy of GBM
immunotherapies.[”] While the molecular drivers of GBM are similar to other aggressive
tumor types, the effectiveness of chemotherapy and radiation therapy against GBM is
impaired by robust DNA-repair mechanisms which enable intrinsic resistance of the GBM
cells.8] In combination, these challenging characteristics of highly aggressive GBM tumors
have limited the progress in creating effective treatment solutions. As a result, current GBM
therapies are presently given with the goal of slowing tumor growth and increasing the
quality of life for patients.

One notable fault with the traditional approach to GBM treatment is the unilateral focus

on killing GBM cells and lack of consideration for microenvironmental contributors. The
role of the extracellular matrix (ECM) is now understood to be a key driver of tumor
development and progression but controlling this facet of the tumor microenvironment
(TME) has yet to be exploited for clinical translation in GBM treatment.[®] However,
varieties of 3D hydrogel formulations mimicking the ECM have been engineered to
develop /n vitro tumor models.[19 Material properties such as stiffness[*!], degradability[12],
topographyl13], and bioactive ligand presentation[14] have been tuned to modulate
tumorigenic responses. /n vitro models are commonly designed to support pro-tumorigenic
responses for the purpose of evaluating anti-tumor therapies for cost effective, higher
through-put screening than animal tumor models. Dissecting ECM characteristics in 3D
have enabled a better understanding of the role of the ECM in driving tumor progression.
While optimizing these models for tumor growth and progression, these works have
conversely demonstrated that the surrounding matrix can be manipulated to provide anti-
tumorigenic responses. /n vitro studies have demonstrated that matrices mimicking blood
vessels and white matter tracks encourage tumor cell migration; as a result, Jain, et

al. exploited this migratory characteristic of GBM tumors for anti-tumor strategies by
implanting polycaprolactone (PCL)-based nanofibers to encourage cell migration away from
the primary tumor site to an extracortical location.[130] In the case of matrix stiffness, rigid
2D hydrogel substrates support increased glioma cell proliferation and spreading compared
to soft substrates with modulus of brain tissue.[*5] However in 3D, polyethylene glycol
(PEG) and hyaluronic acid matrices with moduli values comparable to normal brain tissue
(1 kPa) and GBM tumor tissue (26 kPa) altered U87 cell morphology, proliferation, and
migration differentially.[26] Unlike in 2D, with the additional factor of dimensionality U87
cells proliferate and form spheroids less readily in the stiff 3D matrix but form denser
spheroids with deeper protrusions. To this end, harnessing the potential for biomaterials
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to modulate the tumor cell-ECM interface is of interest for creating innovative tumor
treatments.

With the focus on advancing the gold standard for GBM treatment, research has shifted
toward utilizing biomaterials as adjuncts to the classic pillars of GBM therapy (i.e. surgical
resection, chemotherapy, radiation therapy, and the newly included targeted therapies).
Biomaterials provide a means for spatial and temporal control of therapeutic delivery while
synergistically interacting with local cell populations and influencing signal transduction. By
harnessing these capabilities, different formulations including nano- 171 and microparticles
(18] liposomes [ implantable scaffolds [29], and injectable bulk hydrogels [21] have been
studied for diagnosing and treating various cancer types. Biomaterials can be engineered

for unique cancer applications by modulating material composition (i.e. natural protein

or polysaccharide polymers, synthetic polymers, nucleic acids, and/or self-assembling
peptides), mechanical properties, topography, payload delivery, and presentation of bioactive
Cues.

Specific to GBM, the versatility of biomaterials enables their application as A) scaffolds

for filling the tissue void following tumor resection, B) reservoirs for housing radioactive
materials at the tumor site, C) depots for sustained, local chemotherapeutic delivery, and

D) vehicles for targeted therapies (Figure 1). Biomaterials can also serve to minimize

the invasiveness of tumor treatment strategies by including properties of injectability. For
example, nanoparticle formulations suspended in solution can be easily delivered through

a syringe, as can bulk hydrogels exhibiting shear-thinning behavior or /in situ crosslinking
mechanisms with low-viscosity precursor solutions.[212 22] |njectable biomaterials enhanced
with therapeutic benefits for GBM minimize the invasiveness of treatment and also create
opportunities for both reaching and treating inoperable tumors. This review summarizes the
transition to biomaterial approaches as adjuncts for each pillar of GBM treatment whilst
highlighting advances using injectable biomaterials, rather than implants, to revolutionize
GBM standard of care. The scope of this review is limited to biomaterials injected locally at
the tumor site: either intratumorally, peritumorally, or within the tumor cavity after resection
surgery and excludes those material formulations delivered systemically.

2. Pillars of GBM treatment improved by injectable biomaterials

2.1. Surgical Resection

Radical removal of tumors through surgical resection was the first approach to treating
patients with solid tumors and can be traced back to the early 1900s.23] Tumor resection
surgeries have since become more precise with the invention of better diagnostic and
intraoperative technology and techniques (i.e. advanced imaging modalities, functional
mapping, as well as fluorescence-guided surgery for locating the tumor and determining
safe resection margins).[241 GBM is predominantly found within the central nervous system
(CNS), rarely metastasizing more than a few centimeters from the primary tumor making
resection of the primary tumor an attractive solution for first-line treatment.[25] Not only
does resection of the tumor reduce the number of cancer cells, but it also alleviates
compression and injury caused by mass effect.[26] Physical removal of the hypoxic core

of the tumor eliminates the more radiation resistant GBM cells which are also more difficult
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to reach with chemotherapy.[26] After tumor resection, patients receive high doses of
corticosteroids to reduce tumor-associated edema, but the remaining cavity is left untouched
allowing the parenchyma to scar.[5] Tumor recurrence after resection is a result of remaining,
unresected tumor cells proliferating to form new tumor tissue. Often, regimented therapies
like chemotherapy and radiation are given post-operatively in an attempt to eradicate any
lingering tumor cells.[3P] Despite this aggressive treatment approach, nearly all tumors recur
within ten months of resection surgery, and 90% are found within 2 cm of the primary
tumor location.[ 271 With such high rates of tumor recurrence, there is a demonstrated

need for improving the method of eradicating residual GBM cells after tumor resection.
The importance of the microenvironment in promoting tumor growth is evident in the
proximity of the recurring tumor and primary tumor site. Introducing an alternative matrix-
cell interface through a biomaterial is one strategy for changing the microenvironmental
cues dictating tumor cell growth. Taken together, injectable biomaterials provide an avenue
for filling the void left after tumor resection, delivering and retaining anti-tumor treatment
locally, as well as preventing tumor recurrence.

GBM tumors can be found anywhere within the brain, brainstem, or cerebellum, but

most commonly arise in the subcortical white matter of the frontal, temporal, and parietal
lobes.[28] Surgical brain injury is inevitable during a procedure like GBM tumor resection,
causing an array of neurological repercussions depending on the tumor location. After tumor
resection surgery, hyperintense lesions surrounding the resection cavity can be observed
through magnetic resonance-diffusion weight imaging.[2%] The indication of acute ischemic
cerebral injury in the peritumoral region is a result of blood vessel injury, brain tissue
retraction, and high temperatures from electrocautery during tumor resection surgery.[3]
Tissue injury and its associated inflammation have long been linked to both angiogenesis
and tumorigenesis.[3 Particularly in the CNS, cellular responses to injury (i.e. cytokine
release profile, clotting activation, and neovascularization) can all have repercussions

on tumorigenesis for the residual GBM cells.[32] It is hypothesized that controlling
inflammation in the tumor cavity and promoting anti-tumor processes while inhibiting pro-
tumor processes could aid in preventing tumor recurrence.[33! In addition to cell and drug
delivery, injectable hydrogels have been employed in the brain to control inflammation and
promote wound healing.[34] In combination with anti-tumor therapeutics, there is potential
for these pro-repair biomaterials to create innovative solutions for tumor treatment. With
the established use of biomaterials for tissue engineering and regenerative medicing, the
opportunity to use biomaterials to complement tumor resection surgery becomes evident
for 1) filling the void space left after resection, 2) preventing tumor recurrence, and 3)
encouraging tissue regeneration of the surrounding parenchyma.

The first FDA-approved adjunct material to resection surgery was Gliadel® wafers.

These biodegradable polyanhydride copolymer wafers contain carmustine (1, 3-bis (2-
chloroethyl)-1-nitrosourea, or BCNU), an alkylating chemotherapeutic agent intended to
eradicate residual tumor cells after resection.[3%] In total, eight Gliadel® wafers are needed
to deliver a sufficient dosage of BCNU and require placement by the surgeon as an
intracranial implant. As a result of their fixed shape, the wafers fail to fill the entirety

of the resection cavity thus limiting the biomaterial-tissue interface for BCNU delivery.
Other implantable materials loaded with anti-tumor agents have also yielded promising
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results for prolonging tumor recurrence, but these materials require surgical implantation as
well. Examples of these implantable devices include poly (lactic-co-glycolic acid) (PLGA)
nanofibers [38] or polymer sheets [37] and dextran scaffolds [38],

2.1.1. Material Adjuncts to Surgical Resection—Injectable bulk biomaterials
(whether nonporous, porous, or granular) provide an alternative avenue for delivering anti-
tumor agents while providing the advantages of minimal invasiveness and completely filling
the resection cavity. For these purposes, hydrogels that undergo a sol-gel transition /n situ
can be engineered to deliver anti-tumor payloads to eradicate residual tumor cells. These
hydrogels are injected as a liquid and transition to a solid through either chemical (covalent
bonding) and/or physical (sensitive to changes in pH, ionic strength, or temperature)
crosslinking.[3%] An example of a chemical crosslinking strategy is a photopolymerizable
PEG-dimethacrylate (PEG-DMA) hydrogel mixed with Paclitaxel (PTX)-loaded PLGA
nanoparticles (Figure 2a). Following resection surgery in a GBM orthotopic model, the
hydrogel was injected into the tumor cavity then photopolymerized (Figure 2b—c). Even
without drug loading, the hydrogel with PLGA nanoparticles slowed down tumor recurrence
and improved the length of mouse survival (Figure 2d).[40] Crosslinking mechanism and
density are commonly modulated to tune the material’s mechanical properties which provide
mechanosensitive cues to the interfacing cells. The material properties must be tailored to
the tissue at the injection site, as the resulting downstream signaling from the mechanical
stimuli modulates cell response.[1¢]

In addition to antitumoral benefits, exploration has just begun on the idea of delivering

an ECM-mimetic material to provide regenerative cues to encourage healthy parenchyma
growth after tumor resection. A pro-reparative biomaterial in the TME was first introduced
with injectable particles of decellularized urinary bladder matrix (UBM).[41 In the presence
of multiple non-CNS syngeneic tumor cell lines, UBM particles (injected by suspension

in saline solution) hindered tumor growth while eliciting a type 2 wound-healing immune
signature.[41] This work was the first to demonstrate /77 vivo that employing pro-repair
scaffolds alone in the tumor cavity post-resection has the potential to enhance wound

healing while preventing tumor re-growth and can be a promising design for GBM treatment
strategies. Using decellularized biological scaffolds does, however, limit the control of
understanding the cues it presents to elicit such a response and for tuning cell-material
interactions. Employing more defined biological scaffolds or ECM materials in the TME has
been particularly under-studied, but these biocompatible materials hold promise as a more
controllable platform for providing both regenerative and anti-tumor cues in the resection
cavity.

2.2. Radiation therapy

Surgical resection was the only form of tumor treatment until the advent of radiation therapy
in the early 1900s.[42] Radiation therapy is still an integral part of cancer treatment today.
Based on the guidelines established by Stupp et al., GBM patients receive a total of 60

Gy (absorbed energy per unit mass of tissue with 1 Gy = 1 Joule/kilogram), generally

with 2 Gy of radiation given 5 days per week for a total of 30 days.[3] A megavoltage
energy-capable linear accelerator is used to deliver radiation either through 3D conformal-

Adv Mater Interfaces. Author manuscript; available in PMC 2021 October 22.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Anderson and Segura

Page 7

or intensity modulated- radiotherapy.[28] Typically, the brain volume receiving radiation

is the tumor (as determined by magnetic resonance imaging (MRI) plus 1-2.5 cm) to
minimize radiation of non-tumor tissue.[28] Alternatives to external beam radiation include
brachytherapies which utilize radioisotopes with short tissue penetration depth that can be
placed near the tumor site for local tumor ablation either as radioactive seeds or as a liquid
within a balloon catheter.[180] While the current standard of care for radiation is delivered
externally, a-emitting isotopes (i.e. 22°Actinium (Ac), 213Bismuth (Bi), 211 Astatine (At))
and B~-emitting isotopes (i.e. 13lodine (1), ¥VYttrium (Y), 177Lutetium (Lu), 19Iridium
(Ir)) must be administered locally to reach the tumor with therapeutically relevant radiation
strength.[43] The a-particle emitters provide a shorter range of penetration than p-particle
emitters, while also delivering a higher radiation energy.[43] However, if the radiation energy
is too high, brain tissue necrosis can occur. When using a.- and p-particle emitters, one must
balance the characteristics of penetration depth and emission energy to provide the safest,
most effective treatment for the patient. Particularly for GBM, 1251 and 192r are the most
relevant isotopes for brachytherapy.[44]

In an attempt to minimize off-target radiation, internal radiotherapy implants are being
implemented for GBM treatment. To determine the clinical utility of brachytherapy for
GBM treatment, Barabrite, et al. reviewed 32 studies comparing outcomes and adverse
events attributed to brachytherapy treatment in 1571 GBM patients (both primary and
recurrent tumors). Overall, brachytherapy resulted in extended median overall survival
compared to external beam radiotherapy but 27% of patients reported adverse events
associated with the treatment.[44] An example of an internal radiotherapy implant is

a balloon catheter filled with an aqueous radiation source (GliaSite®) that obtained

FDA approval for brain tumor treatment in 2001.145] Though this balloon catheter
originally required surgical implantation (at the time of tumor resection) and subsequent
removal, it can now be implanted through a catheter. Limitations of this technology
include its fixed spherical shape and limited efficacy in treating large, heterogenous
tumors due to the penetration depth of its aqueous radiation source.[44! Another type of
brachytherapy, now termed, microbrachytherapy, began as holmium acetylacetonate crystals
for radioablation of liver malignancies.[4¢] This technology was advanced by incorporating
beta-emitting nucleotides and loading the constituent parts in poylmeric microspheres to
create microbrachytherapy (brachytherapy using microspheres).[47] Taking this approach
to the nanoscale for preclinical GBM treatment, liposomes loaded with rhenium-186 (a p~-
emitting isotope) were injected intracranially and delivered passively through the enhanced
permeability and retention (EPR) effect which prolonged survival by more than 50% in

an orthotopic GBM rat model.[48] Without a means of targeting the tumor or containing
the spread upon administration, injection or intravenous (1) administration of these
radioactive particles alone for passive delivery can cause widespread off-target radiation and
negative side effects for the patient. Liposomes loaded with 22°Ac (an a-emitting isotope)
targeted the avp3 integrins expressed on angiogenic endothelial cells and invading GBM
cells to effectively increase the permeability of the BBB with the aim of increasing the
uptake of circulating chemotherapeutics.[4%] In addition to micro- or nanomaterial carriers,
radionuclides can also be delivered using radioimmunotherapy which relies on monoclonal
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antibodies to effectively target the tumor.[*%1 Radioimmunotherapies must be delivered
intracranially because the BBB prevents antibodies from accessing the tumor.

While radiation is given routinely as part of the GBM standard of care, many patients exhibit
resistance to radiation therapy. As such, radiosensitizing agents have been implemented
preclinically to decrease the level of ionizing radiation patients can withstand and

synergize with radiation therapy to increase cell death.[51] Types of radiosensitizing

agents include high atomic number nanoparticles (i.e. gold (Au) or silver (Ag)) or coated
superparamagnetic ions (Fe3Oa, Fe,03).[521 A hybrid variation of these radiosensitizing
nanoparticles (FesO4@Ag) demonstrated increased rates of calcium-dependent apoptosis in
GBM cell lines /n vitrowhen subjected to beam radiation.[44] For more effective delivery,
locally administered biomaterials can serve as reservoirs for housing the radioactive particles
and/or radiosensitizing agents in proximity to the tumor site. Immobilizing these particles,
whether through encapsulation or conjugation, prevents systemic distribution and off-target
radiation of healthy tissues. Incorporating properties of slow degradation in the biomaterial
design eliminates the need for implant removal while ensuring the particles will not be
released until sufficiently decayed and deemed non-radioactive. Additionally, injectable
materials with properties of degradability mitigate the need for removal while also providing
a therapy capable of filling the cavity with minimal compression on the parenchyma.

2.2.1. Material Adjuncts to Radiation therapy—Combining the aforementioned
characteristics for material adjuncts to GBM radiation therapy, De la Puente, at al. designed
a preclinical injectable, degradable chitosan hydrogel capable of delivering the radioactive
isotope 1311 in encapsulated alginate microparticles (Figure 2a-b). 1311 is capable of emitting
low penetrating p-particles to provide local radiotherapy and minimize off-tumor radiation
and is characterized by a short half-life of only 8 days. The products of its decay are
non-radioactive 131Xe and iodine, making 1311 an ideal radiotherapeutic to be retained in a
degradable bulk material reservoir. Using this local biomaterial depot, negligible amounts
of 131 released from the hydrogel which decreased side effects (Figure 2c). However, TMZ
was still effectively released from the gel Figure 2d) which resulted in decreased tumor size
and prolonged survival in a subcutaneous GBM model (Figure 2e).[53]

Locally injected biomaterials for the delivery of radionuclides mitigate the need for using
targeted antibodies and ensure localization in the tumor site more so than passively delivered
liposomes. The use of biocompatible hydrogels for this application is advantageous for
containing radioactive particles in controllably degradable matrix. For clinical translation,
there are no addition steps required by the physician for this treatment as compared to other
catheter-style brachytherapies. Additionally, without having to cross the BBB, a greater
variety of anti-tumor therapies can be incorporated into the material design.

2.3. Chemotherapy

Chemotherapeutic agents work to arrest the mitotic activity of tumor cells. A handful

of chemotherapeutics are FDA-approved for GBM treatment, including nitrosoureas

(i.e. lormustine (CCNU), carmustine (BCNU)) or antineoplastic alkylating agents (i.e.
Temozolomide).[54] Since its approval in 2005, Temozolomide has been the most commonly
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prescribed alkylating agent for GBM due to the systemic toxicity of nitrosoureas.[]
Temozolomide is administered orally and once reaching the bloodstream is capable of
crossing the BBB to exert anti-cancer effects through DNA methylation of glioma cells.
A downside to oral administration is that systemic delivery results in off-target effects; to
reduce the toxicity of systemic drug delivery, a lower concentration than ideal must be
administered. To account for this, localized delivery has been investigated as a means for
limiting off-target effects and enabling higher strength dosages.

Another limitation of alkylating agents like Temozolomide is the intrinsic chemoresistance
of GBM cells to DNA methylation.[5¢] In fact, approximately two thirds of GBM patients
are resistant to alkylating agents which limits their success in treating GBM. Methylation

of the OB site of guanine is responsible for the cytotoxic effect of Temozolomide.

[57] Chemoresistance can be identified in patients by high expression of the active
08-methylguanine-DNA methyltransferase (MGMT).[56] Because of this, alternative drug
targets are being investigated for efficacy of GBM treatment while circumventing GBM
chemoresistance. Anthracyclines (i.e. Doxorubicin (Dox), Epirubucin) are responsible for
inducing cell death through multiple mechanisms — one of which being intercalation of DNA
strands thereby preventing DNA and RNA synthesis.[8] The potency of these drugs has
been utilized to disrupt vascular mimicry (VM) channels which GBM tumor cells form to
deliver nutrients in addition to the typical neovasculature with tumor endothelial cells.[5°!
Consequently, these VM channels support tumor growth and recurrence which make them
another target for tumor therapy. Other drugs demonstrate anti-tumor effects experimentally,
but off-target effects or inability to cross the BBB (such as PTX) prevent their use clinically
for GBM treatment. Harnessing the controllable payload release of materials, as well as the
stealth characteristics of PEGylated nanoscale technologies, make biomaterials an attractive
solution to many of these limitations of chemotherapy.

2.3.1. Material Adjuncts to Chemotherapy—Biomaterials can serve as delivery
vehicles for chemotherapeutic agents to provide a means for targeted or local delivery

to reduce off-tumor effects. Biomaterials encapsulate drugs through liposome or micelle
formulation, as well as during bulk hydrogel crosslinking.[6% These materials can serve as
drug depots or reservoirs which can be engineered to sustainably release drugs. Degradable
linkers can be incorporated into the design of crosslinked scaffolds to increase the matrix
mesh size and facilitates drug diffusion upon cleavage. Additionally, degradable scaffolds
encourage cells to infiltrate upon remodeling and mitigates the need for surgical removal of
the material .[6% Direct injection of bulk materials in the TME is one such approach which
bypasses the highly regulated BBB and can be injected in physical proximity to the tumor
for effective drug delivery. Oftentimes, IV or oral delivery of chemotherapy drugs requires
repeated administration to achieve sufficient dosage. The dual-functional chitosan hydrogels
engineered by de la Puente et al. (Figure 2) were loaded with Temozolomide, injected in
the GBM tumor bed, and effectively delivered drug at 10-fold greater concentration than
systemic delivery.[>3]

Biomaterials also provide safe strategies for implementing innately toxic compounds
to provide anti-tumor effects while preventing off-target tissue damage. For example,
antineoplastic drug SN-38 demonstrates potent chemotherapeutic effects but elicits severe
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side effects which has prevented its translation to the clinic. Additionally, poor solubility
of the drug requires encapsulation in a carrier for delivery. Loading SN-38 into an
injectable, self-solidifying polymeric (PLEC) depot for intra-tumoral delivery in a GBM
xenograft model provided localized delivery and mitigated both systemic and neurological
toxicity caused by free SN-38.161] Another intra-tumoral drug delivery system, described
by Bastianchich, et al., consists of lipid nanocapsule (LNC) hydrogels comprised of

the chemotherapy drug Germcitabine (GemC45) with Lauroyl surfactant (GemCj,-LNCs)
(Figure 4a).[%2] This anti-tumor strategy significantly increased mouse survival compared
to untreated controls (Figure 4b—c). Additionally, when injected in the surgical cavity post-
resection, GemC,,-LNC hydrogel delayed tumor recurrence (Figure 4d). This injectable
system demonstrated efficacy as a GBM treatment solution for both intra-tumoral and
perisurgical applications.

In addition to dual functionality for combining treatment types (i.e. radiotherapy and
chemotherapy), biomaterial vehicles are also capable of delivering drugs in different
combinations for more personalized tumor treatment. Bastianchich, et al. altered the
GemCq,-LNC technology for this approach by incorporating PTX (as a model therapeutic)
for co-delivery (Figure 4e—h).[83] This combinatorial approach increased survival in several
orthotopic GBM models compared to either treatment in the hydrogel alone.[62-63] with
the aim of desensitizing GBM to Temozolomide therapy, PEGylated nanoparticles were
loaded with both Temozolomide and a bromodomain inhibitor. In combination, this therapy
leads to increased markers of apoptosis and DNA damage.[84] Hydrogels loaded with
combinations of drugs or anticancer agents of varying hydrophobicity can work to release
the unique payloads in different timeframes for optimal tumor treatment. For example,
self-assembling peptides capable of forming hydrogels /7 situwere loaded with Dox and
curcurmin and released Dox within 4 days while prolonging the release of curcurmin (more
hydrophobic) over 20 days.[%5] Curcurmin is a compound isolated from the root of the
Curcuma longa plant that exhibits anti-inflammatory and anti-cancer activity; specifically
for GBM, curcumin targets pathways implicated in drug-resistance.[5¢] The delivery of both
Dox and curcurmin from the peptide nanofiber hydrogel demonstrated increased cellular
uptake and cytotoxicity /7 vitro than either agent in the hydrogel alone.[6%]

Due to the limitations of intrinsic chemoresistance, combinatorial therapies are of interest
for eliciting anti-tumoral effects through multiple mechanisms. Zhao, et al. recently
developed an injectable, enzyme-responsive hydrogel loaded with both TMZ and MGMT
inhibitor (O®-benzylamine or BG) for post-resection treatment (Figure 5a). This material
composed of triglycerol monostearate (Tm) releases the loaded cargo upon entering a
region with high matrix metalloproteinase (MMP) activity, such as the tumor resection site
(Figure 5b). Ultimately, this dual-acting biomaterial depot increased the efficacy of TMZ
for inhibiting tumor growth by combatting chemoresistance with delivery of the MGMT
inhibitor (Figure 5c—f).[67]

In addition to providing anti-tumoral effects, chemotherapeutic biomaterials can also

be engineered with pro-regenerative cues to encourage the growth of healthy brain
parenchyma as tumor tissue is eliminated. Similar to the aim of implementing pro-repair
decellularized biological matrices (Wolf, et al.) after tumor resection, Huang et al. developed
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a synthetic nanofiber membrane to enable explicit control of pro-regenerative cues as well as
deliver chemotherapy drugs. These PCL nanofiber membranes are capable of concurrently
delivering Temozolomide (to prevent tumor recurrence) and neuron growth factor (to
improve the reconstruction of local neural tissue). /n vitro assessment demonstrated effective
inhibition of glioma cell growth while inducing neuronal differentiation.[68] The strategy

of including growth factors to promote tissue repair after tumor resection is complicated

by the fact that a variety of growth factors implicated in tissue repair (e.g. transforming
growth factor (TGF), vascular endothelial growth factor (VEGF), or fibroblastic growth
factor (FGF)) are upregulated in the TME and contribute to tumorigenesis.[69] To this end,
incorporating pro-regenerative cues within the matrix requires a precise balance; tumor
toxicity must be maintained while encouraging selective regeneration of the healthy brain
tissue.

As adjuncts to chemotherapy, biomaterials enable sustained, local drug delivery

at therapeutically relevant concentrations without repeated administration. Nanoscale
biomaterial formulations are capable of crossing the BBB for delivery of drugs otherwise
incapable of reaching brain tumors. Drug loading can be tailored for patients with varying
levels of chemoresistance and can allow for combinatorial drug loading to deliver potent
chemotherapeutic cocktails.

2.4. Targeted Therapies

Due to the atypical state of tumorigenic tissue, many signaling cascades and molecular
players expressed by tumor cells are often dysregulated compared to cells of healthy
tissue. These markers can vary across tumor types or between cell types comprising

the same tumor, but overexpressed molecules can be exploited as targets for anti-tumor
therapy. While some diseases are characterized by a single pathway, GBM is characterized
by dysregulation of multiple pathways which increases the challenge of using a single
targeted therapy to treat GBM. These pathways include phosphoinositide 3-kinase (P13K),
protein kinase B (AKT), mammalian target of rapamycin (mTOR), the p53 and the
retinoblastoma (RB) pathways, or epidermal growth factor receptor (EGFR).[7] Examples
of therapies targeting these pathways include sorafenib which inhibits the activation of
key kinases in tumor cells (RAF/MEK/ERK)["1] and temsirolimus which capitalizes on
the hallmark mammalian target of rapamycin (mTOR) signaling by inhibiting mTOR-
dependent signaling and its tumor-promoting cascade.l”2 Other molecular targets for
therapies, such as epidermal growth factor receptor (EGFR) tyrosine kinase, originally
gained traction for success in experimental studies but ultimately failed to translate

during clinical trials.[”3] Targeted therapies for these pathways (small molecule inhibitors,
antibodies, or antibody-drug conjugates) have been well studied but fail to improve survival
outcomes; instead, well-tolerated targeted therapies are often given as a salvage treatment
to alleviate GBM symptoms.[74] Examples of targeted therapeutics for GBM include small
molecules [7%] proteins [75], antibodies [76], and exogenously engineered or activated cells
[77], Because EGFR-targeting therapies (e.g. erlotinib) have been successful in other (non-
CNS) malignancies with EGFR amplification, Xiao, et al. hypothesized that the brain
microenvironment contributes to this therapeutic resistance.[”8] To demonstrate the role

of matrix-cell interactions in acquired drug resistance, patient-derived GBM cells were

Adv Mater Interfaces. Author manuscript; available in PMC 2021 October 22.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Anderson and Segura

Page 12

cultured in 3D hydrogels in which HA content, integrin-binding peptide concentration and
compressive modulus mimicked GBM tumors. Erlotinib resistance was shown to increase
in soft (1kPa compressive modulus), HA-rich gels with integrin-engaging peptides. By
understanding the role of the ECM in acquired drug resistance, injectable scaffolds can be
designed to alter these cell-matrix interactions.

In addition to GBM cell targets, microenvironmental players such as blood vessels and
immune cells are of interest as alternative targets. To date, the only targeted therapy
approved by the FDA for GBM is Bevacizumab. Bevacizumab is a monoclonal antibody
against humanized vascular endothelial growth factor-A (VEGF-A), a growth factor whose
overexpression causes tumor progression and sustained angiogenesis.[79 Bevacizumab
works by binding circulating VEGF-A to prevent its interaction with the VEGF

receptor-2 (VEGFR2) on tumor endothelial cells.[8 While the therapeutic benefits of this
treatment are controversial, several studies have shown Bevacizumab works for transiently
normalizing the tumor vasculature and increases median survival by approximately one
month. Monoclonal antibodies like Bevacizumab are too large to freely cross the BBB and
therefore rely on nanocarrier vehicles for delivery.[74]

Currently, nanoscale materials are the key focus of delivering targeted therapies due to their
ability to cross the BBB with anti-tumor therapeutics. Nanomaterials delivered intravenously
(1V) can passively collect in the tumor site as a result of the EPR effect of the tumor
vasculature; additionally, inclusion of tumor-targeting moieties on the material surface
increases their accumulation. For example, PEG-PCL nanoparticles can be conjugated with
Angiopep, a peptide which targets low density lipoprotein receptor related protein (LRP)
receptor upregulated on both the BBB and GBM cells.[8] Another preclinical targeted
approach using PEG-PCL nanoparticles incorporates low molecular weight protamine on the
surface which is activated by the overexpressed MMP-2/9 in glioma tumors.[82] Targeting
gene transcription is another approach for targeted therapy. In a patient-derived xenograft
model of GBM, infusion of lipopolymeric nanoparticles encapsulating multiplexed RNAI
knocking down four transcription factors implicated in tumorigenesis delayed GBM
progression.[83] Material formulations can also be engineered for targeting immune cells

to promote anti-tumor immunity. For example, in an orthotopic GBM xenograft model, Dox-
loaded polyglycerol-nanodiamond composites (Nano-Dox) elicited an enhanced, dendritic
cell (DC)-driven anti-tumor immune response.[84] This composite nanoscale delivery vehicle
works to increase GBM cell death by promoting antigen donation from GBM cells to
DCs.[84 Another nanoscale formulation promoting anti-tumor immunity is mesoporous
silica nanoparticles that target the BBB/tumor and deliver immune checkpoint inhibitor
1-methyltryptophan to orthotopic GBM tumors.[85] While IV administration of these
technologies has its benefits, limitations include biodistribution in non-target tissues possibly
attributed to inter- and intra-tumoral variability of vascular permeability and expression

of the target ligand.[86] Nanoparticle circulation also alters the drug dose delivery as
nanoparticles are subject to clearance (both renal and immune).[8¢] Design considerations
for adjunct materials for targeted therapy delivery of anti-tumor nanoparticle formulations
include their within a bulk, locally injected scaffold. Bulk materials enable diffusion of
anti-tumor agents through the mesh network or can release bound agents upon degradation
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to provide controlled, sustained drug release over time and eliminate the need for repeated
IV treatment.

2.4.1. Material Adjuncts to Targeted Therapies—For targeted immunotherapies,
such as checkpoint blockade inhibitors, cancer vaccines, and chimeric antigen receptor
(CAR) T-cells, biomaterials serve to limit off-tumor effects, direct cancer-specific responses,
and amplify immunomodulation. Injectable bulk hydrogels implemented for biomaterials-
based immunomodulation have yet to be fully realized for their potential in GBM treatment.
The biological scaffold shown by Wolf, et al. to elicit a type-2 immune signature and delay
tumor growth also demonstrated synergy with immune checkpoint blockade immunotherapy
(anti-PD-1) for treating melanoma.[4] Also in a melanoma model, Song et al. developed

a polypeptide (PEG-£-poly(L-alanine)) hydrogel for co-delivery of immune checkpoint
inhibitors (anti-CTLA-4/PD-1 antibody) and a tumor vaccine. This combinatorial design
effectively released melanoma tumor antigens, recruited/activated DCs, and induced a robust
T-cell response.[87] The sustained delivery and immune modulation demonstrated by this
formulation can be tailored for applications in other tumors, such as GBM. For CAR T-cell
therapies targeting GBM, targets of 1L-13 Ra2, HER2, and EGFRVIII are included as the
surface-exposed tumor antigen specified on the CAR’s extracellular targeting moiety.[/72]

In other tumor types, injectable hydrogel scaffolds loaded with CAR T-cells are being
introduced to increase localization and persistence of the adoptive T-cell therapy which has
prospects for application in GBM as well.[88] There are significant opportunities for these
approaches though they currently have been poorly established for GBM treatment.

3. Conclusion

The dismal survival rate for patients suffering from GBM is motivating a breadth of research
aimed at improving the current standard of care for GBM treatment. Despite advances in
surgical techniques, chemotherapeutic drug discovery, radiation treatment strategies, design
of targeted therapies, and understanding GBM pathology, the pillars of GBM treatment

(i.e. surgical resection, radiation therapy, chemotherapy, and newly implemented targeted
therapies) are still failing to treat this aggressive tumor type. Many of the limitations for
treating GBM (i.e. crossing the BBB, administering therapeutically relevant drug dosages,
minimizing off-tumor effects) can be mitigated by locally applying injectable biomaterials.
Injectable biomaterial adjuncts to surgical resection, radiation therapy, chemotherapy, and
targeted therapies are understudied and while some have demonstrated experimental success
in improving the treatment of GBM, further advancements are still required to make the
transition from prolonging survival to curing GBM.
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Injet_:table Peritumoral
delivery

Post-resection

To increase the efficacy of GBM treatment, anti-tumor agents such as chemotherapy,
radiation, and targeted therapies can be combined with biomaterial formulations for
intratumoral or peritumoral injection, as well as within the surgical cavity after tumor

resection.
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Figure2.
a) Schematic of GBM tumor resection followed by either tumor recurrence or injection

of PTX PLGA-NPs loaded in a PEG-dimethacrylate (PEG-DMA) hydrogel. b) (Top)
Photographs depicting mouse fixed on stereotactic frame for tumomr cell injection (left),
biopsy punch resection of tumor (middle), and photopolymerization of nanoparticle-loaded
PEG-DMA hydrogels /n situ (right). c) Axial (T2-weighted) images of mouse brain: brain
tumor before resection (day 12, left), treatment with PTX PLGA-NPs/PEG-DMA hydrogel
day 62 (middle) and day 146 (right) post-tumor inoculation. d) Kaplan-Meier survival curves
for mice after treatment in the resection cavity (n=7-9 for all groups), **p< 0.01, ***p<
0.001).

Reproduced with permission. 2018, Elsevier.[40]
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Figure 3.

a) Design schematic of combinatorial radio- and chemotherapy chitosan hydrogel b)
delivered via injection. c) Radioactive leakage from alginate microparticles in chitosan
matrix over 42 days demonstrates minimal (<1%) leakage (see insert). d) TMZ release from
the chitosan matrix over 48 hours as well as e) survival of human GBM (D54) cell line
during TMZ concentration study with TMZ-loaded hydrogels versus free TMZ.
Reproduced with permission.[31 2018, Elsevier.

Adv Mater Interfaces. Author manuscript; available in PMC 2021 October 22.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Anderson and Segura Page 23

Intra-tumoral injection d Post-resection injection

(3]

100 -o- No treatment
o -=- Unloaded LNC

s
H ‘ s ~ GemHCI
a . < % GemCi,
§ 504 i 501 3 -»- GemCy, iv
i H
E - £ -= GemC4,-LNC
. g
3 ; - -
T T + T T v T —r v )
0 15 30 45 60 75 90 0 15 30 45 60 75
Time (days) Time (days)
f GemC12 release in aCSF, 37°C g PTX release in PBS, 37°C h
g g 10001 GL261
< g0 £ 80
§ 3 mm PTX-LNC
g 60 g 60 — 166 mm GemC,,-LNC
o ® = = PTX-GemC,,-LNC
2 40 X a0 =
8 = S
PTX-GemC12-LNC g -
220 £ 20
s 3
3 o 2 4 6 8 © 1 2
Time (days) Time (days)

Figure4.
a) Schematic of Germcitabine (GemC2)-loaded LNCs prior to hydrogel formation. b)

Axial (To-weighted) MRI of mouse brain: untreated (day 31 post-resection, top) and
GemCq,-LNC treated (day 61 post-resection, bottom). Kaplan-Meier survival curves for

¢) intratumoral injection and d) post-resection injection in orthotopic U87 mouse models. E)
Schematic of dual GemCj,- and PTX-loaded LNCs (PTX-GemC1,-LNC) prior to hydrogel
formation. f) Cumulative release of GemCq, and g) PTX from the LNCs over time. h) ICsq
values of GemCq, and PTX alone and dually loaded in LNCs for GL261 cell line.
Reproduced with permission.[62-63] 2017, Elsevier. 2019, Elsevier.
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Figureb.

a) Photograph of the surgical cavity made by creating a cranial window through an
incision in the midline to expose the brain for cutting the brain-tumor tissue (left) followed
by injection of the therapeutic hydrogel (right) before sealing the cranial window. b)
Cumulative release profiles of both TMZ (left) and BG (right) from Tm (TMZ + BG)
hydrogel in PBS at 37 °C with gentle stirring under MMPs, MMPs + inhibitor, CSF and
CSF + inhibitor conditions (data are presented as mean + SEM, n = 4). c¢) Bioluminescence
images of glioma-bearing mice 7, 14, and 24 days after post-operative treatment with PBS,
Tm, TMZ (i. g.), Tm (TMZ), and Tm (TMZ + BG) hydrogel. d) Survival rate of the
glioma-bearing mice after treatment. e) Percentage of MGMT positive cells as determined
by immunohistochemistry staining of the tumor tissues dissected at day 26 after tumor
implantation and treatment. f) H&E-stained brain sections where the dashed shape labeled T
denotes tumor tissue.

Reproduced with permission. 2020, Royal Society of Chemistry.[67]
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