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Glioblastoma multiforme (GBM) is the most prevalent and aggressive form of glioma, with poor prog-
nosis and high mortality rates. As GBM is a highly vascularized cancer, antiangiogenic therapies to halt
or minimize the rate of tumor growth are critical to improving treatment. In this review, antiangiogenic
therapies, including small-molecule drugs, nucleic acids and proteins and peptides, are discussed. The au-
thors further explore biomaterials that have been utilized to increase the bioavailability and bioactivity of
antiangiogenic factors for better antitumor responses in GBM. Finally, the authors summarize the current
status of biomaterial-based targeting moieties that target endothelial cells in GBM to more efficiently
deliver therapeutics to these cells and avoid off-target cell or organ side effects.
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Background
Glioblastoma
Glioblastoma multiforme (GBM), or glioblastoma, is the most common, aggressive malignant brain tumor, ac-
counting for 57.3% of all gliomas and 14.6% of all primary brain and other CNS tumors [1]. Because of its
infiltrative nature, response to treatment and survival rate, GBM is classified as a grade IV CNS tumor according
to the WHO classification [2]. The unique characteristics of GBM render it largely incurable and deadly despite
scientific and technological advancements. GBM has a low relative survival estimate, with only 6.8% of patients
surviving 5 years post-diagnosis [1]. Risk factors for glioblastoma development have been poorly defined except for
age [1]. Annual age-specific incidence rates of GBM vary widely but increase with age from 0.18 per 100,000 in
children and adolescents aged 0–19 years to a peak of 15.29 per 100,000 in adults aged 75–84 years [1]. The ratio
of GBM incidence is higher in males compared with females (1.58:1), and whites have a 1.95 higher risk compared
with blacks [1].

GBM is a diffuse astrocytic tumor mostly composed of poorly differentiated neoplastic astrocytes [3]. Ninety-
five percent of cases appear in the supratentorial region, and less commonly in the brainstem, cerebellum and
spinal cord [1,4]. Morphologically, GBM is known to have an infiltrative growth pattern that makes it difficult to
distinguish from normal tissue, high amounts of vascularization and/or necrosis, and this accounts for the poor
prognosis associated with the disease [5–7]. In addition to the WHO grade IV CNS tumor classification, GBM is
often classified in two different clinical forms: primary and secondary [8]. Primary GBM, which makes up ∼90%
of cases of GBM, has a de novo origin, manifesting rapidly, without a prior less malignant precursor lesion [9].
Secondary GBM arises from a slowly progressive, lower grade astrocytoma (WHO grade II or III). Understanding
the distinctive molecular mechanisms of GBM is integral to bettering GBM outcomes, as it may respond differently
to various treatments [8].
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Standard care for glioblastoma
The current standard of treatment for GBM is maximal surgical resection, followed by extensive radiation therapy
(RT) and oral temozolomide (TMZ), a chemotherapeutic agent [10,11]. Surgery is a vital component in the treatment
of GBM, as it is used as both a diagnostic and a cytoreduction tool [12]. A goal of surgery is to reduce the number
of tumor cells; thus, less RT or chemotherapy is needed to kill the remaining cells [13]. Because of the infiltrative
nature of GBM tumors, they are difficult to resect without damaging areas of the brain that control speech, motor
function and the senses [14].

Ultimately, without follow-up treatment, most glioblastomas recur because it is challenging to resect all tumor
cells during resection surgery. Thus, following surgery, a combination of RT and chemotherapy is used to prolong
survival. TMZ is an oral, alkylating chemotherapeutic agent that is the first-line drug used to treat GBM [15]. It
functions by causing DNA damage that leads to DNA double-strand breaks and cell death [15,16]. Its popularity
arose because of its ability to penetrate the CNS and cross the blood–brain barrier (BBB) as well as its relatively
low toxicity and bioavailability [17]. Previous studies have shown that RT and TMZ prolong median survival more
than RT alone, with minimal increase in toxicity [18,19]. In a clinical trial by Stupp et al., published in 2005, newly
diagnosed patients were given RT (2 Gy 5 days per week for 6 weeks) in combination with daily TMZ (75 mg/m2

body surface area) (known as the Stupp protocol) [18]. Stupp et al. [18] and Clarke et al. [11] both stated, however,
that combining RT with TMZ leads to a median progression-free survival of only approximately 7 months, and
thus new therapies for GBM are still much needed.

An ongoing challenge with regard to the current treatment of GBM involves administering drugs at therapeutic
levels to the target site, an issue that is partially due to glioblastomas causing dysfunction of the BBB. This barrier
has a unique feature that tightly regulates the movement of ions, molecules and foreign materials between the blood
and the brain, ensuring an optimal environment for the brain to function correctly [20]. Although the dysfunction
caused by glioblastomas promotes blood vessel leakiness because of the downregulation of tight junctions, such as
claudin and occludin, there is an upregulation of transporter proteins; namely, efflux proteins [21]. This paradoxical
behavior allows for extravasation of tumor-promoting substances while limiting the entry of antitumorigenic
compounds [21].

As previously mentioned, GBM possesses a high degree of infiltration, making it nearly impossible to remove the
entire tumor, which leads to recurrence [22] and the need for multiple rounds of varying therapeutic agents and RT.
The heterogeneity found in glioblastomas often presents a barrier to the efficacious treatment of these aggressive
tumors, which carry stem cell-like characteristics that promote resistance to RT and chemotherapy through various
complex mechanisms [21,23]. For example, GBMs can gain resistance to the chemotherapeutic agent TMZ because
of varying expression levels of DNA alkylating proteins and DNA repair enzymes such as O6-methylguanine-
DNA-methyltransferase [24]. These GBM characteristics often influence treatment and make targeted treatment
difficult to develop.

Despite all the existing methods for improving the delivery of systemic drugs and enhancing the delivery across
the BBB, the clinical outcome of GBM treatment has still been modest. Thus, investigation of new antiangiogenic
drugs and their combinations with other therapies as well as the utilization of biomaterials and targeting agents to
increase their efficacy to treat and manage GBM effectively is needed.

Angiogenesis in glioblastoma
Angiogenesis is a normal body process in which new blood vessels are formed from pre-existing ones. However,
during tumor growth, angiogenesis aids in the development of an extensive vascular unit to provide the tumor with
necessary nutrients and oxygen supply. As a tumor grows beyond normal size, there is a higher demand for nutrients
and oxygen, which is rectified by the creation of new vessels [25]. The increase in tumor-associated blood vessels
contributes to vessel density, which can be seen at both the site of the tumor and the metastasized location [26]. In
addition, the creation of new blood vessels can transport tumor cells to other parts of the body, thereby aiding in
the metastasis of a malignant tumor [27]. With an increased network of blood vessels, tumor and cancer cells can
easily metastasize [28]; however, metastasis is actually rare in GBM, and thus this is not as relevant for this type of
tumor [29]. Tumor endothelial cells that line the blood vessels surrounding and supporting the tumor site also play
an essential part in tumor progression. The tumor site induces proliferation of these surrounding endothelial cells,
which leads to the growth of the tumor alongside a more extensive vasculature [30]. GBM is characterized as highly
vascularized, and GBM tumors have shown the ability to sprout vessels from pre-existing blood vessels to create a
neurovascular unit that, in part, consists of endothelial cells [31]. Since GBM tumor cells as well as peritumoral cells
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encourage endothelial proliferation [32], targeting proliferating endothelial cells in charge of angiogenesis during
GBM growth with an antiangiogenic agent may halt or minimize the rate at which the tumor grows and develops. In
doing so, this can provide a more effective treatment for GBM. The cells that support tumor growth do not develop
drug resistance as easily compared with cancer cells, as they are genetically stable and less likely to mutate [33].

In this review, the authors discuss antiangiogenic therapies that have been explored for the treatment of GBM.
The current standard of treatment for GBM is maximal surgical resection, followed by extensive RT with TMZ;
however, outcomes remain modest. The authors explore the range of antiangiogenic therapies, including small-
molecule drugs, nucleic acids such as plasmid DNA, siRNA and shRNA and peptides and polymers that have been
used for the treatment of GBM. The authors also evaluate applications that combine antiangiogenic agents with
standard chemotherapy and RT regimens as a strategy to sensitize tumors to these therapies. The authors further
explore how the local or systemic delivery of antiangiogenic agents can be enhanced with the use of biomaterials that
enable sustained release and protection of antiangiogenic therapeutics, which can in turn increase the bioavailability
and bioactivity of these therapeutics for better antitumor responses in GBM. The authors’ findings highlight the
importance of antiangiogenic treatment approaches that utilize biomaterials, as tumors in the brain are often
localized near vessels and nervous tissue, and there are several barrier systems in the brain that interfere with the
delivery of drugs to these areas. Finally, the authors summarize the current status of biomaterial-based moieties that
target endothelial cells in GBM to more efficiently deliver therapeutics to these cells and avoid off-target cell or
organ side effects.

Several articles have reviewed biomaterial-based therapies for glioblastoma but have not focused on antiangiogenic
therapies [34,35]. Clavreul et al. discussed convection-enhanced delivery devices, implantable polymer devices,
nanocarriers and cellular vehicles used to deliver antiangiogenic factors in intracranial animal models of GBM
but not in subcutaneous models [36]. In this review, the authors assess antiangiogenic therapies for GBM that are
delivered systemically by themselves (i.e., orally in animal feed), locally using implantable biomaterials (i.e., wafers,
disks, nanofibers) or systemically or locally using injectable biomaterials (i.e., polymeric nanoparticles [NPs] and
microparticles, lipid-based NPs/liposomes and nonviral gene-delivery vectors) and were evaluated in either a
subcutaneous or intracranial model. Several articles have reviewed targeting moieties for glioma but were focused
on those targeting glial cells [37,38]. Sakurai et al. reviewed targeting ligands to endothelial cells for different cancers,
including glioma [39]. To the authors’ knowledge, this is the first review that provides a focused and in-depth
evaluation of the application of targeting moieties/ligands for endothelial cells specifically for the treatment or
assessment of GBM.

Table 1 lists the antiangiogenic agents that have been evaluated for the treatment of glioblastoma. Figure 1
is a schematic that summarizes the different applications that have utilized antiangiogenic agents, combination
therapies that have been investigated, biomaterials that have been applied and tumor models that have been utilized
to test these therapies.

Antiangiogenic bioactive factors for the treatment of glioblastoma
Small-molecule drugs
Small-molecule drugs are small organic compounds that are typically less than 1 kDa compared with biologics such
as proteins and nucleic acids, which range from a few kDa to 1000 kDa [55]. Thus, the size of these drugs allows them
to more easily cross the plasma membrane of a cell. Small-molecule drugs are, unlike biologics, non-immunogenic,
which can increase clearance [55]. The size and non-immunogenicity of small-molecule drugs can increase their
availability and distribution in vivo.

Minocycline

Minocycline, a second-generation tetracycline, is a commonly prescribed antibiotic for bacterial infections [40,56].
Minocycline is a bacteriostatic antibiotic that binds to the bacterial 30 S ribosomal subunit, preventing protein
synthesis from occurring [57]. Aside from its antibacterial properties, studies have shown that minocycline has
antiangiogenic effects on tumors [58] by inhibiting matrix metalloproteinases (MMPs), specifically collagenase and
type IV collagenase/gelatinase [59,60]. MMPs are enzymes with proteolytic activity that are vital for angiogenesis,
as they provide room for endothelial cell migration and tube formation [61]. MMPs function by degrading and
remodeling the extracellular matrix, detaching pericytes from vessels, and through various other mechanisms that
contribute to angiogenesis [62]. Thus, the properties of MMPs make them an attractive target for angiogenic
inhibition. In addition to its antiangiogenic effects, minocycline is a highly lipophilic drug that is capable of
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Table 1. Antiangiogenic therapies that have been investigated for the treatment of glioblastoma.
Antiangiogenic factor Combined with Biomaterials In vivo model Outcome Ref.

Small-molecule drugs

Minocycline (local) Radiotherapy or TMZ
(chemotherapy,
systemic)

pCPP:SA Rat intracranial 9L
GBM model

Minocycline delivered locally potentiates the
effects of both radiotherapy and oral TMZ in
increasing median survival

[40]

Minocycline (local) BCNU
(chemotherapy,
systemic)

pCPP:SA Rat intracranial 9L
GBM model

The combination of intracranial minocycline
and systemic BCNU extended median survival
compared with systemic BCNU alone

[41]

Minocycline
(local or systemic)

BCNU
(chemotherapy,
systemic)

EVAc disk Rat intracranial C6
GBM model

Treatment with a combination of minocycline
delivered locally in a controlled-release
polymer and systemic BCNU 5 days after tumor
implantation resulted in an extension of
median survival time compared with BCNU
alone

[42]

Docetaxel (systemic) PEG-PCL nanoparticles with IL-13
peptide and RGD targeting agents
(IRNPs)

Mouse intracranial
C6 GBM model

Docetaxel-IRNPs displayed best antitumor
effect, with a median survival time of 35 days,
which was significantly longer than that seen
with mono-modified and unmodified
nanoparticles

[43]

Sorafenib
(local)

LNCs made from Lipoid S75-3
(soybean lecithin with 70%
phosphatidylcholine and 10%
phosphatidylethanolamine) and
Kolliphor HS15 (mixture of free PEG
660 and PEG 660 hydroxystearate)

Mouse intracranial
U87MG GBM model

SFN-LNCs or free SFN decreased the proportion
of proliferating cells in the tumor relative to
control groups. SFN-LNCs were more effective
than free SFN in inducing early tumor vascular
normalization

[36]

Nelfinavir or amprenavir
(systemic)

Oral with feed Mouse
subcutaneous
U87MG Matrigel
plugs GBM model
(nelfinavir only)

In vitro: nelfinavir and amprenavir
downregulate VEGF and HIF-1 expression
In vivo: nelfinavir decreased angiogenesis

[44]

Combretastatin (local) BIC (chemotherapy,
local)

PLGA nanofibrous membrane Mouse intracranial
C6 GBM model

BICC/PLGA nanofibrous membranes (i.e. BIC
combined with combretastatin) decreased
malignancy, retarded tumor growth and
prolonged survival compared with BIC/PLGA
nanofibrous membranes

[45]

Nucleic acids

Plasmid-encoding
secreted HGFK1 gene
(pHGFK1) (local)

Radiotherapy (IR) H1, a cationic co-polymer consisting
of low-molecular-weight (600 Da)
PEI linked by β-cyclodextrin and
conjugated with folic acid
Form H1/pHGFK1 nanoparticles
(peritumoural injection)

Mouse
subcutaneous
U87MG GBM model
Mouse intracranial
U118 cell model

H1/pHGFK1 nanoparticles significantly
inhibited tumor growth and prolonged
survival in tumor-bearing mice and enhanced
the antitumoral efficacy of IR

[46]

Plasmid-encoding
non-collagenous
C-terminal globular NC1
domain of type VIII
collagen a1 chain,
Vastatin (local)

TMZ (chemotherapy,
systemic)

PEI600-CyD-Folate (H1), a cationic
co-polymer consisting of
low-molecular-weight (600 Da) PEI
linked by β-cyclodextrin and
conjugated with folic acid

Mouse intracranial
U8MG or U87-ATR
(chemoresistant)
GBM model

Enhancing Vastatin expression by intracerebral
injection of H1-Vastatin significantly
prolonged animal survival, comparable to the
effect of endostatin, the most studied
endogenous antiangiogenic polypeptide.
Synergistic effect in extending survival was
detected when H1-Vastatin was administered
with TMZ in GBM chemoresistant murine
models

[47]

RNAi plasmid targeting
MMP-2 (siRNA MMP-2)
(local)

PTX (local) PEI nonviral vector
PLGA nanofibrous membrane

Mouse intracranial
U87MG GBM model

PTX/siRNA dual implant significantly enhanced
tumor growth inhibition relative to PTX
implant only

[48]

Plasmid expressing
interfering RNA
targeting VEGF (shVEGF)
(systemic)

Dox
(chemotherapy,
systemic)

dtACPP-modified nanoparticles Mouse U87MG
intracranial GBM
model

Utilizing dtACPP-modified nanoparticles to
co-deliver plasmid expressing interfering RNA
targeting VEGF (shVEGF) and Dox (designated
dtACPPD/shVEGFDOX) resulted in effective
shutdown of blood vessels and cell apoptosis
within the tumor

[49]

BCNU: Bis-chloroethylnitrosourea; BIC: Bis-chloroethylnitrosourea, irinotecan and cisplatin; BICC: Bis-chloroethylnitrosourea, irinotecan, cisplatin and combretastatin; CED: Convection-
enhanced delivery; pCPP:SA: Poly(1,3-bis-[p-carboxyphenoxy propane]-co-[sebacic anhydride]); CTF: C-terminal fragment; Dox: Doxorubicin; dtACPP: Dual-triggered nanoparticle system
decorated with an activatable cell-penetrating peptide; GBM: Glioblastoma multiforme; EVAc: Ethylene vinyl acetate copolymer; IRNPs: IL-13 RGD nanoparticles; IR: Ionizing radiation;
LNC: Lipid nanocapsule; MW/RF: Microwave/radiofrequency; pCPP:SA: Polyanhydride poly[bis(p-carboxyphenoxy)propane-sebacic acid]; PEG: Polyethylene glycol; PEG-PCL: Polyethylene
glycol–poly(ε-caprolactone); PEI: Polyethylenimine; PLGA: Poly[(D,L)-lactide-co-glycolide]; PTX: Paclitaxel; RGD: Arg-Gly-Asp; SFN: Sorafenib; TMZ: Temozolomide; UDD: Ultradispersed
detonation diamond.
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Table 1. Antiangiogenic therapies that have been investigated for the treatment of glioblastoma (cont.).
Antiangiogenic factor Combined with Biomaterials In vivo model Outcome Ref.

Soluble VEGFR (sFlt-1)
and an
angiostatin–endostatin
fusion gene (statin-AE)
with Sleeping Beauty
transposon (local)

PEI nonviral vector Mouse
subcutaneous U373
or U87MG GBM
model
Mouse intracranial
U87MG GBM model

Co-injection of transgenes sFlt-1 and statin-AE
showed marked antitumor activity, as
demonstrated by reduction of tumor vessel
density, inhibition or termination of glioma
growth and increase in animal survival
Sustained tumor regression of intracranial
gliomas was achieved only when statin-AE and
sFlt-1 transposons were co-administered with
SB-transposase-encoding DNA to facilitate
long-term expression

[50]

Peptides

PF-4/CTF, a 23 amino
acid CTF of PF-4 (local)

PLGA microspheres Mouse
subcutaneous
U87MG GBM model
Mouse intracranial
U87MG GBM model

A single injection of microspheres containing
PF-4/CTF resulted in reduction in tumor
volume, with a significant decrease in
angiogenesis and an increase in apoptosis

[51]

Fc-endostatin (local
implantation or CED or
systemic injection)

TMZ (chemotherapy,
systemic)

pCPP:SA wafer Rat intracranial 9L
GBM model

Systemically or locally delivered
mFc-endostatin prolonged the survival of rats
implanted with intracranial 9L gliosarcoma.
This benefit was further enhanced when
mFc-endostatin was combined with the oral
chemotherapeutic agent TMZ

[52]

Bevacizumab (systemic) PLGA nanoparticles Mouse intracranial
U87MG GBM model

Bevacizumab-loaded PLGA nanoparticles were
able to increase the penetration and residence
time of bevacizumab in the brain and
demonstrated a reduction in tumor growth
accompanied by a higher antiangiogenic
effect compared with free bevacizumab

[53]

Biomaterials as standalone therapeutics

Carbon nanoparticles Nanoparticles of carbon allotropes
(UDD and MW/RF)

In ovo:
chorioallantoic
membrane chicken
embryo U87MG
model

UDD and MW/RF nanoparticles reduced tumor
mass and volume and inhibited new blood
vessel development in cultured GBM tumors

[54]

BCNU: Bis-chloroethylnitrosourea; BIC: Bis-chloroethylnitrosourea, irinotecan and cisplatin; BICC: Bis-chloroethylnitrosourea, irinotecan, cisplatin and combretastatin; CED: Convection-
enhanced delivery; pCPP:SA: Poly(1,3-bis-[p-carboxyphenoxy propane]-co-[sebacic anhydride]); CTF: C-terminal fragment; Dox: Doxorubicin; dtACPP: Dual-triggered nanoparticle system
decorated with an activatable cell-penetrating peptide; GBM: Glioblastoma multiforme; EVAc: Ethylene vinyl acetate copolymer; IRNPs: IL-13 RGD nanoparticles; IR: Ionizing radiation;
LNC: Lipid nanocapsule; MW/RF: Microwave/radiofrequency; pCPP:SA: Polyanhydride poly[bis(p-carboxyphenoxy)propane-sebacic acid]; PEG: Polyethylene glycol; PEG-PCL: Polyethylene
glycol–poly(ε-caprolactone); PEI: Polyethylenimine; PLGA: Poly[(D,L)-lactide-co-glycolide]; PTX: Paclitaxel; RGD: Arg-Gly-Asp; SFN: Sorafenib; TMZ: Temozolomide; UDD: Ultradispersed
detonation diamond.

transportation across hydrophobic barriers, and it also has high bioavailability and great tissue penetration [63–65].
The lipophilicity of minocycline allows it to easily traverse the BBB and accumulate in the CNS and cerebrospinal
fluid, making it an effective agent for treating neurological disorders [66].

Docetaxel

Docetaxel (DTX), a second-generation taxane agent, is an antineoplastic chemotherapy drug that can induce cell
cycle arrest and apoptosis of not only tumor cells but also endothelial cells [43,67]. DTX’s main mechanism is binding
to β-tubulin in microtubule spindles during the G2/M phase of the cell cycle [68,69]. By binding to the spindles,
it stabilizes their structure, preventing their depolymerization and ultimately causing cell death [70]. Moreover,
DTX can induce apoptosis by phosphorylating Bcl-2, thus inactivating its antiapoptotic activity in tumor cells [71].
Sweeney et al. showed that this antineoplastic agent possesses the ability to inhibit angiogenesis in vitro and in
vivo and that these effects can be fully enhanced via a synergistic combination with anti-VEGF antibodies [72].
One drawback of DTX, however, is its poor aqueous solubility and poor tissue selectiveness, which increases the
chance of toxicity and failure to significantly treat gliomas [73–76]. However, studies have used nanomaterials, such
as NPs, scaffolds and liposomes, to deliver DTX and overcome the obstacles associated with the utilization of DTX,
ensuring a more effective and precise treatment [43,77,78].
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Plasmid-encoding secreted HGFK1
gene (pHGFK1)

Minocycline
Docetaxel
Sorafenib
Nelfinavir or amprenavir
Combrestatin

Plasmid-encoding non-
collagenous C-terminal globular
NC1 domain of type Vlll collagen
a1 chain (vastatin)
RNAi plasmid-targeting MMP-2
Plasmid DNA-encoding shVEGF
Soluble vascular endothelial
growth factor receptor (sFlt-1) and
an angiostatin−endostatin fusion
gene (statin-AE) with sleeping
beauty transposon

PF-4/CTF, a 23 amino acid C-terminal
fragment of platelet factor 4 (PF-4)
Fc-endostatin
Bevacizumab

Ultradispersed detonation diamond
(UDD)
Microwave-radiofrequency 
(MW-RF)

Poly (1,3-bis-[p-carboxyphenoxy
propane]-co-[sebacic anhydride])
(CPP:SA)
Ethylene vinyl acetate (EVAc) disk with
interleukin-13 peptide and RGD-targeting 
agents (IRNPs)
Poly[(D,L)-lactide-co-glycolide] (PLGA)
nanofibrous membrane

Poly (D,L-lactic-co-glycolic acid)
nanoparticles (PLGA NPs)

Poly[(D,L)-lactide-co-glycolide] (PLGA)
microspheres

Polyethylene glycol-poly (�-
caprolactone) (PEG-PCL) nanoparticles

Liposomes/lipid based
Lipid nanocapsules

Polyethylenimine (PEI) non-viral vector
PEI600-CyD-folate (H1) non-viral
vector
H1, a cationic co-polymer consisting of
low molecular weight (600 Da)
polythylenimine linked by β-cyclodextrin
and conjugated with folic acid

Human U87-MG
Human U373
Human U87-ATR (chemoresistant)
Rat C6
Rat 9L

In rats
In mice

In rats
In mice

Chorioallontoic membrane chicken embryo model

Minocycline + TMZ

Minocycline + radiotherapy

Minocycline + BCNU

Fc-endostatin + TMZ
Vastatin + TMZ

Combrestatin + bis-chloroethylnitrosourea,
irinotecan, and cisplatin (BIC)
siRNA MMP-2 + PTX

Plasmid-encoding secreted HGFK1 gene
(pHGFK1) + Ionizing radiation

Small-molecule drug

Nucleic acid

Protein/peptide

Carbon nanoparticles
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Implantable materials

Injectable materials

Anti-aniogenic agent + chemotherapy

Anti-angiogenic agent + radiotherapy

Cell types used to form the tumors

Subcutaneous models
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In vivo tumor models
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Figure 1. Anti-angiogenic therapies that have been investigated for the treatment of glioblastomas.
BCNU: Carmustine; PTX: Paclitaxel; Statin-AE: Angiostatin-endostatin fusion protein; TMZ: Temozolomide

Sorafenib

Sorafenib (SFN), a multikinase inhibitor, is an anticancer agent commonly used for the treatment of unresectable
hepatocellular carcinoma and advanced renal cell carcinoma [79,80]. It functions by targeting and blocking critical
components of tumor growth signaling as well as angiogenesis [81]. Specifically, SFN inhibits the activity of Raf
proteins, serine/threonine kinases, which are integral to the Ras/Raf/MEK/ERK signaling cascade [82]. The
Ras/Raf/MEK/ERK cascade is key in activating transcription factors and regulating gene expression relating to
growth and apoptosis [83,84]. Often, this pathway is mutated or overexpressed in oncogenesis [85,86]; thus, by
using SFN to block Raf activity, growth signaling and cell proliferation can be inhibited [87]. Additionally, SFN
has demonstrated antiangiogenic activity by inhibiting the proangiogenic receptors VEGFR-1, VEGFR-2 and
VEGFR-3 as well as PDGFR [88,89]. Joensuu et al. showed that VEGFR is highly expressed in GBM, making SFN
a potential clinical candidate for treatment of the disease [90]. Nonetheless, past studies have shown that SFN has
a modest effect, whether as monotherapy or combination therapy, on the treatment of progressive and recurrent
GBM [91–95]. Limited results may be due to SFN’s poor solubility and oral route of administration, which may
reduce its ability to traverse the BBB [36]. Because of SFN’s dual mechanism of action, it harbors the potential for
treatment of GBM; however, new systems of delivery are needed to improve treatment of GBM.

Nelfinavir/amprenavir

Nelfinavir and amprenavir, both protease inhibitors, are commonly used to treat HIV [44]. Normally, these protease
inhibitors block the activity of HIV proteases, preventing the cleavage of viral polyproteins and, hence, production of
immature and noninfectious viral particles [96,97]. In 1994, Gupta and Singh demonstrated that protease inhibitors
such as amprenavir and nelfinavir can inhibit PI3K/Akt signaling, increasing radiosensitivity of tumor cells [98].
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Previous studies closely linked PI3K/Akt signaling pathway to VEGF and HIF-1α expression levels [99,100], which
prompted Pore et al. to demonstrate that these HIV protease inhibitors can indeed decrease VEGF and HIF-
1α expression and angiogenesis in GBMs [44]. Therefore, nelfinavir and amprenavir could potentially be used as
antiangiogenic therapeutic agents for GBM.

Combretastatin

Combretastatins are a group of small stilbenoid molecules that have the ability to downregulate various signaling
systems, leading to the inhibition of cell proliferation and angiogenesis [101]. They function by binding at or near
the colchicine-binding site, causing the destabilization of the tubulin polymers of the cytoskeleton, leading to
morphological changes in endothelial cells and apoptosis [101,102]. Additionally, Su et al. showed that administration
of combretastatin A-4 decreases expression of two potent mediators of angiogenesis, VEGF and VEGFR-2, in tumor
tissue, thus inhibiting angiogenesis [103]. With this in mind, Tseng et al. investigated the effects of combretastatin
A-4 on GBM in combination with three chemotherapeutic agents, bis-chloroethylnitrosourea (BCNU), irinotecan
and cisplatin (BIC), from a poly[(d,l)-lactide-co-glycolide] (PLGA) nanofibrous membrane [45]. Together, these
agents were able to attenuate the malignancy, retard tumor growth and ultimately prolong survival.

Nucleic acids
Gene therapy is designed to introduce genetic materials (nucleic acids) that have the capacity to correct altered
or mutated genes or cause site-specific modifications, such as restoring, increasing or halting gene expression
in cells [104]. These genetic materials include plasmid DNA encoding a protein of interest, siRNA, shRNA or
microRNA.

Plasmid DNA encoding HGFK1

Plasmid DNA molecules are closed, double-stranded, circular DNA molecules that have become important in
gene therapy [105] because of their ability to have therapeutic genes inserted directly into them [106]. Zhang et al.
utilized polyethylenimine (PEI)600-CyD (H1) NPs to encapsulate plasmid-encoding secreted HGFK1 [46], which
is known to be a potent antiangiogenic factor [107]. Furthermore, HGFK1 has been shown to have a high affinity
to MET, a proto-oncogene that stimulates proliferation, mobility and angiogenesis and is frequently upregulated
or overactivated in GBM [108–110]. By introducing the NP encapsulated plasmid, Zhang et al. were able to block
MET and show its potential to reduce angiogenesis, inhibit proliferation and induce apoptosis in GBMs [46].

Plasmid DNA encoding non-collagenous C-terminal globular NC1 domain of type VIII collagen a1 chain (Vastatin)

Recently, using plasmid DNA technology, Li et al. were able to successfully deliver the non-collagenous C-terminal
globular NC1 domain of type VIII collagen a1 chain, Vastatin [47]. Vastatin is an endogenous polypeptide that
is part of a family known as collagen-derived antiangiogenic factors [111]. This family is composed of well-known
antiangiogenic factors, such as endostatin, arresten and canstatin, that arise from various parent collagen molecules
containing NC1 and play various roles in angiogenesis inhibition [112,113]. Previously, Vastatin has been shown
to inhibit proliferation and migration of bovine aortic endothelial cells as well as tumor growth in hepatocellular
carcinoma and have antiangiogenic activity in ocular neovascularization [111,114,115]. Since Vastatin is derived from
type VIII collagen, Li et al. were interested in determining whether Vastatin was effective as a treatment for GBM
since it is known that collagen VIII expression is increased in brain tumors [47,116]. This study effectively indicated
that plasmid DNA encoding Vastatin induces antiangiogenesis and prolongs survival in GBM [47].

RNAi plasmid targeting MMP-2

Another promising approach in gene therapy pertains to the biological process of RNAi. This process uses siRNAs to
block the expression of specific genes, resulting in decreased production of the respective protein [117]. The siRNAs
are dsRNAs of approximately 19–22 bp with an overhang of two to three nucleotides on the 3′ end [118,119]. Lei et al.
applied this technology to provide new insights into the treatment of gliomas [48]. The researchers utilized a designer
RNAi plasmid targeting MMP-2, a vital proteinase needed for both tumor invasion and angiogenesis. This study
revealed that inhibition of MMP-2 mRNA and protein expression impeded tumor invasion and tumor-induced
angiogenesis [48].
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Plasmid-encoding interfering RNA targeting VEGF (shVEGF)

Besides siRNAs, short hairpin RNAs can be used in RNAi applications to inhibit gene expression and pro-
tein production. Huang et al. combined RNAi and plasmids to selectively inhibit the expression of VEGF [49].
The researchers successfully showed that the delivery of plasmid expressing shVEGF, in combination with the
chemotherapeutic agent doxorubicin (Dox), decreased blood vessel numbers and killed cells within the tumor,
thereby reducing tumor growth and increasing median survival.

Sleeping Beauty transposon with soluble VEGFR (sFlt-1) & angiostatin–endostatin fusion protein (statin-AE)

Ohlfest et al. utilized the Sleeping Beauty (SB) transposon to deliver two potent antiangiogenic genes: a soluble
VEGFR (sFlt-1) and an angiostatin–endostatin fusion protein (statin-AE) [50]. The SB transposon system is made
out of a transposon carrying genes of interest and a transposase enzyme that has the ability to recognize, excise
and integrate the gene of interest into genomic DNA in a ‘copy-and-paste’ manner [120,121]. SB has been shown
to provide long-term gene expression, making it a promising therapeutics delivery system [122,123]. The sFlt-1 is
a soluble variant of VEGFR with antagonistic activity toward VEGF [124,125]. Angiostatin and endostatin express
antitumor activity individually but work as effectively or even greater together as statin-AR, a fusion gene [126–131].
Ohlfest et al. showed that this combinatorial antiangiogenic gene therapy can sustain tumor regression, eliminate
new tumor growth and increase survival significantly.

Proteins or peptides
The market for peptide and protein therapeutics has been growing much faster than the market for small-molecule
drugs [132]. Compared with small-molecule drugs, proteins and peptides can bind to their target with multiple
points of contact, which makes them highly selective [132]. The basic building blocks of proteins and peptides are
amino acids. Compared with proteins, peptides tend to be smaller in size, which makes them great candidates for
penetrating tissues and overcoming barriers [133].

C-terminal fragment of PF-4 peptide

Benny et al. designed microspheres loaded with the C-terminal fragment of PF-4 (PF-4/CTF) to investigate its
effects on glioblastomas [51]. PF-4 is a potent chemokine that inhibits endothelial cell proliferation, migration
and angiogenesis through receptor-dependent and -independent mechanisms [98,134,135]. PF-4/CTF, also known
as PF447-70, is a modified fragment from the C-terminus of its parent peptide, PF-4 [136]. Although smaller,
this domain retains the antiangiogenic effects of the parent peptide and is able to inhibit angiogenesis induced in
vitro by either FGF-2 or VEGF [137–139]. Benny et al. delivered PF-4/CTF-loaded microspheres to glioblastoma,
resulting in a 65% reduction in tumor volume, significant decrease in angiogenesis and increase in apoptosis. These
results add to previous data provided by Bello et al. that PF-4/CTF administration can delay malignant glioma
growth [140].

Endostatin peptide

Endostatin, a 20-kDa CTF of collagen XVIII, is a well-known antiangiogenic factor first isolated in 1997 that
successfully stopped the growth of Lewis lung cancer metastases and blocked angiogenesis [141]. It has also proven
to be effective in other types of tumors, such as renal cell carcinoma and gliomas [131,142]. Although promising as
an antiangiogenic therapeutic agent, its mechanism of action and effects are complex and have yet to be clearly
defined [143–145]. A shortcoming is that the previously used endostatin had a short half-life and lacked four amino
acids at the NH2 termini, which are important for antitumor activity [146–148]. To improve these deficiencies, Lee
et al. linked an antibody (IgG) Fc domain to a molecule of endostatin, constructing ‘Fc-endostatin’, which resulted
in improved half-life and efficacy [149]. Grossman et al. utilized this Fc-endostatin molecule to explore its efficacy
in treating gliomas using systemic or local delivery [52]. Their study showed that administration of Fc-endostatin,
whether by systemic or local delivery, prolonged survival. Hence, using this fused molecule opens a new door to
treating such aggressive tumors.

Bevacizumab

In 2009, bevacizumab (Avastin R©) was approved by the US FDA as a single agent for second-line treatment of
progressive GBM in patients who do not response to standard treatment such as TMZ [53,150]. It is a humanized
anti-VEGF monoclonal antibody aimed at preventing the activation of VEGFR tyrosine kinases [13,151]. Beva-
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cizumab exerts its effect by blocking the interaction between VEGF-A and the VEGFRs VEGFR-1 and VEGFR-2
on endothelial cells [152]. This reduces angiogenesis, which subsequently reduces the growth of tumor cells ex-
pressing VEGFRs and disrupts the vasculature niche, causing ‘starvation’ of the tumor [22]. As demonstrated by
Sousa et al., there is a reduction in GBM tumor growth, accompanied by higher antiangiogenic effect, when
delivering bevacizumab [53]. These effects have been shown to improve patient outcomes. Studies have also shown
that bevacizumab can be started either early or late in recurrent GBM without a decrease in efficacy [153]. The
current treatment regimen for bevacizumab is intravenous administration every 2 weeks [53,154]. However, this
administration regimen has made it difficult for patients to adhere to therapy, emphasizing the need for alternative
antiangiogenic treatments [53]. In addition, GBM tumors often have the ability to continue to progress during be-
vacizumab treatment, as the tumors can become resistant to bevacizumab due to being able to adapt by using other
proangiogenic pathways besides VEGF-A [154]. To overcome bevacizumab resistance, other angiogenic factors and
signaling pathways need to be targeted in combination with bevacizumab treatment [155]. Thus, complementary
approaches, such as the combination of these inhibitors with agents targeting alternative mechanisms of blood
vessel formation, are urgently needed.

Biomaterials as standalone therapeutics
Besides small-molecule drugs, nucleic acids, proteins and peptides, biomaterials themselves can be bioactive and
have antiangiogenic properties. Past studies have indicated that NPs of carbon allotropes are highly bioactive,
influence gene expression and exert antiangiogenic properties on blood vessels [54,156,157]. Grodzik et al. utilized two
NPs of carbon allotropes, ultradispersed detonation diamond (UDD) and microwave/radiofrequency (MW/RF),
to observe their effects on GBM [54]. Results indicated that UDD NPs significantly decreased VEGF and FGF-2
expression, whereas MW/RF NPs reduced only VEGF expression. The difference between these two types of
carbon NPs could be due to the presence of different functional groups on their surfaces, which affects binding to
domains of the factors or their receptors. It is known that both VEGF and FGF-2 are proangiogenic factors that
play a role in new blood vessel formation, so by reducing these factors, angiogenesis is inhibited [158–160]. Ultimately,
Grodzik et al. determined that UDD and MW/RF carbon NPs indeed inhibited angiogenesis and decreased tumor
mass and volume in GBMs. The mechanism of action of these NPs remains unclear; however, it is believed that
these NPs function by inhibiting angiogenesis by binding to VEGF and FGF-2 or their receptors when levels are
elevated [54,157], inhibiting their actions.

Combination therapies
Antiangiogenic therapy & chemotherapy

As previously mentioned, angiogenesis is a hallmark of glioblastoma, making it an excellent target for clinical treat-
ment through its inhibition. However, generally, antiangiogenic drugs have only modestly improved survivability.
Thus, significant efforts and investments have been made to develop more effective ways to treat GBM, such as
combining antiangiogenic drugs with chemotherapy and RT.

A frequent chemotherapeutic agent used in the standard treatment of GBM is TMZ. It is concomitantly used
with RT and can penetrate the CNS with relatively low toxicity [17]. Because of TMZ’s promising outcomes
and properties, multiple studies have combined it with antiangiogenic agents to observe the potential of dual
therapy. Bow et al. demonstrated that the delivery of minocycline potentiated effects of oral TMZ and increased
median survival (29 days) when compared with single-agent TMZ (21 days), minocycline (19 days) and control
groups (14 days) [40]. Two other common antiangiogenic agents that have been used in combination with TMZ
are Fc-endostatin and Vastatin. Grossman et al. showed that Fc-endostatin itself enhanced survival to 15 days
compared with control animals (13 days), but when used with TMZ, survival was increased to 28 days [52]. Li et al.
demonstrated that local delivery of Vastatin synergized with TMZ and restored the sensitivity of chemoresistant
tumors [47]. Alone, Vastatin significantly increased median survival to 34 days relative to untreated mice (23 days),
whereas the combination of Vastatin and TMZ further increased it to 54 days.

BCNU (carmustine) is another chemotherapeutic agent that is FDA-approved for the treatment of newly
diagnosed high-grade glioma and recurrent glioblastoma [161]. Several groups have utilized BCNU in conjunction
with antiangiogenic agents to demonstrate efficacy in the treatment of glioblastoma [41,42,162]. Weingart et al.
demonstrated that the delivery of minocycline locally or systematically did not have a positive effect on survival [42].
However, when local delivery of minocycline from a polymer was combined with systemic BCNU, median survival
was extended by 93% compared with systemic BCNU alone. Frazier et al. also used minocycline, but with a
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pCCP:SA wafer for delivery [41]. In this study, minocycline implantation prolonged survival (19 days) when
compared with the control group (14 days), with even more favorable effects when minocycline was combined with
BCNU (42 days). Sonabend et al. utilized a unique combination consisting of the IL-12 gene and BCNU [162].
This gene/drug combination proved to be potent, enhancing survival in 100% of the mice to 95 days after
treatment compared with IL-12 (25% long-term survival) and BCNU (75% long-term survival) alone [162]. Other
chemotherapeutic agents, such as BIC, Dox and paclitaxel (PTX), have also demonstrated promising effects
when combined with various antiangiogenic agents. Tseng et al. loaded antiangiogenic combretastatin with BIC
into PLGA nanofibers and surgically implanted it onto the brain surfaces of glioma-bearing rats [45]. BIC and
combretastatin improved survival time (86.50 days) when compared with BIC alone (60.00 days) and the control
groups (22.87 days) [45]. Additionally, BIC and combretastatin attenuated malignancy and retarded tumor growth.
In another study, an RNAi plasmid targeting MMP-2 was combined with PTX and concurrently given to mice.
This gene/drug dual-delivery system significantly enhanced tumor growth inhibition by a factor of about 30-fold
relative to the drug implant only [48]. Similarly, a plasmid expressing interfering RNA targeting VEGF was used with
the agent Dox, and the combined treatment yielded an effective shutdown of blood vessels and cell apoptosis within
the tumor [49]. These studies strongly suggest that synergistic therapy can achieve significantly better results than
monotherapy. Thus, combining antiangiogenic agents with chemotherapeutic drugs provides a potential strategy
and regimen for treating GBM.

Antiangiogenic therapy & RT

RT is the current, standard adjuvant approach for post-resection glioblastoma and primary treatment of unresectable
tumors [163], demonstrating great efficacy during post-resection [164–166]. Although RT has been proven to increase
survival, novel techniques to further enhance RT, such as the concurrent delivery of antiangiogenic agents with RT,
need to be developed.

Aside from combining minocycline with TMZ, Bow et al. also observed the effects of minocycline with RT [40].
The researchers showed that minocycline potentiated the effects of RT, just as it did with TMZ. The median
survival with RT alone was 31 days, whereas those treated with the dual therapy of minocycline and RT had
an increased median survival of 74 days. Another approach delivered a plasmid-encoding secreted HGFK1 gene
(pHGFK1) locally with ionizing radiation (IR) [46]. The median survival time of mice treated with IR, pHGK1
and IR + pHGFK1 was 65, 64 and 78 days, respectively. When compared with other groups, the IR + pHGFK1
group had significantly prolonged survival time. The pHGFK1 sensitized GBM to IR treatment, thus improving
the outcome. The therapeutic benefits of RT have significantly improved throughout the decades; however, to
further improve its efficacy, dual therapy with RT and antiangiogenic agents needs to be explored to maximize
effectiveness.

Biomaterials utilized in antiangiogenic therapies
Synthetic and natural biomaterials can be tailored to the application of interest by altering the biomaterials’
properties. This makes biomaterials a versatile component of glioblastoma therapies that can be utilized to prevent
off-target site effects, increase local bioavailability, control drug release and enhance bioactivity of the drug by
protecting it from degradation.

Implantable biomaterials
Compared with systemic delivery, local delivery of therapeutics decreases systemic toxicity and increases the
bioavailability of the drug. By delivering drugs locally, the drug concentration at the site of the tumor can be
maximized, and nontarget systemic exposure and organ toxicity can be minimized. Furthermore, local delivery can
increase the efficacy of the drug by bypassing the harsh environment encountered in the long journey the drug has
to take to reach the targeted site of interest. Local delivery of drugs can be achieved by implantable biomaterials
such as scaffolds, wafers, disks and membranes.

Poly(1,3-bis-[p-carboxyphenoxy propane]-co-[sebacic anhydride]) wafer

Polyanhydrides such as poly(1,3-bis-[p-carboxyphenoxy propane]-co-[sebacic anhydride]) (pCPP:SA) can degrade
into nontoxic metabolites [167]. This type of polymer degrades by surface erosion, and thus drug release is based on
a zero-order kinetic rule [168,169]. Hydrolysis rates can be controlled by the content of the CCP monomer (i.e., more
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CPP results in slower degradation) of the polymer, which can be varied from a few days to several years, making
this a versatile polymer for drug delivery [170].

The most extensively used polyanhydride is pCPP:SA [170]. Among the implantable devices made from pCPP:SA
that have been investigated thus far, Gliadel R©, a commercial implant for the delivery of the chemotherapy drug
BCNU, is the most advanced biomaterial studied for the treatment of brain gliomas [171]. It has been approved
by the FDA for the treatment of newly diagnosed high-grade malignant glioma with surgery and RT as well as
recurrent GBM with surgery. The pCPP:SA biodegradable polymers are made by melt condensation [172]. Frazier
et al. used pCPP:SA polymer with 50% minocycline in combination with oral BCNU [41]. To make the biomaterial
polymer, the drug and polymer were dissolved in methylene chloride and then dried in a vacuum desiccator. The
polymer was then molded by compression molding into a 3 × 3 × 1-mm disk weighing 10 mg. The polymer
released 26% of the drug on day 1 and 1.7% of the drug per day after day 1. Bow et al. also used this polymer
loaded with 50% minocycline and tested it in combination with oral TMZ or RT [40]. Grossman et al. employed
the polymer with 40% (w/w) mFC-endostatin, using a similar protocol, to produce 14-mg wafers [52]. These
wafers were tested alone or in combination with oral TMZ. Interestingly, the researchers found that the delivery of
mFC-endostatin either systemically or locally with the polymer had the same effect on prolonging survival; thus,
local delivery of the bioactive factor with the wafers was no more efficient in the treatment of glioblastoma.

PLGA nanofibrous membrane

The copolymer PLGA is a polyester often used as a biomaterial for the delivery of bioactive factors for many
applications, including cancer, because of its inert properties, great biocompatibility, biodegradability and versa-
tility [173,174]. Furthermore, the degradation rate of PLGA can be optimized by altering the lactic-to-glycolic acid
ratio, molecular weight and end cap groups. PLGA is a polymer that has been used extensively for the delivery
of bioactive factors, including drugs, proteins and genes. Lei et al. utilized electrospinning to fabricate a PLGA
nanofibrous membrane to deliver RNAi plasmids targeting MMP-2 [48]. The PEI/DNA NPs in phosphate-buffered
saline were incorporated into the PLGA solution by forming an emulsion using a sonicator. The emulsion was
then electrospun, and 3 × 1-mm fiber disks were obtained by punching the fiber mats obtained. The researchers
demonstrated that the release of PEI/DNA NPs was mainly controlled by pore formation in the electrospun fiber
matrix that resulted from the polyethylene glycol (PEG) (incorporated as porogen) leakage. The constant leakage
rate of PEG resulted in a near constant release rate of the DNA. The disk released less than 20% DNA in 6 weeks,
indicating that the disk was able to sustain the release for a prolonged time frame.

Ethylene vinyl acetate copolymer disk

Ethylene vinyl acetate copolymer is a non-biodegradable polymer that has been clinically used for birth control
applications [175] and the treatment of glaucoma [176]. Ethylene vinyl acetate copolymer disks or cylinders are usually
fabricated by solvent casting and then allowing the polymer to dry. Weingart et al. used ethylene vinyl acetate
copolymer 3 × 3 × 1-mm disks to administer minocycline with or without systemic delivery of BCNU [42]. The
material was first washed in absolute ethyl alcohol to extract the inflammatory antioxidant butylhydroxytoluene [177].
The solution of drug in methylene chloride was poured into glass cylindrical molds. The polymer contained 50%
minocycline by weight. The polymer was cut into a 3 × 3 × 1-mm disk for the intracranial study. The polymer was
able to release minocycline in vitro for 90 days. The researchers demonstrated that the local delivery of minocycline
with the polymer in combination with systemic BCNU improved median survival by 93% compared with systemic
BCNU alone; however, systemic minocycline in combination with systemic BCNU was no different compared with
systemic BCNU alone, indicating the importance of local delivery of the antiangiogenic factor with the biomaterial.

Injectable biomaterials
Compared with implantable devices, smaller biomaterials, such as NPs, microparticles and liposomes, can be
delivered by stereotactic injection to the tumor site because of their size and shape. Stereotactic injection still
requires a craniotomy, but it is not as invasive as craniotomy to implant devices, which may damage surrounding
brain tissue. These injectable biomaterials include polymeric NPs and microparticles, lipid-based NPs/liposomes
and nonviral-based polyplexes for gene delivery.
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Polymeric NPs and microparticles

Besides being applied to make scaffolds, PLGA has been extensively used to make microparticles and NPs. Sousa et al.
fabricated bevacizumab-loaded PLGA microparticles using a W/O/W emulsion solvent evaporation method [53].
The researchers demonstrated that ∼14.0% of bevacizumab released after 7 days. The intranasal delivery of the
PLGA microsphere allowed for direct administration of the drug to the CNS, bypassing the BBB. This prevented
off-target organ toxicity and increased bioavailability at the targeted side. Furthermore, Sousa et al. concluded that
the increase in resident time of the drug at the brain could be attributed to the protection of the antibody by the
biomaterial. Benny et al. utilized PLGA microspheres to deliver the 23 amino acid CTF of PF-4, PF-4/CTF [51].
The microspheres were again fabricated using the W/O/W emulsion solvent evaporation method. The PLGA
microspheres were able to maintain morphological integrity and release the protein continuously for 30 days. This
demonstrated that local delivery of the peptide with the PLGA microspheres was much more effective than systemic
delivery of the drug. Furthermore, the microsphere prolonged biological activity by acting as a protective system
for the peptide.

Gao et al. utilized PEG–poly(ε-caprolactone) (PEG-PCL) NPs loaded with DTX that had IL-13 peptides to
target GBM cells and Arg-Gly-Asp (RGD) (IL-13 RGD nanoparticles, IRNPs) to target the neovasculature [43].
The particles were prepared by an emulsion/solvent evaporation method, using a sonicator to make the emulsion.
PCL is a biodegradable polymer approved for human use for drug delivery applications by the FDA and widely
used in drug delivery applications [178,179,180]. PEG is a hydrophilic polymer that is often conjugated to other
polymers or biomaterials to increase hydrophilicity. Xin et al. showed that there was a higher accumulation of
methoxy PEG-PCL than conventional NPs at the intracranial tumor [181]. This occurs as a result of the enhanced
permeability and retention effect, where NPs spontaneously accumulate in the pathological area because of the
hydrophilic surface and ability to stay longer in the circulation. Furthermore, the hydrophilic PEG shell prevents
aggregation of NPs and binding between particles and plasma protein, thereby avoiding recognition and removal by
the mononuclear phagocyte system by preventing opsonization. Thus, PEG-PCL NPs are a promising biomaterial
for the treatment of glioblastoma.

NPs of carbon allotropes have been used in antiangiogenic therapy. Grodzik et al. investigated two NPs of carbon
allotropes, UDD and MW/RF, to inhibit angiogenesis in GBM. The material itself is the angiogenic factor and
thus was not loaded with any drugs [54]. The authors discussed the mechanism earlier.

Lipid-based NPs/liposomes

Clavreul et al. utilized lipid nanocapsules (LNCs), as they are associated with several advantages, including fabrica-
tion by a phase inversion process using generally safe excipients without the use of organic solvents; high stability,
payload and encapsulation efficiency; ease of scaling up production; and ability to modify the surface with targeting
moieties [82,182]. The researchers loaded SFN into LNCs made from Lipoid S75-3 (soybean lecithin with 70%
phosphatidylcholine and 10% phosphatidylethanolamine) and Kolliphor HS15 (mixture of free PEG 660 and PEG
660 hydroxystearate). Nanocarriers can help overcome the poor solubility of SFN in water as well as unwanted side
effects [183]. Most of the SFN (i.e., 80% after 5 days) remains associated with the LNCs, which allows time for cells
to capture the loaded nanocapsules before the drug is released [183]. The SFN-loaded LNCs were more effective in
inducing early tumor vascular normalization than free SFN, which could be due to the ability of LNCs to improve
drug retention within the tumor [184].

Huang et al. developed a dual-triggered nanoparticle system decorated with an activatable cell-penetrating
peptide (dtACPP) [49]. This peptide can be triggered by both lowered tumor extracellular pH and MMP-2. The
particles co-delivered plasmid expressing interfering RNA targeting VEGF (shVEGF) and Dox simultaneously. The
dtACPP was conjugated to the surface of the nonviral vector dendrigraft poly-L-lysine to form the NPs to deliver
shVEGF-DOX. This dual-delivery system with an activatable cell-penetrating peptide was able to effectively shut
down blood vessels and result in cell apoptosis in the tumor.

Nonviral gene-delivery vectors

To successfully deliver nucleic acids such as plasmid DNA, viral or nonviral vectors are needed. All gene delivery
vectors used in Table 1 were nonviral vectors. Although nonviral vectors are not as efficient as viral vectors, they
are often used because of their lower immunogenicity and lack of limitations in the gene insert size [185].
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PEI is a widely used polymeric, nonviral gene delivery vector because its density of amines provides positive charges
to bind to DNA. PEI can be branched, consisting of primary, secondary and tertiary amines, or linear, consisting of
secondary and primary amines [186]. Linear PEI and branched PEI are solid and liquid, respectively [187]. Linear PEI
has a greater transfection efficiency compared with branched PEI because of the inherent kinetic instability under
salt conditions, which results in aggregation of the polyplexes into larger size particles [175]. These larger particles
result in increased interaction with the cell membrane, cytoplasm and nucleus. Lei et al. used 25-kDA linear PEI to
deliver an RNAi plasmid targeting MMP-2 [48]. The polyplexes were embedded in PLGA nanofibrous membrane.
Ohlfest et al. utilized 22-kDa linear PEI to co-deliver soluble VEGFR (sFlt-1) and an angiostatin–endostatin fusion
gene (statin-AE) using the SB transposon by intratumoral injection [50].

PEI has been modified in many different ways to improve its ability as a nonviral transfection agent. Degradable
linkages can be incorporated into high-molecular-weight PEI to improve its clearance [188]. Furthermore, biocom-
patible membrane-permeating moieties can be incorporated into low-molecular-weight polymers to improve its
transfection activity [189,190]. Zhang et al. utilized a polymer, H1, which consists of low-molecular-weight (600 Da)
PEI linked by β-cyclodextrin and conjugated with folic acid [46]. Cyclodextrin has low toxicity and does not elicit
an immune response [183,191] and thus can reduce the toxicity of polycations [192]. This nonviral vector is the first
reported nonviral vector that can achieve similar levels of transgene expression compared with adenovirus [46]. Li
et al. also used the H1 polymer to deliver non-collagenous C-terminal globular NC1 domain of type VIII collagen
a1 chain, Vastatin [47]. H1 is designed to target tumor and atypical cells by binding to the folate receptors that are
enriched on cancer cell surfaces.

In vivo models
In vivo models are a key component of drug discovery and evaluating the efficiency, safety and effectiveness of
therapeutics.

Subcutaneous/heterotopic/ectopic models
Research often starts with ectopic tumor models by implanting the scaffolds subcutaneously, outside of their
original anatomical location [193–195]. Subcutaneous implantations are the easiest to perform and are often done
in rodents because of their low cost and lax skin that provides versatility for large implants and their availability
as immunodeficient animals for xenografts [196]. Pore et al. [44], Zhang et al. [46], Ohlfest et al. [50] and Benny
et al. [51] utilized the subcutaneous model. Tumor cells were subcutaneously implanted on the dorsal part of the
mice and/or rats, where the cells proliferated and formed quantifiable glioma tumors under the skin. Subcutaneous
tumors facilitate close monitoring but are not the most representative of the actual growth and behavior of human
cancer [197].

Intracranial/orthotopic
Although easy to create and monitor, subcutaneous models are associated with several limitations. The treatment
is not tested in the brain microenvironment, the actual tumor site, so the antiangiogenic agent does not take into
account the constraints that may exist, including having to cross the BBB [184], and thus overinterpretation of
results can often occur [198]. The location poses a limitation because of the differences in angiogenic activity and
the microenvironment’s not providing the required conditions to portray a true malignant brain tumor.

By contrast, implantation of tumor cells in the flank of an animal or in intracranial mouse or rat tumor models
is more challenging but is able to provide more clinically relevant results. Bow et al. [40], Frazier et al. [41], Weingart
et al. [42] and Grossman et al. [52] utilized the rat intracranial model, whereas Gao et al. [43], Clavreul et al. [36], Tseng
et al. [45], Zhang et al. [46], Li et al. [78], Lei et al. [48], Huang et al. [49], Ohlfest et al. [50], Benny et al. [51] and Sousa
et al. [53] used the mouse intracranial model. Rat brains are much larger (∼1200 mg) compared with mouse brains
(∼400 mg), and thus the tumor cell implantation process is more precise, and relatively larger volumes (∼20 μl)
of cells can be injected into the area [199].

The orthotopic procedure consists of creating a scalp incision, cutting through the skull and placing a piece of
tumor in the brain, where it begins to gradually grow near or in the brain tissue into larger masses [40]. Intracranial
tumors are favored over subcutaneous tumors because the drug’s testing site will be very similar to the original
environment of a human malignant glioma. When administering drugs for the treatment of intracranial tumors,
intracranial tumor models pose true challenges, such as getting across the BBB and avoiding systemic toxicity, in
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addition to the unique environments of crucial cell processes that help tumors survive, proliferate, differentiate and
migrate [40,51].

Ohlfest et al., like some other groups, utilized the subcutaneous model first because of the ease of establishing and
monitoring the tumor and then utilized the intracranial model to more accurately study the designed therapy [50].
The researchers observed that there was a decrease in efficacy in the intracranial model compared with the
subcutaneous model and attributed this to the sixfold decrease in plasmid dose (adjusted for volume of the mouse
brain).

Cells used to establish glioma models
As mentioned earlier, drug and treatment advancements are made possible through xenograft models, where human-
derived tissues or cells from a patient’s tumor are implanted, in this case intracranially, into immunodeficient mice
and/or rats [200]. Xenografts allow for research to be completed without working on a living human being, but rather
an animal that represents a human. Furthermore, they allow for the understanding of tumors and drug efficacy and
act as a way to increase the number of preclinical subjects available to test with when conducting research.

Xenograft models can utilize various types of cell lines to establish the tumor. The most common one used in
the applications listed in Table 1 is U87MG, which is one of the two most studied glioma cell lines [198]. After
U87MG, the next two most common cell lines used to create tumors to test antiangiogenic agents for GBM are
the C6 and 9L rat glioma cell lines. The C6 and 9L gliomas were induced in adult rats by repeated injections of
methylnitrosourea [199]. Besides xenograft tumor models, cell lines can be implanted as allograft tumors in syngeneic
animals [198].

In addition to the three common cell lines that were used in the applications discussed, Li et al. utilized a
unique version of U87MG that acquired TMZ resistance, designated U87-ATR, to form xenograft gliomas [47].
The researchers utilized this chemoresistant model to examine the effect of the chemotherapy drug TMZ and its
combination with the antiangiogenic agent Vastatin on the intrinsic and acquired chemoresistance that is often
acquired with TMZ treatment.

Another GBM cell line that is used is U373. Ohlfest et al. used both U87MG and U373 to establish a mouse
subcutaneous tumor model [50]. Compared with U87MG cells, which have more neuronal morphology, U373
cells have more mesenchymal morphology. U373 also differs from U87MG in terms of proliferation rate (i.e., less
proliferative compared with U87MG) [201]. Interestingly, U373 cells can protect U87MG cells from TMZ-induced
cell death, and, conversely, U87MG cells appear to increase the sensitivity of U373 cells to TMZ [201]. The
effectiveness of antiangiogenic agents on in vivo tumor models may depend on the growth potential of the cell line
used to form the tumor. The choice of which animal model (mouse vs rat cells used to form the tumor) can often
depend on the preference for or experience and expertise of the research lab with different rodent types and cell
lines and the nature of the study that will be conducted and therapy to be tested.

Targeting agents for endothelial cells
All cells in the human body possess surface marker molecules that indicate and give identity to a specific cell
and can be implicated in different cellular functions including growth, differentiation and apoptosis. Thus, the
development of targeting agents allows for specified recognition of cells of interest [202]. The importance of
identifying and targeting cell-specific surface markers is highly desirable in developing effective drug delivery and
treatment methods and potentially less harm to healthy cells [203]. The building blocks of blood vessels are endothelial
cells, and thus antiangiogenic factors should be targeted to cell surface receptors of these cells. Furthermore, the
surrounding vital endothelial cells near tumors tend to express some specific cell surface receptors and are therefore
distinguishable from normal endothelial cells and can also be targeted [204]. Table 2 lists applications that utilize
ligands bound to biomaterials to better target endothelial cells and improve the efficacy of the delivered bioactive
factor being investigated for the treatment or study of glioma.

Monoclonal antibodies
Monoclonal antibodies are monovalent antibodies produced by B-lymphocytes that bind to specific target anti-
gens [213]. Monoclonal antibodies have exquisite specificity that decreases off-target effects and, hence, decreases
toxicity [214]. These antibodies are widely used in the treatment of cancer and other diseases. As of 2019, 79
monoclonal antibodies have been approved by the FDA for therapeutic use, 30 of which have been approved for
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Table 2. Biomaterial-based targeting agents that have been utilized to target endothelial cells in the treatment of
glioblastoma.
Target on
biomaterial

Target on cell Endothelial cells used in
vitro and in animal models

Biomaterial Bioactive
factor

Outcome Ref.

Monoclonal antibody

Anti-CD105
antibodies

Endoglin/CD105 In vitro: mouse endothelial
cell line MS1 and mouse
breast cancer cell line 4T1
In vivo: mouse subcutaneous
U87MG GBM model

Perfluorocarbon-containing
lipid-shelled MBs for
ultrasound contrast agents

None,
contrast
agent

In vitro: attachment numbers of the
CD105-targeted MBs significantly
correlated with the CD105 expression
levels of the cells in the parallel flow
chamber test
In vivo: there was a good correlation
between the in vivo molecular
ultrasound signals with the
CD105-targeted MBs and the ex vivo
expression levels of CD105

[205]

Peptides

cRGD and
IL-13 peptide

�v�3 integrin on
neovasculature

In vitro: HUVECs
In vivo: mouse intracranial
C6 GBM model

PEG-PCL NPs DTX In vitro: IRNPs had high uptake into
HUVEC cells
In vivo: IRNPs had higher localization in
the GBM site than mono-modified NPs

[43]

cRGDyC �v�3 In vitro: HUVECs Liposomes formed with
DPPG, cholesterol,
DSPE-mPEG2000 and
DSPE-PEG2000-MAL in
chloroform and methanol

BSH In vitro: cRGDyC liposome uptake was
significantly higher than plain
liposomes in integrin �v�3-positive
HUVEC and U87MG cells

[206]

iNGR (CRNGRGPDC
sequence)

APN/CD13 In vitro:
HUVECs
In vivo:
mouse intracranial U87MG
GBM model

Liposomes made with HSPC,
cholesterol and PEG
(2000)-DSPE

Dox In vitro:
Uptake of iNGR-SSL by U87MG cells
and HUVECs was significantly greater
than that of unmodified liposomes
In vivo:
accumulation of iNGR-SSL/DiR was
significantly increased compared with
unmodified liposomes

[207]

iNGR APN/CD13 In vitro:
HUVECs
In vivo:
mouse intracranial U87MG
GBM model

Poly (ethyleneglycol)-poly
(L-lactic-co-glycolic acid) NPs

PTX In vitro:
iNGR-NP-PTX inhibited tube formation
more efficiently than unconjugated NPs
In vivo:
iNGR-NP exhibited the highest
fluorescence intensity in the brain
compared with other NPs tested

[208]

NGR ligand APN/CD13 In vitro:
primary rat BCECs
In vivo:
mouse intracranial C6 GBM
model

PDA-coated mesoporous
silica NPs (MSNs)

Dox In vitro:
MSN-DOX-PDA-NGR had higher
intracellular accumulation in primary
BCECs and C6 cells than nontargeting
NPs
In vivo:
MSN-DOX-PDA-NGR had higher
accumulation in intracranial tumor
tissue than undecorated NPs

[209]

CGKRK (Cys-Gly-Lys-
Arg-Lys)

Heparan sulfate on
neovascular
endothelial cells

In vitro:
HUVECs
In vivo:
mouse intracranial C6 GBM
model

PEG-PLGA NPs PTX In vitro:
cellular fluorescence intensities of
CGKRK-NP and PC-NP were
significantly higher at various
concentrations and all experiment time
points compared with normal NPs
In vivo:
PC-NP (CGKRK and Pep 1) exhibited the
most accumulation in glioma

[210]

APN: Aminopeptidase N; BCEC: Brain capillary endothelial cell; BSH: Sodium borocaptate; cRGD: Cyclic Arg-Gly-Asp; cRGDyC: Cyclic Arg-Gly-Asp-Tyr-Cys; DOPE: 1,2-dioleoyl-sn-glycero-
3-phosphoethanolamine; DOTAP: 1,2-dioleoyl-3-trimethylammonium-propane chloride; DPPG: 1,2-dipalmitoyl-sn-glycero-3-phospho-rac-(1-glycerol); Dox: Doxorubicin; DTX: Docetaxel;
Erlo: Erlotinib; GBM: Glioblastoma multiforme; HSPC: Hydrogenated soy phosphatidylcholine; HUVEC: Human umbilical vein endothelial cell; MB: Microbubble; NGR: Asp-Gly-Arg; NHS-
PEG(2000)-DSPE: 3-(N-succinimidyloxyglutaryl) aminopropyl, polyethyleneglycol-carbamyl distearoylphosphatidyl-ethanolamine; NP: Nanoparticle; PDA: Polydopamine; PEG-PCL: Polyethy-
lene glycol–poly(ε-caprolactone); PEG-PLGA: Polyethylene glycol–poly[(D,L)-lactide-co-glycolide]; PTX: Paclitaxel; Tf: Transferrin; TfR: Transferrin receptor.
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Table 2. Biomaterial-based targeting agents that have been utilized to target endothelial cells in the treatment of
glioblastoma (cont.).
Target on
biomaterial

Target on cell Endothelial cells used in
vitro and in animal models

Biomaterial Bioactive
factor

Outcome Ref.

CGKRK peptide Heparan sulfate In vitro:
HUVECs and U87MG cells
In vivo:
mouse subcutaneous
U87MG GBM model

PEG-co-PCL NPs PTX In vitro:
fluorescence intensity of CGKRK-NP on
both HUVEC and U87MG cells was
significantly enhanced when compared
with that of NPs
In vivo:
following CGKRK-NP-DiR injection,
mice exhibited a much stronger
fluorescence intensity at the tumor site
at every imaging time when compared
with that of the NP group

[211]

Tf and PFVYLI (PFV) TfR In vitro: bEnd.3 brain
endothelial cells

Liposomal NPs made from
DOTAP, DOPE,
NHS-PEG(2000)-DSPE and
cholesterol

Dox and Erlo In vitro: Tf-PFV liposomes showed
significantly higher cellular uptake
compared with single ligand or plain
liposomes

[212]

APN: Aminopeptidase N; BCEC: Brain capillary endothelial cell; BSH: Sodium borocaptate; cRGD: Cyclic Arg-Gly-Asp; cRGDyC: Cyclic Arg-Gly-Asp-Tyr-Cys; DOPE: 1,2-dioleoyl-sn-glycero-
3-phosphoethanolamine; DOTAP: 1,2-dioleoyl-3-trimethylammonium-propane chloride; DPPG: 1,2-dipalmitoyl-sn-glycero-3-phospho-rac-(1-glycerol); Dox: Doxorubicin; DTX: Docetaxel;
Erlo: Erlotinib; GBM: Glioblastoma multiforme; HSPC: Hydrogenated soy phosphatidylcholine; HUVEC: Human umbilical vein endothelial cell; MB: Microbubble; NGR: Asp-Gly-Arg; NHS-
PEG(2000)-DSPE: 3-(N-succinimidyloxyglutaryl) aminopropyl, polyethyleneglycol-carbamyl distearoylphosphatidyl-ethanolamine; NP: Nanoparticle; PDA: Polydopamine; PEG-PCL: Polyethy-
lene glycol–poly(ε-caprolactone); PEG-PLGA: Polyethylene glycol–poly[(D,L)-lactide-co-glycolide]; PTX: Paclitaxel; Tf: Transferrin; TfR: Transferrin receptor.

the treatment of cancer [213]. Besides being therapeutic agents for cancer, these antibodies or their fragments can be
used as targeting agents to direct the homing of drugs to endothelial cells at tumor sites [215].

Endoglin (CD105) antibody

Endoglin (CD105) is a promising target because it is overexpressed in proliferating endothelial cells, such as those
found in tumors [216], as it is an alternative proangiogenic growth factor [205]. Liu et al. used a CD105 antibody
(anti-CD105) to target this overexpressed biomarker [205]. This study used perfluorocarbon-containing lipid-shelled
microbubbles (MBs) for ultrasound contrast agents combined with anti-CD105 antibodies. The MBs were tested
in vitro in the mouse endothelial cell line MS1 and the mouse breast cancer cell line 4T1 as well as in vivo in a
mouse subcutaneous U87MG tumor model. The results of the in vitro and in vivo studies showed higher cellular
uptake in the CD105-targeted MBs than the untargeted MBs. Liu et al. utilized these MBs for molecular ultrasound
imaging to investigate the expression level of the biomarker CD105 during glioblastoma progression. However,
anti-CD105 may be a promising target for the delivery of antiangiogenic therapy, as it can target overexpressed
endoglin on proliferating endothelial cells.

Peptides
Another effective method of targeting cells is through the use of peptide targeting agents. The advantage of these
peptides compared with antibodies is their low molecular weight (<10 kDa), which allows for better penetration
of solid tumors [217].

αvβ3 integrin

The receptor αvβ3 integrin is an overexpressed receptor found on both proliferating endothelial cells and GBM
tumor cells themselves [218]. Gao et al. examined the ability of NPs conjugated with IL-13 peptide and RGD
to target IL13Rα2 in GBM cells and αvβ3 integrin in neurovascular endothelial cells [43]. These PEG-PCL NPs
loaded with DTX display high uptake by human umbilical vein endothelial cells (HUVECs) in in vitro stud-
ies. When tested in vivo using a mouse intracranial C6 GBM model, the NPs had higher localization in GBM
than in other groups of free drugs or unconjugated NPs. In addition to endothelial cells, U87MG glioblastoma
cells have high expression of αvβ3 compared with other cell types [206]. Kang et al. utilized cyclic Arg-Gly-Asp-
Tyr-Cys peptide to target αvβ3 integrin on both HUVEC and U87MG cells [206]. The researchers conjugated
liposomes, formed with 1,2-dipalmitoyl-sn-glycero-3-phospho-rac-(1-glycerol), cholesterol, 1,2-Distearoyl-ras-
glycerol-3-Phosphoethanolamine-N-Polyethyleneglycol-2000 (DSPE-mPEG2000) and 1,2-distearoyl-sn-glycero-
3-phosphoethanolamine-N-[maleimide(polyethylene glycol)-2000] (DSPE-PEG2000-MAL), with the cyclic Arg-
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Gly-Asp-Tyr-Cys peptide. The results showed higher uptake of the cyclic Arg-Gly-Asp-Tyr-Cys peptide liposomes
in both cell lines compared with unconjugated liposomes.

Aminopeptidase N (CD13)

Aminopeptidase N (also known as CD13) is a receptor for the Asp-Gly-Arg (NGR) peptides found on the
endothelial cells and tumor blood vessels of some cancers, including glioblastoma [219]. It has also been shown to
target glioblastoma tumor cells (i.e., U87MG and C6 cell lines) [207–209]. Zhou et al. [207] and Kang et al. [208]

performed studies to target aminopeptidase N/CD13 by conjugating liposomes and NPs with the iNGR peptide
(cyclized peptide sequence CRNGRGPDC) to deliver chemotherapy drugs [207,208]. The researchers performed in
vitro studies utilizing HUVEC and U87MG cells. Both cell lines demonstrated higher uptake and better overall
efficiency of the biomaterials conjugated with iNGR compared with those left unconjugated. The results were
further supported by in vivo studies performed in mouse U87MG intracranial models. Both iNGR-conjugated
biomaterials demonstrated higher accumulation in the tumor site and proved to be more effective than unconjugated
biomaterials. Furthermore, iNGR can be cut by an enzyme to remove the GPDC sequence and result in the CRNGR
sequence, which can bind NRP-1, which is overexpressed on tumor vessels and glioblastoma cells [220]. Hu et al.
also targeted aminopeptidase N/CD13 by modifying polydopamine-coated mesoporous silica NPs with the NGR
ligand to deliver Dox [209]. In vitro studies performed on primary rat brain capillary endothelial cells and C6 cells
have demonstrated higher accumulation of NPs for both cell lines compared with nontargeted NPs. In vivo studies
in a mouse C6 intracranial tumor model further supported the efficiency of these targeted NPs, as they showed
higher accumulation at the tumor site than unmodified NPs [209].

Heparan sulfate

Heparan sulfate proteoglycans play a crucial role in the process of angiogenesis in glioblastomas and can be found on
neovascular endothelial cells [221]. Therefore, various studies have been done to target heparan sulfate receptors on
tumor endothelial cells with the use of CGKRK (Cys-Gly-Lys-Arg-Lys) peptide. Lv et al. conjugated PTX-loaded
PEG-PLGA NPs with CGKRK peptide to target endothelial cells for more efficient drug delivery [210]. In vitro
studies performed on HUVECs demonstrated higher cellular fluorescence intensity of CGKRK-NPs, indicating
higher uptake, compared with unconjugated NPs. An in vivo study was also done using a mouse intracranial
C6 glioma model [210]. The results demonstrated that CGKRK-NPs had much higher accumulation in gliomas
compared with the control. In addition to endothelial cells, Hu et al. demonstrated that CRGKRK peptide can be
used to target tumor cells [211]. The researchers used polyethylene glycol–poly(ε-caprolactone) (PEG-co-PCL) NPs
to deliver PTX, and in vitro studies demonstrated higher fluorescence intensity of NPs conjugated with CGKRK
on HUVEC and U87MG cells than plain NPs. When tested on subcutaneous U87MG tumor-bearing mice, the
fluorescence intensity was much higher in the tumor site in mice given the CGKRK-NP injection compared with
other NPs administered.

Transferrin

Transferrin receptors are found on the surface of GBM cells [222] as well as brain endothelial cells [212]. Lakkadwala
et al. added transferrin and PFVTLI (PFV) ligands (a synthetic peptide with only six amino acids which represents
the c-terminal portion of C105Y) to the surface of liposomal NPs made from 1,2-dioleoyl-3-trimethylammonium-
propane chloride, 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine, 3-(N-succinimidyloxyglutaryl) aminopropyl,
polyethyleneglycol-carbamyl distearoylphosphatidyl-ethanolamine and cholesterol [212]. The transferrin ligand was
chosen to target transferrin receptors present on U87MG, bEnd.3, and primary glial cell lines, whereas the addition
of PFVTLI was used to aid in the diffusion of the drug across the BBB. In vitro studies performed in U87MG,
bEnd.3, and primary glial cells demonstrated that the transferrin-PFV (Tf-PFV) liposomes showed a higher cellular
uptake than unmodified liposomes or liposomes modified with only a single ligand.

The results of the studies that evaluated endothelial-targeting ligands demonstrated higher efficacy of the drug
being delivered in vivo to a tumor model because of its ability to target endothelial cells. Many of these targeting
agents can also target GBM cells, thus further increasing their utility. Based on the results, conjugating a biomaterial
with a ligand according to the target receptor provides a promising method for more effective delivery of a bioactive
factor, such as an antiangiogenic drug, to endothelial cells involved in glioblastoma growth.
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Conclusion
GBM is an aggressive and highly vascularized brain tumor with multiple limitations and challenges with regard to
its therapeutic management. With the advent of antiangiogenic strategies, the outlook for the future management
of GBM has the potential to be significantly improved, primarily due to the combination of these agents with
chemoradiation, which often augments their effects and prolongs survival. Currently, most approaches have paired
the local delivery of an antiangiogenic factor with the systemic delivery of chemotherapy drugs. Future work
should consider designing treatments that deliver both drug types locally to enhance their therapeutic potential.
Biomaterials can be used to overcome the off-target effects that occur because of systemic delivery of antiangiogenic
agents and hence reduce the occurrence of adverse events. Furthermore, biomaterials can be used to increase
bioavailability of drugs by enhancing the penetration of the BBB and preserving their pharmacological activity.
Targeting agents can be covalently linked to the biomaterials to further increase targeting to the site of interest.
Improvements in targeted delivery of these therapies is important for efficient and safe destruction of the tumor.
Angiogenesis is a normal physiological process in certain organs in the body and a natural response to injury. Thus,
off-target effects that occur because of systemic delivery may be detrimental to these organs or the body’s healing
process. The application of biomaterials and targeting moieties is key to avoiding these negative effects.

Future perspective
One critical area that requires greater depth of research is the identification of receptors or markers that are unique
to endothelial cells in GBM, primarily because many of the receptors on endothelial cells are also expressed in
other cell types. Additional research is also needed to identify other proangiogenic pathways that might be active in
GBM, as many of these pathways might underlie the mechanisms of resistance to current therapeutic modalities.
Finally, as the scientific community acquires a deeper understanding of the therapeutic approaches that work for
GBM patients, it is important to identify new combination strategies to better treat GBM.

Executive summary

Glioblastoma & angiogenesis
• Glioblastoma multiforme (GBM), or glioblastoma, is the most prevalent and aggressive form of glioma, with poor

prognosis and high mortality rates.
• As GBM is a highly vascularized cancer, antiangiogenic therapies to halt or minimize the rate of tumor growth are

critical to improving treatment.
Antiangiogenic bioactive factors for the treatment of GBM
• Antiangiogenic therapies can be small-molecule drugs, nucleic acids or proteins/peptides.
• The combination of antiangiogenic therapy with chemotherapy or radiation can augment the effects of the

antiangiogenic agents and prolong survival.
Biomaterials utilized in antiangiogenic therapies
• Biomaterials can be utilized to increase bioavailability of the drug at the site of interest while preventing

off-target organ toxicity and enhancing the bioactivity of the drug by protecting the therapeutic agents.
• Biomaterials have been utilized to deliver antiangiogenic agents systemically using injectable materials

(i.e., polymeric nano- and microparticles, lipid-based nanoparticles/liposomes and nonviral gene-delivery vectors)
or locally using injectable or implantable materials (i.e., wafers, disks, nanofibers).

Targeting agents for endothelial cells
• Targeting agents can be covalently linked to biomaterials to further increase targeting to the site of interest.
• The biomaterial-based targeting agents that have been used to target endothelial cells for GBM treatment

include monoclonal antibodies and peptides.
• In addition to targeting endothelial cells at the tumor site, these targeting moieties usually can target GBM

tumor cells, as the target receptors are expressed on both cell types.
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