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During cancer genesis, the extracellular matrix (ECM) in the human brain undergoes

important transformations, starting to resemble embryonic brain cell milieu with a much

denser structure. However, the stiffness of the tumor ECM does not preclude cancer

cells from migration. The importance of the ECM role in normal brain tissue as well as in

tumor homeostasis has engaged much effort in trials to implement ECM as a target and

an instrument in the treatment of brain cancers. This review provides a detailed analysis

of both experimental and applied approaches in combined therapy for gliomas in adults.

In general, matrix materials for glioma treatment should have properties facilitating the

simplest delivery into the body. Hence, to deliver an artificial implant directly into the

operation cavity it should be packed into a gel form, while for bloodstream injections

matrix needs to be in the form of polymer micelles, nanoparticles, etc. Furthermore, the

delivered material should mimic biomechanical properties of the native tissue, support

vital functions, and slow down or stop the proliferation of surrounding cells for a prolonged

period. The authors propose a two-step approach aimed, on the one hand, at elimination

of remaining cancer cells and on the other hand, at restoring normal brain tissue.

Thereby, the first bioartificial matrix to be applied should have relatively low elastic

modulus should be loaded with anticancer drugs, while the second material with a

higher elastic modulus for neurite outgrowth support should contain specific factors

stimulating neuroregeneration.

Keywords: glioblastoma, biocompatible material, extracellular matrix, cancer treatment, drug delivery, CNS

reconstruction, neuroregeneration

INTRODUCTION

Malignant neoplasms are among the most important global health problems. There are many
different types of malignant neoplasms, which are divided depending on the location of the tumor,
the stage of development and other characteristics. However, among the most dangerous group of
tumors are malignant neoplasms of the brain due to their significant impact on the patient’s life
in physical, psychological and neurological aspects (Ng et al., 2019), which can lead to permanent
disability (Kunert et al., 2011).

Among all brain tumors, glioblastoma multiforme (GBM) is the most common one in adults as
well as the most aggressive. GBM has a poor prognosis, since the tumor is considered incurable and
the median patient survival is 15 months. In addition, there are no preventive measures that could
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preclude the development of the disease or improve its outcome
(Bastiancich et al., 2018; Pinel et al., 2019). Pediatric gliomas (0–
19 years old) deserve special attention, although their incidence
is relatively low, around 3% of all brain and CNS tumors
(Ostrom et al., 2014). The development of pediatric gliomas
has several hallmark differences, for example, they carry distinct
marker mutation histone H3 K27M substitution and more
frequently exhibit p53 alterations, while PTEN deletion and
EGFR amplification are more rare compared to primary adult
GBM (Suri et al., 2009), however more detailed studies on the
differences between pediatric and adult gliomas have already
been cited in review articles (Fangusaro, 2012; Sturm et al.,
2017). Current manuscript focuses only on the treatment of
adult gliomas.

Standard treatment of a malignant neoplasm of the brain
involves visualization of the tumor, its surgical resection without
causing neurological damage, and is accompanied by therapeutic
treatment (Yamahara et al., 2010).

After the diagnosis of glioblastoma and its surgical removal,
the patient undergoes subsequent treatment with radiotherapy
and concomitant chemotherapy with various cytotoxic drugs for
around 6 weeks. However, during the development of a tumor its
cells aggressively migrate and grow into surrounding structures
of the brain, which makes it impossible to completely remove
the internal neoplasm surgically leading to almost 100% relapse
rate. In addition, long-term post-operative recovery may delay
the subsequent stages of treatment, which contributes to the
proliferation of residual tumor cells, leading to recurrence of
GBM within 2 years after the initial diagnosis in most patients
(Bastiancich et al., 2016b; Pinel et al., 2019).

Summarizing all the facts mentioned above, the traditional
approach to treating cancer focuses only on tumor cells, ignoring
their non-cellular environment, specifically, their extracellular
matrix (ECM). However, it has been proven that the key role
in the development and progression of a tumor is not played
by tumor cells themselves, but by the ECM and the tumor stem
cell niche it forms (Kim et al., 2005; Mikhailova et al., 2018).
Understanding this role is crucial for predicting the fate and
behavior of the remaining cancer cells and the dynamics of
recovery (Mercier, 2016; Reinhard et al., 2016).

ECM undergoes changes as long as life endures. Specific
molecular architecture of ECM provides for the differentiation
and migration of neural progenitor cells in early development.
Upon transition to adulthood, a partial change in the molecular
pattern and matrix composition occurs, which supports lower
migration ability, low proliferative activity, but retains axon

Abbreviations: BBB, blood-brain barrier; BDNF, brain-derived neurotrophic
factor; CNS, central nervous system; CPT, Camptothecin; CSC, cancer stem
cell; CSPG, chondroitin sulfate proteoglycan; DMA, dimethacrylate; ECM,
extracellular matrix; EGFR, epidermal growth factor receptor; FDA, Food and
Drug Administration; GAG, glycosaminoglycan; GBM, glioblastoma multiforme;
GelMA, gelatin methacryloyl; GFP, green fluorescence protein; HA, hyaluronic
acid; HSPG, heparan sulfate proteoglycan; LNC, lipid nanocapsules; MMP, matrix
metalloproteinase; NSC, neural stem cell; PEG, polyethylene glycol; PLA, polylactic
acid; PLGA, poly(lactic-co-glycolic acid); PNN, perineuronal net; PTX, Paclitaxel;
SPIO, superparamagnetic iron oxide; TGP, Thermo-Reversible Gelation Polymer;
TMZ, temozolomide; VEGF, vascular endothelial growth factor.

guidance. During cancer genesis, the adhesive properties of
the matrix are weakened and the matrix is remodeled, which
leads to its juvenile composition, but its rigidity increases
significantly, both in comparison with the juvenile and adult
state. The use of biocompatible matrix materials, both natural
and synthetic, on the one hand creates a new microenvironment
in cells, becoming able to deliver anticancer therapeutic agents
(drugs, cells, genetic engineering constructs), and, on the other
hand, due to the “cell-matrix” interaction, can contribute to
the remodeling of native ECM in the lesion, ensuring the
progress of a “healthy”microenvironment, and the resumption of
control of cell proliferation. The described transformations of the
natural matrix and the necessary changes in the composition of
biocompatible matrix materials during the treatment of gliomas
are presented in this paper.

The use of various synthetic or natural materials that mimic
normal ECM and create a microenvironment for cells in the
resection cavity after removing a brain tumor can significantly
improve the prognosis, which leads to a great interest in research
in this area, and various types of matrix materials and methods
are being developed.

In this article, we overview (i) the structure of normal ECM,
which is a model for artificial matrix materials to imitate (ii)
changes of ECMmolecular profile during carcinogenesis to better
understand the effect of tumors on the extracellular space, (iii)
the possibility of influencing the tumor itself through various
matrices by its molecular environment, and (iv) the latest trends
in choosing matrix materials for creating implants.

THE EXTRACELLULAR MATRIX OF THE
HUMAN BRAIN

Human brain is a very complex structure, in comparison to
other organs, in terms of its tissue architecture at the first
place. Brain neural tissue functions as a dynamic network—
beneficial synaptic connections need to be maintained, and other
reconstructed to match changing input stimuli.

Cell–cell interactions in the brain, similarly to other tissues,
are based on direct contacts via cadherins and signaling
receptors, as well as cell–matrix interactions with the ECM
(Senkov et al., 2014). Variousmolecules compose the neural ECM
in the brain (Table 1).

While the role of neural elements in functioning of the brain
is universally recognized and extensively studied, the importance
of neural ECM is less widely reviewed.

The ECM consists of hundreds of different molecules that
interact in complex and highly organized ways (Figure 1A).
The major classes of macromolecules in the ECM are the
structural glycoproteins (such as collagens, elastins, fibronectins,
and laminins), proteoglycans (e.g., heparan sulfate), and
glycosaminoglycans (GAGs), such as hyaluronan. Components
of the ECM interact with each other; and interactions between
the matrix and cells are of a vital importance to the functioning
of the tissue. Previously it was considered that the ECM plays
mostly structural role in tissues, but lately it has become
clear that ECM is involved in determining cell fate, cell
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TABLE 1 | The key components of the brain ECM (from Novak and Kaye, 2000, modified).

Component Size of core protein

subunit in kDa

Glycosylation Gene location Onthology/Functions

Proteoglycans

Aggrecan (ACAN) 210 CS + KS 15q21–q26 PNNs in adult brain; member of the neural

stem cell niche; gliogenesis

Agrin 225 HS 1p36.33 Basal lamina in microvessels; component

of BBB

Biglycan 42 CS/DS Xq27–ter Gliogenesis, collagen matrix assembly

Brevican 145 HS 1q23.1 PNNs in adult brain

Decorin 40 CS/DS 12q21–q22 Assembly of collagen components of the

ECM

Glypican family

(membrane-anchored)

60–70 HS Multiple locations Neuronal development, interaction with

laminin

Lumican 40 N 12q21.33 Organizer of collagen fibrils in the ECM;

can inhibit MMPs

Neurocan 136 CS/DS, N, O 19 PNNs in young brain

Perlecan 400 HS, N 1p36.12 Basal lamia component, important

component of the stem cell niche;

gliogenesis

Phosphacan

(DSD-1-PG)

(membrane-anchored)

380/170 CS, N 7q31.32 Neural development, plasticity,

regeneration

Syndecan family,

including Syndecan-2

(SDC2)

(membrane-anchored)

42 HS, O 8q22.1 Cell proliferation, cell migration and

cell-matrix interactions.

Typical to brain cancer stem cells, but not

to NSCs

Versican 265 CS/DS, N 5q14.3 PNNs in young brain

Hyaluronan

(Non-proteoglycan

GAG)

Not applicable Not applicable Not applicable Tissue hydration, cell migration routes

Glycoproteins

Link protein 43–49 N 5q14.3 PNNs

Reelin 388 N 7q22.1 Neuronal migration, axonal and dendrite

growth, synaptic plasticity

Tenascin-C 240 N 9q32–q34 PNNs in young brain

Tenascin-R 150 N 1q22–q24 PNNs in adult brain

Tenascin-X 500 N 6p21.3 PNNs in young brain

Fibrous glycoproteins

Collagens, 28 types

(different subunits

forming homo- and

heterotrimers)

60–340 (most types

140)

N Several locations

encode subunits

Core component of the ECM in all tissues

Esp., Collagen type IV Complex of 3 chains,

180 kDa per chain

N 13q34, 2q36.3,

Xq22.3 (2 isoforms

per location)

Component of the basal lamina,

interconnecting hyaluronan strands

Fibronectin 274 N 2p14–p16 Component of the basal lamina

Laminin in several

trimeric forms

500–800 N Several locations

encode subunits

Component of the basal lamina

BBB, blood brain barrier; CS, chondroitin sulfate; CSC, cancer stem cell; DS, dermatan sulfate; HS, heparan sulfate; KS, keratan sulfate; MMP, matrix metalloproteinases; N, N-linked

glycosylation; NSC, neural stem cell; PNN, perineuronal net; O, O-linked glycosylation; ND, not determined.

migration, cell maturation and differentiation, cell survival,
tissue homeostasis, and tumor cell invasion. Specific surface
receptors are expressed by cells, which mediate these responses
(Plopper, 2015). Sometimes it can be hard to determine the
precise role of different matrix components, as mutant forms of
these components cause early embryonic death in experimental
animals (Novak and Kaye, 2000).

Different tissues have unique and specialized ECM
composition and structure, which enables ECM to carry
interacting with these extracellular matrix components,
including receptors which are not presented in tissue-specific
roles, including structural support, macromolecular filtration,
cell migration, and other functions (Hay, 1993; Mecham,
2012). Brain ECM contains relatively small amounts of fibrous
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FIGURE 1 | Overview of the ECM in the normal brain and in brain tumors. (A) Normal ECM profile in the adult CNS (left): normal neuron (blue) and glial cell (green) are

surrounded by proteoglycans (neurocan, versican, aggrecan, brevican), hyaluronic acid, tenascins (tenascin C and tenascin R), laminin, and collagen IV. (B) Cancer

microenvironment formed by the atypical ECM, its role in cancer stem cell niche organization and cell migration (right). Glioma cells (red) grow in ECM with increased

density and stiffness, as a lot of components of normal ECM are overexpressed in glioma milieu. The most pronounced difference is expression of MMPs, selection for

tenascin C mostly common for young tissue, and absence of aggrecan.

proteins like collagens or fibronectin but high amounts of
glycosaminoglycans, either bound to proteins, thus forming
proteoglycans, or unbound in the form of hyaluronan (Novak
and Kaye, 2000). Although, collagens, especially collagen IV,
serve as an important organizing molecule in both young and
adult brain ECM. Withal, there is a family of so-called small
leucine-rich proteoglycans, which includes several members,
such as decorin and biglycan (family I) and lumican (family
II), which take a crucial role in collagen fibrils assembly
(Yu et al., 2017).

One of the very basic components of brain ECM, both adult
and young, is hyaluronan, or hyaluronic acid (HA). It is a type
of a non-proteoglycan GAG found in all human tissues and
body fluids, and is especially abundant in embryonic tissues.
HA is also synthesized during tissue regeneration in wounds,
as well as during pathological processes in which cell migration
plays a major role, such as cancer genesis, and especially tumor
cell invasion (Bouterfa et al., 1997). Also, it is shown that
concentration of HA is higher in brain tumors, such as gliomas,

than in normal brain tissues (Delpech et al., 1993), this aspect will
be discussed further.

Although, many key components of the adult brain ECM are
also widely present in various other tissue types, brain ECM is
especially GAG-rich, its structure is somewhat more amorphous
(e.g., compared to that of connective tissues and basal laminae
of epithelia), and different components of ECM tend to form
a unique type of basic structure, a perineuronal net (PNN)
(Mouw et al., 2014).

This core assembly of the adult brain extracellular matrix,
which is found mainly in pericellular spaces of neurons, is
believed to be the hyaluronan-lectican-tenascin-R complex.
Aggrecan, brevican, neurocan, versican are chondroitin
sulfate proteoglycans (CSPGs), members of lecticans family.
Core proteins of these proteoglycans include a hyaluronan-
binding domain and a C-type lectin domains, through which
lecticans interact with carbohydrate and protein ligands in the
extracellular matrix and act as linkers of these ECMmolecules. In
the adult brain, lecticans are thought to interact with hyaluronan
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and tenascin-R to form a ternary complex of PNNs (Yamaguchi,
2000). Besides these roles typical to ECM, and a probable
involvement in preserving neuronal health, PNNs are thought to
be critical for maintaining synaptic plasticity (Lau et al., 2013).

THE EXTRACELLULAR MATRIX OF BRAIN
TUMORS, CHANGES IN THE
COMPOSITION OF THE MATRIX DURING
ONCOGENESIS

Brain tumors, especially gliomas, trigger significant alterations of
the ECM in brain tissues (Figure 1B).

Such changes include altered synthesis of the components
by the tumor cells, extensive degradation of the ECM at the
invasive front of the tumor, as well as an elevated level of synthesis
of ECM components by normal tissues in the vicinity of the
invading tumor.

Normal adult brain cells tend to display significant changes
in the levels of ECM components produced in the presence
of tumor cells. It was shown that normal cells have the ability
to produce extracellular matrix components, such as laminin,
collagen type IV and fibronectin, when confronted with invading
glioma cells. At the same time, glioma cells express specific
integrins and other receptors interacting with these extracellular
matrix components, including receptors which are not presented
in the corresponding normal cells, thus facilitating tumor cell
migration and invasion (Knott et al., 1998). The relative volume
of the ECM in comparison to that of cells (also referred to as
the ECS volume fraction) also tends to increase, e.g., reaching
48% in grade III and IV Astrocytomas (Zamecnik, 2005); while in
the normal brain this parameter is usually about 20% (Nicholson
and Syková, 1998). In this regard tumors start to resemble the
young brain, where the ECS volume fraction is∼40%. Such non-
confined conditions are believed to contribute to tumor cells
ability to migrate (Zamecnik, 2005).

Glioma cells have the ability to actively migrate using blood
vessels or axons as guide paths due to interaction with the ECM
(Cuddapah et al., 2014). Additionally, glioma cells can secrete
their own ECM components, including HA, brevikan, tenascin-
C and thrombospondin, as well as fibronectin, which are actively
expressed in the ECM of the developing nervous system along
cell migration paths (Bilozur and Hay, 1988). Fibronectin and
HA increase the mobility of glioma cells and increase their
invasiveness. Cells of high-grade gliomas synthesize hyaluronan
in levels up to 20 times higher than in normal adult brain,
which is comparable to or above those in fetal brain (Delpech
et al., 1993). HA in tumors is also involved in cancer cells
migration, as its production by tumor cells enables CD44
expressing glioma cells to migrate on hyaluronan-containing
matrix, and the higher the density of CD44 receptors on cells’
surface. CD44, the main cell surface receptor for HA, is thought
to play an important role in altering GBM invasion through
direct CD44-HA interaction (Koochekpour et al., 1995). The
other hyaluronan binding proteins RHAMM and BEHAB are
also expressed mostly in glioma cells, and further contribute
to the invasive abilities of these tumors (Turley et al., 1994;

Seidenbecher et al., 1995). Moreover, it was demonstrated that
high grade gliomas abnormally express various hyaluronidases
PH-20, Hyal2 (Liu et al., 1996; Novak et al., 1999), which is
not observed in corresponding normal tissues. This is especially
important for the tumor front edge, where lysis of different ECM
components by enzymes secreted by cancer cells is critical for
their migration and tumor invasion.

Furthermore CD44 is involved in formation of tumor
leading front by binding the matrix metalloproteinase
(MMP) MMP9. This interaction has been demonstrated to
cause degradation of the collagen IV, while cells expressing
both CD44 and MMP9 can form invasive tumors (Yu and
Stamenkovic, 1999). Other matrix proteinases can be found
in brain tumor cells, such as urokinase-type plasminogen
activator (Bellail et al., 2004). Glioblastoma multiforme
cells (U251) also actively produce extracellular matrix
metalloproteinase inducer (EMMPRIN), referred to as
CD147, which recruits several types of metalloproteinases
initially produced by surrounding stroma cells (Sameshima
et al., 2000). Additionally, this mechanism activates pro-
gelatinase A (proMMP-2) which is considered to be crucial
for tumor progression. Generally, cells from brain tumor
prefer a denser, more structuralized than normal, state of
ECM and overexpress many of its components. Though
this more compact microenvironment does not seem to
impede the mobility of cancer cells, as they are able to
synthesize a broad set of various matrix MMPs to enlarge
the pore size in matrix to provide migration routes, and have
other types of adaptations to overcome confined conditions
(Nyagilo et al., 2017; Paul et al., 2017).

Apart from the prominent role in cancer cell migration
and invasion, matrix components form a special type
of microenvironment around normal neural stem cells
(NSCs), called stem-cell niche. Meanwhile, tumors have a
small subpopulation of cells with an exclusive capability of
recapitulating all heterogeneity of cell subclasses within a tumor.
These special cells, called cancer stem cells (CSCs), are critical
to formation and progression of a tumor, and considered to be
a major cause of therapeutic resistance and high relapse rate
(Kondo et al., 2004).

The major difficulty stems from the fact, that some
components are typical to niches of both CSCs and NSCs,
however, there are few unique molecular signatures specifying
each of these niches’ types. Additionally, expression levels of
various niche components may also vary (Table 2). For instance,
expression levels of a typical ECM component of young PNNs,
glycoprotein tenascin-C, are shown to directly correlate with
the GBM malignancy grade and patients’ prognosis (Chiquet-
Ehrismann et al., 2014; Gulaia et al., 2018).

Another example is neuroglia protein 2 (NG2) proteoglycan,
also known as melanoma-associated chondroitin sulfate
proteoglycan, is a membrane-anchored protein expressed
by progenitor cells in the brain, especially oligodendrocyte
progenitor cells. It is associated with ECM molecules, such as
collagens, however NG2 is overexpressed in glioma (Wiranowska
et al., 2006), and linked to migration capacity of cancer cells,
since its expression levels in migratory cells are much higher than
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TABLE 2 | Components of brain stem cell niches and their expression in normal

and pathological condition (based on Reinhard et al., 2016, modified).

ECM components Neural stem cell

(NSC) niche

Cancer stem cell

(CSC) niche

Aggrecan (ACAN) + –

Brevican + +++

Collagen + +

Fibronectin + +

Glypican-1 + +++

Hyaluronic acid + +++

Laminin + +

Neurocan + +++

NG2 (neuroglia protein 2,

NG2 proteoglycan)

+ +++

Perlecan + +

Phosphacan (DSD-1-PG) + +

Syndecan-2 (SDC2) − +

Tenascin-C + +++

Versican + +++

“–”, not expressed; “+”, expressed in normal level; “+++”, overexpressed.

those of non-migratory cells (Wiranowska et al., 2006; Trotter
et al., 2010).

Heparan sulfate proteoglycans (HSPGs) family member—
syndecan-2 (SDC2), a membrane-anchored proteoglycan, was
found to be expressed on high levels in brain tumor tissues,
including gliomas, whereas never found in NSCs (Watanabe
et al., 2006; Theocharis et al., 2010).

In addition, the expression of syndecan-1, glypicans, and
HSPGs, which act as co-receptors for growth factors (FGF-2,
PDGF, VEGF), stimulates angiogenesis and cell proliferation
(Xiong et al., 2014) indispensable for tumor outgrowth.

Members of the laminin family construct NSC/CSC niches
(Lathia et al., 2007). Laminins (together with collagen IV,
nidogen, HSPGs, such as collagen XVIII and perlecan) mainly
compose fractones, specialized ECM structures that contact
NSCs (Kerever et al., 2007; Mercier, 2016). From the chemical
perspective they are similar to basal membranes. Fractones,
as described by Mercier, are ECM structural units, having a
branched and fractal-like structure as they fill tight intercellular
spaces, integrating NCSs with surrounding tissues, such as the
subependymal layer. Moreover, laminin supports self-renewal
of hippocampal neural stem/progenitor cells (Imbeault et al.,
2009). The interaction of laminin and integrin α6 is shown to
be important for the maintenance of NSCs/CSCs (Sun et al.,
2008). However, in gliomas laminin α2 is produced not by
glioma stem cells themselves but by non-stem tumor cells
(Lathia et al., 2012).

It is widely known that CSPGs are highly expressed in the
developing embryonic and adult brain as well as in glioma tissue.
They influence cell mobility and axon growth and guidance
(Lathia et al., 2012). Interestingly, in the adult healthy brain
CSPGs exhibit inhibitory effects on stem cell migration. However,

in glioma tissue upregulated CSPGs were reported to stimulate
stem cell migration (Kearns et al., 2003; Sim et al., 2009).
For example, CSPGs brevican and versican display significantly
higher levels of expression in glioma. Both proteoglycans
constitute networks comprising mesenchymal glioma-specific
matrix molecules, which are not detectable in the healthy brain
tissue (Reinhard et al., 2016). Brevican is especially enriched in
astrocytoma and GBM, meanwhile it was demonstrated that its
knockdown contributes to a reduction of late stage glioma tumor
aggressiveness (Dwyer et al., 2014). Neurocan overexpression
was also reported in glioma cells (Rauch, 2004; Varga et al.,
2012). Other ECM components, such as hyaluronic acid, the
adhesion molecule CD44 and tenascins interact with versican
and stimulate brain tumor invasion. Whereas, aggrecan, another
member of lecticans family, which is a typical component of the
adult NSC niche alongside brevican (Mouw et al., 2014), was
reported to be present only in normal NSC niches but not in CSC
niches (Reinhard et al., 2016).

Thus, we can infer that many components of the normal
brain ECM are overexpressed in tumor cells, which makes tumor
ECM a special variety of cell microenvironment, more dense and
structuralized than the rather amorphous normal brain ECM.
Tumor cells, especially from glioma, demonstrate a significant set
of adaptations to such confined conditions, and can successfully
migrate and infiltrate into surrounding tissues. The ECM not
only contributes to migration, but also plays an important role in
cell survival, proliferation and differentiation processes not only
in embryonic development but also in tumor growth.

INTERACTION OF MATRIX MATERIALS
AND NEOPLASTIC NEURAL CELLS

Changes in Behavior of Neoplastic Neural
Cells After Interaction With the Matrix
Currently, interaction of matrix materials and tumor cells of the
neural tissue is being studied on a wide range of materials, both
natural and artificial. Materials of natural origin are widely used,
including (but not restricted to) those found in native ECM, such
as type I collagen, hyaluronic acid, laminin, fibronectin, gelatin,
alginate, as well as extracellular matrix extracts, for example,
Matrigel—a laminin-rich extract of the extracellular matrix of
mouse sarcoma. A significant variety of synthetic polymers that
mimic extracellular matrix, such as polyethylene glycol (PEG),
poly(lactic-co-glycolic acid) (PLGA), etc., are also proposed.

Development of new systems for cultivation of cancer cells
is one of the methods for screening new anti-cancer drugs
and studying cell-cell and the cell-ECM interactions under
tumor conditions. Standard 2D culture of cells has a plurality
of disadvantages and does not allow to reconstruct 3D tissue
architecture that entails a discrepancy in the results of in vitro
and in vivo experiments (Nyga et al., 2011; Alemany-Ribes and
Semino, 2014).

It was shown that during invasion of the U87 glioma spheroid
into Matrigel, spheroid cells had a compressive effect on the
material, while invasive cells exerted a pulling effect on ECM
(Gordon et al., 2003).
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Further study of glioma cell interaction with ECM has shown
that glioma cell migration is regulated by topographic signals
that affect cell adhesion and gene expression (Agudelo-Garcia
et al., 2011). It has been shown that spheroid invasion is
facilitated in materials containing type I collagen due to an
increase in the amount of fibers available for contact interaction.
However, high concentrations of type I collagen inhibit cell
growth inside the matrix (Kaufman et al., 2005). Cultivating
cells with collagen materials, regardless of density of the
fibers, enhances expression of genes associated with stemness,
cell cycle, apoptosis, epithelial-mesenchymal transition,
migration, and invasiveness. Wnt, Sonic Hedgehog, and Notch
signaling pathways are involved in regulating these changes
(Jia et al., 2018).

Matrices created exclusively from synthetic materials are
mainly used to study their mechanical properties, since such
properties can be varied in large range without changing the
chemical composition. To achieve this, the base material is
usually covered with a substrate that is part of the ECM.
For example, a study using fibronectin-coated polyacrylamide
hydrogels showed that cell migration depends on the rigidity of
the substrate (Ulrich et al., 2009).

It was found that metalloproteases are critically necessary for
cells’ invasion into the material and its degradation. For example,
when modifying PEG-based matrix material, leading to complete
inaccessibility of material for degradation by these enzymes, U87
cells do not form protrusions and processes, while maintaining
the ability to proliferate (Wang et al., 2017).

HA is a major component of the brain ECM, which is also
believed to alter the phenotype of the invasive glioblastoma
(Akiyama et al., 2001). Adding HA to a material made of gelatin
and polyethylene glycol enhances malignancy of glioma cells
(Pedron et al., 2013).

Pure HA hydrogel functionalized with cysteine-phenylalanine
peptide residues does not affect the viability of primary GBM
cells. A hydrogel may have different rheological properties,
depending on the content of components. For drug delivery,
Rowland et al. suggest using a hydrogel softer than brain tissue
to enhance contact at the gel-tissue interface to facilitate drug
diffusion. Ex vivo injection of an anticancer drug-loaded hydrogel
into resected human tissue samples demonstrated effective gel
delivery and graduate diffusion of the drug into the surrounding
tissue (Rowland et al., 2018).

It has been established that invasion of U251 glioblastoma
multiforme cells is enhanced in softer hydrogels, but is decreased
in the presence of HA associated with the matrix. Blocking
cell-matrix interactions of HA-CD44 reduces invasion even in
hydrogels that do not have hyaluronic acid associated with the
matrix. To stimulate invasion, glioblastoma cells produce free
HA, thereby compensating for its lack in microenvironment
(Chen et al., 2017).

Primary GBM cultures undergo significant genomic and
transcriptional changes during cultivation, which should be taken
into account in functional experiments and biomarker studies
(Baskaran et al., 2018). Experiments on primary cultures are
certainly important, but results obtained on different cells may
not always be comparable even when using the same material.

An experimenter, in fact, can record not the effect of the
matrix itself, but the natural transformation of the molecular
profile and functional activity of cells recently isolated from the
natural microenvironment of tissues and placed in vitro culturing
conditions. Therefore, it will be impossible to explicitly specify
the influence of the matrix itself, and not the evolution of cell
populations in a culture that always occurs.

Changes in Signaling and Molecular
Profiles of Neoplastic Neural Cells After
Interaction With the Matrix
The above describes various ways of changing the extracellular
matrix during glioblastoma progression. However, to date, little
is known about the reverse effect of the extracellular matrix on
cancer cells and development of tumors in response to changes
in microenvironment.

3D culturing of U87, U251, and HS683 glioma cells using
collagen showed an increase in expression of stem markers, such
as CD133, Oct4, Sox2, and Nanog; cycle-related genes p21 and
p27, genes related to the epithelial–mesenchymal transition (N-
cadherin and vimentin) and invasion (MMP1, MMP2, MMP3,
and MMP7), anti-apoptotic factors (PDL-1 and Livin), and
a decrease in expression of pro-apoptotic factors, including
caspases, poly (ADP-ribose) polymerase (PARP), and p53
(Jia et al., 2018).

In the study using poly-ε-caprolactone nanofibers as a
substrate for cultivation, authors showed that glioma cell
lines U87 and U251 demonstrate an extended morphology
of cells migrating into the white matter tissue and are very
sensitive to inhibition of myosin II in contrast to same cells
cultivated on standard polystyrene. In this case, an increase
in cell migration activity was achieved through the activation
of STAT3 signaling, a known driver of glioma progression
(Agudelo-Garcia et al., 2011).

An example of tumor growth activation in response to the
extracellular matrix is shown in the work using chitosan-alginate
materials (Kievit et al., 2014). After culturing cell lines U-
87MG and U-118MG on these matrices cells acquired CD133+

phenotype and showed increased expression of Nestin and N-
cadherin as compared to the conventional method of cultivation.
Moreover, the growth of xenograft tumors in nude mice was
significantly higher, when cells were used after cultivation with
chitosan-alginate materials, which demonstrates importance of
the effect of the matrix on the tumor cells.

Human glioblastoma cells U87, cultured on chitosan-
polycaprolactone composite nanofibers, enhance migration and
demonstrate activation of genes associated with invasion
including β-catenin, Snail, STAT3, TGF-β, and Twist
(Kievit et al., 2013).

Glioblastoma cells of patients with different expression of
EGFR (EGFRwild type, EGFR+, and EGFRvIII) were studied in a
culture model using matrix hyaluronic acid (HA) decorated with
methacrylamide-functionalized gelatin (GelMA) (Pedron et al.,
2017). It has been shown that phenotypically different tumors
require extracellular matrix of different composition for the
activation of key genes. Thus, for EGFR wild type cells, increased
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expression of VEGF, MMP-2, MMP-9 FN, and HIF-1 occurs
at low concentrations of HA, and EGFR+ cells require a high
concentration of HA. Moreover, authors showed that binding of
CD44 to HA leads to the activation of EGFR in EGFR wild type
and EGFR+, and the presence of HA in the matrix increases the
resistance to tyrosine kinase inhibitor in EGFRvIII cells.

Not only the chemical composition of the extracellular matrix,
but also its rheological characteristics, significantly moderates
behavior of cancer cells. In the study using chitosan–HA
scaffolds, authors showed that denser and stiffer materials lead
to higher drug resistance in U-87 cells against temozolomide,
increase the expression of chemoresistance markers (ABCG2),
hypoxia inducible factor (HIF-1α), and invasion (CD44, MMP-2)
(Erickson et al., 2018).

Despite development of methods for the treatment of
malignant brain tumors, lifespan of patients with glioblastoma
after surgical resection of the tumor rarely exceeds 15 months
(Pinto et al., 2008). In this regard, in recent decades, the
number of works aimed at developing alternative methods for
drug delivery achieving direct effect on tumor cells based on
biomaterials has increased.

However, currently there are very few works focuses on
in-depth analysis of the action mechanisms of developed
biomaterials on signaling pathways in glioblastoma cells.

Suppressing proliferation and reducing viability of human
glioma cells U87 and U118 in vitro and in vivo resulting in
reduction of tumor volume was observed in the work with the use
of graphene plates (Jaworski et al., 2015). The authors of this work
noted a high level of apoptosis in treated cells associated with the
activation of proapototic gene CASP-3. In the study conducted
with the use of hydrogels based on cellulose produced by
bacteria Komagataeibacter hansenii, authors showed the ability
of this material to attract and retain F98 glioblastoma cells;
they offer to use this material together with chemoattractants
for tumor cells for implantation in the area of tumor resection
(Autier et al., 2019).

In addition to the anti-cancer effect, implantable
materials should have a regenerating anti-inflammatory and
neuroregenerative effect after surgical resection of the tumor.
Currently, there are many works devoted to the regeneration
of nervous tissue. Materials that promote regeneration are of
both synthetic and natural origin. In the work with the use
of polymeric ethyl acrylate and hydroxyethyl acrylate matrix
in vivo, it was demonstrated that this material is populated
after the implantation into the rat brain with cells of both glial
and neuronal types (Martínez-Ramos et al., 2012). Scaffolds
composed of electrospun poly-l/dl lactic acid (PLA70/30)
nanofibers with Young’s modulus around 140 MPa support the
growth of glia and brain neurons and promote vascularization
in vitro and in vivo, unlike non-aligned nanofibers with Young’s
modulus in the region of 40 MPa (Álvarez et al., 2014). Another
study focuses on PEG-based hydrogels causing less astrocytic
reaction in the injured brain compared to controls (Bjugstad
et al., 2010). Poly ε-caprolactone matrices with brain derived
neurotrophic factor (BDNF)-mimetics are able to be actively
infiltrated with neuroblasts which further differentiate into
neurons at the site of brain damage (Fon et al., 2014).

Numerous hydrogel types based on natural substances and
their modifications are proposed today for regeneration of
damage to both the spinal cord and the brain. In another
study it was shown, that agarose hydrogels loaded with BDNF
promote axon growth and demonstrate an anti-inflammatory
effect in spinal cord lesions, compared to pure agarose (Jain et al.,
2006). Alginate-based hydrogel with glial-derived neurotrophic
factor causes functional restoration of the rat spinal cord
hemisection model (Ansorena et al., 2013), and alginate-gelatin-
based hydrogel has a stimulating effect on axonal growth in
neurons of the cerebral cortex in vitro (Pawar et al., 2015).

Cancer cells respond not only to qualitative and quantitative
changes in the microenvironment, but also to changes in
mechanical properties of the extracellular matrix. Based on
Hrapko’s review of studies done over the past 50 years which
focus on mechanical characteristics of the brain, it can be
assumed that the values for G′ and G′′ vary in the range from 100
to 104 Pa and from 20 to 1,000 Pa, respectively, depending on the
method and conditions of measurement (Hrapko et al., 2008).

In the work with the use of polyacrylamide gels with a
modulus of elasticity in the range from 300 Pa to 14 kPa,
glioblastoma cells LN229 occupied the larger area, the harder
polyacrylamide gels was on the cultivation surface. At the same
time, normal astrocytes were less responsive to changes in the
modulus of elasticity of the substrate. The authors did not
discover any differences in mechanical properties of biopsy
specimens of gliomas and healthy brain and suggested that
increased stiffness due to vascularization and interstitial pressure
in gliomas in situ may cause same reactions associated with
increased substrate stiffness in vitro (Pogoda et al., 2014).

It is currently known that adult glioma aggression and patient
prognosis may correlate with the stiffness of ECM (Miroshnikova
et al., 2016). In general, non-tumor tissue shows the lowest
level of ECM rigidity, while lower grade gliomas and GBM are
more rigid; although there is heterogeneity between patients.
Cell heterogeneity is consistent with the status of the isocytrate
dehydrogenase-1 (IDH1) gene, since IDH1 is metabolic an
enzyme which mutation is associated with greater survival
without tumor progression (Gulaia et al., 2018). Most lower
grade gliomas have a mutant IDH1, while GBM rarely carries
such a mutation. Rigid GBM tumors with wild-type IDH1 have
an impaired vasculature, leading to hypoxia, the emergence of
necrotic foci, and signal transduction via hypoxia-induced factor-
1α (HIF1α), a transcription factor that acts as the main effector
of hypoxia. HIF1α binds directly to the tenascin-C promoter
inducing its transcription (Miroshnikova et al., 2016). Tenascin-
C modifies ECM by binding lecticans. Modification leads to the
densification of tumor tissue relative to the normal brain, because
lecticans are non-covalently bound to HA (Mouw et al., 2014).
The IDH1 mutation reduces the susceptibility of glioma cells to
hypoxia, which leads to a decrease in the production of HIF1α
and tenascin-C, thereby reducing tumor aggressiveness.

Previously mentioned facts indicate that implantable
materials can also be used as delivery vehicles for nerve stem
cells and committed precursors of nerve cells. At the same
time, the material simulates the biomechanical properties of
the native tissue, supports the vital activity of the replacement
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cells and provides a contact guide for the directed growth of
axons (Ghasemi-Mobarakeh et al., 2008; Yang et al., 2015).
Moreover, materials are able to control cell fate, prevent the
uncontrolled division of cells and determine the direction of
their differentiation (Scanga et al., 2010; Wang et al., 2010).

Surgical removal of the tumor often leads to the post-
operative complications including iatrogenic stroke (16.3 per
1,000 cases), hemorrhage or hematoma (10.3 per 1,000 cases)
and other nervous system complications (8.2 per 1,000 cases).
The mortality of the patients upon the occurrence of any surgical
complications after resection of the tumor increases 4.4 times
(De la Garza-Ramos et al., 2016). Thus, the issue of post-
operative recovery and rehabilitation is quite acute. Based on
cellular signaling and the difference in cell behavior depending
on the stiffness of the matrix, we offer a two-step method in the
treatment of gliomas. At the first step after removal of the tumor,
the resection cavity should be filled with a relatively soft matrix
with the addition of anti-cancer drugs inhibiting key oncogenic
pathways, while the relatively soft matrix will help inhibit the
growth of cancer cells because of its stiffness. After the proven
success of the application of the first matrix, it can be replaced
with a tougher matrix with the addition of the factors that

stimulate the nervous tissue repair, as noted earlier, the matrices
with relatively high rigidity stimulate the neurite outgrowth.

VARIOUS STRATEGIES FOR THE
TREATMENT OF GLIOBLASTOMA USING
BIOCOMPATIBLE MATERIALS AND
PROSPECTS FOR THEIR USE

When a matrix material is loaded with a drug, it is possible
to significantly increase the life expectancy of patients after
resection of glioblastoma and potentially eliminate it completely
(Furnari et al., 2007). However, the in vivo implantation in the
brain has several limitations:

(1) Tumors in the brain are often localized near vessels and
nervous tissue. In more than 90% of cases, relapse occurs at
the edges of the resection cavity or within a few millimeters
of the resection cavity.

(2) There are several barrier systems in the brain that interfere
with the delivery of cytotoxic drugs to tumor sites. Any
damage to these barriers can lead to serious consequences.

FIGURE 2 | Biocompatible matrix for drug and cell delivery in glioblastoma treatment. Delivery ways: I, Local implantation in resection region; II, System

administration. Types of material: A, Nanoparticle; B, lipid nanocapsule; C, Matrix; D, Nanoparticle with immobilized cells.
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(3) The high degree of heterogeneity of GBM leads to variability
in histopathology and the inability to reliably predict the
response of the tumor to therapy.

(4) The rapid and uncontrolled proliferation of GBM cells in
combination with the above-mentioned properties allows
the tumor to quickly develop resistance to apoptosis and
chemoresistance, which usually leads to death for the patient.

To solve these problems and achieve the best outcome for
a patient, many different strategies have been developed, like
inventing barrier-penetrating drugs or changing the permeability
of barriers in various ways (Bastiancich et al., 2016a, 2017; Zhao
et al., 2018).

The main types of materials proposed for the treatment of
GBM are:

(1) Polymeric micelles are the particles of matrix formed by self-
assembly of amphiphilic copolymers. They have a structure
consisting of a hydrophilic shell and a hydrophobic core
capable of absorbing and encapsulating poorly soluble drugs.
Therefore, they are widely used as drug delivery systems
in various therapeutic areas, including cancer treatment, in
particular glioblastoma (Morshed et al., 2013; Yang et al.,
2016).

(2) Polymer nanoparticles comprising distinct type of material
existing in several different variants, and many others are
currently being developed. Their structure provides the
ability to enclose drugs in particles or bind them to their
surface. These materials, using various types of ligands, can
be conjugated to magnetic nanoparticles, thus forming a
more advanced type of matrix for targeted therapy (Bennet
and Kim, 2014; Nam et al., 2018).

(3) Lipid-based drug delivery systems (nanoparticles, micelles,
liposomes) can be used to deliver drugs with poor water
solubility. They can improve the bioavailability of such drugs
and gradually release them over a long period of time. The
great advantage of these systems over other drug carriers is
their lower toxicity (Müller et al., 2002).

(4) Hydrogels, constructing a three-dimensional (3D) polymer
network, can absorb large amounts of water or biological
fluid without dissolving the polymer due to its hydrophilic,
but elastic structure. Therefore, polymeric matrices are able
to encapsulate various biomacromolecules, similar to drugs,
and gradually release them in a controlled manner over a
long period of time (Bastiancich et al., 2016b).

(5) Magnetic particles are nanoparticles made on the basis of
gold, silver and gadolinium bringing up the most promising
approach for the GBM treatment. A powerful magnetic field
pulls drug particles out of suspension and delivers them
to a localized site of the disease. Furthermore, magnetic
particles are used to treat cancer by means of hyperthermia,
as after reaching the tumor location, they are heated by an
alternating magnetic field and thus thermally kill cancer cells
(Maier-Hauff et al., 2007; Mahmoudi et al., 2018).

Materials consisting of small-sized particles (nanoparticles,
micelles, and liposomes) can be delivered by injection into the
bloodstream. Alternatively, it is possible to incorporate them into

other gel materials, which can be injected directly into the site of
tumor resection, or the delivery can be performed intragastrically
(Wang et al., 2016). In this regard, matrix therapy can be largely
divided into systemic and local (Figure 2).

Systemic therapy, as previously mentioned, can be
accomplished by introducing the matrix intravenously or
intragastrically with its subsequent delivery by the bloodstream
across the blood-brain barrier (BBB). Many materials are
capable of penetrating the BBB by themselves because of
adsorptive-mediated transcytosis, when a particle is positively
charged, so it binds to the surface of an endothelial cell and gets
absorbed by it to be exocytosed on the surface of the lumen.
However, ability of materials to overcome BBB can be further
improved for effective treatment of brain cancers. Ability of
nanoparticles/micelles to penetrate the blood-brain barrier is
usually associated with the presence of certain peptides on
their surface or antibodies specific for receptors on the surface
of barrier cells (Pulgar, 2018). Some of the most important
aforementioned receptors are the transferrin receptor, the insulin
receptor, lipoprotein receptors, and folate receptors (Furtado
et al., 2018). For instance, epirubicin liposomes modified with
transferrin or tamoxifen significantly improved the efficacy of
the anticancer drug in a rodent model of brain gliomas (Tian
et al., 2010). Interestingly, it is feasible to bring carriers across
the BBB by the cellular transport, e.g., the surface of the carrier
is modified to improve phagocytosis by immune cells which
then deliver particles through the BBB to the target location.
This method can be further advanced by changing electrostatic
and hydrophobic adsorption properties for phagocytosis activity
improvement, ligand–receptor attachment, covalent coupling,
and internalization (Stephan and Irvine, 2011). Physical and
chemical properties of particles, such as size, shape, and
type of material are also important for their effectiveness
(Champion and Mitragotri, 2006; Albanese et al., 2012).
Particles of materials can be covered with cellular membranes
(e.g., erythrocyte membranes) for their “masking” to facilitate
delivery through the BBB (Chai et al., 2017). With this delivery
strategy, nano-sized particles are not required (Jain et al.,
2003).

All of the described methods of overcoming the BBB for
delivery of matrices are summarized in the Figure 3.

However, systemic therapy has a number of disadvantages,
modified from Srivastava et al. (2016):

(1) Oral administration may result in degradation of the drug
by the gastrointestinal enzymes or by its metabolization and
inactivation in the liver.

(2) Bloodstream administration of the matrix may trigger
phagocytes and result in elimination of a large portion
of particles.

(3) Particles composed of hydrogels can quickly absorb
the surrounding water possibly leading to premature
drug release.

(4) Utilization of nanoparticles implies specific shell and
core construction, which should be immiscible, that
further complicates microspheres production and design of
their architecture.
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FIGURE 3 | Different ways of crossing the BBB by the matrix. (A) Polymer particles enter the target site from the bloodstream by crossing the BBB. Overcoming the

BBB can be performed in different ways (B–D). (B) Receptor-mediated transcytosis: a nanoparticle can be coated with antibodies against transferrin receptor (Anti-tfR

mAb), insulin receptor (anti-IR mAb), or folate receptor ligands (FR lig). Upon binding to the specific receptor nanoparticle is internalized in cytoplasm of endothelial cell

thus crossing the BBB. (C) Adsorptive-mediated transcytosis: a nanoparticle conjugated with positively charged cationic ligands or cationic polymer shell associates

with negatively charged membrane, thus induces membrane invagination and vesicle formation. (D) Cell-mediated transport: immune cell phagocytizes opsonized

nanoparticle, crosses the BBB because of inflammation and release a drug at the site of tumor (inflammation).

(5) The complexity of a reliable system development
that could precisely control drug release from
a depot.

(6) The difficulty of creating successful designs for drug delivery
through various barrier systems.

(7) The systemic therapy requires the distinct way of
matrix production inferring large volumes and high cost
(Kim and Pack, 2006).

Thus, the most promising therapeutic strategy is local delivery of
therapeutic agents into the brain cavity formed after the removal
of a malignant neoplasm. This method does not have most of
the drawbacks described above (matrix substances are introduced
during the operation into the resection cavity, without affecting
the CNS barriers and vessels). In addition, it helps to fill
the gap in the course of the therapy between the operation
and chemoradiation therapy (without impeding the process of

operational wounds healing) (Bastiancich et al., 2017; Zhao et al.,
2018). Further, we review the development of this strategy in
more detail.

DEVELOPMENT OF IMPLANTS FOR
LOCAL CHEMOTHERAPY

This strategy is based on the implantation of matrix materials
(gels, nanoparticles, films, disks, rods, plates, etc.) and further
gradual release of a drug into the surrounding brain tissues
over a long period of time. During the release of the drug,
matrix material should get decomposed to monomers suitable
for metabolization or evacuation. If it is not biodegradable, there
should be a possibility to remove matrix material. It must also
gradually, over a long time period, release the drug in prescribed
doses for effective action on tumor cells. The drug should
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have maximal possible effectiveness against cancer cells, good
diffusion potential to prevent tumor relapse in remote areas, and
should not cause chemoresistance in cancer cells. Importantly,
the matrix itself and the drug should be hypoallergic to prevent
possible therapy complications (Bastiancich et al., 2016a; Puente
et al., 2018; Pinel et al., 2019).

This paper is focused mostly on hydrogels, because these
polymer structures comprising the cutting-edge field of
the most popular and promising tools for medical and
biological manipulations. Hydrogels are injected directly into
the brain after tumor resection via intracerebral implantation or
intracerebroventricular injection.

Currently, Gliadel R© plates are the only implant approved by
the US Food and Drug Administration (FDA) and the European
Medical Agency (EMA). This is a biodegradable copolymer
formed from 1,3-bis-(p-carboxyphenoxy) propane Saito(pCPP)
and sebacic acid in a 20:80 ratio (polyfeprozan 20), impregnated
with a chemotherapeutic drug BCNU (Carmustine) (Saito et al.,
2017). The advantages of this implant are low systemic toxicity
(reducing effects of gastrointestinal disorders, asthenia, fever
and depression), gradual release of the drug over a period
of time, and an increase in the long-term overall survival of
patients (Xing et al., 2015). Disadvantages of this implant are
serious local side effects, which include convulsions, intracranial
hypertension, meningitis, swelling of the brain (causing repeated
surgical intervention). The plates are poorly fixed and can
migrate to other parts of the brain, which impairs wound
healing. It was also demonstrated on model organisms that a
larger portion of the drug is released in the first 5–7 days,
and the range of the drug effect extended only barely beyond
the polymer interface (3–6mm during the first 7 days, 2–3mm
for the next 2 weeks); remote parts of the brain displayed
insignificant concentrations of the drug. Although carmustine
showed good results in treating tumor cells, temozolomide
(TMZ) is more effective in treating malignant primary brain
neoplasms, and therefore the choice of a drug for Gliadel R© is not
considered to be the most optimal. In addition, only one third
of GBM patients responded to carmustine treatment (Saito et al.,
2017).

In connection with aforesaid facts, taking Gliadel R© errors
into consideration, further developments are aimed at improving
basic parameters of matrix and drug, as well as at increasing
the functionality of these implants (Bastiancich et al., 2016a).
Due to the fact that cancer cells go through various phases
in tumor development and post-operational dynamics, which
are characterized by shifts in cell microenvironment, they
require different treatments strategies. Thus, we propose a novel
approach to GBM treatment, described below.

We suggest that the scientific community and cancer
therapists draw the attention to the possibility of developing a
two-stage approach to the treatment of particular glioma cases.
Taking into account advantages of 3D cell cultivation on the
one hand, and the heterogeneity of gliomas on the other, it
can be concluded that there is a demand for development of a
biocompatible matrix, aimed at the direct delivery of anticancer
drugs, blocking key molecular participants in carcinogenesis, and
regeneration of healthy nervous tissue after tumor resection.

These two opposite processes can be applied in two successive
stages (Figure 4):

(1) Filling the post-operative cavity with the matrix possessing
a relatively low modulus of elasticity loaded with anticancer
drugs, preventing hypoxia, and aiming at inhibiting key pro-
oncogenic pathways (inactivating synthesis of cd133, vegfr,
β-catenin, snail, stat3, tgf-β, twist etc.).

(2) Substitution for a matrix with a higher modulus of
elasticity, loaded with brain derived neurotrophic
factor or its analogs enabling the sprouting of
nerve cells.

Carcinogenesis is known to be frequently associated with
the development of cognitive impairments [from 25 to 44%
depending on the particular impairment (Armstrong et al.,
2006)]. Some cognitive dysfunctions, such as poor verbal
memory and executive dysfunction can either persist after
surgery (Veretennikoff et al., 2017) or undergo remission to
some extent (Dhandapani et al., 2016). The two-stage approach is
aimed at improving the quality of life for such patients; however,
the patient’s safety and the increathe of his life expectancy should
remain the priority in the fight against tumors in general and
gliomas in particular. In this context, if the risk of matrix delivery
to the tumor site located in a hard-to-reach region exceeds the
potential positive therapeutic effect, then the two-stage approach
should be abandoned. If the tumor is located in a surgically “safe”
area, then the first stage can be implemented after the standard
chemotherapeutic course; e.g., the introduction of a matrix with
the relatively low elastic modulus, that is loaded with antitumor
drugs and/or cytostatics against key oncogenic pathways. We
propose an elastic modulus ≤1,000 Pa for the first stage, since
this elasticity does not stimulate the outgrowth formation and is
able to suppress cell proliferation (Klein et al., 2009), while for the
second stage we recommend an elasticity modulus ≥1,000 Pa to
simulate neurite regeneration (Klein et al., 2009; Pogoda et al.,
2014). The duration of the first stage should be approximated
in accordance with the anticancer drug release time and the
time of matrix biodegradation (in case of the biodegradable
matrix), for instance, Gliadel R© wafers completely degrade during
6–8 weeks (Wu et al., 1994). Thus, we suggest calculating the
first stage time in accordance with the duration of the matrix
biodegradation, however, the rapid and uneven release of the
loaded drug (Grossman et al., 1992) could be the reason to adjust
the calculation. The frequency of relapse after tumor removal
is quite high—around 50%, and the most frequently it occurs
within the resection cavity on the average from 6–9 (Mallick et al.,
2016) to 17 months (Konishi et al., 2012). In case of using a non-
degrading matrix at the first stage, it should be removed from the
resection cavity and replaced with a matrix with a higher elastic
modulus loaded with the brain derived neurotrophic factor or its
analogs. Since the first stage is specifically aimed at protecting
the patient from a relapse as well as at destroying remained
proliferating cancer cells near the resection cavity, we suggest
that a 6-months period between the stages will be optimal and
should be taken to monitor the patient for a possible relapse.
There is a certain risk of relapse initiation by a matrix loaded
with the brain-derived neurotrophic factor or its analogs due to
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FIGURE 4 | Promising therapeutic strategy for gliomas treatment using 2-step biomaterial insertion. The upper picture displays tumor consisting in red cells and

surrounding tissue comprising normal glia cells (blue) and normal neurons (dark gray). The tumor has a primary lesion and diffusely infiltrating branches on the sides.

After tumor localization and resection, the post-operative cavity can be filled with anticancer soft matrix (the middle picture) containing chemotherapeutic drugs

capable of killing residual tumor cells and/or inhibiting main cancer associated pathways (CD133, VEGF, Snail, β-catenin, STAT, TGF-β, Twist). This soft matrix will

prevent rapid regrowth of tumor cells as it physically occupies the cavity and release the chemotherapeutic drug killing infiltrated tumor cells left in brain parenchyma.

Upon the first gel biodegradation and complete drug release, the cavity will be filled by the filled with the second denser matrix facilitating wound healing and neuron

axon regrowth (the lower picture). The last step is necessary for avoiding scar formation and faster rehabilitation from prospective neurological complications after

the surgery.

the remaining “quiescent cancer stem cells,” however, there is a
theory suggesting that proliferative stimulation of these cells can
increase their sensitivity to anticancer drugs (Gulaia et al., 2018).
On the one hand, the first stage is aimed specifically at protecting
the patient from relapse and killing the remaining cancer cells
near the resection cavity, on the other hand, the second stage
employs the matrix stimulating the nerve tissue growth and has

antagonistic properties compared to the first stage matrix. In
addition to certain requirements for elasticity, the second stage
material should have specific biodegradation rate optimal for
nerve tissue regeneration. Many experimental data available for
tissue regeneration in the stroke models prompt us to suggest
a period of 3–4 months for the second stage (Cook et al., 2017;
Ghuman et al., 2018; Nih et al., 2018).

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org 13 November 2019 | Volume 7 | Article 341

https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles


Belousov et al. Biocompatible Materials for Glioblastoma Treatment

Thus, we propose a unique approach employing the usage
of two matrices subsequently, in the way, that first matrix
prevent the tumor regrowth as the absence of empty space and
prolonged drug release will hinder this process, while the second
matrix possessing denser structure will allow neurons to regrow
their damaged axons and dendrites. Therefore, the latter matrix
will be implemented for faster recapitulation of neurological
consequences from surgery.

In addition, further we review the latest trends in
the creation of matrices and implants for the treatment
of GBM.

VARIOUS POLYMER MATRICES USED FOR
DRUG DELIVERY

Fully Synthetic-Based Matrices
Drug delivery in case of GBM could be hindered by BBB
preventing therapeutic drugs and small molecules reaching the
tumor growth site. The polymeric matrices are promising in
terms of biocompatibility and prolonged drug delivery time. This
group includes polymeric materials that are synthesized from
various monomers and have little or no effect on cell niches.

PLGA-Based Matrices

PLGA is a biodegradable and biocompatible polymer that is
used in a number of FDA-approved therapeutic devices (grafts,
sutures, implants, prosthetic devices, surgical sealant films, etc.).
PLGA biodegradable nanofibers can release high concentrations
of vancomycin for more than 8 weeks in the cerebral cavity of
rats (Tseng et al., 2013). A number of publications reported that
it can be used for the treatment of brain tumor as an alternative
drug delivery system (Bagó et al., 2016; Ramachandran et al.,
2017; Zhao et al., 2018). Modification of PLGA with copolymer
Poloxamer 188 renders it the capability of penetrating BBB more
effectively (Malinovskaya et al., 2017). Despite the large number
of studies, systemic toxic effect of the drugs delivered by the
PLGA nanoparticles remains not fully understood and requires
further research.

One of the most effective and easy to produce of the
biodegradable gel matrices for the delivery of TMZwas developed
in 2008 by Akbar et al. It consists of PLGA plasticizers (40:60)
loaded with temozolomide; the plasticizers themselves consist
of acetyl triethyl citrate and triethyl citrate (30:30). The authors
developed a surgical resection model of intracranial glioma C6-
GFP in rats to test this matrix in vivo. Introduction of implants
loaded with 30% TMZ resulted in a decrease of the tumor size
by 94%, accompanied by a slight decrease in animal weight and
neurological activity. The implants used demonstrated complete
biodegradability and efficiency, and continued drug delivery to
the peritumoral areas beyond a 15-days period (Akbar et al.,
2009).

In 2011, Ozeki et al. developed microspheres containing
thermoreversible gelation polymer TGP hydrogel with
camptothecin (CPT), and evaluated its therapeutic efficacy
(comparison of survival) on the C6 glioma model and a tumor
resection model. Treatment with CPT/PLGA/TGP showed
significant survival compared with the untreated rats (26 vs. 18

days, respectively). Similar therapeutic effects were observed in
groups that received only CPT/PLGA/TGP and surgical tumor
resection plus CPT/PLGA/TGP, but some long-term survivors
(>60 days) were observed in this latter group, which means that
combination therapy may be a good strategy for this hydrogel.
At the same time, ICG fluorescence in the ICG/PLGA/TGP
remained localized for 28 days after injection. Moreover, neither
significant body weight loss nor aggressive immune response
were observed (Ozeki et al., 2012).

PEG-Based Matrices

PEG as a component of hydrogels enhances the absorbance
of water-soluble substances. Presence of a controlled pore size
makes it a suitable carrier for targeted drug delivery. The
potential of this material in treatment of spinal injuries is being
studied (Isa et al., 2015). Mostly, PEG is used in combination
with PLGA.

Another interesting implant based on PLGA and PEG is
OncoGelTM. This hydrogel was tested in 2008 by Tyler et al. as an
adjuvant for radiotherapy on an intracranial model. OncoGelTM

consists of Cremophor R© EL-based paclitaxel immersed in
ReGelTM, which is a copolymer of PLGA and PEG. With the
change in temperature from room to normal body, the viscosity
of the matrix is shifted to high thus forming a gel once inside
body. Viscosity change comes along with the modifications
in other properties, e.g., matrix turns into biodegradable gel
insoluble in water with controlled release of the drug. Tests on
model organisms showed an increase in median survival with
37.5% of long-term survivors and the absence of toxicity and
any pathological changes. At the same time, ReGel loaded with
paclitaxel is biodegradable and releases paclitaxel at a constant
rate for∼50 days (Tyler et al., 2010).

In 2010, the thermally reversible gel-forming polymeric
hydrogel TGP (MebiolTM Gel) was developed. This matrix exhibit
unique properties as it has a liquid form at room temperature,
while become a gel once the temperature rises to normal body
one. It consists of PEG conjugated with thermosetting polymeric
poly-N-isopropylamide. TGP is biocompatible, non-cytotoxic,
and completely pathogen-free. Tests were performed on a human
GBM subcutaneous xenograft model demonstrating significant
inhibition of tumor growth during drug encapsulation. Drug
releases from TGP-dox combined with sphere- dox or lipo-dox
lasted for 32 and 38 days, respectively (Arai et al., 2010).

An interesting representative of a photopolymerizable
hydrogel is a type of injectable matrix described in 2015 by
Fourniols et al. This matrix consists of a mixture of PEG
dimethacrylate (PEG-DMA) and water (75:25), as well as
0.5% Lucirin-TPO R© as a photoinitiator. When this mixture is
exposed to 400 nm light for 15 s, the matrix quickly changes its
properties (<2min) and acquires a viscosity modulus of around
10 kPa. Studies conducted in model animals showed that the
hydrogel does not cause apoptosis in the brain of mice and has
no impact on the activation of microglia, while the antitumor
effectiveness in mice treated with photopolymerized hydrogel
was significantly enhanced compared to conventional drug
delivery (Fourniols et al., 2015).
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In 2018, an injectable photopolymerizable PEG-DMA
hydrogel was developed and characterized by Zhao et al. It was
synthesized using a modified emulsion diffusion procedure
containing exclusively photopolymerizable PEG-DMA loaded
with Paclitaxel (PTX) PLGA-nanoparticles. In vivo tolerability
studies showed that implantation of hydrogel into brains of
healthy mice was well tolerated for the short time period (1
week) as well as for the long period (4 months). Studies of in vivo
antitumor efficacy carried out on a clinically relevant tumor
model (orthotopic model of U87 resection in mice) showed that
PTX PLGA-nanoparticles significantly prolonged the survival
of mice, and 50% of mice were alive 5 months after tumor
implantation (Zhao et al., 2018).

Other Matrices

In another study, the matrix comprising doxorubicin elution
granules was evaluated for safety and efficacy on the 9L
glioma model. This matrix consists of microspheres composed
of modified polyvinyl alcohol with sulfonate groups mixed
with the 0,6% alginate solution. Additionally, one can choose
a therapeutic agent for this matrix, for example, between
irinotecan, topotecan and mitoxantrone. Studies on model
organisms showed significant results compared with untreated
animals in terms of survival (44, 54, and 26 days, respectively),
accompanied by the absence of significant immune response
and weight loss. Also, studies have shown that doxorubicin was
still released from the beads at 90 days point after implantation
(Vinchon-Petit et al., 2010).

A notable example of a pH/temperature-sensitive matrix is
a magnetic nanogel, tested in 2010, which contains contrast
media for MR and fluorescence imaging. This matrix consists
of N-isopropylacrylamide-co-acrylic acid nanogel loaded with
superparamagnetic iron oxide (SPIO) nanoparticles that have
been conjugated with Cy5,5-lactoferrin. This implant was tested
for the treating of rat glioma C6 tumors in vivo. The grafted
fluorophore Cy5,5 is responsible for fluorescent imaging, SPIO
helps to detect nanoparticle accumulations in brain tumors, while
lactoferrin is a ligand for protein 1 linked to a low-density
lipoprotein receptor which is overexpressed in GBM. Likewise
this matrix was proved not to cause inflammation and significant
weight loss (Xie et al., 2011; Jiang et al., 2013).

Matrices Based on Natural Compounds
Natural matrices contains polymeric materials in which the
matrix backbone is partially or completely composed of
substances isolated from living organisms or synthesized on the
basis of natural compounds.

Chitosan is a 1,4-linked 2-amino-2-deoxy-β-D-glucan which
can be cleaved by lysozyme in animals, thus possessing
the advantage of natural in vivo biocompatibility and
biodegradability. Xie et al. synthesized stearic acid with grafted
chitosan and investigated the physicochemical characteristics
of obtained micelles. The material showed promising results in
in vivo studies of glioma C6 treatment (Xie et al., 2012).

Alginates are alginic acid salts. Unlike the insoluble alginic
acid, potassium and sodium alginates form colloidal solutions in
water. Addition of sodium alginate water solution to solutions
containing calcium ions (e.g., CaCl) leads to the formation of

insoluble calcium alginate gels. Alginates are non-toxic, and also
highly compatible with microenvironment in the brain (Lee and
Mooney, 2012), so its microcapsules can be used to immobilize
and deliver peptides with anticancer activity to the brain (Read
et al., 2001).

Dextran is a branched glucose polymer with an average weight
of chains ranging from 3 to 20,000 kDa. The main chain consists
of molecules linked by the α-1.6 bond, and side branches are
attached by α-1.3 bonds. When used as matrices, dextrans are
coated with iron oxide nanoparticles tomake its aqueous solution
a stable dispersion systems. Currently, dextran platforms are
being developed for the controlled release of doxorubicin in
the treatment of GBM. Preliminary studies have shown that
such matrices are superior to polylactic acid based materials
in preventing the recurrence of glioblastoma in rats (Graham-
Gurysh et al., 2018).

In 2014, a matrix consisting of cytarabine-loaded
phospholipid vesicles was described by Qi et al., which composed
of a gel-like semi-solid dispersion of phospholipids. The
peculiarity of this matrix is the high resistance to autoclaving,
which meets one of the main requirements of hydrogels for the
use in the treatment of brain cancers: sterility. The phospholipid
vesicles implant in animal models was shown to release a drug
(cytarabine) for at least 28 days with a good biodistribution
profile and penetration depth of a drug after intracerebral
injection. In addition, no implant rejection was observed (Qi
et al., 2012, 2014).

An excellent example of a hydrogel implant based on lipid
nanocapsules was described in 2015 by Aparicio-Blanco and
Torres-Suárez (Aparicio-Blanco and Torres-Suárez, 2015). This
matrix is uniquely formed byx lipid nanocapsules (LNC) in
combination with GemC12 (Gemcitabine); besides that gel does
not contain any polymeric components. The formation of this
hydrogel occurs due to location of GemC12 at the interface
of the oil-water LNC, which ensures the formation of cross-
linkingH-bonds between the drug fragments and immobilization
of the aqueous phase. Compared to previously mentioned
varieties of hydrogels, the advantage of this system is in the
structure simplicity as the gel decomposition results in release
of only GemC12-LNC, because it contains no other components
(synthetic or natural polymers, gelling agents, external irritants),
which reduces the risk of side effects. In vivo studies showed
that this system showed is well-tolerated in the brain of mice,
both in short (1 week) and long (2 and 6 months) experiments
(Bastiancich et al., 2016b, 2017). The degradation of the hydrogel
corresponded to the sustained release of the drug, which lasted
over 1 month. Intratumoral administration of this hydrogel in
a human orthotopic xenograft model of a person with GBM
showed a significant increase in survival compared with the
control (Bastiancich et al., 2018).

The melittin-containing peptide hydrogel Melittin-RADA 32
Indocyanine green described by Jin et al. in 2017 also raised
significant interest. It was constructed from the RADA32-
melittin fusion peptide in the presence of 0.9% NaCl and
encapsulated in the hydrogel, with indocyanine green added.
In vivo experiments with this hydrogel showed excellent results
in visualizing residual tumor cells. Three hours after the hydrogel
administration, Magnetic resonance imaging analysis showed
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significant signals in tumors, thus it is possible to distinguish
diffused tumor cells left after surgery. Furthermore, this hydrogel
is able to release the drug in required doses and protect
the implant itself from rapid decomposition or elimination.
However, melittin has non-specific cytotoxicity and hemolytic
activity, which limits its therapeutic use (Jin et al., 2017).

The most unusual implant is a chitosan-based hydrogel
capable of releasing temozolomide while including radioactive
iodine isotopes. This implant is applied for local complex therapy
providing chemo- and radiation therapy simultaneously. At the
time of writing, the first tests of this hydrogel were carried out,
but there was no extensive data. However, the release of drug
was negligible after 42 days, whereas the TMZ was completely
released over the first 48 h (Puente et al., 2018). Nevertheless,
the authors believe that this trend is promising due to the fact
that post-operative systemic therapy has a complex effect, and
therefore local therapy should be more convenient. However, at
the moment there is no data on the survival of the model objects
as well as the possible drawbacks of this hydrogel.

CONCLUSIONS

In recent years, targeted delivery systems have been developed
for various therapeutic agents, such as chemotherapy drugs, stem
or committed cells, which all can be used in the treatment of
gliomas and provide a substantial improvement in its prognosis
(Nakamizo et al., 2005; Lee et al., 2011; Hu et al., 2013). Carriers
are materials of different nature, which to a greater or lesser
extent have such advantages as custom mechanical properties,
good biocompatibility, conventional way of matrix introduction
(during operation), as well as the ability to deliver various
biologically active substances and drugs.

In the treatment of brain tumors hydrogels can be employed
for the effective delivery of chemotherapeutic agents while do not
require highly invasive procedures. They proved to be unique
platforms for local and systemic methods of drug delivery due
to their high biocompatibility, biodegradability, and the presence
of active functional groups. Combination of nanoparticles and
hydrogels bringing up a possibility of creating material capable of
crossing the BBB and effectively detecting and destroying tumor
cells without harming healthy brain cells.

Hydrogels can also be used for targeted delivery to tumor
cells and the delivery of highly toxic drugs. For example,
when encapsulating immunostimulating drugs in a hydrogel, it
becomes possible to deliver them to the resection cavity without
the need to cross the BBB and with the possibility of their gradual
release. It is also possible to reduce the total damage to the
patient’s body by encapsulating toxic drugs, such as platinum
nanoparticles. However, the best results can be achieved by
encapsulating these drugs in modified nanoparticles, which will
be placed in the resection cavity in the hydrogel. This approach
will minimize the disadvantages of systemic delivery of these
drugs, almost completely reduce the toxic harm to the patient’s
body, but at the same time increase the therapeutic effectiveness
of these drugs (Xiao et al., 2018; Feng et al., 2019; Yu et al.,
2019).

Synthetic polymers are widely used as components of systems
for drug delivery due to their well-known chemical and structural
characteristics, as well as the ability to control and easily
adjust the physico-chemical properties of the matrix. However,
synthetic materials do not display biological activity and lack
the ability to fully imitate the native extracellular matrix
even after modification by adhesive sites. Unfortunately, the
degradation of synthetic material can lead to release of cytotoxic
or inflammatory small molecules (Stoppel et al., 2015).

Recently, growing interest has been raised to the field of
matrices consisting partially or entirely of natural materials, due
to their ability to influence cell proliferation at the edges of
the resection cavity. This effect can reduce the risk of tumor
recurrence from residual cells that were omitted during surgery
(Huynh et al., 2009).

Natural materials are derived from substances of plant or
animal origin. After purification and preparation for in vivo
use they usually do not cause an undesirable or unexpected
immune response proposing a source for biocompatible and
often biologically active matrix capable of integration with
the surrounding native tissue (Lee et al., 2014). In addition,
the products of natural material degradation are usually more
biologically compatible, metabolically acceptable, and less toxic
than synthetic analogs. Disadvantages of biomaterials from
natural origin are their chemical heterogeneity in combination
with high dispersion that, as a result, cause variability of structure,
mechanical properties, and degradation rates between different
batches of the same material. Despite variability, biopolymer
matrix materials of natural origin have been successfully applied
clinically for the restoration of soft (skin and muscles) (Später
et al., 2018) and hard tissues (bone) (Giuliani et al., 2014).

A lot of studies reviewed in this paper reported significantly
increased efficiency of tumor growth inhibition as a result of
utilizing matrix materials after resection, as well as synergistic
effect that can be achieved through a combination of several
chemical agents or therapeutic approaches. To solve all
vital problems arising during GBM treatment (precise tumor
localization, eliminating delays in the course of treatment,
prevention of relapse), it is necessary to further study
multifunctional implants, since they are capable of passing over
the maximum number of obstacles with minimal intervention in
the human brain.

Thus, promising hydrogel-based drug co-delivery systems
will make a significant contribution to cancer treatment and
human health.
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