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Abstract: Hyaluronic acid (HA) is a Glycosaminoglycan made of disaccharide units containing N-
acetyl-D-glucosamine and glucuronic acid. Its molecular mass can reach 10 MDa and its physiological
properties depend on its polymeric property, polyelectrolyte feature and viscous nature. HA is
a ubiquitous compound found in almost all biological tissues and fluids. So far, HA grades are
produced by biotechnology processes, while in the human organism it is a major component of the
extracellular matrix (ECM) in brain tissue, synovial fluid, vitreous humor, cartilage and skin. Indeed,
HA is capable of forming hydrogels, polymer crosslinked networks that are very hygroscopic. Based
on these considerations, we propose an overview of HA-based scaffolds developed for brain cancer
treatment, central and peripheral nervous systems, discuss their relevance and identify the most
successful developed systems.

Keywords: hyaluronic acid; scaffolds; hydrogels; nervous system

1. Introduction

Hyaluronic acid (HA), also known as hyaluronan, is a linear polysaccharide composed
of disaccharide units containing N-acetyl-D-glucosamine and glucuronic acid [1-3]. Its
molecular mass varies between 0.2 and 10 MDa and its physiological properties are gov-
erned by its polyelectrolyte and polymeric features, as well as by its viscous nature [1-3].
HA is a ubiquitous compound present in almost all biological tissues and fluids [1-3]. In
the human organism, it is found in the extracellular matrix (ECM) of the skin, vitreous
humor, cartilage, umbilical cord, CNS and the PNS [1,4].

HA has various applications. For instance, in cosmetology;, it is used as an anti-ageing
agent, in pharmaceutics and regenerative medicine as an excipient and constituent of
scaffolds for drug delivery and regeneration and in biology as a component of in vitro
models [5-7]. Research and medical grade HA samples are produced by biotechnological
processes, mainly from bacteria or isolated from rooster combs [1,4]. HA is FDA-approved
and generally recognized as safe (GRAS) for medical applications. Besides, HA can be
administered topically, orally or by injection [1-3].

HA is a natural polymer present in the central nervous system (CNS) and peripheral
nervous system (PNS) [7,8]. It is capable of forming a polymeric crosslinked network that
exhibits a high water-absorbing ability, called a hydrogel [9]. HA polymers are biodegrad-
able in vivo by free radicals and by vertebrates by specific enzymes from type I to type
VI hyaluronidases [2,4]. HA biomimetic properties have motivated the development of
HA-featuring devices for CNS and PNS disorders, displaying the following characteristics: in-
jectability, biocompatibility, bioadhesion, controlled drug release and biodegradability [1,3,10].
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HA-based systems are tunable. They are usually formulated with HA alone or in
association with other biopolymers with biological properties such as chitosan, alginate and
cellulose, or synthetic ones with thermosensitive and mechanical properties, for example
poloxamers, polyethylene glycol (PEG) and polycaprolactone (PCL) [7,10-14]. Due to their
versatility, research on HA-based polymers has increased over the past decade with poten-
tial applications for drug delivery and regenerative medicine [9]. The aim of this review is
to highlight HA properties, summarize emerging in vitro and in vivo evidence of HA-based
scaffolds developed for brain cancer treatment [15], the CNS [16] and PNS [17] and discuss
the relevant results for the locoregional administration of these scaffolds (Tables S1-S3).

2. Pathologies of the Central and Peripheral Nervous System and Current
Therapeutic Approaches

Pathologies of the nervous system are considered among the most difficult to treat,
due to the complexity of the system and its numerous protective barriers that play a critical
role in the brain’s metabolic activity as well as neuronal function [18,19]. At the same
time, the occurrence of brain diseases like cancer, traumatic injuries and neurodegenerative
diseases is currently increasing [20]. Notwithstanding the advances in research regarding
novel therapeutic approaches to treat pathologies of the CNS, the majority of these diseases
still lack an effective and permanent cure. Here, we introduce the main issues and current
therapeutic approaches for three classes of brain pathologies: (i) cancer, particularly focus-
ing on the most common and hard-to-treat brain cancer, i.e., glioblastoma [15]; (ii) traumatic
brain injuries [16]; and iii) peripheral nerve injuries [17].

2.1. Glioblastoma and Gliomas

Grade IV glioblastoma (GB) and malignant gliomas are the most common form of
brain tumors. They have an annual incidence of 5.26 per 100,000 people, accounting for
17,000 new cases each year [21,22]. Unfortunately, these kinds of tumors lead to a poor
quality of life and prognosis for patients, with a survival median of 15 months after
diagnosis [15,21]. In fact, GB is defined as a IV grade glioma, and it is the most lethal
and frequent malignant primary brain tumor [21]. On contrary to other solid tumors,
GB is highly invasive towards neighboring tissues in the brain, causing high rates of
recurrence and tumoral transformation in healthy cells, although rarely metastasize to
other organs [15,21,23].

Current FDA-approved therapy is based on a surgical resection of the majority of
the tumor, followed by systemic chemotherapy and radiotherapy together with adjuvant
therapy with temozolomide (TMZ), according to the Stupp protocol [24,25]. In spite
of the undoubted advantages linked to this therapeutic approach, in 90% of the cases
patients experience a recurrence after the first surgery [15,26]. This common issue is
mainly due to a specific population of cancer stem cells, called tumor-initiating stem cells,
which display a high tumorigenic potential and often remain intact even after surgery and
chemotherapy [23,27]. Thus, their ability to proliferate in an asymmetric way leads to the
relapse of GB, but few therapeutic options are available in this scenario [15,21,23,28].

To reduce the risk of a recurrence, several therapeutic approaches are now under
investigation (Table S1). Of particular interest is the possibility to develop peptide- and
cell-based vaccines that specifically target GB cells leading to their death by stimulation of
the immune system [26]. More recently, CAR-T cells have also gained increasing interest
from scientists thanks to their high potential for the treatment of GB [29]. Other approved
molecules for the treatment of GB include carmustine, lomustine and even monoclonal
antibodies such as bevacizumab [30]. Another innovative approach is represented by
nanomedicines; in fact, the particular tumor microenvironment and surface characteristics
of GB cells allow for the specific targeting of drug-loaded nanosystems that can release
cytotoxic drugs in tumor cells with low off-target effects [31,32]. Despite the several
advantages that these innovative therapies may involve, few of them have reached the
market. Besides, one approach is represented by Gliadel® [33-35]. Developed in early
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2000, Gliadel® consists of polymeric wafers loaded with carmustine. They are approved
to be implanted into the resected cavity after surgery and are able to release the drug for
up to 3 weeks, thus reducing the risk of GB setback and promoting a better prognosis for
patients [35]. However, this treatment only produces modest effects as the released drug can
only penetrate 1-2 mm into the surrounding brain tissues, preventing the complete killing
of residual GB cells, which may reside more than one centimetre away from the resection
margin. Moreover, the shape of the scaffold does not quite fit the resection cavity border
and induces some side effects in many patients according to various clinical trials [36-38].

2.2. Traumatic Brain Injuries

Traumatic brain injuries (TBls) are on the rise, not only in the elder population, where
almost 500 out of 100,000 people over 80 years old are estimated to suffer from this pathol-
ogy each year, but also in children, with an annual incidence of almost 500,000 cases among
children aged 0-14 [16]. In particular, TBIs are one of the major causes of impairments in
young adults, and for this reason, they represent a huge healthcare burden [39]. After the
traumatic event, many phenomena can occur in the brain, both at physical and chemical
levels [16,40]. In particular, the first phase after the trauma is generally considered crucial
to determine the development of secondary damage, as it can include haemorrhages, dis-
ruption of the Blood Brain Barrier (BBB), high levels of inflammation, with consequences
such as seizures, hypoxia, ischemic areas, and edema [41]. All these events, if not timely
treated, may lead to metabolic failure, eventually leading to critical impairments or even
the death of the patient [16,40].

Therapeutic approaches approved in the case of TBIs are generally linked to the
specific case and history of the disease [16]. Considering physical and pharmacological
approaches, these may include surgery to reduce edema-induced intracranial pressure, the
administration of neuroprotective agents, antioxidants to reduce free radical production and
anti-inflammatory drugs; also, other therapies can involve hypothermia, the regulation of
blood flow dysregulation and ischemia, the regulation of ion homeostasis and cytoskeleton
stabilization [42]. All of these pharmacological strategies, though, present a common
limitation due to their fast clearance, thus resulting in a hampered prolonged release and
the need for several therapeutic systems [41]. At the same time, surgery often includes
craniotomy and cranioplasty, calling for the need to develop biocompatible materials that
can substitute physiological tissues and promote recovery [43,44]. Both of these issues
have been under investigation in recent years, leading to the design and formulation of
biocompatible scaffolds that allow the prolonged release of therapeutics, along with the
promotion of tissue curing [45,46]. In fact, many scaffolds have been developed, using
different materials and production techniques (Table S2). In particular, hyaluronic acid-
based scaffolds will be discussed in part 5.

2.3. Peripheral Nerve Injuries

Peripheral nerve accidents are not unusual situations, with a vast range of symptoms
depending on the severity of the trauma and the nerves involved [17]. Although a lot of
information exists on the mechanisms of damage and regeneration, reliable treatments that
allow for complete recovery are rare [17,47,48].

Peripheral nerve accidents can imply various challenges to patients, starting from
moderate pain to life-long impairment (Table S3). Seddon pioneered nerve accidents
classification, by identifying three primary classes based on the degree of demyelination
and the amount of damage to the axons and the connective tissues of the nerve [17]. The
mildest shape of harm is referred to as neurapraxia, described by focal demyelination in
the absence of harm to the axons or the connective tissues [17,49]. Neurapraxia generally
happens as a consequence of moderate compression or the traction of the nerve and results
in a lower conduction velocity [17,49,50]. Depending on the severity of the demyelination,
the consequences can change from asynchronous conduction to conduction block, resulting
in muscle weakness [17,51]. The subsequent stage is referred to as axonotmesis, which
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includes direct harm to the axons as well as focal demyelination, but the continuity of
the nerve’s connective tissues is preserved [17,50]. The most extreme form of damage
is referred to as neurotmesis, involving the complete transection of the axons and total
nerve discontinuity [17,50,51].

3. Routes of Administration of Active Pharmaceutical Ingredients (API) into the CNS
and Challenges

3.1. BBB and Limits of Drug Diffusion

The blood vessels that supply the central nervous system (CNS) have unique proper-
ties, known as the blood-brain barrier, that allow them to tightly regulate the movement of
ions, molecules, and cells between the blood and the brain. This precise control of CNS
homeostasis enables proper neuronal function and also protects neural tissue from toxins,
pathogens and changes in barrier properties. This is an important part of the pathology and
progression of various neurological diseases. The physiological barrier is coordinated by
a series of physical, transport and metabolic properties possessed by the endothelial cells
(ECs) that make up the vascular wall, and these properties are regulated by interactions
with various vascular, immune and nerve cells [52-54].

CNS vessels are continuous, non-windowed vessels, but they also contain many
additional properties that allow a tight control of the movement of molecules, ions and
cells between the blood and CNS [53,55]. This highly restrictive barrier capacity allows
the endothelial cells of the BBB to tightly regulate CNS homeostasis, which is essential for
proper neuronal function, as well as for the CNSs protection against toxins, pathogens,
inflammation, injury and disease. The limited nature of BBB is a barrier to drug delivery
to the CNS and therefore great efforts have been made to create methods to modulate or
disrupt the BBB for therapeutic drug delivery. The main route used to administer drugs
is the intravenous route, and the BBB is a limiting factor. Hence, to overcome this hurdle,
locoregional direct routes have been used [56,57].

Figure 1 shows the main drawbacks of the BBB. Among them, biological factors such
as cerebral blood flow, the physicochemical properties of the drug, like the chemical and
biochemical structure, the compound charge and molecular mass, the dosage form parame-
ters, like the formulation process used, the particle size and release kinetics. Other factors
affecting drug transportation through the BBB are pharmacokinetics (ADME and clearance
types), and biopharmaceutical factors like the membrane transport and affinity of the drug
for cell receptors. Several administration types have been developed in the following
parts, among them are the enhanced systemic administration, intranasal administration,
convection- enhanced delivery and the intracerebral route (Figure 2).
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Figure 1. Parameters affecting the ability of drugs to cross the blood brain barrier (BBB). This figure
illustrates the factors that condition the BBB crossing. Among them, we can find dosage forms factors
like the particle size, flexibility, the release profile, the excipients contained in the formulation. Other
parameters, such as physico-chemistry of the drug, like the molecular mass, the chemical structure or
the charge of the drug. Adding to these parameters, the biological and biopharmaceutical factors
such as the cerebral blood flow, the membrane transport type, and the physiological characteristics of
the target site. Finally, pharmacokinetics can also influence the drug from passing the BBB.

3.2. Enhanced Systemic Administration

One of the main challenges in the treatment of CNS-related diseases is the bioavail-
ability of the API in the damaged tissue. Systemic administration faces the constraint of
the BBB, overall biodistribution and clearance from the body [52,56]. To overcome such
limits, techniques such as aortic injection and the enhanced permeation of the BBB by
differential osmotic pressure [19] and cavitation generated by a high intensity ultrasound
combined with the intravenous administration of microbubbles [58-60], have been investi-
gated (Figure 2A). Although these techniques have the potential to increase the diffusion
of active compounds, the accumulation into the desired site could be compromised, while
at the same time the clearance from the CNS tissues and circulating blood is held. Thus,
the therapeutic agent needs to be continuously administered on a planned basis in order to
avoid considerable systemic toxicities [19].

3.3. Intranasal Administration

Intranasal administration consists in the penetration of APIs into the CNS through
the nasal barrier. The intranasal pathway can deliver therapeutics directly from the nasal
cavity to the brain via the olfactory and trigeminal neurons. The intranasal route is made
up of two routes, one intracellular and one extracellular [61]. The intracellular process
begins with olfactory sensory cell endocytosis, which is followed by axonal transport to the
synaptic clefts in the olfactory bulb, where the drug is exocytosed [61]. This transsynaptic
process is replicated by olfactory neurons, allowing the medication to be distributed to
different brain areas [61]. Drugs are carried directly into the cerebral spinal fluid via the
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extracellular method by first going via the paracellular space over the nasal epithelium,
then through the perineural space to the brain’s subarachnoid space [61].

One of the limitations of this route is the availability of the compound in contact
with the nasal mucous membrane. Hydrogels may function as a reservoir for a prolonged
release of APIs in the nasal route towards the CNS [62] (Figure 2B-4). In other works, the
development of nanobodies have been recently explored for the intranasal delivery of
vaccines encapsulated in a nanogel [63], temozolomide administration for glioblastoma
treatment [64], poorly soluble drugs such as simvastatin [65], and intranasal clozapine-
loaded Technetium-99m-labeled mixed micelles for the treatment of schizophrenia [66].
Overall, although under investigation, this route may offer a non-invasive approach to
the delivery of APIs in combination with an appropriate encapsulation in nanoparticles,
including nanogels.

3.4. Direct Administration into the CNS Compartment: The Intracerebro-Ventricular and
Parenchymal Routes

Since the majority of GB recurrences arise within the margins of the resection cavity,
intraoperative loco-regional therapies (e.g., ascribed to differentiation, chemoattraction-
trapping, immunostimulation strategies) become more and more relevant [67]. Invasive
techniques that include the physical disruption of the BBB have also been investigated with
the aim of reaching the damaged area more directly while reducing the total dose needed.
For example, intracerebroventricular and intrathecal injections have the advantage that the
drug is administered in the fluid compartment that is already in the CNS, hence the drug can
more quickly reach the area of interest [18,68] (Figure 2B-2,3). Moreover, administration via
this route can be continuous by depositing a catheter connected to a pumping system [69].
Both routes of administration have the advantage that the main BBB step is bypassed,
contrary to a systemic administration [68,70]. However, the diffusion into a distal site within
the CNS can still be reduced due to other biological barriers, and the active compound may
affect healthy tissues causing neurotoxicity or off-target effects [70-72].

A more direct approach consists of the injection of the drug directly into the damaged
site. This approach, referred to as an intracerebral parenchymal injection (Figure 2B-1), is
relevant in the case of macroscopic lesions such as visible brain tumors and brain ischemia.
The challenge of this strategy is the internal fluid pressure that can cause a reflux of the
administered substance if performed in a single shot. Therefore, an additional force is
needed to enhance the distribution of the administered substance. This is the principle of
the strategy called convection-enhanced delivery (CED) in which a differential pressure
is applied by means of a pumping system connected to a catheter that delivers the load
gradually as the molecule of interest is locally and regionally spread into the interstitial
space by convection and diffusion [73,74] (Figure 2B-1.2). CED has various benefits, such
as a bulk flow-controlled process, bypassing the BBB, targeted delivery, and achieving
reproducible diffusion [75].

These techniques have been used for the administration of soluble drugs or colloidal
dispersions of nanoparticles, sometimes delivering radiopharmaceuticals with promising
results [63,64]. Nevertheless, although they offer a more loco-regional delivery, the absence
of a reservoir that gradually releases the active compound represents a limitation. CED
may function as a reservoir strategy for gradual delivery, however the optimal regime
depending on drug formulations needs to be established in order to diminish potential
risks in the neurological status of the patient linked to an accumulation of the drug and/or
the increase of the intracerebral pressure [76].

3.5. Delivery of Scaffolds as Prolonged Releasing Platforms

A novel approach consists of the use of implantable devices which can ensure a sus-
tained release of the active compound without the need for repeated injections. These
releasing platforms are often formulated as hydrogels, fibers and porous scaffolds [77-79].
The success of these systems has already been demonstrated, as in the case of Gliadel®
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wafers: when implanted in the margins of the glioblastoma resection cavity, they allow
for a sustained release of carmustine [33-35,38]. However, the main disadvantage is that
the wafers do not fit perfectly into the space and contact with the brain margins could
be compromised [36].

Hydrogels, by contrast, offer the possibility of an adequate fitting into cavities and
are very attractive as delivery systems. Indeed, they are of special interest in zones where
the tissue has been resected, such as tumors, brain and spinal cord injuries that undergo
surgery (Figure 2B-1.1). The versatility of such systems relies on the feasibility of injection
as consolidated hydrogels or as soluble components that are sensitive to temperature or
radiation to become stable hydrogels in situ [77]. The selection of either strategy is depen-
dent on the application. For example, to fill a superficial cavity, thermosensitive soluble
components would be easier to deposit with a subsequent instantaneous reaction upon
a change in temperature, whereas the endoscopic delivery of thermosensitive compounds
may not be suited for long distances that could result in the gelation of the solution in the
tubing system [80-82]. On the contrary, the injection of a consolidated hydrogel may be
limited to the rheological behavior and nature of the components. For instance, changes in
structure or properties after injection and degradation due to hydrolysis are variables that
could constrain their application [81,83-85].

3.6. Delivery of Hydrogels by CED

The main advantage of the use of convection for delivery is the control of the time-
space distribution of the load. While CED has been investigated since the early ‘90s on the
liquid formulations for intracerebral injections, little research has been made with regard to
the delivery of hydrogels [77]. For instance, Mukerji R et al., 2015 [86] developed a system
of soluble elastin-like polypeptide (ELP) containing periodic cysteine residues which were
conjugated with chlorin-e6 (Ce6) as a photosensitizer. The soluble peptide was distributed
in vivo into a solid tumor by CED to allow an even distribution within the whole tumoral
mass (Figure 2B-1.2). Upon photon stimulation, the produced ROS allowed disulfide
crosslinking across the cysteine chains that eventually originated a reticulated network
forming a hydrogel embedded in the tumor [86]. This strategy allowed to overcome the
rheological constraints that can impose the injection of viscous materials. Additionally to
photoirradiation, a thermal, enzymatic [62] and sonication [87] activation of the gelling of
the injectable liquid mix might be explored in combination with CED.

3.7. Potential Hazards and Challenges

The fact that the direct administration of drugs into the CNS is an invasive approach,
can cause patient side effects such as edema, infection and neuron damage [68,88,89]. The
safety hazards, drawbacks and relatively high prices held up their applications as standard
therapeutic strategies for those CNS diseases with relatively long disease processes and
needing repeated administration [89]. Reducing the invasiveness of the procedure by
exploring minimally invasive surgery such as keyhole surgery [43,90], for the deposition
of catheters or the injection of scaffolds (Figure 2B-5), accompanied with image-guided
surgery, might result in a benefit to the patient.

Intracerebral drug delivery is a method of passing through the BBB and other mech-
anisms that limit drug distribution in the brain, allowing high concentrations of a drug
to enter the central compartment. Factors that affect the efficacy and safety of this route
of administration are osmotic pressure, pH, volume and the presence of preservatives
and drug vehicles being administered [89]. Physicians should be aware of the ongoing
pathology process and the patient’s neurological status, as well as the physicochemical
properties of the associated drug when prescribing for intracerebral administration. High
suspicion parameters should be maintained when monitoring patients for adverse drug
events after administration [89].



Int. . Mol. Sci. 2022, 23, 12174

8 of 24

A) Enhanced administration to the CNS via systemic administration

=== Tight junction
Drug

Hyperosmotic
perfusate

e, .
Normal BBB Osmotic disruption FU disruption @ Microbubble

B) Direct administration into the CNS

2. Intracerebroventricular %\ 1.1. Intraparenchymal injection (case of brain tumors)
injection 2 Intratumoral Post-resection
Ommaya Bulk hydrogel ‘J,_‘A

reservoir

1.2. Intraparenchymal injection
(Convection Enhanced Delivery = CED)
(case of thermo or light sensitive gelation)

A’ Soluble A
components freely 3
distribute in tumor g "

driven by CED )
- (] i

CELP o o, Radionuciide

& -
B’ Photoirradiation [g A= 660 nm
initiation of r ,
crosslinking for
controlling the sol-

5. Keyhole surgery

(possible scaffold deposition by
endoscopic access to the brain
via supraorbital craniotomy)

N
e
=1

/ K

4. Intranasal

4.1. Thermosensitive bulk hydrogel
with drug/NPs loading adheres to the
nasal mucous followed by sustained
release of active compounds.

solid transition of
delivery depot

Photosensitizer:
Chiorin E6 (cE6)

C’

PDT
C’ Sustained and ;
local deliver of
active compounds é =

s

3. Intrathecal injection

(nanogel/nanocarrier) &

Figure 2. Routes of administration into the CNS. (A) Enhanced administration of molecules and

nanobodies by osmotic or focused ultrasound (FU) disruption of the BBB. (B) Direct administration:
1.1. Intraparenchymal injection. A brain tumor case is schematized where hydrogel injection might
be performed intratumorally or after resection around the cavity edges. 1.2. Intraparenchymal
injection assisted by CED (convection-enhanced delivery). Depicted is the case where soluble
compounds are evenly distributed by CED within the tumor before a gelation reaction is induced by
photoirradiation. The resulting embedded gel can be used as a platform for the sustained release
of active compounds [86]. 2. Intracerebroventricular administration of drugs directly into the
cerebrospinal fluid (CSF). The Ommaya reservoir consists of a catheter connected to one lateral
ventricle and a reservoir implanted under the scalp [91]. 3. Intrathecal injection. Lumbar puncture
showing the direct administration of a drug directly into the CSE. 4. Intranasal delivery. 4.1 Intranasal
application of modified HA in the nasal endothelium. Upon in situ polymerization the generated
patch might be used as a reservoir for sustained release of compounds [62]. 4.2 After permeation of
the nasal barrier, HA nanogels may be used to enhance intracellular trafficking of drugs in CD44
expressing cells [87]. 5. Keyhole surgery [43,90] might be used as an alternative access route to
the implantation of hydrogels into the brain. Credits: Figure 2B-1.2: reprinted from Mukerji et al.,
2022 [86], with permission from Elsevier. Figure 2B-2: reprinted from the public domain access
at https:/ /en.wikipedia.org/wiki/Ommaya_reservoir#/media/File:Ommaya_01.png (accessed on
5 October 2022) Lynch PJ. Figure 2B-4.1: reprinted from Kiparissides et al., 2022 [62], with permission
from ACS. Figure 2B-4.2: reprinted from Wei et al., 2022 [87], with permission from ACS. Figure 2B-5:
reprinted from Core Techniques in Operative Neurosurgery 2022 [91], with permission from Elsevier.
Central and additional figures were created with BioRender.com.
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4. Therapeutic Relevance of HA-Based Scaffolds in the CNS
4.1. Composition, Biological Properties and Mechanical Properties of CNS ECM

The extracellular matrix (ECM) plays a diverse role in several physiological and
pathological conditions [92]. In the brain, the ECM is unique in both composition and
function. In addition, almost every cell in the central nervous system contributes to various
aspects of this complex structure [93]. ECMs in the brain, rich in proteoglycans and other
small proteins, aggregate into distinct structures around neurons and oligodendrocytes [94].
These special structures play important roles in normal brain functions such as learning,
memory and synaptic regulation [92,93].

Chemical modification further diversifies the processing and manufacturing tech-
niques that can be used to create 3D HA scaffolds [95-97]. By easily changing the treatment
method, HA hydrogels, granular hydrogels (microgels), electrospinning fibers, and HA-
based composites can be formed [77,98-100]. Various types of HA scaffolds have their own
characteristics which offer several benefits to CNS regenerative medicine [79].

Murine and human brain ECM stiffness and the physico-chemical specification of
these composite scaffolds need to be associated. Indeed, the brain ECM is mainly composed
of HA and gives this tissue a softness property [93]. Moreover, the Young modulus, in the
region of the hippocampus, cerebellum and the cerebral cortex, varies from 0.5 to 10 kPa
according to the region studied in murine brain [101]. It can be around 2 kPa for a healthy
brain and go up to 20 kPa for a tumor affected brain, but in more rigid regions such as
the dura mater, it can reach a very high Young moduli of 32 MPa and 62 Mpa [101-104].
Thus, formulating scaffolds with the Young modulus in this range is possible, especially
for systems like hydrogels, sponges and fibers [77,78,105-108]. It also has been shown that
in a healthy brain vs. an injured brain, the stiffness of the tissue can either increase or
decrease according to the brain region and the type of injury (neurodegenerative disease or
cancer) [109-113]. Various scientific projects on brain tissue mechanics have concluded that
the brain is a very soft tissue, non-linearly viscoelastic solid material with a very low linear
viscoelastic strain interval, around 0.1 to 0.3% [105].

Brain tissue is made up of white and grey matter, and different areas of the brain
are composed of various proportions [62,114]. White matter mainly consists of myeli-
nated axons from nerve fibers; the grey matter is driven by unmyelinated axons and
perikaryons [105,106]. It is necessary to understand the mechanical properties of brain
tissue, as the brain is so well isolated from mechanical damage under normal circum-
stances [109]. Mechanical factors are thought to play a role in many diseases, including
brain development, but brain mechanics has been most often studied to understand stressed
conditions, in an indirect or direct way [105,111,112].

4.2. Physico-Chemistry of HA-Based Semi-Solid Dosage Forms

The brain has an Hyaluronic acid (HA)-enriched ECM, in a healthy one, and a high
molecular weight (>10° Da). As shown in Figure 3, HA is a negatively charged and
non-branched GAG (Figure 3).

OH OH
@)
HO 0 B
OH NH
o
| dn

Figure 3. Hyaluronic acid chemical structure. HA structure consists on an anionic glycosaminoglycan
non-sulfated repeating disaccharides of 4-glucuronic acid (GlcUA)-33-N-acetylglucosamine (GlcNAc).
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HA chains function as the tissue center of the ECM (Figure 3) and interact with proteins
and PGs via a small linker protein called HABP to form a hydrogel-like network [92,93]. HA
is upregulated in GB tumors and contributes to many phenotypic changes associated with
cancer progression, including early tumor development, cancer cell proliferation, infiltra-
tion, drug resistance and post-treatment recurrence [104,115]. In addition, hyaluronidases,
HA synthases, HA receptors and some HABPs are overexpressed. Co-overexpression of
these factors may be implicated in GB invasion and treatment resistance [114,116,117].

For better mechanics, biomimetism, biocompatibility, sustained release and smart prop-
erties such as thermosensitivity, poloxamer and HA are well-studied and great candidates
for semi-solid dosage forms and, more precisely composite hydrogel formulations [77,84].

Hydrogels are 3D water-swelling polymer networks formed by chemical and/or
physical interactions. The main advantage of using hydrogels in tissue engineering con-
structs is that they are not only easy to process and mold, but also have the ability to
adjust mechanical and biochemical properties to mimic soft tissues [77,118]. HA is interest-
ing in CNS, brain cancer and peripheral nerve engineering because of its natural origin,
non-immunogenicity, high biodegradability by hyaluronidase and hydrolysis, porosity,
biocompatibility, neuronal differentiation and neurite outgrowth capacity [8,79] (Figure 4).
Hydrogels have received a great deal of attention due to their unique properties such as
an excellent biocompatibility, high water content and the ability to decompose into safe
products, and are widely used in various biomedical applications such as regenerative
medicine, aesthetic medicine and drug delivery [9,119].

Mechanical features

v Provide mechanical and
shape stability to the
tissue defect

v' Biomimetic mechanical
properties filling up the
void space of the defect

Architectural properties

Porous structure with good

Biopharmaceutical factors

connectivity  for  cell v’ Cyto- and tissue compatibility
migration and for nutrients Sponge Hydrogel

transport, v' Cell-adhesive binding sites
Temporary resistance to v' Adapted surface topography
biodegradation as

implanted Fibers Nanoparticles v’ Microstructures to link APls

Provided void volume for
vascularization

into the scaffold

Figure 4. Scaffold specifications depending on various parameters. The specifications that are
usually expected in scaffolds whether it is sponges, hydrogels, fibers or nanoparticles, that closely
mimic the brain’s ones like shape stability and close biomechanical features. Moreover, architectural
properties that are usually linked to porosity, connectivity and a transient stability upon degradation.
Finally, biopharmaceutical factors like cyto and tissue compatibility, binding sites, microstructure of
the scaffold.

Poloxamer is a family of synthetic nonionic triblock copolymers in which the central
hydrophobic block of polypropylene oxide is sandwiched between two hydrophilic blocks
of polyethylene oxide. Polyethylene oxide copolymers [67,94,95], which amongst them are
poloxamer 407 (P407) hydrogels, exhibit interesting thermal properties and are attractive
candidates for formulations, especially in combination with HA. P407 is a temperature-
responsive polymer that is cold and liquid [85]. Aqueous polymer solutions gel as the
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temperature rises. P407 is considered to be one of the safest polymeric materials for the
production of thermal hydrogels. It has an excellent biocompatibility and injectability and
is used in various fields of tissue engineering [120-122]. Hydrophobic domains in the chem-
ical structure of P407 are useful for retaining poorly water-soluble compounds. Various
active substance-containing hydrogels based on P407 were developed and characterized
as a function of active substance concentration. Since then, hydrogels have been used as
a controlled drug delivery system to promote the local, sustained and long-term release of
APIs, thereby reducing dosing frequency, avoiding side effects and complying with low
doses. The most widely studied environment-sensitive systems are temperature-sensitive
hydrogels, where physical entanglement, hydrogen bonds and hydrophobic interactions
are key functions that make up the crosslinks. There are two distinct types of thermal
hydrogels that gel by cooling below the upper critical gelation temperature (UCGT), such
as agarose, or by heating above the lower critical gelation temperature (LCGT), such
as poloxamer [123,124].

Hydrogels with LCGT behavior and sol-gel transition at 37 °C can be loaded under
mild conditions (temperature < 37 °C), making them very popular in the biomedical field
as carriers for cells, drugs and biomolecules [119,125]. The solubility of hydrophobic parts
decreases when aggregated, to reduce the interaction of PPO blocks with the solvent used.
Poloxamer is well-known for its thermal responsiveness, biocompatibility and low toxicity;
P407 is widely used in smart drug delivery and in various formulations such as ophthalmic,
nasal and other parenteral galenic forms [120-122]. When P407 gel is used alone, it rapidly
loses its gelling ability after being diluted in a water-enriched environment. Blending P407
with other polymers such as hyaluronic acid or molecules is a solution to improve drug
loading; these composite hydrogels are widely developed in the literature [95,126-128]. For
example, P407-based hydrogels are widely used to encapsulate some small molecule drugs,
such as ketorolac, metoprolol and doxycycline, which have a molecular weight (MW) of
less than 500 Da. They are also suitable for achieving the optimal release of proteins to
facilitate the transfer of water molecules and release proteins or other compounds with
a Mw > 500 Da such as Urokinase and Rutin [126,129].

5. HA-Based Specific Device for Various Applications

Hydrogels are hydrophilic polymer networks that swell in water or body fluids. Re-
cently, in situ gelation systems based on various synthetic and natural polymers have been
extensively investigated for biomedical applications due to their ability to efficiently encap-
sulate cells and bioactive molecules, to be a minimally invasive injection and be easy to form
in any desired defect shape, in addition to some advantages of typical hydrogels, includ-
ing a high water content similar to the extracellular matrix (ECM) [77,92,93], controllable
physico-chemical properties (rheology and injectability) and biocompatibility [119,125].
When hydrogels are developed by covalent crosslinking, they form chemical or permanent
gels. On the other hand, when physical bonding between molecules produces hydrogels,
they form physical gels and they are usually reversible [81,85,130]. Hydrogels are poly-
meric mesh networks that have the ability to bind a high amount of water [77,118,131]. It is
a semi-solid dosage form that is usually used for transdermal, subcutaneous, intra-articular,
ophthalmic, nasal, vaginal and rectal administration routes [118,131]. The intracerebral
route is the route that will be discussed in the following part; it is of high interest for brain
cancer and central nervous system therapeutic strategies [68,88,89].

Unlike scaffolds that have a particular shape before being applied, injectable scaffolds
are injected into the defect area and then acquire their shape in situ [107,132,133] (graphical
abstract). This function allows solidifying precursor scaffolds and cell mixtures to be site-
specifically delivered into cavities and defects with an irregular aspect, in a less invasive
manner than transplantation [134-137].

Several studies deal with HA-based devices composed of other biopolymers such
as heparin, silk fibroin [107], chitosan [12,132,138-141], collagen [132,142,143] and algi-
nate [11,144], or synthetic ones like poly(methylvinylether-alt-maleic acid [133], polycapro-
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lactone [145,146], PDLLA [147], PEG [148] and poloxamer [95,126—128]. These composite
scaffolds made of natural polymers are biocompatible systems that exhibit interesting
properties for tissue engineering applications such as structure, porosity, stiffness and
correct controlled degradation rates [14,149]. Natural macromolecules exhibit abilities for
site-specific cell adhesion, and given that HA is the main component of the brain ECM,
neural cells can interact with a matrix which mimics their natural environment [3,10,14].
In the most recently presented studies, these systems have been developed for vari-
ous applications such as GB treatment, peripheral nerve regeneration and brain tissue
engineering (Tables 51-S3).

Since they exhibit shear-thinning properties in rheological studies as well as when
being injected, some hydrogels have been applied as fillers in nerve guide channels (NGCs)
in order to induce the regeneration of peripheral nerve tissue [48,141,150,151]

Other lyophilized or dried biopolymer scaffolds have been administered locally for
drug delivery, cell encapsulation or cell tissue colonization [107,133,137,140,146,152,153].
They have various applications such as cartilage, brain tissue, bone regeneration or treat-
ment. They provide structural support for cell attachment and subsequent tissue growth.
They consist of biological substitutes to restore, replace or regenerate defective tissues, and
mimic a tissue-specific ECM [113-116].

Biomaterial scaffolds are one of the most important factors in promoting cell differ-
entiation and proliferation to form new tissues of interest. Tissue-engineered scaffolds
must have multiple functions, including proper porosity, optimized mechanical properties,
well-controlled biodegradability, non-destructive sterilization and biocompatibility with
treated tissue [154-156].

Electrospun fibers have applications such as drug delivery, tissue engineering, wound
dressing and cosmetics [98,108,157]. Electrospinning is a type of electrospray process and
consists of strong electrical forces that overcome the weak surface tension of polymer
solutions at specific thresholds to emit a jet of liquid that can be rooted in the process of
electrospray, forming small solid polymer droplets and/or fibers [78,98,108,157,158].

A nanogel is a three-dimensional nano-sized hydrogel material composed of a cross-
linked swellable hydrophilic polymer network with a high water storage capacity, without
actually dissolving in an aqueous medium. Nanogels can be made from a variety of natural,
synthetic, or polymer combinations [159-162].

Nerve guidance conduits are tubular devices made of wide-range biomaterials that guide
axial regeneration from the injured proximal nerve to the distal stump. It is a type of bridging
that helps avoid nerve grafting and nerve healing, which are both limited [47,48,163].

5.1. Scaffolds Specifications

The scaffolds described in the Tables S1-53 must show some features, firstly architec-
tural features, in other words, a suitable porosity in case of cell encapsulation or a system
requiring cell trapping and migration, short-term resistance to biodegradation and a void
volume for blood vessels ramification (Figure 4). Secondly, mechanical properties, like
a shape stability and biomechanical mimicking of the treated tissue, for instance by having
a close Young modulus, also called the elastic modulus (kPa). Lastly, the biopharmaceutical
features required are cyto and histocompatibility, surface topography, cell-anchoring sites
and microstructures for the drug to bind into the scaffold, which is helpful for controlled
drug release.

5.2. HA-Based Scaffolds for Glioma Application

Various studies have managed to develop systems for GB treatment that exhibit
properties close properties as the ones shown in Figure 4. The first authors to provide
anti-inflammatory and anti-cancer natural molecules using HA nanohydrogels were [164];
it is a combination of quercetin and temozolomide for the treatment of GB. In this study,
it was shown that quercetin nanohydrogel promotes the preferential uptake of CD44 and
significantly enhances the therapeutic effect of temozolomide in GB cells, possibly through
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an anti-inflammatory mechanism [164]. Moreover, other results suggest that doxorubicin-
loaded modified hyaluronic acid nanogels are an excellent candidate to effectively achieve
glioma targeting [162].

Another study showed that the efficacy of HA-coupled micelles was increased by
a stronger inhibition of glioma proliferation and the induction of apoptosis. Overall, these
findings demonstrated the benefit of GB-associated chemotherapy using HA-coupled
micelles [96]. Additionally, HA-CF/CB hydrogel has the potential to be a strong candidate
for drug delivery vehicles, especially for the treatment of GB. Injections of DOX -loaded HA-
CEF/CB hydrogel into GB ex vivo human tissue samples showed an efficient attachment of
the gel within diffusion and the release of the compound into the surrounding tissue [165].
Another system for GB treatment consisted of a polymer-drug conjugate releasing DOX
which has shown a decrease in cell viability and the inhibition of the tumor growth [166].
Drug delivery systems composed of HA, intended for GB treatment, have also shown to be
promising in vitro on GB cell lines and in vivo on mice and rat models results, in terms of
bioperformance, biocompatibility, biomimetism and the controlled drug release of DOX,
PXL and/or TMZ [113,162,167-169] (Figure 4).

Three-dimensional hydrogel cultures of patient-derived GB cells showed good via-
bility and proliferation rates equivalent or superior to when they had been cultured as
standard neurospheres. The hydrogel system also allowed the incorporation of the ECM
mimetic peptides to reduce the effects of specific cell-ECM interactions [140,143,170,171].
In addition, the system described by other authors [148] provides a useful PEG-HA and
PCL+/—BC/GEL-HA 3D in vitro mechanomimetic with a stiffness tunability, a model
for elucidating the underlying mechanisms of GB progression in a more physiologically
appropriate and controlled manner and assessing the efficacy of potential drug candi-
dates [146,170,172]. In another similar study, the HA brain-mimicking hydrogel network
resulted in significant dose-dependent changes in markers of glioma malignancies com-
pared to unmodified 3D gelatin or PEG hydrogels [146,172,173]. The HA-modified hydrogel
system provided a clear and reproducible extracellular microenvironment for studying the
development of gliomas [173].

The scaffold Gliadel® underwent clinical trials and has been FDA approved. It is
a polyanhydride copolymer wafer loaded with carmustine or BCNU. This post-resection
treatment is the only GB implantable device on the market and shows an effective bio
performance with a few side effects [35,174]. Alternative systems have been developed with
biopolymers such as silk fibroin, hyaluronic acid and heparin [67,107], such as formulating
sponges loaded with SDF-1x chemoattractant cytokine that acts as tumor trap for CXCR4
receptor-positive cells. This strategy has also been explored in a recent study [175], using
chitosan-based electrospun fibers charged with SDF-1o loaded PLGA nanoparticles for GB
treatment. It was shown that a 7-day follow-up study of Fischer rats with implanted devices
had no side effects in vivo [175]. Moreover, the nanofiber structure of the scaffold provided
excellent fixation sites to aid the adhesion of human GB cells. Some improvement must be
achieved to better shape the resection cavity and optimize the drug quantity that can reach
sites of interest, in order to increase the bioperformance and efficacy of the system [175].

5.3. Systems for CNS Application
5.3.1. Discussion of Hydrogels

HA-PDL hydrogels have been explored to repair brain tissue defects and showed
a good bridging property, helping tissue ingrowth and vascularization in vitro and in vivo
in Sprague-Dawley rat models [176]. In other studies, amino acid-based hydrogels have
been prepared and improved tissue restructuration through angiogenesis and axonal
growth in Sprague-Dawley rats models [177,178]. These formulated HA hydrogels also
prevented glial scar formation by lowering glial cell proliferation also in Sprague-Dawley
rats models [132]. Tam et al. [179] developed an HA-MC hydrogel to deliver NSPCs
(neural stem/progenitor cells) that allow for OLG (oligodendrocyte) differentiation. In
addition, respectively formulated HA nanocomposite hydrogels loaded with BDNF [180]
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and VEGF [181] in vitro SP embryo cell lines show a stable release of biological factors,
allowing for cell survival and growth, and an HA-laminin hydrogel charged with SDF-1c
in an in vitro and in vivo C57BL/6 mouse model enhanced the retention and migration of
NPSC grafts post SDF-1«x treatment in a signal-dependent manner through the SDF-1a-
CXCR4 axis.

HA-poly(N-isopropylacrylamide) has shown to support cell survival and differentia-
tion, have good biomimetic rheological properties, and stimulate the ECM network pro-
duction [182]. Iron oxide (Fe304)-HA nanogels, intended for the treatment of Alzheimer’s
disease via a theranostic tool containing a metal complex associated to HA nanogels,
have shown a good biocompatibility to astrocyte cells and as a contrast agent of quality
in MRI imaging in vitro [159]. This theranostic system could be a promising choice for
neurodegenerative disease theranostics in vitro and in vivo [159].

5.3.2. Discussion of Scaffolds

In other studies, developed scaffolds composed of biopolymers like collagen, alginate
and PCL have shown an interesting bioperformance and biocompatibility. These scaffolds
had mechanical properties, mostly with a Young modulus ranging from 0.1 to 10 kPa, which
is in concordance with the brain tissue Young modulus interval [142,183,184] (Figure 4).

Moreover, it has been shown through in vitro and in vivo assays that NSCs embedded
in HA collagen biomaterials can ameliorate the recovery of damaged facial nerves and the
artificial conduction of NSCs may bring potential for the treatment of peripheral nerve
damage. Aligned nanofibers allow for guiding the growth of neurites [142].

Diverse developed collagen-HA-based scaffolds were tested in vitro. It has been
shown that their system promoted the differentiation of neural stem cells (NSCs) into
neurons in vitro [183].

5.4. Systems for PNS Application

HA has been very successful in neural tissue engineering and supports the growth,
differentiation and proliferation of neurites on a variety of substrates [151,185] (Figure 4).
HA hydrogel amends the viability and proliferation of neural progenitor cells [151]. This
indicates the potential therapeutic approaches for peripheral nerve regeneration and CNS
therapies. HA hydrogels” mechanical properties (Figure 4) have been adapted for the
differentiation of neural progenitors, an up-and-coming strategy for neurodegenerative
diseases treatment.

HA can be blended with different biopolymers, especially collagen, since they both
enter in the composition of the ECM and are biocompatible and biomimetic when formu-
lated in scaffolds. For example, some authors have used neural stem cells embedded in
the HA /collagen conduit to regenerate a 5 mm facial nerve gap in a rabbit model [142].
In addition, a blend of HA with biodegradable synthetic polymers such as PLGA and
poly-L-lysine has shown a great potential for the controlled delivery of drugs, targeting
axonal regeneration after a spinal cord injury in vitro and in vivo [186].

The high biocompatibility of HA is crucial in reducing the inflammatory response pro-
duced by conductive polymers in nervous tissue engineering. For instance, PEDOT-doped
HA nanoparticles are integrated into chitosan/gelatin scaffolds and exhibit excellent PC12
cell adhesion and growth, while pyrrole/HA conjugates mask conductive electrodes from
adverse reactions of glial cells during implantation [187]. Nanofiber-aligned PCL/Gel/HA
scaffolds have been shown to promote axon growth and elongation and help support
intracellular communication [145]. Based on these results, the PCL/gel/HA composite
scaffold is an excellent candidate for a biomimetic matrix for GB and tumor testing.

5.4.1. Discussion of Conduits Systems

Many studies have developed composite HA-based conduits for nerve regeneration.
Most of them performed experiments on preclinical models, such as SD rats, CD-1 mice
and NZ rabbits, that helped validate these systems [142,147,185,188]. Additionally, some
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of the systems have not shown a significant regeneration. HA /collagen conduits have
been developed but showed limited results with unmyelinated nerve fibers remaining;
according to the authors, the scaffold needed to be amended since myelin degeneration
and swelling can be observed [142]. For other authors, a similar system has shown a good
stability, cell growth and adhesion and neurosphere development on the conduit scaffold,
making possible the differentiation and nerve tissue regeneration [185].

5.4.2. Discussion of Hydrogels

Some hydrogels have shown good results in terms of their biocompatibility, archi-
tectural properties, mechanical features and their bioperformance in vitro and in vivo.
The sustained release of NGF from these chitosan and HA-based hydrogels was well-
controlled [141,151,189]. The porosity and viscoelastic properties of their systems are
interesting for cell attachment. Moreover, these hydrogels enhance neural regeneration and
tissue repair but also cell differentiation and migration [141,151,189].

PDLLA/BTCP nerve conduits containing CS-HA /NGF hydrogels have also been de-
scribed in the literature [147]. These devices enhanced nerve regeneration and myelination in
contrast to the void PDLLA/BTCP nerve channels and autologous transplant group [147].
This suggests that injectable CS-HA /NGF hydrogels can successfully enhance nerve regenera-
tion, and are therefore a good candidate in the field of neural tissue engineering [147].

6. Conclusions

HA is a promising material for GB, CNS and PNS injuries treatment due to its
biomimetic, biomechanical, biocompatible and biodegradable properties, and the fact
that it is tunable with chemical modifications and associable to other polymers makes it
possible to create a simple scaffold for cell encapsulation, allowing for glial, neural cells
and nerve fibers regeneration. It is also a promising material for more complex systems
such as thermosensitive, (nano)composite systems for targeted drug delivery and local
administration (Figure 5).

Controlled and
sustained drug
release

Poor drug diffusion Low invasiveness

Biopolymer
Limits based systems

Implant size conditions
the drug dose

Advantages

Biocompatibility

Reduced tissue
damage

Figure 5. Characteristics of polymer-based devices for central nervous system delivery.

Indeed, treatments aimed to treat pathologies other than the CNS and PNS ones are
available on the market using other administration routes, such as Orthovisc®, which is
a topical preparation of highly modified HA that has shown a successful osteoarthritis
(OA) treatment [190-192]. Hyalone® treats osteoarthritis and targets lower back pain [192],
Cartistem® is used for ligament and cartilage degeneration including degenerative OA [193]
and Hyalofast® is utilized for chondral and osteochondral lesion treatment [194]. Hence,
these systems can be adapted for their biomimetic properties and for better targeting of GB,
CNS and PNS impairments.
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In conclusion, HA-based devices present qualities illustrated in the Figure 5, like high
biocompatibility, low invasiveness, controlled drug release, the reduction of tissue damage
and permit, in most cases, the local administration of APIs. The efficacy of such systems is
conditioned on the drug quantity initially put in the scaffold, and the size of the scaffold.
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BBB Blood brain barrier
BC Bacterial cellulose

BCNU  Carmustin or f3-chloro-nitrosourea
BDNF  Brain-derived neurotrophic factor

CB Cucurbit[n]uril

CED Convection enhanced diffusion
CNS Central nervous system

CS Chitosan

CXCR4 C-X-C motif chemokine receptor 4
DOX Doxorubicin

ECM Extra cellular matrix

ELP Elastin-like polypeptide

FDA Food and Drug Administration

FU focused ultrasound
GAG Glycosaminoglycan
GB Glioblastoma

GEL Gelatin
GRAS Generally recognized as safe

HA Hyaluronic acid

LCGT  lower critical gelation temperature
MC Methylcellulose

MRI Magnetic resonance imaging

NGCs Nerve guide channels


https://www.mdpi.com/article/10.3390/ijms232012174/s1
https://www.mdpi.com/article/10.3390/ijms232012174/s1

Int. . Mol. Sci. 2022, 23, 12174 17 of 24

NGF Nerve growth factor
NSCs Neural stem cells
OLG Oligodendrocyte
P407 Poloxamer 407

PCL Polycaprolactone
PDLLA  Poly-d,I-lactic acid
PEG Polyethylene glycol
PEOx polyethylene oxide

PG Propylene glycol

PNNs Perineuronal nets

PNS Peripheral nervous system
PPO Poly propylene oxide

PXL Paclitaxel

ROS Reactive oxygen species

SDF-1x  Stromal cell-derived factor 1

T™Z Temozolomide

UCGT Upper critical gelation temperature
VEGF Vascular endothelial growth factor

References

10.

11.

12.

13.

14.

15.

16.

Jre, E; Tc, L.; Ubg, L. Hyaluronan: Its nature, distribution, functions and turnover. J. Intern. Med. 1997, 242, 27-33.

Passi, A.; Vigetti, D. Hyaluronan: Structure, Metabolism, and Biological Properties. In Extracellular Sugar-Based Biopolymers
Matrices; Cohen, E., Merzendorfer, H., Eds.; Biologically-Inspired Systems; Springer International Publishing: Cham, Switzerland,
2019; Volume 12, pp. 155-186. ISBN 978-3-030-12918-7.

Vercruysse, K.P. Hyaluronan: A Simple Molecule with Complex Character. In Renewable Resources for Functional Polymers and
Biomaterials: Polysaccharides, Proteins and Polyesters; Polymer Chemistry Series; Williams, P.A., Ed.; Royal Society of Chemistry:
Cambridge, UK, 2011; Chapter 9; pp. 261-291. ISBN 978-1-84973-245-1.

Vigetti, D.; Karousou, E.; Viola, M.; Deleonibus, S.; De Luca, G.; Passi, A. Hyaluronan: Biosynthesis and signaling. Biochim. Biophys.
Acta BBA Gen. Subj. 2014, 1840, 2452-2459. [CrossRef] [PubMed]

Bukhari, S.N.A.; Roswandi, N.L.; Waqas, M.; Habib, H.; Hussain, F.; Khan, S.; Sohail, M.; Ramli, N.A.; Thu, H.E.; Hussain, Z.
Hyaluronic acid, a promising skin rejuvenating biomedicine: A review of recent updates and pre-clinical and clinical investigations
on cosmetic and nutricosmetic effects. Int. J. Biol. Macromol. 2018, 120, 1682-1695. [CrossRef]

Ma, W.; Suh, W.H. Cost-Effective Cosmetic-Grade Hyaluronan Hydrogels for ReNcell VM Human Neural Stem Cell Culture.
Biomolecules 2019, 9, 515. [CrossRef] [PubMed]

Kogan, G.; Soltés, L.; Stern, R.; Gemeiner, P. Hyaluronic acid: A natural biopolymer with a broad range of biomedical and
industrial applications. Biotechnol. Lett. 2006, 29, 17-25. [CrossRef] [PubMed]

Jensen, G.; Holloway, J.L.; Stabenfeldt, S.E. Hyaluronic Acid Biomaterials for Central Nervous System Regenerative Medicine.
Cells 2020, 9, 2113. [CrossRef]

Borzacchiello, A.; Russo, L.; Malle, B.M.; Schwach-Abdellaoui, K.; Ambrosio, L. Hyaluronic Acid Based Hydrogels for Regenera-
tive Medicine Applications. BioMed Res. Int. 2015, 2015, 1-12. [CrossRef] [PubMed]

Kogan, G; Soltés, L.; Stern, R.; Mendichi, R. Hyaluronic Acid: A Biopolymer with Versatile Physico-Chemical and Biological
Properties. Hyaluronic Acid 2007, 47, 393—439.

Draget, K.I; Skjak-Breaek, G. Alginates: Existing and Potential Biotechnological and Medical Applications. In Renewable Resources
for Functional Polymers and Biomaterials: Polysaccharides, Proteins and Polyesters; Polymer Chemistry Series; Williams, P.A., Ed.;
Royal Society of Chemistry: Cambridge, UK, 2011; Chapter 7; pp. 186-209. ISBN 978-1-84973-245-1.

Kean, T.; Thanou, M. Chitin and Chitosan: Sources, Production and Medical Applications. In Renewable Resources for Functional
Polymers and Biomaterials: Polysaccharides, Proteins and Polyesters; Polymer Chemistry Series; Williams, P.A., Ed.; Royal Society of
Chemistry: Cambridge, UK, 2011; Chapter 10; pp. 292-318. ISBN 978-1-84973-245-1.

Shibata, T. Cellulose and Its Derivatives in Medical Use. In Renewable Resources for Functional Polymers and Biomaterials: Polysaccha-
rides, Proteins and Polyesters; Polymer Chemistry Series; Williams, P.A., Ed.; Royal Society of Chemistry: Cambridge, UK, 2011;
Chapter 3; pp. 48-87. ISBN 978-1-84973-245-1.

Williams, P.A. Natural Polymers: Introduction and Overview. In Renewable Resources for Functional Polymers and Biomaterials:
Polysaccharides, Proteins and Polyesters; Polymer Chemistry Series; Williams, P.A., Ed.; Royal Society of Chemistry: Cambridge, UK,
2011; Chapter 1; pp. 1-14. ISBN 978-1-84973-245-1.

Adamson, C.; Kanu, O.0.; Mehta, A.L; Di, C,; Lin, N.; Mattox, A.K.; Bigner, D.D. Glioblastoma multiforme: A review of where we
have been and where we are going. Expert Opin. Investig. Drugs 2009, 18, 1061-1083. [CrossRef]

Galgano, M.; Toshkezi, G.; Qiu, X.; Russell, T.; Chin, L.; Zhao, L.-R. Traumatic Brain Injury. Cell Transplant. 2017, 26, 1118-1130.
[CrossRef] [PubMed]


http://doi.org/10.1016/j.bbagen.2014.02.001
http://www.ncbi.nlm.nih.gov/pubmed/24513306
http://doi.org/10.1016/j.ijbiomac.2018.09.188
http://doi.org/10.3390/biom9100515
http://www.ncbi.nlm.nih.gov/pubmed/31547190
http://doi.org/10.1007/s10529-006-9219-z
http://www.ncbi.nlm.nih.gov/pubmed/17091377
http://doi.org/10.3390/cells9092113
http://doi.org/10.1155/2015/871218
http://www.ncbi.nlm.nih.gov/pubmed/26090451
http://doi.org/10.1517/13543780903052764
http://doi.org/10.1177/0963689717714102
http://www.ncbi.nlm.nih.gov/pubmed/28933211

Int. . Mol. Sci. 2022, 23, 12174 18 of 24

17.
18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.
41.

42.

43.

44.

Clarke, D.; Richardson, P. Peripheral nerve injury. Curr. Opin. Neurol. 1994, 7, 415-421. [CrossRef] [PubMed]

Nau, R.; Sorgel, E; Eiffert, H. Penetration of drugs through the blood-cerebrospinal fluid /blood-brain barrier for treatment of
central nervous system infections. Clin. Microbiol. Rev. 2010, 23, 858-883. [CrossRef] [PubMed]

Hersh, D.S.; Wadajkar, A.S.; Roberts, N.; Perez, ].G.; Connolly, N.P; Frenkel, V.; Winkles, ].A.; Woodworth, G.F; Kim, A J. Evolving
Drug Delivery Strategies to Overcome the Blood Brain Barrier. Curr. Pharm. Des. 2016, 22, 1177-1193. [CrossRef] [PubMed]
Caldarella, A.; Crocetti, E.; Paci, E. Is the incidence of brain tumors really increasing? A population-based analysis from a cancer
registry. J. Neurooncol. 2011, 104, 589-594. [CrossRef] [PubMed]

Alifieris, C.; Trafalis, D.T. Glioblastoma multiforme: Pathogenesis and treatment. Pharmacol. Ther. 2015, 152, 63-82. [CrossRef] [PubMed]
Louis, D.N.; Perry, A.; Wesseling, P; Brat, D.J.; Cree, I.A.; Figarella-Branger, D.; Hawkins, C.; Ng, HK,; Pfister, S.M,;
Reifenberger, G.; et al. The 2021 WHO Classification of Tumors of the Central Nervous System: A summary. Neuro-Oncology 2021,
23, 1231-1251. [CrossRef] [PubMed]

Bradshaw, A.; Wickremesekera, A.; Brasch, H.D.; Chibnall, A.M.; Davis, PF,; Tan, S.T.; Itinteang, T. Cancer Stem Cells in
Glioblastoma Multiforme. Front. Surg. 2016, 3, 48. [CrossRef] [PubMed]

Strobel, H.; Baisch, T.; Fitzel, R.; Schilberg, K.; Siegelin, M.D.; Karpel-Massler, G.; Debatin, K.-M.; Westhoff, M.-A. Temozolomide
and Other Alkylating Agents in Glioblastoma Therapy. Biomedicines 2019, 7, 69. [CrossRef] [PubMed]

Zhang, J.; Stevens, M.F.G.; Bradshaw, T.D. Temozolomide: Mechanisms of action, repair and resistance. Curr. Mol. Pharmacol.
2012, 5, 102-114. [CrossRef] [PubMed]

Wu, W.; Klockow, J.L.; Zhang, M.; Lafortune, E; Chang, E.; Jin, L.; Wu, Y.; Daldrup-Link, H.E. Glioblastoma multiforme (GBM):
An overview of current therapies and mechanisms of resistance. Pharmacol. Res. 2021, 171, 105780. [CrossRef] [PubMed]
Binello, E.; Germano, M. Targeting glioma stem cells: A novel framework for brain tumors. Cancer Sci. 2011, 102, 1958-1966.
[CrossRef] [PubMed]

Ahmed, S.I; Javed, G.; Laghari, A.A.; Bareeqa, S.B.; Farrukh, S.; Zahid, S.; Samar, S.S.; Aziz, K. CD133 Expression in Glioblastoma
Multiforme: A Literature Review. Cureus 2018, 10, €3439. [CrossRef] [PubMed]

Wang, D,; Starr, R.; Chang, W.-C.; Aguilar, B.; Alizadeh, D.; Wright, S.L.; Yang, X.; Brito, A.; Sarkissian, A.; Ostberg, ].R.; et al.
Chlorotoxin-directed CAR T cells for specific and effective targeting of glioblastoma. Sci. Transl. Med. 2020, 12, eaaw2672.
[CrossRef] [PubMed]

Fisher, J.P; Adamson, D.C. Current FDA-Approved Therapies for High-Grade Malignant Gliomas. Biomedicines 2021,
9, 324. [CrossRef]

Agrahari, V. The exciting potential of nanotherapy in brain-tumor targeted drug delivery approaches. Neural Regen. Res. 2017, 12,
197-200. [CrossRef]

Duskey, J.T.; Rinaldi, A.; Ottonelli, I.; Caraffi, R.; De Benedictis, C.A.; Sauer, AK,; Tosi, G.; Vandelli, M.A.; Ruozi, B,;
Grabrucker, A.M. Glioblastoma Multiforme Selective Nanomedicines for Improved Anti-Cancer Treatments. Pharmaceutics
2022, 14, 1450. [CrossRef]

Ashby, L.S.; Smith, K.A; Stea, B. Gliadel wafer implantation combined with standard radiotherapy and concurrent followed by
adjuvant temozolomide for treatment of newly diagnosed high-grade glioma: A systematic literature review. World J. Surg. Oncol.
2016, 14, 225. [CrossRef]

Dang, W.; Daviau, T.; Brem, H. Morphological Characterization of Polyanhydride Biodegradable Implant Gliadel®During in
Vitro and in Vivo Erosion Using Scanning Electron Microscopy. Pharm. Res. 1996, 13, 683-691. [CrossRef]

Perry, J.; Chambers, A.; Spithoff, K.; Laperriere, N.; on behalf of the Neuro-Oncology Disease Site Group§ of Cancer Care Ontario’s
Program in Evidence-Based Care. Gliadel Wafers in the Treatment of Malignant Glioma: A Systematic Review. Curr. Oncol. 2007,
14, 189-194. [CrossRef]

Nishikawa, R.; Iwata, H.; Sakata, Y.; Muramoto, K.; Matsuoka, T. Safety of Gliadel Implant for Malignant Glioma: Report of
Postmarketing Surveillance in Japan. Neurol. Med.-Chir. 2021, 61, 536-548. [CrossRef]

Salle, F.; Lahiani, W.; Spagnuolo, E.; Palfi, S. Adverse Event with the Use of Carmustine Wafers and Postoperative Radiochemother-
apy for the Treatment of High-grade Glioma. Asian |. Neurosurg. 2018, 13, 1171-1174. [CrossRef] [PubMed]

De Bonis, P; Anile, C.; Pompucci, A.; Fiorentino, A.; Balducci, M.; Chiesa, S.; Maira, G.; Mangiola, A. Safety and efficacy of Gliadel
wafers for newly diagnosed and recurrent glioblastoma. Acta Neurochir. 2012, 154, 1371-1378. [CrossRef]

Thomas, K.E.; Stevens, J.A.; Sarmiento, K.; Wald, M.M. Fall-related traumatic brain injury deaths and hospitalizations among
older adults—United States, 2005. J. Safety Res. 2008, 39, 269-272. [CrossRef] [PubMed]

Georges, A.; M Das, ]. Traumatic Brain Injury. In StatPearls; StatPearls Publishing: Treasure Island, FL, USA, 2022.

Margulies, S.; Hicks, R. Combination Therapies for Traumatic Brain Injury Workshop Leaders Combination therapies for traumatic
brain injury: Prospective considerations. J. Neurotrauma 2009, 26, 925-939. [CrossRef] [PubMed]

Hall, E.D.; Vaishnav, R.A.; Mustafa, A.G. Antioxidant therapies for traumatic brain injury. Neurotherapeutics 2010, 7,
51-61. [CrossRef]

Boahene, K.D.O.; Lim, M.; Chu, E.; Quinones-Hinojosa, A. Transpalpebral Orbitofrontal Craniotomy: A Minimally Invasive
Approach to Anterior Cranial Vault Lesions. Skull Base 2010, 20, 237-244. [CrossRef]

Clavreul, A.; Aubin, G; Delion, M.; Lemée, ].-M.; Minassian, A.; Menei, P. What effects does awake craniotomy have on functional
and survival outcomes for glioblastoma patients? J. Neurooncol. 2021, 151, 113-121. [CrossRef] [PubMed]


http://doi.org/10.1097/00019052-199410000-00009
http://www.ncbi.nlm.nih.gov/pubmed/7804462
http://doi.org/10.1128/CMR.00007-10
http://www.ncbi.nlm.nih.gov/pubmed/20930076
http://doi.org/10.2174/1381612822666151221150733
http://www.ncbi.nlm.nih.gov/pubmed/26685681
http://doi.org/10.1007/s11060-011-0533-5
http://www.ncbi.nlm.nih.gov/pubmed/21327863
http://doi.org/10.1016/j.pharmthera.2015.05.005
http://www.ncbi.nlm.nih.gov/pubmed/25944528
http://doi.org/10.1093/neuonc/noab106
http://www.ncbi.nlm.nih.gov/pubmed/34185076
http://doi.org/10.3389/fsurg.2016.00048
http://www.ncbi.nlm.nih.gov/pubmed/27617262
http://doi.org/10.3390/biomedicines7030069
http://www.ncbi.nlm.nih.gov/pubmed/31505812
http://doi.org/10.2174/1874467211205010102
http://www.ncbi.nlm.nih.gov/pubmed/22122467
http://doi.org/10.1016/j.phrs.2021.105780
http://www.ncbi.nlm.nih.gov/pubmed/34302977
http://doi.org/10.1111/j.1349-7006.2011.02064.x
http://www.ncbi.nlm.nih.gov/pubmed/21848914
http://doi.org/10.7759/cureus.3439
http://www.ncbi.nlm.nih.gov/pubmed/30555755
http://doi.org/10.1126/scitranslmed.aaw2672
http://www.ncbi.nlm.nih.gov/pubmed/32132216
http://doi.org/10.3390/biomedicines9030324
http://doi.org/10.4103/1673-5374.200796
http://doi.org/10.3390/pharmaceutics14071450
http://doi.org/10.1186/s12957-016-0975-5
http://doi.org/10.1023/A:1016035229961
http://doi.org/10.3747/co.2007.147
http://doi.org/10.2176/nmc.oa.2021-0024
http://doi.org/10.4103/ajns.AJNS_235_16
http://www.ncbi.nlm.nih.gov/pubmed/30459887
http://doi.org/10.1007/s00701-012-1413-2
http://doi.org/10.1016/j.jsr.2008.05.001
http://www.ncbi.nlm.nih.gov/pubmed/18571567
http://doi.org/10.1089/neu.2008.0794
http://www.ncbi.nlm.nih.gov/pubmed/19331514
http://doi.org/10.1016/j.nurt.2009.10.021
http://doi.org/10.1055/s-0030-1249247
http://doi.org/10.1007/s11060-020-03666-7
http://www.ncbi.nlm.nih.gov/pubmed/33394262

Int. . Mol. Sci. 2022, 23, 12174 19 of 24

45.

46.

47.

48.

49.

50.

51.

52.

53.
54.

55.
56.

57.
58.

59.

60.

61.

62.

63.

64.

65.
66.
67.
68.
69.
70.

71.
72.

73.
74.

75.

Alastra, G.; Aloe, L.; Baldassarro, V.A.; Calza, L.; Cescatti, M.; Duskey, ]J.T.; Focarete, M.L.; Giacomini, D.; Giardino, L.;
Giraldi, V,; et al. Nerve Growth Factor Biodelivery: A Limiting Step in Moving Toward Extensive Clinical Application?
Front. Neurosci. 2021, 15, 879. [CrossRef]

Kochanek, PM.; Jackson, T.C.; Ferguson, N.M.; Carlson, S.W.; Simon, D.W.; Brockman, E.C.; Ji, J.; Bayir, H.; Poloyac, S.M.;
Wagner, A K,; et al. Emerging therapies in traumatic brain injury. Semin. Neurol. 2015, 35, 83-100. [CrossRef]

Arslantunali, D.; Dursun, T.; Yucel, D.; Hasirci, N.; Hasirci, V. Peripheral nerve conduits: Technology update. Med. Devices
Auckl. NZ 2014, 7, 405-424. [CrossRef]

Yoo, J.; Park, J.H.; Kwon, YYW.; Chung, J.J.; Choi, .C.; Nam, ]J.J.; Lee, H.S,; Jeon, E.Y,; Lee, K.; Kim, S.H,; et al. Augmented
peripheral nerve regeneration through elastic nerve guidance conduits prepared using a porous PLCL membrane with a 3D
printed collagen hydrogel. Biomater. Sci. 2020, 8, 6261-6271. [CrossRef] [PubMed]

Dahlin, L.B.; Wiberg, M. Nerve injuries of the upper extremity and hand. EFORT Open Rev. 2017, 2, 158-170. [CrossRef] [PubMed]
Burnett, M.G.; Zager, E.L. Pathophysiology of peripheral nerve injury: A brief review. Neurosurg. Focus 2004, 16, E1. [CrossRef] [PubMed]
Menorca, RM.G,; Fussell, T.S.; Elfar, J.C. Peripheral Nerve Trauma: Mechanisms of Injury and Recovery. Hand Clin. 2013, 29,
317-330. [CrossRef]

Barichello, T.; Collodel, A.; Hasbun, R.; Morales, R. An Overview of the Blood-Brain Barrier. In Blood-Brain Barrier; Barichello, T.,
Ed.; Neuromethods; Springer: New York, NY, USA, 2019; Volume 142, pp. 1-8. ISBN 978-1-4939-8945-4.

Daneman, R.; Prat, A. The Blood-Brain Barrier. Cold Spring Harb. Perspect. Biol. 2015, 7, a020412. [CrossRef]

Rhea, E.M.; Banks, W.A. Role of the Blood-Brain Barrier in Central Nervous System Insulin Resistance. Front. Neurosci. 2019,
13, 521. [CrossRef]

Zlokovic, B.V. The blood-brain barrier in health and chronic neurodegenerative disorders. Neuron 2008, 57, 178-201. [CrossRef]
Gabathuler, R. Approaches to transport therapeutic drugs across the blood-brain barrier to treat brain diseases. Neurobiol. Dis.
2010, 37, 48-57. [CrossRef]

Pardridge, W.M. Blood-brain barrier drug targeting: The future of brain drug development. Mol. Interv. 2003, 3, 90-105. [CrossRef]
Gong, Q.; Gao, X; Liu, W.; Hong, T.; Chen, C. Drug-Loaded Microbubbles Combined with Ultrasound for Thrombolysis and
Malignant Tumor Therapy. BioMed Res. Int. 2019, 2019, 6792465. [CrossRef]

Chen, K.-T.; Wei, K.-C.; Liu, H.-L. Focused Ultrasound Combined with Microbubbles in Central Nervous System Applications.
Pharmaceutics 2021, 13, 1084. [CrossRef] [PubMed]

Ren, S,; Si, R.; Sun, P; Wu, T; Dai, A.; Chen, L.; Zhao, W.; Han, T.; Zhang, X.; Chai, Z. Ultrasound combined with microbubbles
enhances the renoprotective effects of methylprednisolone in rats with adriamycin-induced nephropathy. Eur. J. Pharm. Sci. Off. ].
Eur. Fed. Pharm. Sci. 2021, 159, 105714. [CrossRef] [PubMed]

Crowe, T.P; Greenlee, M.H.W,; Kanthasamy, A.G.; Hsu, W.H. Mechanism of intranasal drug delivery directly to the brain. Life Sci.
2018, 195, 44-52. [CrossRef] [PubMed]

Kiparissides, C.; Vasileiadou, A.; Karageorgos, F.; Serpetsi, S. A Computational Systems Approach to Rational Design of
Nose-to-Brain Delivery of Biopharmaceutics. Ind. Eng. Chem. Res. 2020, 59, 2548-2565. [CrossRef]

Yuki, Y.; Uchida, Y.; Sawada, S.-I.; Nakahashi-Ouchida, R.; Sugiura, K.; Mori, H.; Yamanoue, T.; Machita, T.; Honma, A;
Kurokawa, S.; et al. Characterization and Specification of a Trivalent Protein-Based Pneumococcal Vaccine Formulation Using
an Adjuvant-Free Nanogel Nasal Delivery System. Mol. Pharm. 2021, 18, 1582-1592. [CrossRef]

Khan, A.; Imam, S.S.; Aqil, M.; Ahad, A.; Sultana, Y,; Ali, A.; Khan, K. Brain Targeting of Temozolomide via the In-
tranasal Route Using Lipid-Based Nanoparticles: Brain Pharmacokinetic and Scintigraphic Analyses. Mol. Pharm. 2016, 13,
3773-3782. [CrossRef]

Clementino, A.R.; Pellegrini, G.; Banella, S.; Colombo, G.; Cantu, L.; Sonvico, F.; Del Favero, E. Structure and Fate of Nanoparticles
Designed for the Nasal Delivery of Poorly Soluble Drugs. Mol. Pharm. 2021, 18, 3132-3146. [CrossRef]

Sayed, S.; Elsharkawy, EM.; Amin, M.M.; Shamsel-Din, H.A.; Ibrahim, A.B. Brain targeting efficiency of intranasal clozapine-
loaded mixed micelles following radio labeling with Technetium-99m. Drug Deliv. 2021, 28, 1524-1538. [CrossRef]

Najberg, M.; Haji Mansor, M.; Boury, F.; Alvarez-Lorenzo, C.; Garcion, E. Reversing the Tumor Target: Establishment of a Tumor
Trap. Front. Pharmacol. 2019, 10, 887. [CrossRef]

Atkinson, A J. Intracerebroventricular drug administration. Transl. Clin. Pharmacol. 2017, 25, 117-124. [CrossRef]

Shah, N.; Padalia, D. Intrathecal Delivery System. In StatPearls; StatPearls Publishing: Treasure Island, FL, USA, 2022.

Smith, H.S.; Deer, T.R,; Staats, P.S.; Singh, V.; Sehgal, N.; Cordner, H. Intrathecal drug delivery. Pain Physician 2008, 11, S89-5104.
[CrossRef] [PubMed]

Bottros, M.M.; Christo, P.J. Current perspectives on intrathecal drug delivery. J. Pain Res. 2014, 7, 615-626. [CrossRef] [PubMed]
Fowler, M.; Cotter, J.; Knight, B.; Sevick-Muraca, E.; Sandberg, D.; Sirianni, R. Intrathecal Drug Delivery in the Era of
Nanomedicine. Adv. Drug Deliv. Rev. 2020, 165166, 77-95. [CrossRef]

Mehta, A.M.; Sonabend, A.M.; Bruce, ].N. Convection-Enhanced Delivery. Neurotherapeutics 2017, 14, 358-371. [CrossRef]
Debinski, W.; Tatter, S.B. Convection-enhanced delivery for the treatment of brain tumors. Expert Rev. Neurother. 2009, 9,
1519-1527. [CrossRef]

Lonser, R.R.; Sarntinoranont, M.; Morrison, P.E; Oldfield, E.H. Convection-enhanced delivery to the central nervous system.
J. Neurosurg. 2015, 122, 697-706. [CrossRef] [PubMed]


http://doi.org/10.3389/fnins.2021.695592
http://doi.org/10.1055/s-0035-1544237
http://doi.org/10.2147/MDER.S59124
http://doi.org/10.1039/D0BM00847H
http://www.ncbi.nlm.nih.gov/pubmed/33016275
http://doi.org/10.1302/2058-5241.2.160071
http://www.ncbi.nlm.nih.gov/pubmed/28630754
http://doi.org/10.3171/foc.2004.16.5.2
http://www.ncbi.nlm.nih.gov/pubmed/15174821
http://doi.org/10.1016/j.hcl.2013.04.002
http://doi.org/10.1101/cshperspect.a020412
http://doi.org/10.3389/fnins.2019.00521
http://doi.org/10.1016/j.neuron.2008.01.003
http://doi.org/10.1016/j.nbd.2009.07.028
http://doi.org/10.1124/mi.3.2.90
http://doi.org/10.1155/2019/6792465
http://doi.org/10.3390/pharmaceutics13071084
http://www.ncbi.nlm.nih.gov/pubmed/34371774
http://doi.org/10.1016/j.ejps.2021.105714
http://www.ncbi.nlm.nih.gov/pubmed/33453390
http://doi.org/10.1016/j.lfs.2017.12.025
http://www.ncbi.nlm.nih.gov/pubmed/29277310
http://doi.org/10.1021/acs.iecr.9b04885
http://doi.org/10.1021/acs.molpharmaceut.0c01003
http://doi.org/10.1021/acs.molpharmaceut.6b00586
http://doi.org/10.1021/acs.molpharmaceut.1c00366
http://doi.org/10.1080/10717544.2021.1951895
http://doi.org/10.3389/fphar.2019.00887
http://doi.org/10.12793/tcp.2017.25.3.117
http://doi.org/10.36076/ppj.2008/11/S89
http://www.ncbi.nlm.nih.gov/pubmed/18443642
http://doi.org/10.2147/JPR.S37591
http://www.ncbi.nlm.nih.gov/pubmed/25395870
http://doi.org/10.1016/j.addr.2020.02.006
http://doi.org/10.1007/s13311-017-0520-4
http://doi.org/10.1586/ern.09.99
http://doi.org/10.3171/2014.10.JNS14229
http://www.ncbi.nlm.nih.gov/pubmed/25397365

Int. . Mol. Sci. 2022, 23, 12174 20 of 24

76.

77.
78.
79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.
92.

93.
94.

95.

96.

97.

98.

99.

100.
101.

102.

103.

104.

105.

Vogelbaum, M.A.; Iannotti, C.A. Chapter 23—Convection-enhanced delivery of therapeutic agents into the brain. In Handbook of
Clinical Neurology; Aminoff, M.]., Boller, F., Swaab, D.E, Eds.; Neuro-Oncology; Elsevier: Amsterdam, The Netherlands, 2012;
Volume 104, pp. 355-362.

Hoffman, A.S. Hydrogels for biomedical applications. Adv. Drug Deliv. Rev. 2012, 64, 18-23. [CrossRef]

Lu, P; Ding, B. Applications of electrospun fibers. Recent Pat. Nanotechnol. 2008, 2, 169-182. [CrossRef] [PubMed]

Wang, Y.; Tan, H.; Hui, X. Biomaterial Scaffolds in Regenerative Therapy of the Central Nervous System. BioMed Res. Int. 2018,
2018, 7848901. [CrossRef] [PubMed]

Fakhari, A.; Nugent, S.; Elvecrog, J.; Vasilakos, J.; Corcoran, M.; Tilahun, A.; Siebenaler, K.; Sun, J.; Subramony, J.A.; Schwarz, A.
Thermosensitive Gel-Based Formulation for Intratumoral Delivery of Toll-Like Receptor 7/8 Dual Agonist, MEDI9197.
J. Pharm. Sci. 2017, 106, 2037-2045. [CrossRef]

Fan, R.; Cheng, Y.; Wang, R.; Zhang, T.; Zhang, H.; Li, ].; Song, S.; Zheng, A. Thermosensitive Hydrogels and Advances in Their
Application in Disease Therapy. Polymers 2022, 14, 2379. [CrossRef] [PubMed]

Chatterjee, S.; Hui, P.C.; Kan, C. Thermoresponsive Hydrogels and Their Biomedical Applications: Special Insight into Their
Applications in Textile Based Transdermal Therapy. Polymers 2018, 10, 480. [CrossRef]

Zhang, K.; Xue, K.; Loh, X.J. Thermo-Responsive Hydrogels: From Recent Progress to Biomedical Applications. Gels 2021,
7,77. [CrossRef]

Tian, M.L.; Zhou, J.E; Qi, X.; Shen, R. Thermo-sensitive hydrogel and their biomedical applications. IOP Conf. Ser. Earth
Environ. Sci. 2021, 714, 032062. [CrossRef]

Gong, C,; Qi, T.; Wei, X.; Qu, Y.; Wu, Q.; Luo, F; Qian, Z. Thermosensitive polymeric hydrogels as drug delivery systems.
Curr. Med. Chem. 2013, 20, 79-94. [CrossRef]

Mukerji, R,; Schaal, J.; Li, X.; Bhattacharyya, J.; Asai, D.; Zalutsky, M.R.; Chilkoti, A.; Liu, W. Spatiotemporally photoradiation-
controlled intratumoral depot for combination of brachytherapy and photodynamic therapy for solid tumor. Biomaterials 2016, 79,
79-87. [CrossRef]

Wei, X.; Senanayake, T.H.; Warren, G.; Vinogradov, S.V. Hyaluronic acid-based nanogel-drug conjugates with enhanced anticancer
activity designed for targeting of CD44-positive and drug-resistant tumors. Bioconjug. Chem. 2013, 24, 658-668. [CrossRef] [PubMed]
Cohen-Pfeffer, ].L.; Gururangan, S.; Lester, T.; Lim, D.A.; Shaywitz, A.]J.; Westphal, M.; Slavc, I. Intracerebroventricular Delivery
as a Safe, Long-Term Route of Drug Administration. Pediatr. Neurol. 2017, 67, 23-35. [CrossRef] [PubMed]

Cook, A.M.; Mieure, K.D.; Owen, R.D.; Pesaturo, A.B.; Hatton, J. Intracerebroventricular administration of drugs. Pharmacotherapy
2009, 29, 832-845. [CrossRef] [PubMed]

14—Supraorbital (Keyhole) Craniotomy with Optional Orbital Osteotomy. Core Techniques in Operative Neurosurgery, 2nd ed.;
Jandial, R., Ed.; Elsevier: Philadelphia, PA, USA, 2020; pp. 69-73. ISBN 978-0-323-52381-3.

Zubair, A.; De Jesus, O. Ommaya Reservoir. In StatPearls; StatPearls Publishing: Treasure Island, FL, USA, 2022.
Krishnaswamy, V.R.; Benbenishty, A.; Blinder, P; Sagi, I. Demystifying the extracellular matrix and its proteolytic remodeling in
the brain: Structural and functional insights. Cell. Mol. Life Sci. 2019, 76, 3229-3248. [CrossRef] [PubMed]

Ruoslahti, E. Brain extracellular matrix. Glycobiology 1996, 6, 489-492. [CrossRef] [PubMed]

Reichardt, L.F; Tomaselli, K.J. Extracellular Matrix Molecules and their Receptors: Functions in Neural Development.
Annu. Rev. Neurosci. 1991, 14, 531-570. [CrossRef] [PubMed]

Yang, R.; Chen, M,; Yang, X.; Sun, W,; Lu, C.; Hui, Q.; Shi, C.; Li, X.; Wang, X. Modified poloxamer 407 and hyaluronic acid
thermosensitive hydrogel-encapsulated keratinocyte growth factor 2 improves knee osteoarthritis in rats. Mater. Des. 2021,
210, 110086. [CrossRef]

Liu, X,; Li, W;; Chen, T,; Yang, Q.; Huang, T.; Fu, Y,; Gong, T.; Zhang, Z. Hyaluronic Acid-Modified Micelles Encapsulating
Gem-C12 and HNK for Glioblastoma Multiforme Chemotherapy. Mol. Pharm. 2018, 15, 1203-1214. [CrossRef]

Wei, Y.-T.; He, Y.; Xu, C.-L.; Wang, Y,; Liu, B.-F.,; Wang, X.-M.; Sun, X.-D.; Cui, E-Z.; Xu, Q.-Y. Hyaluronic acid hydrogel modified
with nogo-66 receptor antibody and poly-L-lysine to promote axon regrowth after spinal cord injury. J. Biomed. Mater. Res. B
Appl. Biomater. 2010, 95B, 110-117. [CrossRef] [PubMed]

Chen, S,; Li, R.; Li, X,; Xie, J. Electrospinning: An enabling nanotechnology platform for drug delivery and regenerative medicine.
Adv. Drug Deliv. Rev. 2018, 132, 188-213. [CrossRef] [PubMed]

Charlet, A.; Bono, F.; Amstad, E. Mechanical reinforcement of granular hydrogels. Chem. Sci. 2022, 13, 3082-3093. [CrossRef]
Qazi, T.H.; Burdick, J.A. Granular hydrogels for endogenous tissue repair. Biomater. Biosyst. 2021, 1, 100008. [CrossRef]
Weltman, A.; Yoo, J.; Meng, E. Flexible, Penetrating Brain Probes Enabled by Advances in Polymer Microfabrication. Micromachines
2016, 7, 180. [CrossRef] [PubMed]

Polacheck, W].; Zervantonakis, I.K.; Kamm, R.D. Tumor cell migration in complex microenvironments. Cell. Mol. Life Sci. CMLS
2013, 70, 1335-1356. [CrossRef]

Engler, A.J.; Sen, S.; Sweeney, H.L.; Discher, D.E. Matrix elasticity directs stem cell lineage specification. Cell 2006, 126, 677-689.
[CrossRef] [PubMed]

104. Brekken, R.A.; Stupack, D. Extracellular Matrix in Tumor Biology; Biology of Extracellular Matrix; Springer International
Publishing: New York, NY, USA, 2017; ISBN 978-3-319-60906-5.

Bilston, L.E. Brain Tissue Mechanical Properties. In Biomechanics of the Brain; Miller, K., Ed.; Biological and Medical Physics,
Biomedical Engineering; Springer: New York, NY, USA, 2011; pp. 69-89. ISBN 978-1-4419-9997-9.


http://doi.org/10.1016/j.addr.2012.09.010
http://doi.org/10.2174/187221008786369688
http://www.ncbi.nlm.nih.gov/pubmed/19076051
http://doi.org/10.1155/2018/7848901
http://www.ncbi.nlm.nih.gov/pubmed/29805977
http://doi.org/10.1016/j.xphs.2017.04.041
http://doi.org/10.3390/polym14122379
http://www.ncbi.nlm.nih.gov/pubmed/35745954
http://doi.org/10.3390/polym10050480
http://doi.org/10.3390/gels7030077
http://doi.org/10.1088/1755-1315/714/3/032062
http://doi.org/10.2174/0929867311302010009
http://doi.org/10.1016/j.biomaterials.2015.11.064
http://doi.org/10.1021/bc300632w
http://www.ncbi.nlm.nih.gov/pubmed/23547842
http://doi.org/10.1016/j.pediatrneurol.2016.10.022
http://www.ncbi.nlm.nih.gov/pubmed/28089765
http://doi.org/10.1592/phco.29.7.832
http://www.ncbi.nlm.nih.gov/pubmed/19558257
http://doi.org/10.1007/s00018-019-03182-6
http://www.ncbi.nlm.nih.gov/pubmed/31197404
http://doi.org/10.1093/glycob/6.5.489
http://www.ncbi.nlm.nih.gov/pubmed/8877368
http://doi.org/10.1146/annurev.ne.14.030191.002531
http://www.ncbi.nlm.nih.gov/pubmed/1851608
http://doi.org/10.1016/j.matdes.2021.110086
http://doi.org/10.1021/acs.molpharmaceut.7b01035
http://doi.org/10.1002/jbm.b.31689
http://www.ncbi.nlm.nih.gov/pubmed/20725955
http://doi.org/10.1016/j.addr.2018.05.001
http://www.ncbi.nlm.nih.gov/pubmed/29729295
http://doi.org/10.1039/D1SC06231J
http://doi.org/10.1016/j.bbiosy.2021.100008
http://doi.org/10.3390/mi7100180
http://www.ncbi.nlm.nih.gov/pubmed/30404353
http://doi.org/10.1007/s00018-012-1115-1
http://doi.org/10.1016/j.cell.2006.06.044
http://www.ncbi.nlm.nih.gov/pubmed/16923388

Int. . Mol. Sci. 2022, 23, 12174 21 of 24

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.
119.

120.
121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

Miller, K.; Chinzei, K. Mechanical properties of brain tissue in tension. J. Biomech. 2002, 35, 483-490. [CrossRef]

Najberg, M.; Haji Mansor, M.; Taillé, T.; Bouré, C.; Molina-Pefia, R.; Boury, F; Cenis, J.L.; Garcion, E.; Alvarez-Lorenzo, C.
Aerogel sponges of silk fibroin, hyaluronic acid and heparin for soft tissue engineering: Composition-properties relationship.
Carbohydr. Polym. 2020, 237, 116107. [CrossRef]

Jiang, T.; Carbone, EJ.; Lo, KW.-H.; Laurencin, C.T. Electrospinning of polymer nanofibers for tissue regeneration.
Prog. Polym. Sci. 2015, 46, 1-24. [CrossRef]

van Dommelen, ].A.W.; van der Sande, T.PJ.; Hrapko, M.; Peters, G.W.M. Mechanical properties of brain tissue by indentation:
Interregional variation. J. Mech. Behav. Biomed. Mater. 2010, 3, 158-166. [CrossRef]

Sundaresh, S.N.; Finan, J.D.; Elkin, B.S.; Lee, C.; Xiao, J.; Morrison, B. Viscoelastic characterization of porcine brain tissue
mechanical properties under indentation loading. Brain Multiphysics 2021, 2, 100041. [CrossRef]

Rashid, B.; Destrade, M.; Gilchrist, M.D. Mechanical characterization of brain tissue in compression at dynamic strain rates.
J. Mech. Behav. Biomed. Mater. 2012, 10, 23-38. [CrossRef]

Prange, M.; Meaney, D.; Margulies, S. Defining brain mechanical properties: Effects of region, direction, and species. Stapp Car
Crash J. 2000, 44, 205-213. [CrossRef]

Parkins, C.C.; McAbee, ].H.; Ruff, L.; Wendler, A.; Mair, R.; Gilbertson, R.]J.; Watts, C.; Scherman, O.A. Mechanically matching the
rheological properties of brain tissue for drug-delivery in human glioblastoma models. Biomaterials 2021, 276, 120919. [CrossRef]
Budday, S.; Nay, R.; de Rooij, R.; Steinmann, P.; Wyrobek, T.; Ovaert, T.C.; Kuhl, E. Mechanical properties of gray and white
matter brain tissue by indentation. J. Mech. Behav. Biomed. Mater. 2015, 46, 318-330. [CrossRef]

Chen, J.-W.E,; Pedron, S.; Shyu, P; Hu, Y.; Sarkaria, ].N.; Harley, B.A.C. Influence of Hyaluronic Acid Transitions in Tumor
Microenvironment on Glioblastoma Malignancy and Invasive Behavior. Front. Mater. 2018, 5, 39. [CrossRef] [PubMed]

Budday, S.; Ovaert, T.C.; Holzapfel, G.A.; Steinmann, P.; Kuhl, E. Fifty Shades of Brain: A Review on the Mechanical Testing and
Modeling of Brain Tissue. Arch. Comput. Methods Eng. 2020, 27, 1187-1230. [CrossRef]

Chatelin, S.; Constantinesco, A.; Willinger, R. Fifty years of brain tissue mechanical testing: From in vitro to in vivo investigations.
Biorheology 2010, 47, 255-276. [CrossRef] [PubMed]

Hoare, T.R.; Kohane, D.S. Hydrogels in drug delivery: Progress and challenges. Polymer 2008, 49, 1993-2007. [CrossRef]

Hsu, S.-H,; Leu, Y.-L.; Hu, J.-W.; Fang, J.-Y. Physicochemical Characterization and Drug Release of Thermosensitive Hydrogels
Composed of a Hyaluronic Acid/Pluronic F127 Graft. Chem. Pharm. Bull. 2009, 57, 453—458. [CrossRef]

Russo, E.; Villa, C. Poloxamer Hydrogels for Biomedical Applications. Pharmaceutics 2019, 11, 671. [CrossRef]

Dumortier, G.; Grossiord, J.L.; Agnely, F.; Chaumeil, ].C. A Review of Poloxamer 407 Pharmaceutical and Pharmacological
Characteristics. Pharm. Res. 2006, 23, 2709-2728. [CrossRef]

Zarrintaj, P.; Ramsey, ].D.; Samadi, A.; Atoufi, Z.; Yazdi, M.K.; Ganjali, M.R.; Amirabad, L.M.; Zangene, E.; Farokhi, M.; Formela,
K.; et al. Poloxamer: A versatile tri-block copolymer for biomedical applications. Acta Biomater. 2020, 110, 37-67. [CrossRef]
Dimer, E,; Pereira, G.; Guterres, S.; Cardozo, N.; Kechinski, C.; Granada, ]. Formulation and characterization of poloxamer 407®:
Thermoreversible gel containing polymeric microparticles and hyaluronic acid. Quim. Nova 2013, 36, 1121-1125. [CrossRef]
Gioffredi, E.; Boffito, M.; Calzone, S.; Giannitelli, S.M.; Rainer, A.; Trombetta, M.; Mozetic, P.; Chiono, V. Pluronic F127 Hydrogel
Characterization and Biofabrication in Cellularized Constructs for Tissue Engineering Applications. Procedia CIRP 2016, 49,
125-132. [CrossRef]

Akkari, A.C.S.; Papini, ].ZB.; Garcia, G.K,; Franco, M.K.K.D.; Cavalcanti, L.P,; Gasperini, A.; Alkschbirs, M.L; Yokaichyia, E; de Paula, E.;
Tofoli, GR; et al. Poloxamer 407 /188 binary thermosensitive hydrogels as delivery systems for infiltrative local anesthesia: Physico-chemical
characterization and pharmacological evaluation. Mater. Sci. Eng. C 2016, 68, 299-307. [CrossRef] [PubMed]

Hsieh, H.-Y.; Lin, W.-Y,; Lee, A ; Li, Y.-C.; Chen, Y.-J.; Chen, K.-C.; Young, T.-H. Hyaluronic acid on the urokinase sustained release
with a hydrogel system composed of poloxamer 407: HA /P407 hydrogel system for drug delivery. PLoS ONE 2020, 15, e0227784.
[CrossRef] [PubMed]

Li, X; Li, A,; Feng, F; Jiang, Q.; Sun, H.; Chai, Y.; Yang, R.; Wang, Z.; Hou, J.; Li, R. Effect of the hyaluronic acid-poloxamer
hydrogel on skin-wound healing: In vitro and in vivo studies. Anim. Models Exp. Med. 2019, 2, 107-113. [CrossRef] [PubMed]
Mayol, L.; Quaglia, F; Borzacchiello, A.; Ambrosio, L.; La Rotonda, M.I. A novel poloxamers/hyaluronic acid in situ forming
hydrogel for drug delivery: Rheological, mucoadhesive and in vitro release properties. Eur. . Pharm. Biopharm. Off. ]. Arb. Pharm.
Verfahr. EV 2008, 70, 199-206. [CrossRef] [PubMed]

Giuliano, E.; Paolino, D.; Cristiano, M.; Fresta, M.; Cosco, D. Rutin-Loaded Poloxamer 407-Based Hydrogels for In Situ
Administration: Stability Profiles and Rheological Properties. Nanomaterials 2020, 10, 1069. [CrossRef]

Jung, Y,; Park, W.; Park, H.; Lee, D.-K.; Na, K. Thermo-sensitive injectable hydrogel based on the physical mixing of hyaluronic
acid and Pluronic F-127 for sustained NSAID delivery. Carbohydr. Polym. 2017, 156, 403—408. [CrossRef]

Alonso, ].M.; Andrade del Olmo, J.; Perez Gonzalez, R.; Saez-Martinez, V. Injectable Hydrogels: From Laboratory to Industrializa-
tion. Polymers 2021, 13, 650. [CrossRef]

Lin, Y.-C,; Tan, E; Marra, K.G.; Jan, S.-S.; Liu, D.-C. Synthesis and characterization of collagen/hyaluronan/chitosan composite
sponges for potential biomedical applications. Acta Biomater. 2009, 5, 2591-2600. [CrossRef]

Chan, B.P; Leong, K.W. Scaffolding in tissue engineering: General approaches and tissue-specific considerations. Eur. Spine J.
2008, 17, 467-479. [CrossRef]


http://doi.org/10.1016/S0021-9290(01)00234-2
http://doi.org/10.1016/j.carbpol.2020.116107
http://doi.org/10.1016/j.progpolymsci.2014.12.001
http://doi.org/10.1016/j.jmbbm.2009.09.001
http://doi.org/10.1016/j.brain.2021.100041
http://doi.org/10.1016/j.jmbbm.2012.01.022
http://doi.org/10.4271/2000-01-SC15
http://doi.org/10.1016/j.biomaterials.2021.120919
http://doi.org/10.1016/j.jmbbm.2015.02.024
http://doi.org/10.3389/fmats.2018.00039
http://www.ncbi.nlm.nih.gov/pubmed/30581816
http://doi.org/10.1007/s11831-019-09352-w
http://doi.org/10.3233/BIR-2010-0576
http://www.ncbi.nlm.nih.gov/pubmed/21403381
http://doi.org/10.1016/j.polymer.2008.01.027
http://doi.org/10.1248/cpb.57.453
http://doi.org/10.3390/pharmaceutics11120671
http://doi.org/10.1007/s11095-006-9104-4
http://doi.org/10.1016/j.actbio.2020.04.028
http://doi.org/10.1590/S0100-40422013000800008
http://doi.org/10.1016/j.procir.2015.11.001
http://doi.org/10.1016/j.msec.2016.05.088
http://www.ncbi.nlm.nih.gov/pubmed/27524024
http://doi.org/10.1371/journal.pone.0227784
http://www.ncbi.nlm.nih.gov/pubmed/32160196
http://doi.org/10.1002/ame2.12067
http://www.ncbi.nlm.nih.gov/pubmed/31392303
http://doi.org/10.1016/j.ejpb.2008.04.025
http://www.ncbi.nlm.nih.gov/pubmed/18644705
http://doi.org/10.3390/nano10061069
http://doi.org/10.1016/j.carbpol.2016.08.068
http://doi.org/10.3390/polym13040650
http://doi.org/10.1016/j.actbio.2009.03.038
http://doi.org/10.1007/s00586-008-0745-3

Int. . Mol. Sci. 2022, 23, 12174 22 of 24

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.
153.
154.
155.
156.
157.
158.

159.

El-Sherbiny, LM.; Yacoub, M.H. Hydrogel scaffolds for tissue engineering: Progress and challenges. Glob. Cardiol. Sci. Pract. 2013,
2013, 316-342. [CrossRef]

Entekhabi, E.; Haghbin Nazarpak, M.; Shafieian, M.; Mohammadi, H.; Firouzi, M.; Hassannejad, Z. Fabrication and in vitro
evaluation of 3D composite scaffold based on collagen/hyaluronic acid sponge and electrospun polycaprolactone nanofibers for
peripheral nerve regeneration. J. Biomed. Mater. Res. A 2021, 109, 300-312. [CrossRef] [PubMed]

Entcheva, E.; Bien, H.; Yin, L.; Chung, C.-Y.; Farrell, M.; Kostov, Y. Functional cardiac cell constructs on cellulose-based scaffolding.
Biomaterials 2004, 25, 5753-5762. [CrossRef] [PubMed]

Chen, C.-H.; Chen, S.-H.; Mao, S.-H.; Tsai, M.-].; Chou, P-Y,; Liao, C.-H.; Chen, J.-P. Injectable thermosensitive hydrogel containing
hyaluronic acid and chitosan as a barrier for prevention of postoperative peritoneal adhesion. Carbohydr. Polym. 2017, 173.
[CrossRef] [PubMed]

Erickson, A.E.; Levengood, S.K.L.; Sun, J.; Chang, F.-C.; Zhang, M. Fabrication and Characterization of Chitosan-Hyaluronic Acid
Scaffolds with Varying Stiffness for Glioblastoma Cell Culture. Adv. Healthc. Mater. 2018, 7, 1800295. [CrossRef]

Wang, K.; Kievit, EM.; Erickson, A.E.; Silber, ].R.; Ellenbogen, R.G.; Zhang, M. Culture on 3D Chitosan-Hyaluronic Acid Scaffolds
Enhances Stem Cell Marker Expression and Drug Resistance in Human Glioblastoma Cancer Stem Cells. Adv. Healthc. Mater.
2016, 5, 3173-3181. [CrossRef] [PubMed]

Xu, H.; Zhang, L.; Bao, Y.; Yan, X,; Yin, Y;; Li, Y,; Wang, X.; Huang, Z.; Xu, P. Preparation and characterization of injectable
chitosan-hyaluronic acid hydrogels for nerve growth factor sustained release. J. Bioact. Compat. Polym. 2017, 32, 146-162. [CrossRef]
Zhang, H.; Wei, Y.T,; Tsang, K.S.; Sun, C.R.; Li, J.; Huang, H.; Cui, EZ.; An, Y.H. Implantation of neural stem cells embedded in
hyaluronic acid and collagen composite conduit promotes regeneration in a rabbit facial nerve injury model. J. Transl. Med. 2008,
6, 67. [CrossRef]

Rao, S.S.; Dejesus, J.; Short, A.R.; Otero, J.J.; Sarkar, A.; Winter, ].O. Glioblastoma behaviors in three-dimensional collagen-
hyaluronan composite hydrogels. ACS Appl. Mater. Interfaces 2013, 5, 9276-9284. [CrossRef]

Abdi, S.ILH.; Choi, J.Y,; Lee, J.S.; Lim, HJ.; Lee, C.; Kim, J.; Chung, H.Y,; Lim, J.O. In Vivo study of a blended hydrogel composed
of pluronic F-127-alginate-hyaluronic acid for its cell injection application. Tissue Eng. Regen. Med. 2012, 9, 1-9. [CrossRef]
Bucatariu, S.-M.; Constantin, M.; Varganici, C.-D.; Rusu, D.; Nicolescu, A.; Prisacaru, I.; Carnuta, M.; Anghelache, M.; Calin, M.;
Ascenzi, P; et al. A new sponge-type hydrogel based on hyaluronic acid and poly(methylvinylether-alt-maleic acid) as a 3D
platform for tumor cell growth. Int. J. Biol. Macromol. 2020, 165, 2528-2540. [CrossRef]

Xue, J.; He, M; Liu, H.; Niu, Y.; Crawford, A.; Coates, P.D.; Chen, D.; Shi, R.; Zhang, L. Drug loaded homogeneous electrospun
PCL/gelatin hybrid nanofiber structures for anti-infective tissue regeneration membranes. Biomaterials 2014, 35, 9395-9405.
[CrossRef] [PubMed]

Unal, S.; Arslan, S.; Yilmaz, B.K.; Oktar, EN.; Ficai, D.; Ficai, A.; Gunduz, O. Polycaprolactone/Gelatin/Hyaluronic Acid
Electrospun Scaffolds to Mimic Glioblastoma Extracellular Matrix. Materials 2020, 13, 2661. [CrossRef] [PubMed]

Yan, X.; Wang, J.; He, Q.; Xu, H,; Tao, J.; Koral, K; Li, K.; Xu, J.; Wen, J.; Huang, Z.; et al. PDLLA/p-TCP/HA/CHS/NGF
Sustained-release Conduits for Peripheral Nerve Regeneration. |. Wuhan Univ. Technol. Mater. Sci. Ed. 2021, 36, 600-606.
[CrossRef] [PubMed]

Wang, C.; Tong, X.; Yang, F. Bioengineered 3D Brain Tumor Model To Elucidate the Effects of Matrix Stiffness on Glioblastoma
Cell Behavior Using PEG-Based Hydrogels. Mol. Pharm. 2014, 11, 2115-2125. [CrossRef]

Nayak, A.; Olatunji, O.; Bhusan Das, D.; Vladisavljevi¢, G. Pharmaceutical Applications of Natural Polymers. In Natural Polymers:
Industry Techniques and Applications; Olatunji, O., Ed.; Springer International Publishing: Cham, Switzerland, 2016; pp. 263-313.
ISBN 978-3-319-26414-1.

Chen, M.H.; Wang, L.L.; Chung, J.J.; Kim, Y.-H.; Atluri, P,; Burdick, J.A. Methods To Assess Shear-Thinning Hydrogels for
Application As Injectable Biomaterials. ACS Biomater. Sci. Eng. 2017, 3, 3146-3160. [CrossRef]

Xu, H.; Yu, Y,; Zhang, L.; Zheng, F; Yin, Y.; Gao, Y.; Li, K.; Xu, J.; Wen, J.; Chen, H.; et al. Sustainable release of nerve growth factor
for peripheral nerve regeneration using nerve conduits laden with Bioconjugated hyaluronic acid-chitosan hydrogel. Compos. Part
B Eng. 2022, 230, 109509. [CrossRef]

Ma, L.; Li, Y;; Wu, Y;; Yu, M.; Aazmi, A.; Gao, L.; Xue, Q.; Luo, Y.; Zhou, H.; Zhang, B.; et al. 3D bioprinted hyaluronic acid-based
cell-laden scaffold for brain microenvironment simulation. Bio-Des. Manuf. 2020, 3, 164-174. [CrossRef]

Rivet, C.]J.; Zhou, K,; Gilbert, R.J.; Finkelstein, D.I.; Forsythe, ].S. Cell infiltration into a 3D electrospun fiber and hydrogel hybrid
scaffold implanted in the brain. Biomatter 2015, 5, e1005527. [CrossRef]

Eswarappa, V.; Bhatia, S.K. Biomaterial and Therapeutic Applications. Nat. Based Biomater. Ther. 2012, 27-79. [CrossRef]

Bhat, S.; Kumar, A. Biomaterials and bioengineering tomorrow’s healthcare. Biomatter 2013, 3, e24717. [CrossRef]

Lee, EJ.; Kasper, FK.; Mikos, A.G. Biomaterials for Tissue Engineering. Ann. Biomed. Eng. 2014, 42, 323-337. [CrossRef] [PubMed]
Nune, S.K.; Rama, K.S; Dirisala, V.R.; Chavali, M.Y. Chapter 11—Electrospinning of collagen nanofiber scaffolds for tissue repair
and regeneration. In Nanostructures for Novel Therapy; Ficai, D., Grumezescu, A.M., Eds.; Micro and Nano Technologies; Elsevier:
Amsterdam, The Netherlands, 2017; pp. 281-311. ISBN 978-0-323-46142-9.

Chen, X.; Guo, X.; Hao, S.; Yang, T.; Wang, J. Iron oxide nanoparticles-loaded hyaluronic acid nanogels for MRI-aided Alzheimer’s
disease theranostics. Arab. J. Chem. 2022, 15, 103748. [CrossRef]

Grimaudo, M.A ; Concheiro, A.; Alvarez-Lorenzo, C. Nanogels for regenerative medicine. J. Control. Release 2019, 313, 148-160.
[CrossRef] [PubMed]


http://doi.org/10.5339/gcsp.2013.38
http://doi.org/10.1002/jbm.a.37023
http://www.ncbi.nlm.nih.gov/pubmed/32490587
http://doi.org/10.1016/j.biomaterials.2004.01.024
http://www.ncbi.nlm.nih.gov/pubmed/15147821
http://doi.org/10.1016/j.carbpol.2017.06.019
http://www.ncbi.nlm.nih.gov/pubmed/28732919
http://doi.org/10.1002/adhm.201800295
http://doi.org/10.1002/adhm.201600684
http://www.ncbi.nlm.nih.gov/pubmed/27805789
http://doi.org/10.1177/0883911516662068
http://doi.org/10.1186/1479-5876-6-67
http://doi.org/10.1021/am402097j
http://doi.org/10.1007/s13770-012-0001-0
http://doi.org/10.1016/j.ijbiomac.2020.10.095
http://doi.org/10.1016/j.biomaterials.2014.07.060
http://www.ncbi.nlm.nih.gov/pubmed/25134855
http://doi.org/10.3390/ma13112661
http://www.ncbi.nlm.nih.gov/pubmed/32545241
http://doi.org/10.1007/s11595-021-2450-6
http://www.ncbi.nlm.nih.gov/pubmed/34483596
http://doi.org/10.1021/mp5000828
http://doi.org/10.1021/acsbiomaterials.7b00734
http://doi.org/10.1016/j.compositesb.2021.109509
http://doi.org/10.1007/s42242-020-00076-6
http://doi.org/10.1080/21592535.2015.1005527
http://doi.org/10.1007/978-1-4614-5386-4_3
http://doi.org/10.4161/biom.24717
http://doi.org/10.1007/s10439-013-0859-6
http://www.ncbi.nlm.nih.gov/pubmed/23820768
http://doi.org/10.1016/j.arabjc.2022.103748
http://doi.org/10.1016/j.jconrel.2019.09.015
http://www.ncbi.nlm.nih.gov/pubmed/31629040

Int. . Mol. Sci. 2022, 23, 12174 23 of 24

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

Soni, K.S.; Desale, S.S.; Bronich, T.K. Nanogels: An overview of properties, biomedical applications and obstacles to clinical
translation. J. Control. Release Off. ]. Control. Release Soc. 2016, 240, 109-126. [CrossRef] [PubMed]

Zhang, M; Asghar, S,; Tian, C.; Hu, Z,; Ping, Q.; Chen, Z,; Shao, F; Xiao, Y. Lactoferrin/phenylboronic acid-functionalized hyaluronic acid
nanogels loading doxorubicin hydrochloride for targeting glioma. Carbohydr. Polym. 2021, 253, 117194. [CrossRef] [PubMed]

Yucel, D.; Kose, G.T.; Hasirci, V. Polyester based nerve guidance conduit design. Biomaterials 2010, 31, 1596-1603. [CrossRef] [PubMed]
Barbarisi, M.; laffaioli, R.V.; Armenia, E.; Schiavo, L.; De Sena, G.; Tafuto, S.; Barbarisi, A.; Quagliariello, V. Novel nanohydrogel
of hyaluronic acid loaded with quercetin alone and in combination with temozolomide as new therapeutic tool, CD44 targeted
based, of glioblastoma multiforme. J. Cell. Physiol. 2018, 233, 6550-6564. [CrossRef] [PubMed]

Rowland, M.J.; Parkins, C.C.; McAbee, ].H.; Kolb, A K,; Hein, R.; Loh, X.J.; Watts, C.; Scherman, O.A. An adherent tissue-inspired
hydrogel delivery vehicle utilised in primary human glioma models. Biomaterials 2018, 179, 199-208. [CrossRef]

Malfanti, A.; Catania, G.; Degros, Q.; Wang, M.; Bausart, M.; Préat, V. Design of Bio-Responsive Hyaluronic Acid—Doxorubicin
Conjugates for the Local Treatment of Glioblastoma. Pharmaceutics 2022, 14, 124. [CrossRef] [PubMed]

Velasco-Rodriguez, B.; Diaz-Vidal, T.; Rosales-Rivera, L.C.; Garcia-Gonzalez, C.A.; Alvarez-Lorenzo, C.; Al-Modlej, A,;
Dominguez-Arca, V.; Prieto, G.; Barbosa, S.; Soltero Martinez, J.F.A.; et al. Hybrid Methacrylated Gelatin and Hyaluronic Acid
Hydrogel Scaffolds. Preparation and Systematic Characterization for Prospective Tissue Engineering Applications. Int. J. Mol. Sci.
2021, 22, 6758. [CrossRef]

Kasapidou, PM.; de Montullé, E.L.; Dembélé, K.-P.; Mutel, A.; Desrues, L.; Gubala, V.; Castel, H. Hyaluronic acid-based hydrogels
loaded with chemoattractant and anticancer drug—new formulation for attracting and tackling glioma cells. Soft Matter 2021, 17,
10846-10861. [CrossRef]

Rezazadeh, M.; Akbari, V.; Amuaghae, E.; Emami, ]. Preparation and characterization of an injectable thermosensitive hydrogel
for simultaneous delivery of paclitaxel and doxorubicin. Res. Pharm. Sci. 2018, 13, 181-191. [CrossRef]

Xiao, W.; Ehsanipour, A.; Sohrabi, A.; Seidlits, S.K. Hyaluronic-Acid Based Hydrogels for 3-Dimensional Culture of Patient-
Derived Glioblastoma Cells. J. Vis. Exp. 2018, 9, e58176. [CrossRef]

Heffernan, ].M.; Overstreet, D.J.; Le, L.D.; Vernon, B.L.; Sirianni, R.W. Bioengineered Scaffolds for 3D Analysis of Glioblastoma
Proliferation and Invasion. Ann. Biomed. Eng. 2015, 43, 1965-1977. [CrossRef]

Unal, S.; Arslan, S.; Yilmaz, B.K.; Oktar, EN.; Sengil, A.Z.; Gunduz, O. Production and characterization of bacterial cellulose
scaffold and its modification with hyaluronic acid and gelatin for glioblastoma cell culture. Cellulose 2021, 28, 117-132. [CrossRef]
Pedron, S.; Becka, E.; Harley, B.A.C. Regulation of glioma cell phenotype in 3D matrices by hyaluronic acid. Biomaterials 2013, 34,
7408-7417. [CrossRef] [PubMed]

Hart, M.G.; Garside, R.; Rogers, G.; Somerville, M.; Stein, K.; Grant, R. Chemotherapy wafers for high grade glioma. Cochrane
Database Syst. Rev. 2011, 2011, CD007294. [CrossRef]

Molina-Pefia, R.; Haji Mansor, M.; Najberg, M.; Thomassin, ]J.-M.; Gueza, B.; Alvarez-Lorenzo, C.; Garcion, E.; Jérome, C,;
Boury, F. Nanoparticle-containing electrospun nanofibrous scaffolds for sustained release of SDF-1«x. Int. ]. Pharm. 2021,
610, 121205. [CrossRef]

Tian, WM.; Hou, S.P; Ma, J.; Zhang, C.L.; Xu, Q.Y.; Lee, L.S.; Li, H.D.; Spector, M.; Cui, EZ. Hyaluronic Acid-Poly-D-Lysine-Based
Three-Dimensional Hydrogel for Traumatic Brain Injury. Tissue Eng. 2005, 11, 513-525. [CrossRef]

Cui, EZ.; Tian, WM.; Hou, S.P; Xu, Q.Y,; Lee, I.-S. Hyaluronic acid hydrogel immobilized with RGD peptides for brain tissue
engineering. J. Mater. Sci. Mater. Med. 2006, 17, 1393-1401. [CrossRef]

Wei, Y.T.; Tian, WM.; Yu, X.; Cui, EZ.; Hou, S.P;; Xu, Q.Y,; Lee, I.-S. Hyaluronic acid hydrogels with IKVAV peptides for tissue
repair and axonal regeneration in an injured rat brain. Biomed. Mater. 2007, 2, S142-S146. [CrossRef]

Tam, R.Y.; Cooke, M.].; Shoichet, M.S. A covalently modified hydrogel blend of hyaluronan-methyl cellulose with peptides and
growth factors influences neural stem/progenitor cell fate. ]. Mater. Chem. 2012, 22, 19402. [CrossRef]

Wang, Y.; Wei, Y.T.; Zu, Z.H.; Ju, RK.; Guo, M.Y,; Wang, X.M.; Xu, Q.Y.; Cui, FZ. Combination of Hyaluronic Acid Hydrogel
Scaffold and PLGA Microspheres for Supporting Survival of Neural Stem Cells. Pharm. Res. 2011, 28, 1406-1414. [CrossRef]
Addington, C.P.; Dharmawaj, S.; Heffernan, ].M.; Sirianni, R.W.; Stabenfeldt, S.E. Hyaluronic acid-laminin hydrogels increase
neural stem cell transplant retention and migratory response to SDF-1x. Matrix Biol. 2017, 60-61, 206-216. [CrossRef]

Guo, W.; Douma, L.; Hu, M.H.; Eglin, D.; Alini, M.; Seéerovi¢, A.; Grad, S.; Peng, X.; Zou, X.; D’Este, M; et al. Hyaluronic
acid-based interpenetrating network hydrogel as a cell carrier for nucleus pulposus repair. Carbohydr. Polym. 2022, 277, 118828.
[CrossRef] [PubMed]

Wang, T.-W.; Spector, M. Development of hyaluronic acid-based scaffolds for brain tissue engineering. Acta Biomater. 2009, 5,
2371-2384. [CrossRef]

McMurtrey, R.J. Patterned and functionalized nanofiber scaffolds in three-dimensional hydrogel constructs enhance neurite
outgrowth and directional control. J. Neural Eng. 2014, 11, 066009. [CrossRef]

Sakai, Y.; Matsuyama, Y.; Takahashi, K.; Sato, T.; Hattori, T.; Nakashima, S.; Ishiguro, N. New artificial nerve conduits made with
photocrosslinked hyaluronic acid for peripheral nerve regeneration. Biomed. Mater. Eng. 2007, 17, 191-197.

Sequeira, J.A.D.; Santos, A.C.; Serra, J.; Veiga, F; Ribeiro, A.J. Chapter 10—Poly(lactic-co-glycolic acid) (PLGA) matrix im-
plants. In Nanostructures for the Engineering of Cells, Tissues and Organs; Grumezescu, A.M., Ed.; William Andrew Publishing:
Norwich, NY, USA, 2018; pp. 375-402. ISBN 978-0-12-813665-2.


http://doi.org/10.1016/j.jconrel.2015.11.009
http://www.ncbi.nlm.nih.gov/pubmed/26571000
http://doi.org/10.1016/j.carbpol.2020.117194
http://www.ncbi.nlm.nih.gov/pubmed/33278970
http://doi.org/10.1016/j.biomaterials.2009.11.013
http://www.ncbi.nlm.nih.gov/pubmed/19932504
http://doi.org/10.1002/jcp.26238
http://www.ncbi.nlm.nih.gov/pubmed/29030990
http://doi.org/10.1016/j.biomaterials.2018.05.054
http://doi.org/10.3390/pharmaceutics14010124
http://www.ncbi.nlm.nih.gov/pubmed/35057020
http://doi.org/10.3390/ijms22136758
http://doi.org/10.1039/D1SM01003D
http://doi.org/10.4103/1735-5362.228918
http://doi.org/10.3791/58176
http://doi.org/10.1007/s10439-014-1223-1
http://doi.org/10.1007/s10570-020-03528-5
http://doi.org/10.1016/j.biomaterials.2013.06.024
http://www.ncbi.nlm.nih.gov/pubmed/23827186
http://doi.org/10.1002/14651858.CD007294.pub2
http://doi.org/10.1016/j.ijpharm.2021.121205
http://doi.org/10.1089/ten.2005.11.513
http://doi.org/10.1007/s10856-006-0615-7
http://doi.org/10.1088/1748-6041/2/3/S11
http://doi.org/10.1039/c2jm33680d
http://doi.org/10.1007/s11095-011-0452-3
http://doi.org/10.1016/j.matbio.2016.09.007
http://doi.org/10.1016/j.carbpol.2021.118828
http://www.ncbi.nlm.nih.gov/pubmed/34893245
http://doi.org/10.1016/j.actbio.2009.03.033
http://doi.org/10.1088/1741-2560/11/6/066009

Int. . Mol. Sci. 2022, 23, 12174 24 of 24

186.

187.

188.

189.

190.

191.

192.

193.

194.

195.

196.

197.

198.

199.

200.

Wang, S.; Guan, S.; Zhu, Z.; Li, W.; Liu, T.; Ma, X. Hyaluronic acid doped-poly(3,4-ethylenedioxythiophene)/chitosan/gelatin
(PEDOT-HA /Cs/Gel) porous conductive scaffold for nerve regeneration. Mater. Sci. Eng. C 2017, 71, 308-316. [CrossRef]
Gisbert Roca, F; Lozano Picazo, P.; Pérez-Rigueiro, J.; Guinea Tortuero, G.V.; Monleén Pradas, M.; Martinez-Ramos, C. Conduits
based on the combination of hyaluronic acid and silk fibroin: Characterization, in vitro studies and in vivo biocompatibility. Int. J.
Biol. Macromol. 2020, 148, 378-390. [CrossRef] [PubMed]

Li, R; Liu, H,; Huang, H.; Bi, W,; Yan, R;; Tan, X.; Wen, W.; Wang, C.; Song, W.; Zhang, Y.; et al. Chitosan conduit combined with
hyaluronic acid prevent sciatic nerve scar in a rat model of peripheral nerve crush injury. Mol. Med. Rep. 2018, 17, 4360-4368.
[CrossRef] [PubMed]

Brandt, K.D.; Block, J.A.; Michalski, ].P.; Moreland, L.W.; Caldwell, J.R.; Lavin, P.T. Efficacy and safety of intraarticular sodium
hyaluronate in knee osteoarthritis. ORTHOVISC Study Group. Clin. Orthop. 2001, 130-143. [CrossRef] [PubMed]

Neustadt, D.; Caldwell, J.; Bell, M.; Wade, J.; Gimbel, J. Clinical effects of intraarticular injection of high molecular weight
hyaluronan (Orthovisc) in osteoarthritis of the knee: A randomized, controlled, multicenter trial. J. Rheumatol. 2005, 32,
1928-1936. [PubMed]

De Puy, M. A Comparison of Orthovisc®to Corticosteroid Injection in Shoulder Osteoarthritis: Orthovisc Randomized Clinical Trial; U.S.
National Library of Medicine: Bethesda, MD, USA, 2017.

Migliore, A.; Massafra, U.; Frediani, B.; Bizzi, E.; Sinelnikov Yzchaki, E.; Gigliucci, G.; Cassol, M.; Tormenta, S. HyalOne®in the
treatment of symptomatic hip OA—Data from the ANTIAGE register: Seven years of observation. Eur. Rev. Med. Pharmacol. Sci.
2017, 21, 1635-1644.

Medipost Co. Ltd. Evaluation of Safety and Exploratory Efficacy of CARTISTEM®, a Cell Therapy Product for Articular Cartilage Defects:
A Phase I/1la Clinical Trial in Patients With Focal, Full-Thickness Grade 3-4 Articular Cartilage Defects of the Knee; U.S. National Library
of Medicine: Bethesda, MD, USA, 2021.

Anika Therapeutics, Inc. A Prospective, Randomized, Active Treatment-Controlled, Evaluator-Blinded Multicenter Study to Establish the
Superiority of Hyalofast® With BMAC in the Treatment of Articular Knee Cartilage Defect Lesions in Comparison to Control; U.S. National
Library of Medicine: Bethesda, MD, USA, 2022.

Zhang, H.; Zhang, H.; Tao, M.; Zhang, W. Phenylboronic acid functionalized polyacrylonitrile fiber for efficient and green
synthesis of bis(indolyl)methane derivatives. Chin. . Chem. Eng. 2021. [CrossRef]

Lin, C.M,; Lin, J.W,; Chen, Y.C.; Shen, H.H.; Wei, L.; Yeh, Y.S.; Chiang, Y.; Shih, R.; Chiu, P; Hung, K,; et al. Hyaluronic acid
inhibits the glial scar formation after brain damage with tissue loss in rats. Surg. Neurol. 2009, 72, S50-554. [CrossRef] [PubMed]
Nih, L.R,; Sideris, E.; Carmichael, S.T.; Segura, T. Brain Transplantation of Microporous Particle Hydrogel After Stroke Promotes
Tissue Repair and Endogenous NPC Recruitment to the Lesion. Adv. Mater. 2017, 29. [CrossRef]

Zhang, K.; Shi, Z.; Zhou, J.; Xing, Q.; Ma, S.; Li, Q.; Zhang, Y.; Yao, M.; Wang, X,; Li, Q.; et al. Potential application of an injectable
hydrogel scaffold loaded with mesenchymal stem cells for treating traumatic brain injury. J. Mater. Chem. B 2018, 6, 2982-2992.
[CrossRef] [PubMed]

Spearman, B.S.; Agrawal, N.K,; Rubiano, A.; Simmons, C.S.; Mobini, S.; Schmidt, C.E. Tunable methacrylated hyaluronic acid-based
hydrogels as scaffolds for soft tissue engineering applications. J. Biomed. Mater. Res. Part A 2020, 108, 279-291. [CrossRef] [PubMed]
Wang, L.; Zhang, D.; Ren, Y.; Guo, S.; Li, ].; Ma, S.; Yao, M.; Guan, F. Injectable hyaluronic acid hydrogel loaded with BMSC and
NGEF for traumatic brain injury treatment. Mater. Today Bio 2022, 13, 100201. [CrossRef]


http://doi.org/10.1016/j.msec.2016.10.029
http://doi.org/10.1016/j.ijbiomac.2020.01.149
http://www.ncbi.nlm.nih.gov/pubmed/31954793
http://doi.org/10.3892/mmr.2018.8388
http://www.ncbi.nlm.nih.gov/pubmed/29328458
http://doi.org/10.1097/00003086-200104000-00021
http://www.ncbi.nlm.nih.gov/pubmed/11302304
http://www.ncbi.nlm.nih.gov/pubmed/16206349
http://doi.org/10.1016/j.cjche.2021.08.029
http://doi.org/10.1016/j.wneu.2009.09.004
http://www.ncbi.nlm.nih.gov/pubmed/19944826
http://doi.org/10.1002/adma.201606471
http://doi.org/10.1039/C7TB03213G
http://www.ncbi.nlm.nih.gov/pubmed/32254333
http://doi.org/10.1002/jbm.a.36814
http://www.ncbi.nlm.nih.gov/pubmed/31606936
http://doi.org/10.1016/j.mtbio.2021.100201

	Introduction 
	Pathologies of the Central and Peripheral Nervous System and Current Therapeutic Approaches 
	Glioblastoma and Gliomas 
	Traumatic Brain Injuries 
	Peripheral Nerve Injuries 

	Routes of Administration of Active Pharmaceutical Ingredients (API) into the CNS and Challenges 
	BBB and Limits of Drug Diffusion 
	Enhanced Systemic Administration 
	Intranasal Administration 
	Direct Administration into the CNS Compartment: The Intracerebro-Ventricular and Parenchymal Routes 
	Delivery of Scaffolds as Prolonged Releasing Platforms 
	Delivery of Hydrogels by CED 
	Potential Hazards and Challenges 

	Therapeutic Relevance of HA-Based Scaffolds in the CNS 
	Composition, Biological Properties and Mechanical Properties of CNS ECM 
	Physico-Chemistry of HA-Based Semi-Solid Dosage Forms 

	HA-Based Specific Device for Various Applications 
	Scaffolds Specifications 
	HA-Based Scaffolds for Glioma Application 
	Systems for CNS Application 
	Discussion of Hydrogels 
	Discussion of Scaffolds 

	Systems for PNS Application 
	Discussion of Conduits Systems 
	Discussion of Hydrogels 


	Conclusions 
	References

