NEURAL REGENERATION RESEARCH

www.nrronline.org

REVIEW

Hydrogels for neuroprotection and functional

rewiring: a new era for brain engineering

Rocio Fernédndez-Serra', Rebeca Gallego', Paloma Lozano', Daniel Gonzalez-Nieto">*>"

1 Center for Biomedical Technology, Universidad Politécnica de Madrid. Madrid, Spain

2 Departamento de Tecnologia Fotonica y Bioingenieria, ETSI Telecomunicaciones, Universidad Politécnica de Madrid, Madrid, Spain
3 Biomedical Research Networking Center in Bioengineering Biomaterials and Nanomedicine (CIBER-BBN), Madrid, Spain

Funding: This work was supported by the Ministerio de Economia y Competitividad (MAT2016-79832-R, to DGN) and the Community of

Madrid (Neurocentro-B2017/BMD-3760, to DGN).

Abstract

The neurological devastation of neurodegenerative and cerebrovascular diseases reinforces our perse-
verance to find advanced treatments to deal with these fatal pathologies. High-performance preclinical
results have failed at clinical level, as it has been the case for a wide variety of neuroprotective agents and
cell-based therapies employed to treat high prevalent brain pathologies such as stroke, Alzheimer’s and
Parkinson’s diseases. An unquestionable reality is the current absence of effective therapies to neuropro-
tect the brain, to arrest neurodegeneration and rewire the impaired brain circuits. Part of the problem
might arise from the lack of adequate in vitro and in vivo models and that most of the underlying patho-
physiological mechanisms are not yet clarified. Another contributing factor is the lack of efficient systems
to sustain drug release at therapeutic concentrations and enhance the survival and function of grafted
cells in transplantation procedures. For medical applications the use of biomaterials of different composi-
tions and formats has experienced a boom in the last decades. Although the greater complexity of central
nervous system has probably conditioned their extensive use with respect to other organs, the number of
biomaterials-based applications to treat the injured brain or in the process of being damaged has grown
exponentially. Hydrogel-based biomaterials have constituted a turning point in the treatment of cerebral
disorders using a new form of advanced therapy. Hydrogels show mechanical properties in the range of
cerebral tissue resulting very suitable for local implantation of drugs and cells. It is also possible to fab-
ricate three-dimensional hydrogel constructs with adaptable mesh size to facilitate axonal guidance and
elongation. Along this article, we review the current trends in this area highlighting the positive impact
of hydrogel-based biomaterials over the exhaustive control of drug delivery, cell engraftment and axonal
reinnervation in brain pathologies.
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Introduction

Brain pathologies are the leading causes of disability in
humans. Due to demographic changes, a further increase
in the incidence of neurodegenerative and cerebrovascular
disorders is expected. Because the injured brain has a limited
ability to repair itself, the structural and functional rewiring
of damaged networks represents one of the most difficult
challenges that humanity has had to face. While we study
the yet unknown mechanisms causing Alzheimer’s or Par-
kinson’s in healthy brains or establish prevention programs
to minimize risk factors in stroke, we are simultaneously
exploring novel paradigms to provide neuroprotection and
repair the damaged brain. At present there is a lack of effec-
tive treatments to stop neuronal degeneration and death and
reconstruct impaired brain circuitry. In ischemic stroke, the
most common form of disabling pathology, pharmacological
and endovascular therapies are currently used in neurology
care units to clear the occluded vessels (Saver et al., 2015).
However, few patients benefit from recanalization approach-
es because delayed interventions are associated with a high
risk of hemorrhagic transformation and increased oxidative
stress due to ischemia/reperfusion. In Parkinson’s disease,

levodopa and deep brain stimulation have been used for
years to attenuate clinical symptoms in patients, but their
efficacy declines as neurodegeneration progresses (Milosevic
et al,, 2018). In addition, many Parkinson’s patients suffer
disabling side effects and the on-off phenomenon where mo-
bility and improvement in symptoms alternate with tremor,
rigidity and bradykinesia. In Alzheimer’s disease the outlook
is much more devastating. Promising preclinical therapies,
such as some beta-secretase inhibitors, have not shown
clinical efficacy (Egan et al., 2018). The lack of effective
treatments in Alzheimer’s disease has driven the search for
novel targets and squeezing the older ones to develop more
efficient therapeutic compounds. Since the deposition of am-
yloid-f is an established hallmark in Alzheimer’s pathology,
many efforts have been focused to exploiting antibody-based
immunotherapies against amyloid-p. By contrast to the accu-
mulation of amyloid-f in surrounding neurons, intracellular
aggregation of microtubule-associated protein tau into neu-
rofibrillary tangles and transneuronal spreading of tau has
been found in Alzheimer’s brains. Thus, molecules that tar-
get Tau have been assayed preclinical and clinically (Congdon
and Sigurdsson, 2018). Additional strategies have focused on
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targeting inflammation and microglial dysfunction or im-
provement in lymphatic drainage and clearance of amyloid-f
(Louveau et al., 2016). The discovery of the transmissible
character of amyloid-p pathology might have implications
in the development of novel therapies to prevent/treat this
fatal disease (Purro et al., 2018). Much work has been done
to identify and exploit targets involved in secondary dam-
age after stroke. Hundreds of molecules have been tested to
target central and peripheral inflammation, excitotoxicity,
oxidative stress, matrix metalloproteinases dysregulation
and, in less depth, spreading-depolarization waves and their
related inverse hemodynamic response (Marshall et al., 2003;
Rothwell, 2003; Sakowitz et al., 2009; Bratane et al., 2011).
Unfortunately, most of these compounds have failed in clin-
ical trials, reducing our expectations of quickly discovering
effective neuroprotective therapies.

By contrast, repairing the already damaged brain adds
another level of complexity. The formation and integration
of newborn neurons in brain circuits occurs actively during
embryonic and neonatal development. However, in the adult
and aging brain, this process is incredibly inefficient (Sorrells
et al,, 2018). Recent studies have proposed the opposite idea,
stating that neurogenesis is very active in healthy brains at
all stages of life, while this process is drastically reduced in
Alzheimer’s brains (Moreno-Jimenez et al., 2019). Repair
strategies have been exercised through different approaches,
most of them focused on stimulating neurogenesis and pro-
duction of newborn neurons for subsequent incorporation
in noninjured and injured areas, obviously if the pre-exist-
ing circuitry is preserved at a minimal level of structural/
functional organization to foster new neuronal integration.
Direct administration of neurotrophic factors (such as
brain-derived neurotrophic factor (BDNF), nerve growth
factor (NGF) and glial cell line-derived neurotrophic factor
(GDNF)) or their release (secretome) from exogenously
transplanted multi- and pluri-potent stem cells (MPSCs) has
been reported to efficiently enhance neurogenesis (Steinbeck
and Studer, 2015; Baez-Jurado et al., 2019). Other approach-
es have focused on the direct or cell-mediated administra-
tion of angiogenic factors such as vascular endothelial cell
growth factor to stimulate vascular network formation in
peri-lesional and lesional tissue. In parallel, cell replacement
strategies have been carried out through the direct implanta-
tion of MPSCs, terminally differentiated cells (for example,
dopaminergic neurons in Parkinson’s models), or in situ
reprogramming to promote the conversion of glial cells into
neurons (Steinbeck and Studer, 2015; Li and Chen, 2016).

Search Strategy and Selection Criteria

Database used to indentify the most relevant papers includ-
ed in this article: https://www.ncbi.nlm.nih.gov/pubmed/. 1)
keywords for searching (selection criteria): Alzheimer’s, Bio-
materials, brain, hydrogels, ischemia, materials, polymers,
neurogenesis, plasticity, remapping, neurological diseases,
Parkinson’s disease, stem cells, stroke; 2) Dates of searching:
2000-2019.
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Hydrogel Biomaterials to Support

Therapeutics

Although promising results have been achieved at the pre-
clinical stage, there has been an undeniable lack of clinical
translatability to treat central nervous system (CNS) dis-
orders. Several factors might contribute to this discourag-
ing scenario, such as inadequate animal models, reduced
reproducibility among studies, heterogeneity and a lack of
standardization of clinical procedures. Other possibilities in-
clude poor control of drugs/factors kinetics at effective doses
after systemic/cerebral administration and low survival/en-
graftment of transplanted cells. Even assuming similarity of
molecular and cellular pathways and targets between human
and other mammalian species, the restrictive nature of the
blood-brain barrier, the rate of drug degradation and activity
decay, local drug concentration, number of donor cells and
time required to achieve the desired benefit might be differ-
ent between species. The use of polymeric materials to pro-
vide better control of drug/cell delivery improves classical
pharmacological approaches; engineering and characterizing
advanced materials and formats, analyzing their capacity to
deliver different cells and compounds with precise control
of release kinetics, and testing their therapeutic potential in
animal models (Figure 1).

Biomaterials have been widely used for decades in many
medical applications but their use for neurological diseases
has been more restricted, probably due to the complexity of
the CNS. Biomaterials for drug/cell delivery have been used
in different formats, such as liposomes, nanoparticles, mi-
celles, dendrimers and hydrogels. For medical use, biomate-
rials should be adaptable, biocompatible, non-inflammatory
and biodegradable. In addition, they should not show toxic
effects during the therapeutic use and subsequent degrada-
tion. Due to the small size (nano-scale) some biomaterial
formats have been specifically employed as drug release
systems for intra- and extra-cellular delivery of bioactive
compounds including neuroprotective and neuroregener-
ative drugs/factors/recombinant proteins, DNA or small
interfering RNAs. This nanometric format helps therapeutic
compounds to cross the blood-brain barrier minimizing the
usual fast degradation ascribed to classical approaches of
drug systemic administration (Orive et al., 2009). Among the
different biomaterial formats, hydrogels are very adequate
for both, drug and cell delivery respectively. For example,
in the context of cell-based therapies, different cells can be
enclosed in the particular and adaptable three-dimensional
(3D) hydrogel structure. In addition, hydrogels can be im-
planted directly in the brain as a pregel state for delayed in
situ gelation, providing precision of graft location and num-
ber of implanted cells in cortical and subcortical structures.

Hydrogels can be produced by immersing a particular
polymer or a blend of materials in aqueous solutions to pro-
duce an insoluble 3D gel state. The water content (> 90%)
is adjustable as well as the gelation time and degradation.
Because of the high water content and their physical and
mechanical properties, hydrogels are very appropriate for
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soft organs such as the brain. Different natural and artificial
hydrogels have been used for cell/drug delivery applications
into the brain, including hyaluronan, chitosan, collagen,
silk fibroin, isopropylacrylamide, methylcellulose, alginate,
Matrigel, poly-lactic-co-glycolic acid (PLGA) or polyeth-
ylene glycol (PEG) (Potjewyd et al., 2018). Most of these bio-
materials can be formulated alone or in mixture at different
ratios to improve their physical, chemical, mechanical and
biological properties to increase their integration capacity
with the host tissue by mimicking the extracellular matrix. It
is remarkable the utility of hydrogels to increase cell survival
and engraftment after transplantation in the CNS, given the
hostility of injured and noninjured brain to transplanted
cells (Collier et al., 1999; Ohtaki et al., 2008). The 3D hydro-
gel structure might foster therapeutic cells in a permissive
environment where the entry of oxygen/nutrients and the
output of waste products are guaranteed to assure the sur-
vival of grafted cells, at least during the therapeutic window
of opportunity. In parallel, the porous hydrogel structure
might create a restrictive barrier to distinct inflammatory
cells that are present in the host microenvironment as conse-
quence of injury. The mechanical properties of the hydrogel
can be pre-defined by changing the polymer concentration
and the cross-linking density (non-covalent and covalent
interactions/bonds between chemical groups) to match the
stiffness of brain tissue. The cross-linking influences the
pore size and 3D structure, which might control the release
of distinct biomolecules/factors with anti-inflammatory and
anti-oxidant properties, secreted from the encapsulated cells.
Some of these secreted factors may also stimulate specialized
niches in the brain to enhance angiogenesis and neurogen-
esis leading to structural plasticity (i.e., axonal sprouting,
dendritic branching, increasing spines turn over) that can
support functional rewiring in damaged and non-damaged
areas, thus promoting recovery. The particular hydrogel
mesh structure might also act as an interface connecting the
transplanted cells (i.e., neural stem cells and progenitors, do-
paminergic neurons, or endothelial cells) with the host cir-
cuits creating new specialized neurovascular networks. The
cross-linking density can be tuned to modify the permse-
lectivity properties of hydrogels to specific uploaded drugs/
biomolecules, controlling the releasing rate and thereby re-
ducing the frequent administration of particular compounds
with poor half-life due to degradation and decay of activity.

Hydrogels for Central Nervous System

Disorders

In the context of stroke, different hydrogel biomaterials
based on alginate, collagen, gelatin, chitosan, methylcellu-
lose, hyaluronic acid and PLGA have been used as microcar-
riers for the release of angiogenic and neurotrophic factors
such as epidermal growth factor, fibroblast growth factor-2,
vascular endothelial cell growth factor, neurotrophin-3,
erythropoietin, nogo-66 receptor antibodies, BDNF and
ephrin A (Tian et al., 2005; Brown et al., 2009; Emerich et
al,, 2010; Overman et al., 2012; Wang et al., 2013; Hao et al.,

2017; Obermeyer et al., 2019). In general, the encapsulation
of anti-inflammatory and neuroprotective molecules in dif-
ferent hydrogel formulations has been associated with better
post-stroke functional outcome. For example, the immu-
nosuppressant molecule cyclosporine-A has been delivered
from PLGA dispersed on hyaluronan and methylcellulose
hydrogels (Tuladhar et al., 2015). A sustained release of this
drug in the brain was possible for at least 2-3 weeks. This
delivery profile enhanced the survival, proliferation and mi-
gration of neural progenitor cells towards the peri-lesional
tissue. When delivered from gelatin, osteopontin, another
inflammatory modulator, reduced the infarction size of rats
submitted to focal brain ischemia (Jin et al., 2014). Other
study demonstrated the neuroprotective efficacy of ostepon-
tin delivered from gelatin administrated via intranasal route,
to bypass the blood-brain barrier, while no positive effect was
noticed after the administration of free osteopontin (Joachim
et al., 2014). After brain ischemia, reactive oxygen species
(ROS) and free radicals produce oxidative stress that leads to
irreversible damage to the salvaged penumbra (peri-lesional)
exacerbating secondary damage (Chen et al., 2011). Different
neuroprotective molecules with scavenging and anti-oxidant
potential have been delivered through different biomaterial
scaffolds. This situation applies for example to N-acetyl cys-
teine delivered from poly (amidoamine) dendrimers (Navath
et al., 2008). In this case, N-acetyl cysteine attenuated the
production of free radical nitric oxide from inflammatory
microglia. Superoxide dismutase and catalase are scavenging
enzymes with anti-oxidant properties. Superoxide dismutase
converts superoxide anion in hydrogen peroxide and this lat-
ter can be detoxified by catalase and glutathione peroxidase
producing oxygen and water. Because superoxide dismutase
and catalase have very short half-life in circulation, both
enzymes have been delivered from different biomaterials,
for example PLGA, achieving better anti-oxidant stability
and prolonged therapeutic effects in vitro and in vivo in
stroke rodent models (Reddy and Labhasetwar, 2009). An-
other neuroprotective compound, thymoquinone, which has
anti-oxidant properties by reducing ROS levels, is rapidly
eliminated from plasma following systemic administration.
PLGA and chitosan sustained the delivery of thymoquinone
achieving better post-stroke functional outcome when this
drug was administrated by intranasal route (Xiao et al,,
2016). Nitrones, a family of ROS-trapping compounds have
shown neuroprotective effects in neurodegenerative and
cerebrovascular disorders including stroke. The half-life of
nitrones is also relatively short (few hours), but it was possi-
ble to stabilize this anti-oxidant compound in chitosan-PEG
(Pinarbasli et al., 2009). Edaravone, an anti-oxidant and
anti-inflammatory drug is the unique neuroprotective com-
pound approved for clinical use in stroke patients in Japan.
Very recently, a proof of concept has been obtained with
respect the anti-inflammatory benefit of releasing edaravone
from composites of hyaluronan and chitosan (Tamer et al.,
2018). In stroke, cell therapy strategies have been more effec-
tive after encapsulation of MPSCs in different hydrogel for-
mulations. Most of these cell-hydrogel therapies reduced the
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size of the lesion cavity, attenuated inflammation, promoted
angiogenesis, increased neurogenesis, synaptogenesis or
stimulated functional rewiring in peri-lesional and lesional
areas, generally achieving functional recovery (Gonzalez-Ni-
eto et al., 2018).

Similarly, drug and cell delivery approaches have been
tested in Parkinson’s models. A proof of concept for the
sustained delivery of dopamine from dextran/gelatin or
chitosan/gelatin hydrogels has been reported (Senthilkumar
et al., 2007; Ren et al.,, 2017). For example, in hemiparkin-
sonism rats, dopamine was delivered over a period of 2
weeks from dextran/gelatin hydrogels leading to a significant
behavioral improvement (Senthilkumar et al., 2007). Gel-
atin methacrylate hydrogels were also funcionalized with
dopamine to enhance neuronal differentiation and support
the formation of specialized neural networks (Zhou et al.,
2018). The neuroprotective efficacy of activin-B delivered
from N-isopropylacrylamide hydrogels has been tested in
a Parkinson’s mouse model. Because activin-B has a short
half-life, this biomaterial prolonged the release of this com-
pound in the brain promoting long-term protection of stria-
tal dopaminergic fibers leading to better functional recovery
(Li et al., 2016). Several neurotrophic factors such as BDNF,
GDNF or epidermal growth factor alone or in combination
with embryonic stem cell-derived dopaminergic neurons
have been delivered from PLGA, polyethylene glycol, hyal-
uronan, xyloglucan or collagen hydrogels in the context of
Parkinson’s disease. For example, encapsulation of GDNF
in hydrogels of collagen (Ucar and Humpel, 2019) or in
composites of poly(l-lactic acid)/xyloglucan (Wang et al,,
2016) enhanced dopaminergic cell survival and supported
nerve fiber outgrowth and reinnervation of the striatum in a
mouse model of Parkinson’s disease (Wang et al., 2016). Do-
paminergic axon guidance was stimulated by semaphorin 3C
released from RADA hydrogels which also increased axonal
length (Carballo-Molina et al., 2016). A very interesting ap-
plication of hydrogels is the construction of axonal tracts for
the nigrostriatal pathway (Clark et al., 2016; Struzyna et al.,
2018). This strategy has been explored for example in vivo
by encapsulating embryonic stem cell-derived dopaminer-
gic neurons into agarose hydrogel columns formulated with
extracellular matrix proteins such as collagen and laminin
(Struzyna et al., 2018).

By contrast, research involving hydrogel-based therapies
is much more limited in Alzheimer’s disease. Peptide-am-
phiphile hydrogels have been used to release curcumin
(Altunbas et al.,, 2011), an anti-oxidant and neuroprotective
compound that induces amyloid-p deposits disaggregation
and tau hyperphosphorylation, increasing its clearance and
modulating microglia. Hydrogel formulations based on gel-
lan gum and xanthan gum have been used to release resvera-
trol to favor the non-amyloidogenic cleavage of amyloid pre-
cursor protein enhancing amyloid-p clearance (Rajput et al.,
2018). In the context of cell-based therapies, encapsulation
of vascular endothelial cell growth factor-secreting fibroblast
cells into alginate reduced amyloid-B deposition leading to
an improvement of behavioral deficits in APP/PS1 Alzhei-
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mer’s disease mouse model (Spuch et al., 2010). In another
example, the implantation of neural stem cells encapsulated
in self-assembled RADA16 peptide hydrogels enhanced neu-
ral stem cell survival and engraftment, improving the learn-
ing and memory capacities of Alzheimer’s disease rat model
(Cui et al.,, 2016).

In addition to brain disorders, injectable hydrogels have
been also used as scaffolds to repair traumatic spinal cord in-
jury (SCI), filling the lesion cavity and providing a structural
matrix to re-connect two nerve ends (Marchini et al., 2019).
Because inhibitory signals avoid axonal tracts regrowth, hy-
drogels can be uploaded with stem cells and distinct biomol-
ecules that can support the survival of grafted cells and help
to organize/orient axonal growth, regeneration and plas-
ticity in a permissive hydrogel-induced non-inflammatory
microenvironment. By contrast, a material with increasing
repercussion in the treatment of CNS disorders is graphene.
This material has unique optical, thermal and mechanical
properties and is considered to have good biocompatibility
for nerve tissue engineering. A proof of concept of the strong
integration and biocompatibility of graphene nanoscaffolds
hydrogels has been obtained preclinically in SCI models
(Palejwala et al.,, 2016). The delivery of several growth factors
(BDNEF/IGF-1) from implanted PLGA/graphene scaffolds
promoted functional recovery after SCI (Pan et al., 2019).
Additional evidences have supported the biocompatibility
of graphene constructs with dopaminergic neurons for cell
replacement strategies in Parkinson’s disease (Tasnim et al.,
2018). Another recent study has demonstrated the neuropro-
tective ability of this material to inhibit a-synuclein aggre-
gation (Kim et al., 2018). However, only few in vivo studies
have exploited the excellent properties of this carbon-based
nanomaterial for cell/drug encapsulation in the context of
neurodegeneration and cerebrovascular diseases (Menaa
et al,, 2015). Due to the presence of hydrophilic functional
groups, graphene can be chemically funcionalized with a
variety of molecules (peptides, drugs, ligands, antibodies).
In addition, this material shows high electrical conductiv-
ity properties that might be exploited in combination with
neurostimulation to enhance neural stem cell engraftment,
axonal regrowth and networks rewiring in CNS disorders.

A Known Biomaterial to Drive Post-stroke

Recovery

Our group has been pioneering in implanting silk fibroin
hydrogels as an adjuvant to potentiate the therapeutic effect
of stem cells. We fabricated silk fibroin hydrogels through the
sonication-induced gelation of regenerated silk fibroin solu-
tions. This natural and nonimmunogenic material was intra-
cerebrally injected in a pregel state, achieving in situ gelation
within a period of 10-15 minutes (Fernandez-Garcia et al.,
2016). Several weeks after implantation, we did not observe
marked cognitive, sensorial and motor deficits. Concurrently,
the sleep wakefulness cycle and electroencephalogram activ-
ity dependent of behavioral contexts were within the normal
range, supporting the biocompatibility of this material with
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Figure 1 Hydrogel scaffolds for brain
engineering.

Hydrogel-based therapeutics sustains
drug delivery and support cell survival
and engraftment after implantation.
Similar to classical approaches, hydro-
gels target inflammatory, excitotoxicity
and oxidative stress pathways to exert
neuroprotection on the brain or mitigate
pathological symptoms (for example,
releasing dopamine for Parkinson’s dis-
ease). Other approaches are focused on
stimulating neurogenesis and angiogen-
esis, pursuing the re-establishment of
brain circuitry, creating new networks or
modifying the pre-existing ones through
uncertain endogenous mechanisms of
structural and functional rewiring.

Figure 2 Viability of mesenchymal stem cells encapsulated in silk fibroin hydrogels.

(A) On the left, representative images of calcein-positive mesenchymal stem cells encapsulated in silk fibroin hydrogels of 2, 4, 6, and 8% polymer
concentration (scale bar: 200 um). In the middle, quantification of mesenchymal stem cell viability forty-eight hours after encapsulation in silk
fibroin hydrogels of different concentration. Asterisks denote significant differences between 4-8% and 2% silk fibroin concentrations (data are
shown as the mean =+ the standard error of the mean with a minimal of 3 samples per each fibroin concentration, one-way analysis of variance
test followed by Tukey’s test; P < 0.01). Delayed gelation was induced using a single sonication pulse on silk fibroin solutions with a Branson 450
Sonifier coupled to a 3 mm diameter Tapered Microtip (parameters: sonication time 15 minutes; 15% amplitude; 40—-45°C temperature). Note how
cell survival is higher at lower hydrogel polymer concentrations, which show stiffness properties (right panel) close to the human brain (variable
stiffness ranges have been reported for the rodent (25-50 kPa) and human (2-10 kPa) brains). (B) Images of coronal brain sections at high (scale
bar: 1 mm) and low magnification (Scale bar: 100 um) showing the location of mesenchymal stem cell populations encapsulated into 2% silk fi-
broin hydrogels twenty hours after implantation into the striatum of non-EGFP (left panel) and EGFP expressing mice (right panel). Previously
to the implant, mesenchymal stem cell populations were loaded with CFSE (pseudocolored green, left panel) or Vybrant Dil (red, right panel) flu-
orochromes. In the left panel (non-EGFP), nuclei were labeled with DAPI (blue). Note in the right panel, EGFP is expressed throughout all brain
regions although more intensely in cerebral vessels. CFSE: Carboxyfluorescein succinimidyl ester; DAPI: 4',6-diamidino-2-phenylindole; EGFP:
enhanced green fluoresent protein.
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cerebral tissue. For several reasons this polymer concentra-
tion (2%) is very appropriate for cerebral applications. First,
these hydrogels have elastic moduli that match the stiffness
properties of brain tissue. Second, this specific concentration
is optimal for cell survival because higher polymer concen-
trations lead to stiffer hydrogels with degrees of extreme
confinement that compromise cellular viability (Figure 2).
This biomaterial and polymer concentration enhanced the
engraftment of mesenchymal stem cells implanted in the
brain, promoting functional recovery after stroke (Fernan-
dez-Garcia et al., 2018). The improvement was first associated
with a reduction in extended damage and partial preserva-
tion of function in the affected cortical territory. This positive
effect was probably due to the neuroprotective and anti-in-
flammatory properties of this stem cell population and their
secretome capacity (Menaa et al., 2018; Martin-Martin et al.,
2019). The anti-inflammatory and anti-oxidant properties of
hydrogel-encapsulated MSC have been also exploited in oth-
er contexts, such is Parkinson’s disease, using composites of
collagen/PEG and collagen/hyaluronan hydrogels (Chierchia
et al., 2017). In our study, several weeks after silk fibroin
implantation, we could detect cortical reorganization events
related to emerging sensory activity in peri-lesional motor
areas. This emergent functional rewiring caused a significant
improvement of sensorimotor dexterity, which had been ini-
tially impaired after cerebral infarction. This type of cortical
reshaping between sensory/motor areas linked with recovery
has been observed previously in stroke monkeys and humans
after rehabilitative training (Nudo et al., 1996; Jaillard et al.,
2005), although in our study, cortical remapping was favored
by a cell therapy approach that resulted in more efficient after
cell encapsulation in silk fibroin hydrogels.

Conclusion

The era of natural and synthetic biomaterials to potentiate
the therapeutic effects of drugs and cells for brain disorders
has only just begun. While we seek and exploit promising
targets and develop/improve tools to validate the potential of
different therapies at the molecular, cellular, structural and
functional levels, we are racing to develop tailorable hydro-
gels of increasing sophistication in terms of composition,
structure, mechanical properties and biocompatibility to ra-
tionally cross the preclinical/clinical transition. For drug/cell
delivery in cerebral disorders, only a few biomaterials have
reached the clinics, such as gliadel, a polyanhydride polymer
created to deliver anti-tumoral compounds. However, there
are no doubts regarding the opportunity that this area pro-
vides in developing new forms of sophisticated therapies to
advance the treatment of brain disorders.
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