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Biomaterial strategies for regulating the
neuroinflammatory response

Alycia N. Galindo, (2 +% David A. Frey Rubio () +® and Marian H. Hettiaratchi (2 *°°
Injury and disease in the central nervous system (CNS) can result in a dysregulated inflammatory environment
that inhibits the repair of functional tissue. Biomaterials present a promising approach to tackle this complex
inhibitory environment and modulate the mechanisms involved in neuroinflammation to halt the progression
of secondary injury and promote the repair of functional tissue. In this review, we will cover recent advances
in biomaterial strategies, including nanoparticles, hydrogels, implantable scaffolds, and neural probe coatings,
that have been used to modulate the innate immune response to injury and disease within the CNS. The
stages of inflammation following CNS injury and the main inflammatory contributors involved in common
neurodegenerative diseases will be discussed, as understanding the inflammatory response to injury and
disease is critical for identifying therapeutic targets and designing effective biomaterial-based treatment
strategies. Biomaterials and novel composites will then be discussed with an emphasis on strategies that
deliver immunomodulatory agents or utilize cell-material interactions to modulate inflammation and promote
functional tissue repair. We will explore the application of these biomaterial-based strategies in the context of
nanoparticle- and hydrogel-mediated delivery of small molecule drugs and therapeutic proteins to inflamed
nervous tissue, implantation of hydrogels and scaffolds to modulate immune cell behavior and guide axon
elongation, and neural probe coatings to mitigate glial scarring and enhance signaling at the tissue—device
interface. Finally, we will present a future outlook on the growing role of biomaterial-based strategies for
immunomodulation in regenerative medicine and neuroengineering applications in the CNS.
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1. Introduction

Neuroinflammation is a process through which the central and
peripheral nervous systems combat pathogens, remove extra-
cellular debris, and respond to tissue damage to maintain
tissue homeostasis. However, if left unresolved, neuroinflam-
mation will negatively affect neuronal health and result in
chronic tissue damage and subsequent loss of function. Con-
sequently, dysregulated neuroinflammation has been identi-
fied as a hallmark of many neurodegenerative conditions,
including traumatic injury and neurodegenerative disorders
such as Alzheimer’s disease and multiple sclerosis. Injury to
the central nervous system (CNS) can occur from motor vehicle
accidents, sports, and falls. Globally, there are 27 million
individuals who are currently living with a disability following
spinal cord injury (SCI) and approximately 50 million indivi-
duals who are affected by a traumatic brain injury (TBI) every
year."™ Additionally, approximately 15% of the worldwide
population is estimated to be currently suffering from some
form of neurodegenerative disease with an associated annual
cost of approximately $655 billion in the United States alone in
2020.>° With an aging global population on the horizon, the
prevalence of neuroinflammatory diseases is expected to
increase, requiring more research efforts in these areas than
ever before.”®

Since the 1960s, there have been 1200-3000 clinical studies
investigating treatments for neuroinflammatory diseases. Com-
binations of anti-inflammatory drugs,”' antioxidants,”>™**
corticosteroids,'™'® exercise,’”™*° and tailored diets**>* have
been implemented with limited long-term success. While these
strategies can help manage disease symptoms, they fail to fully
resolve inflammation within the CNS. Our understanding of

neuroinflammation is  evolving, opening numerous
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opportunities for new treatment strategies. For example,
microglia and astrocytes are critical mediators of neuroinflam-
mation and are the target of many new therapeutics to treat
dysregulated immune responses. Biomaterial-based treatment
strategies are emerging as a novel approach to address neuroin-
flammation. Biomaterial-based delivery vehicles such as nano-
particles and hydrogels have shown promise in delivering
drugs, proteins, and cells across the intact blood-brain barrier
(BBB). Nanoparticles delivered intravenously can extend sys-
temic drug circulation, increasing the likelihood of a therapeu-
tic crossing the BBB and enhancing delivery of therapeutics to
target cells in the CNS.>> Conversely, hydrogels are more
commonly delivered directly to the site of interest in the CNS
for local drug, protein, or cell delivery.>*>° Both hydrogels and
nanoparticles can be functionalized with targeting ligands to
promote localization within specific environments and modu-
late cell behavior;*® however, while nanoparticles excel in
systemic drug delivery and blood-brain barrier penetration,
hydrogels must be locally administered and are thus better
suited to treating focal CNS injuries.”®*! Similarly, bioactive
cues can be incorporated into tissue engineered scaffolds to
guide neural axon elongation, while various surface coatings
have been applied on neural probes to enhance neuron signal
recording and stimulation at the tissue-device interface.*>* In
this review, we will discuss recent advances in the development
of biomaterial strategies for addressing neuroinflammation
with a focus on nanoparticles, hydrogels, implantable scaf-
folds, and neural probe coatings.

2. Background
2.1 Resident cells of the central nervous system

CNS parenchymal tissue is composed of an intricate combi-
nation of glycosaminoglycans (e.g., hyaluronic acid), proteogly-
cans, and glycoproteins (e.g., fibronectin, laminin), but has
notably fewer fibrous proteins than muscle or bone
(Fig. 1).*77 This network of extracellular matrix (ECM) mole-
cules provides latching points for neurons to extend and
connect to other cells, modulates neural plasticity, and regu-
lates axon regeneration.*® Within this matrix lies a diverse
population of support cells called glia, including oligodendro-
cyte progenitor cells, radial glia, ependymal cells, microglia,
oligodendrocytes, and astrocytes. Together, these cells main-
tain tissue homeostasis by supporting neuron maturation, axon
myelination, and nutrient transport, structuring the ECM, and
initiating an immune response to foreign bodies such as
pathogens, neurotoxins, and implants.*®*°

Microglia are specialized macrophages that serve as the
primary innate immune cell population within the CNS
(Table 1). In healthy tissue, microglia exist in a “resting” state
in which their cytoskeletal protrusions interact with other cells
and monitor changes to the local environment.*! Perturbations
to parenchymal tissue caused by injury or disease activate
microglia, causing alterations in their gene expression and
adoption of an amoeboid-like morphology.”*** Depending on

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Composition of central nervous system parenchymal tissue during homeostasis. (A) Peripheral immune cells such as lymphocytes, neutrophils,
dendritic cells, and border-associated macrophages (M) reside in the dura mater, contributing to immune surveillance. Astrocytes wrap around
neurovasculature, contributing to the integrity and selectivity of the BBB. Astrocytes also facilitate metabolite transport to neighboring glia and neurons.
During homeostasis, microglia remain in a branched state, surveying the environment for pathogens, DAMPs, and protein aggregates. Oligodendrocytes
myelinate axons and facilitate metabolite transport alongside astrocytes. (B) Different cell types present in CNS tissue. (C) The extracellular matrix in the
CNS primarily consists of hyaluronic acid, fibronectin, laminin, and proteoglycans.

Table 1 Role of glial cells in neuroinflammation

Cell type Role in neuroinflammation

Microglia o Surveillance for pathogen- and damage-associated molecular patterns
e Remove cellular debris and protein aggregates
e Facilitate neuronal repair and maturation
M1-like Microglia e Activate local glia via release of pro-inflammatory cytokines
o Release oxygen and nitrogen reactive species
e Facilitate immune cell recruitment through chemokine secretion
M2-like Microglia e Remove cellular debris and protein aggregates
e Neural tissue remodeling
e Resolve inflammation
e Promote neurogenesis, angiogenesis, and oligodendrogenesis
Astrocyte e Regulate nutrient transport to neurons
e Maintain blood-brain barrier selective permeability
e Modulate neuron synapse plasticity
o Build the neural extracellular matrix
A1-like Astrocyte e Produce chondroitin sulfate proteoglycans
o Release oxygen and nitrogen reactive species
o Release pro-inflammatory cytokines
A2-like Astrocyte e Release neuroprotective factors
o Resolve inflammation
e Produce chondroitin sulfate proteoglycans
Oligodendrocyte e Myelinate neuronal axons
e Regulate nutrient transport to neurons
e Antigen presentation & T cell activation
e Regulate microglia activation and peripheral immune cell recruitment
e Release neuroprotective factors

signals perceived in the surrounding environment, stimulated macrophages. While M1/M2 nomenclature is typically used to
microglia will transition to either a classically activated (M1) distinguish between pro- and anti-inflammatory phenotypes,
or alternatively activated (M2) state, similar to that of respectively, recent studies have shown this system fails to
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capture the full spectrum of microglial phenotypes.**™*° Collec-
tively, microglia resolve homeostatic disturbances by initiating
and orchestrating the inflammatory response, phagocytosing
cellular debris, and regulating glial cell behavior.

Astrocytes are another type of glial cell that make up a large
portion of CNS tissue and work in conjunction with microglia
to quickly respond to physiological stimuli and pathological
perturbations to maintain tissue homeostasis (Table 1). Under
healthy conditions, astrocytes interact with neurons and other
glia via connexin-based gap junctions.*” These interactions
establish large-scale glial networks that regulate neural signal
transmission and facilitate nutrient transport. Oligodendro-
cytes are also included in this network, through which they
provide neurotrophic support, deliver metabolites, and myeli-
nate neuronal axons.’® Furthermore, astrocytes can interact
with microvessels in the CNS to help maintain endothelial
tight junctions within the BBB and blood-spinal cord barrier
(BSCB).*> When astrocytes are activated, they undergo signifi-
cant functional and morphological changes and are typically
denoted as A1l and A2 astrocytes, mirroring the widely used
macrophage/microglia nomenclature system.

2.2 The role of peripheral immune cells in maintaining tissue
homeostasis

CNS parenchyma is segregated from the rest of the body by a
series of meningeal layers and the BBB/BSCB. The BBB and
BSCB are comprised of tightly packed endothelial cells and
protect nervous tissue from many circulating pathogens and
neurotoxins.”® Along these tissue borders lie meningeal com-
partments and perivascular spaces from which bone marrow-
derived immune cells can remain in immunological surveil-
lance. This peripheral niche contains several innate and adap-
tive immune cell populations such as border-associated
macrophages (BAMs), dendritic cells, natural killer cells
(NKs), T cells, B cells, and neutrophils.”" These cell populations
communicate with barrier tissue cells through a series of
neurotransmitters, neuropeptides, and cytokines.>> While neu-
rons and glia are the primary residents of CNS parenchyma,
recent studies have elaborated on a more active role of periph-
eral immune cells in maintaining CNS parenchymal home-
ostasis. Following the onset of injury, the BBB is disrupted,
allowing for peripheral immune cell infiltration and inflamma-
tory signaling.>® Innate immune cells can activate glia and
facilitate a local tissue response; however, their prolonged
presence can be detrimental and is a hallmark of several
neurodegenerative diseases characterized by a dysregulated
immune response.>*™” Preventing further infiltration of
immune cells and managing the inflammatory response is
critical for preventing irreparable tissue damage.

2.3 The inflammatory response to central nervous system
injury

Trauma to CNS parenchymal tissue by SCI or TBI initiates the
death of neurons through apoptosis and necrosis, disrupts the
protective BBB/BSCB, and allows peripheral immune cells to
infiltrate. Within the damaged tissue environment, local glia
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and infiltrating immune cells become activated and work
together to stabilize the injury site, clear debris, and initiate
the healing cascade. While this activity is critical for tissue
repair, it can also lead to secondary tissue damage that can
prevent timely resolution of neuroinflammation. The inflam-
matory response to CNS injury is typically broken down into
three stages of inflammation, which are each characterized by
different time scales, immune cell infiltration rates, protein
signaling, and tissue remodeling (Fig. 2). The acute inflamma-
tory phase lasts hours to days after injury, followed by the sub-
acute inflammatory phase which lasts up to weeks after injury,
and lastly, the chronic inflammatory phase which can last
months to years, depending on the severity of the injury.
Understanding the cellular and molecular processes that occur
throughout each stage of the inflammatory response to CNS
injury is critical for designing effective biomaterial-based
interventions.

2.3.1 Acute inflammation (hours after injury). Immediately
after traumatic injury to the brain or spinal cord, several events
occur that result in the activation of resident glial cells and a
rapid influx of peripheral immune cells. Ischemia, edema, and
glutamate excitotoxicity begin within the first few hours after
injury and initiate local chemokine production to recruit
immune cells to the site of injury.”® Small endogenous mole-
cules called damage-associated molecular patterns (DAMPs) are
released by damaged and dying cells into the extracellular
space. DAMPs activate resident glia and recruit peripheral
immune cells, contributing to secondary inflammation, addi-
tional tissue damage, and the production of cytokines, induci-
ble nitric oxide synthase (iNOS), and matrix metalloproteinases
(MMPs). Cytokines such as interleukin-33 (IL-33), IL-1f, and
tumor necrosis factor-o. (TNF-o) have all been reported to be
released within the first 3 hours after injury.”® IL-33 is an
alarmin that is released from damaged oligodendrocytes, caus-
ing a cascade of chemokine production from resident astro-
cytes and microglia that results in the recruitment of
neutrophils and monocytes.’®®' iNOS is an enzyme that is
produced by infiltrating and activated immune cells and cata-
lyzes the production of nitric oxide, causing neuronal apopto-
sis. MMPs are peptidases that are produced by neurons, glia,
and endothelial cells and degrade the ECM to foster tissue
remodeling and reestablish tissue homeostasis. After injury,
excess MMP production can cause damage to blood vessels in
the perivascular basement membrane."®®'"®* The accumula-
tion of reactive oxygen species (ROS) triggers oxidative stress
and disturbs tight junction proteins in the BBB/BSCB, provid-
ing an avenue for immune cells to infiltrate. While peripheral
immune cells from surrounding tissues infiltrate through the
disrupted BBB/BSCB, resident cells including oligodendrocytes,
microglia, and astrocytes are activated and continuously release
inflammatory signals including cytokines, chemokines, sec-
ondary messengers, and ROS.** Microglia can be activated by
cell debris and circulating inflammatory signals to produce
inflammatory proteins such as TNF-a, IL-1f, IL-6, and
iNOS.®*% Elevation of such proteins has been detected 6 to
10 hours after injury and peaks within the first day. These

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 The stages of the inflammatory response to injury in the central nervous system. The inflammatory response in the CNS can be broken down into
the acute inflammatory phase, which lasts hours to days, the sub-acute inflammatory phase, which lasts days to weeks, and chronic inflammatory stage,
which lasts months to years. (A) The CNS tissue environment after injury includes an abundance of neurons, glia, and other immune cells as well as a
variety of pro- and anti-inflammatory molecules that change throughout the various stages of inflammation. (B) Relative abundance of various immune
cells during the stages of inflammation. (C) Relative abundance of pro- and anti-inflammatory cytokines, growth factors, and other biomolecules during
the stages of inflammation. Abbreviations: M1 (classically activated macrophages/microglia), M2 (alternatively activated macrophages/microglia), Al
(activated astrocytes), Glu (glutamate), iINOS (inducible nitric oxide synthase), DAMPs (damage-associated molecular patterns), MMPs (matrix
metalloproteinases), IL-6 (interleukin-6), TNF-o (tumor necrosis factor-a), IL-1B (interleukin-1p), IL-4 (interleukin-4), IL-10 (interleukin-10), IL-33
(interleukin-33), transforming growth factor-B (TGF-p), CSPGs (chondroitin sulfate proteoglycans).

cytokines establish a pro-inflammatory environment, resulting
in further apoptosis of neurons and glial cells that peaks
approximately 8 and 24 hours after injury, respectively. The
overall extent of the injury contributes to the amount of pro-
inflammatory signals released from injured neural cells, dictat-
ing the magnitude of the inflammatory response and secondary
tissue damage that occurs. The severity and duration of BBB
disruption varies across different pathological conditions and
magnitude of trauma. Following injury, defects across the BBB

© 2024 The Author(s). Published by the Royal Society of Chemistry

can be large enough to allow entry of circulating serum proteins
such as albumin (~ 67 kDa).®® During traumatic brain injury,
the BBB remains permeable to larger molecular weight proteins
(>10 kDa) during the acute phase (<5 hours), while smaller
molecules (0.3-10 kDa) may continue to transverse the BBB for
several days post-injury.”” Enhanced BBB permeability is
usually localized to the site of injury, allowing for the entry of
larger therapeutics within an early time frame following the
injury.®”
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The first peripheral immune cells to arrive at the site of
injury are neutrophils, which arrive as early as 4 hours and peak
6 to 12 hours after injury.* Neutrophils release TNF-o, ROS,
antimicrobial peptides (AMPs), elastase, and neutrophil extra-
cellular traps (NETs), which cause neuronal cytotoxicity and
vascular leakage.®" NETs trap and kill bacteria, but also degrade
BBB/BSCB tissue, further compromising its integrity and con-
tributing to the infiltration of additional peripheral immune
cells.®® Monocytes are the second and most abundant type of
peripheral immune cells that arrive at the site of injury and are
first detected within 24 hours after injury.®® Monocytes begin to
differentiate at the site of injury into macrophages. Depending
on their phenotype, macrophages can play a dual role in
early inflammation. The accumulation of M1 macrophages
around the lesion increases the production of iNOS, ROS,
pro-inflammatory cytokines, and free radicals, resulting in
increased neuronal apoptosis.®’ Conversely, M2 macrophages
phagocytose myelin debris, produce growth factors, and release
anti-inflammatory cytokines. The timing of macrophage infil-
tration and the composition of their extracellular environment
influence their differentiation to either an M1 or M2
phenotype.”®®' Microglia can similarly aid in resolving inflam-
mation by expressing anti-inflammatory cytokines such as
transforming growth factor-p1 (TGF-B1) and I1L-10.°® Many
researchers identify IL-10 as an anti-inflammatory cytokine that
can halt the production of TNF-o and IL-6; however, IL-10 can
also be considered as a pro-inflammatory cytokine that pro-
motes the production of pro-inflammatory cytokines such as
interferon-gamma (IFN-y) from surrounding cells.”

Both astrocytes and microglia are activated within 24 hours
after injury and are continuously activated in the first few days
following injury. Activated microglia and macrophages are
difficult to distinguish because they have similar phenotypes
and functions. However, cell surface markers such as
ionized calcium binding adaptor molecule 1 (Iba1®), CD206",
CD11b", and CD45'*"/"&" can be used to distinguish microglia
and macrophages; low expression of CD45 is indicative of
microglia, while high expression of CD45 is indicative of
macrophages.”"”> Both macrophages and microglia phagocy-
tose cell debris, which is critical for maintaining tissue home-
ostasis and promoting tissue repair. Astrocytes and endothelial
cells have also been reported to participate in phagocytosing
cell debris after CNS injury. Myelin debris contains Nogo-A,
myelin-associated glycoprotein (MAG), and ephrin B3, which
can induce expression of TNF-o and IL-1B; thus, myelin clear-
ance and subsequent removal of these signals is critical for the
resolution of neuroinflammation. The prolonged presence of
myelin debris can change the phenotype of macrophages to
“foamy” or lipid-laden macrophages, leading to immune cell
migration and decreased phagocytosis.®’ A1 activated astro-
cytes are induced by inflammatory signals released from M1
activated microglia, such as TNF-a, IL-1f, and component 1
subcomponent q (C1q).”® The presence of Al astrocytes can
lead to further secretion of inflammatory signals, such as IL-1f,
TNF-0, IL-6, ROS, and lipocalin-2.”*”> Conversely, A2 activated
astrocytes can promote neuronal survival and tissue repair
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through the secretion of anti-inflammatory cytokines and neu-
roprotective growth factors, such as brain-derived neurotrophic
factor (BDNF), glial-derived neurotrophic factor (GDNF), fibro-
blast growth factor-2 (FGF-2), and TGF-B.”®7®

2.3.3 Sub-acute inflammation (days to weeks after injury).
The sub-acute phase of inflammation in the CNS occurs in the
first few days to weeks following injury and, if left unchecked,
can result in the extension of tissue damage beyond the initial
injury. Expression of the pro-inflammatory cytokines IL-1,
TNF-o, and IL-6 begins to decrease between 2 to 7 days after
injury while anti-inflammatory cytokines IL-10 and TGF-f} begin
to increase 3 to 7 days after injury.>® In some cases, levels of
pro-inflammatory cytokines have been reported to return to
baseline around 14 days after injury.’®®® Within 7 to 10 days
after the initial injury, astrocytes proliferate quickly around the
lesion to begin forming the glial scar. The glial scar separates
the damaged tissue from healthy tissue and protects surround-
ing neurons from the spread of inflammatory signals. For-
mation of the glial scar is commonly detected by the presence
of glial fibrillary acidic protein (GFAP), which is expressed by
astrocytes.”® Additionally, chondroitin sulfate proteoglycans
(CSPGs) are deposited in and around the injury site by activated
astrocytes and function as a major growth-inhibitory compo-
nent of the glial scar.®® While the glial scar protects neurons
from the spread of inflammatory signals, it also prevents
neurons from proliferating and extending axons through the
injury site, resulting in limited tissue regeneration.”®®" Several
cell types form the glial scar. This includes reactive astrocytes
and microglia that make up the outer barrier, cells such as
ependymal cells, fibroblasts, and pericytes line the inner edges
of the scar and interact with reactive astrocytes, and macro-
phages, neutrophils, and stromal cells that fill the core.**%3%52

Neutrophils continue to be present within the injury site up
to 2 to 3 days after injury, while the proliferation of other
peripheral immune cells such as monocytes peaks slightly later,
at 4 to 7 days after injury.®® Resident immune cell and astrocyte
activation peaks 3 to 7 days after injury.®’ The resolution of
inflammation and polarization of macrophages and microglia
to M2 phenotypes varies depending on the extent of initial
tissue damage and subsequent ischemia. Microglia and macro-
phages can display both M1 and M2 phenotypic markers
throughout the stages of inflammation. Interestingly, in a
mouse TBI model, transient M2 microglia first peaked 7 days
after injury before differentiating into an M1 phenotype, which
peaked 21 to 28 days after injury.®>** Microglia and astrocytes
typically exhibit a low rate of proliferation in healthy tissue but
have been reported to proliferate up to months after injury,
with populations starting to gradually decline again approxi-
mately two weeks after injury.®>7”*%°

2.3.4 Chronic inflammation (months to years after injury).
A large percentage of individuals who experience a CNS injury
develop chronic inflammation that can last several years after
injury. In these cases, myelin debris clearance is insufficient
after glial scar formation, resulting in the accumulation of
“foamy” macrophages and decreased phagocytosis. The accu-
mulation of myelin associated molecules such as Nogo-A and

© 2024 The Author(s). Published by the Royal Society of Chemistry
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MAG results in neuron retraction and poor axonal regeneration
in the tissue adjacent to the injury site. Astrocytes transition
into scar-forming astrocytes, and DAMPs remain in the injury
environment during the sub-acute and chronic inflammatory
phases.” The glial scar matures weeks to months after
injury, during which tissue remodeling and restoration of the
BBB/BSCB occurs. Elevated expression of a variety of pro-
inflammatory cytokines have also been reported in the later
stages of inflammation after TBI and SCI. Deposition of col-
lagen I, fibronectin, and additional ECM components by peri-
cytes, resident immune cells, and stromal cells results in the
formation of dense fibrotic tissue that may not be functional.*
The chronic inflammation stage can last years after injury, and
the overall mechanisms that result in the secondary progres-
sion of neurodegeneration are largely unknown. However,
autopsies and positron emission tomography (PET) scans have
been used to characterize the chronic inflammatory response in
the brain and spinal cord for individuals who have lived years
after severe CNS injury. For instance, activated microglia have
been found in individuals affected by TBI multiple years after
the initial injury.®>® Additionally, SCI and TBI have been
associated with progressive neurodegenerative diseases such
as Wallerian degeneration and chronic traumatic inflammatory
encephalopathy, respectively. TBI has also been linked to
dementia, and many patients experience chronic inflammation
in the brain after SCI, indicated by elevated TNF-u levels in the
brain and accompanied by symptoms similar to TBIL.%>%*

2.3.5 Resolution of inflammation. Although neuroinflam-
mation may be viewed as a negative contributor to injury
progression, it is essential for the repair of tissue. The orche-
strated infiltration and activation of immune cells and their
release of key cytokines are critical to resolving inflammation.
The presence of cytokines such as IL-4 or IL-13 can polarize
cells including resident glia and peripheral immune cells to
their pro-regenerative phenotype. These cells clear cellular
debris, protein aggregates, and toxic inflammatory molecules,
which is a critical step in the resolution of inflammation. In
ideal cases, the increased presence of these immune cells and
the release of anti-inflammatory cytokines such as IL-10
and TGF-B can counteract pro-inflammatory molecules to
resolve neuroinflammation. An increased presence of pro-
regenerative immune cells is more likely to overcome the
inflammatory milieu and return to homeostatic levels of
immune cells and cytokines. However, in cases where neuroin-
flammation does not resolve itself, there is often a shift towards
pro-inflammatory cells and molecules, resulting in chronic
inflammation that is challenging to resolve. Furthermore, the
formation of the glial scar and the production of inhibitory
molecules such as CSPGs can inhibit the conversion of immune
cells to their pro-regenerative phenotypes, preventing the reso-
lution of inflammation.®

2.4 Neuroinflammation during disease

Aggregation of pathological proteins such as amyloid-f and o-
synuclein, can promote microglial reactivity.*>®” Prolonged
activity of reactive astrocytes and microglia has been identified
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as a hallmark of several neurodegenerative diseases, including
stroke, multiple sclerosis, Alzheimer’s disease, and Parkinson’s
disease.®® The BBB/BCSB prevents the delivery of numerous
therapeutic drugs and biomolecules that could be valuable in
treating these conditions. Biomaterials can provide a means to
circumvent the BBB/BSCB and deliver therapeutics to the site of
injury or disease to modulate neuroinflammation. The under-
lying mechanisms that are involved in each neuroinflammatory
condition are summarized here to understand emerging targets
for treating inflammation associated with these diseases.

2.4.1 Stroke. Stroke is the third leading cause of death
worldwide, with the majority of strokes caused by blood vessel
occlusion and a subsequent ischemic event.®> Although stroke
is commonly recognized as a disorder of the blood vessels, the
interactions between vascular cells and neural cells, such as
neurons and glia, are also an important consideration. Follow-
ing stroke, activated astrocytes and microglia compromise the
integrity of the BBB by producing inflammatory molecules such
as DAMPs, ROS, iNOS, MMPs, and pro-inflammatory cytokines.
These inflammatory molecules damage glia and endothelial
cells, increasing BBB permeability.’>" MMPs further disrupt
the BBB by breaking down tight junction proteins within it. The
BBB is a critical barrier that maintains homeostatic levels of
immune cells within the CNS tissue, and its disruption facil-
itates an increase in peripheral immune cell infiltration.’*°>
The extent of BBB damage depends on the severity of injury and
magnitude of subsequent inflammatory events.’® Microglia are
localized centrally within the stroke lesion, and astrocytes are
located in and around the lesion.” Like other cases of neuroin-
flammation, resident and peripheral immune cells can also
resolve inflammation and promote tissue repair by phagocytos-
ing debris, producing anti-inflammatory cytokines, and pro-
moting angiogenesis.’® The severity of the stroke and the
degree of BBB damage significantly contribute to the inflam-
matory response and secondary tissue damage after stroke.
Restoration of the BBB allows for the reduction of infiltrating
pro-inflammatory cells, creating a favorable environment for
subsequent tissue repair.”® Therefore, a large focus of stroke
treatments includes accelerating the restoration of the BBB and
promoting the production of growth factors to repair damaged
tissue.

2.4.2 Multiple sclerosis. Multiple sclerosis (MS) is a
chronic inflammatory disease that is characterized by demye-
lination, neurodegeneration, and gliosis in the CNS.°® Many
researchers have considered MS to be an autoimmune disease
in which immune cells infiltrate and attack healthy tissue,
causing lesions; however, the exact mechanisms of MS remain
unknown. The adaptive and innate immune systems synergis-
tically contribute to chronic neuroinflammation in MS. The
most common form of MS is relapsing-remitting multiple
sclerosis (RRMS), in which inflammatory attacks on neural
tissue continually recur. Macrophages typically reside within
lesion sites long-term, while microglia populations only
increase during the active phases of RRMS.”” Circulating
monocytes infiltrate and differentiate into M1 or M2 macro-
phage phenotypes. Identification of macrophage phenotypes is
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valuable for understanding the mechanisms of MS since dif-
ferent phenotypes progress the disease differently.””°® Mono-
cytes release IL-6, IL-10, IL-12, and TNF-o with the highest levels
of IL-6 and IL-12 expression found in untreated MS patients.®”
M1 microglia and macrophages express pro-inflammatory cyto-
kines and enhance the adaptive immune response by expres-
sing major histocompatibility complex class II (MHCII), which
is a requisite for antigen presentation, ultimately leading to a
toxic inflammatory environment.”® Dying and demyelinated
neurons produce large quantities of myelin debris in MS
patients.’®® Residual myelin debris increases inflammation
and is commonly considered a hurdle in MS treatment. Shifting
innate immune cells to their alternatively activated phenotypes
to resolve inflammation and promote phagocytosis is necessary
for the treatment of MS.

2.4.3 Glioblastoma. Gliomas are solid mass tumors arising
from the dysregulated activity of glial cells. Glioblastomas are a
subtype of highly aggressive gliomas that account for approxi-
mately 50% of all malignant tumors in the CNS.*** The tumor
microenvironment consists of an intricate mixture of brain
tumor cells, tumor-associated macrophages (TAMs), astrocytes,
neurons, T cells, NK cells, and neutrophils.'®®> Genetic altera-
tions and metabolic adaptations of the cancer cells promote
activation of TAMs, shifting them to an immunosuppressive
M2 phenotype described as “pro-tumor.”'***** The secretion of
cytokines such as IL-6, IL-10, and TGF-B inhibits immune
effector cells, upregulates immunosuppressive T regulatory
cells, and promotes tumor vascularization.'® %" Ameliorating
glioblastoma-associated immunosuppression is necessary for
restoring the innate and adaptive immune response. Radio-
therapy and chemotherapy are the standard treatment for
glioblastoma, but tumor location and off-target side effects
pose challenges to this approach.'®®'% Thus, treatment strate-
gies that promote pro-inflammatory, anti-cancer activity in
tumor-associated immune cells are currently being explored
as an alternative treatment strategy for glioblastoma.

2.4.4 Cerebral palsy. Cerebral palsy is a clinically
heterogenous collection of movement disorders arising from
neurological dysfunction in the developing brain."'® Neuroin-
flammation has been identified as a major contributor to the
progression of cerebral palsy. Trauma and/or infection within
the uterine environment during fetal development results in a
release of DAMPs and alarmins, activating innate immune cells
through the “Fetal Inflammatory Response Syndrome.”™'!
Excessive inflaimmatory signaling within the CNS increases
glial and immune cell proliferation, the release of pro-
inflammatory cytokines (IL-1fB, IL-6, TNF-o, IL-8), and subse-
quent cell death.'*>*

2.4.5 Parkinson’s disease. Parkinson’s disease is character-
ized by the degeneration of dopaminergic neurons and the
appearance of motor abnormalities, such as tremors, bradyki-
nesia, rigidity, and postural instability."*> M1 activated micro-
glia play a significant role in Parkinson’s disease by increasing
the expression of pro-inflammatory cytokines including IL-6
and TNF-o, resulting in the death of dopaminergic neurons,
prolonged inflammation, and further degeneration of neural
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tissue. Microglia have also been reported to release exosomes
containing aggregated o-synuclein proteins, which act as a
potent chemoattractant of additional immune cells and induce
neuronal apoptosis.’” A1 activated astrocyte populations are
also elevated in Parkinson’s disease, further increasing expres-
sion of IL-6 and TNF-a, intercellular adhesion molecule 1
(ICAM1), and ROS in the disease environment. Given the key
role of neuroinflammation in Parkinson’s disease, therapeutics
that reduce the expression of pro-inflammatory cytokines from
activated glial cells and work to resolve inflammation are of
particular interest.'"

3. Biomaterials for modulating
neuroinflammation

New insights into the underlying mechanisms of neuroinflam-
mation have prompted the design of novel biomaterials to
mitigate the detrimental effects of excessive inflammation and
protect surrounding CNS tissue from secondary damage. Recent
advances have been made in a variety of biomaterial strategies
for modulating neuroinflaimmation, including nanoparticles
with the ability to cross the selectively permeable BBB/
BSCB,'®'® hydrogels that enable controlled delivery of immu-
nomodulatory therapeutics,'*®'*® implantable scaffolds with
biophysical cues to enhance cellular alignment and promote a
growth-permissive environment for neural regeneration,'”™>*
and biomaterial coatings to prolong the lifetime of neural probe
implantsh32,1267128

3.1 Nanoparticles

The delivery of small molecules, proteins, lipids, and nucleic
acids has been explored for modulating neuroinflammation.
These therapeutic agents may be presented to a patient in
either a powdered or liquid phase and may be administered
through several routes (intravenous, inhalation, orally, etc.).
Once absorbed, these agents pass into systemic circulation
until they penetrate a tissue or are cleared by circulating
phagocytes.'® The first challenge arises with determining the
optimal dose of the drug. Due to short drug half-lives and rapid
clearance by the reticuloendothelial system, systemic delivery
of therapeutics often results in a low concentration of the drug
reaching the target tissue. To overcome this challenge, higher
therapeutic doses are typically used, but often result in cyto-
toxicity and off-target effects. For systemic delivery of therapeu-
tics to the CNS, nanoparticles must bypass the BBB/BSCB
before entering parenchymal tissue. This is considered a major
obstacle in the field as the highly selective permeability of these
barrier tissues makes entry of drugs very difficult. To address
these concerns, nanoparticle-based delivery systems have been
developed to extend drug half-life and improve their accumula-
tion in target tissues. Nanoparticles can bypass the BBB/BSCB
via transcytosis pathways and gaps in disrupted BBB/BSCB
tissue (Fig. 3)."*° Factors such as zeta potential, surface func-
tionalization, and size determine the pathway of a nanoparticle
to the CNS, and thus are important to consider when designing
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Fig. 3 Nanoparticle-based delivery vehicles and their transport mechan-
isms through CNS tissue. Nanoparticle delivery vehicles such as exosomes,
dendrimers, and polymeric nanoparticles enhance drug delivery across the
blood-brain barrier. Nanoparticles may enter the CNS through gaps in the
disrupted BBB or via “facilitated transport” pathways, such as carrier-,
adsorptive-, and receptor-mediated transcytosis.
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nanoscale delivery vehicles."*""** Previous studies have shown
that particles with a diameter less than 100 nm are more easily
transported across the BBB via transcytosis pathways.'*®*3*
Their nanoscale size (1-100 nm) also enhances tissue penetra-
tion as the extracellular space within the brain contains a large
range of void spaces (40-700 nm) through which the nano-
particles must transverse before reaching the desired
location.'®*'3>13% Gimilarly, microparticles have been used to
deliver drugs systemically; however, the larger size of micro-
particles (2-2000 pm) can reduce their ability to cross the BBB
and travel through neural tissue, given the size constraints of
the extracellular space.'”” Thus, nanoparticles will be our
primary focus for systemic delivery of therapeutics to the CNS.

3.1.1 Exosomes. Exosomes are nanoscale vesicles released
from the outer membrane of cells that facilitate both paracrine
and autocrine signaling."*® The payload within these vehicles
consists of a diverse collection of proteins, lipids, and nucleic
acids that can alter the recipient cell’s behavior towards ther-
apeutic or pathological outcomes.'***° Exosomes have gained
traction in recent years as a potential alternative to cell-based
therapies as they make it possible to deliver bioactive molecules
in a cell-free manner, bypassing concerns related to cell trans-
plantation, including cell viability, potency, and tumorgenicity.
Of equal interest are the membrane markers found on these
extracellular vesicles. These surface receptors can facilitate
vehicle homing to specific cells and tissues, while displaying
low immunogenicity, making them ideal candidates for the
targeted delivery of therapeutics."*!

© 2024 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Review

The general process for manufacturing exosomes consists of
three steps: (1) culturing exosome-producing cells (days to
weeks), (2) harvesting cell-conditioned media, and (3) several
rounds filtration and centrifugation to separate exosomes from
cells, debris, and microvesicles. Once isolated, exosome pellets
can be reconstituted and stored for later use.'**'**"'** The
compositions of exosomes are tied to environmental stimuli
affecting the secreting cell, which means that exosome compo-
sition and release can be primed for specific therapeutic
purposes using a variety of conditions. Liu and colleagues
demonstrated that culturing bone marrow-derived mesenchy-
mal stem/stromal cells (MSCs) under hypoxic conditions
prompted the increased release of exosomes containing a
greater quantity of therapeutic microRNAs. Hypoxia-induced
MSC-derived exosomes were found to be preferentially uptaken
by microglia in vitro and shifted microglia polarization towards
an M2 phenotype both in vitro and in a mouse SCI model."*?
MSCs have also been stimulated with IFNy to improve the
immunomodulatory capabilities of their exosomes. Exosomes
derived from IFNy-stimulated MSCs have been shown to polar-
ize microglia towards an Ibal® CD206" M2 phenotype and
inhibit expression of proteins associated with pyroptosis, a
highly inflammatory form of programmed cell death."*® IFNy-
stimulated MSC-derived exosomes were systemically delivered
in an experimental autoimmune encephalomyelitis mouse
model, which mimics the symptoms of MS. Delivered exosomes
reduced infiltration of Tbal® microglia and macrophages and
shifted the cells to a branched morphology that is consistent
with microglia in a resting state in healthy mice."*®

While microglia and infiltrating macrophages have been the
primary target for many treatment strategies that seek to
ameliorate neuroinflammation, astrocytes have been increas-
ingly implicated in the inflammatory response and have been
the focus of several recent studies. MSC-derived exosomes
delivered intraventricularly in mice reduced TNF-o and IL-1f3
expression in lipopolysaccharide-stimulated primary hippo-
campal astrocytes.'** Exosomes can also be derived from
astrocytes themselves. For instance, astrocyte-derived exosomes
were found to push microglia towards an M2 state by inhibiting
the NF-xB signaling pathway.’* Combining strategies that
target both reactive microglia and astrocytes simultaneously
may synergistically work to resolve neuroinflammation by
prompting the shift of multiple reactive glial cell types towards
M2/A2 phenotypes.'*®

3.1.2 Dendrimers. Dendrimers are nanoparticles with
branched polymer chains that are radially oriented around a
symmetric core. The branched structure of dendrimers results
in the creation of internal cavities within the nanoparticles,
allowing for non-covalent physical entrapment of hydrophobic
drugs and their protection from the external environment until
reaching their target destination."*”"**° Dendrimers can also be
functionalized with drugs,""** imaging agents,'**"'*>'® and
targeting moieties'>*"*” via covalent attachment, making them
effective drug carriers that can be engineered to release their
payload in response to target environment stimuli. Dendrimers
can both extend drug bioavailability and facilitate the transport
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of cargo across the disrupted BBB."*® Generation-4 hydroxyl-
terminated polyamidoamine (G4-OH-PAMAM) dendrimers
have been studied for resolving neuroinflammation as they
preferentially target activated microglia.****® Colocalization of
OH-PAMAM dendrimers in reactive microglia is primarily
mediated through endocytosis, pinocytosis, caveolae, and aqua-
porin channels.’®" One such approach focused on inhibiting
glutamate carboxypeptidase II (GCPII), a membrane-bound
metallopeptidase that is a major contributor to increased
extracellular glutamate. Upregulation of GCPII has been
observed in activated microglia, contributing to glutamate-
mediated excitotoxicity and glial cell dysfunction.'®®> GCPII
inhibitors show potential for regulating neuroinflammation;
however, poor bioavailability and tissue penetration hinder this
strategy. To overcome this challenge, Zhang and colleagues
conjugated 2-(3-Mercaptopropyl) pentanedioic acid, a GCPII
inhibitor, to G4-OH-PAMAM dendrimers. They observed
improved therapeutic delivery to damaged brain parenchymal
tissue with the use of the dendrimers following intravenous
delivery in a rabbit cerebral palsy model. Damage severity was
positively correlated with greater therapeutic homing and glial
cell uptake, resulting in enhanced TGF-f signaling and transi-
tion of activated microglia to a ramified state.''® Other GCPII
inhibitors such as 2-(phosphonomethyl)-pentanedioic acid
have also been conjugated to dendrimers and achieved similar
results in MS and cerebral palsy models.''”"*

Dendrimer platforms have been used for the delivery of anti-
inflammatory drugs. Triamcinolone acetonide is an anti-
inflammatory agent that has been delivered intravitreally for
clinical treatment of diabetic retinopathy; however, this drug
can be cytotoxic and expedite cataract formation."®* Conjuga-
tion of triamcinolone acetonide to G4-OH-PAMAM dendrimers
resulted in its selective delivery to activated microglia (CD11b",
CD45'°%) in the eye and inhibited the NF-kB pathway.'*
Similarly, G4-OH-PAMAM dendrimers improved the delivery
of sinomenine to activated microglia in a rabbit TBI
model."®® Significant changes were observed in the expression
of TNF-a, IL-10, and IL-1; however, sinomenine did not affect
the secretion of IL-6, IL-4, and TGF-p1.

Dendrimers can also be engineered to induce anti-tumor
behavior in TAMSs. Triptolide is a STAT3 inhibitor with promis-
ing anti-cancer properties that are overshadowed by its poor
aqueous solubility and potential for systemic toxicity. Conjuga-
tion of triptolide to G4-OH-PAMAM dendrimers increased its
water solubility by 500-fold.*®® Triptolide release was triggered
in the glioblastoma microenvironment by the pH- and esterase-
sensitive nature of the conjugating linker. This delivery plat-
form not only facilitated targeted delivery of triptolide to TAMs,
but also reduced overall off-target activity as indicated by lower
levels of markers associated with hepatic toxicity.'®®

Dendrimer size was found to be a major factor contributing
to how long the nanoparticles remained in circulation and
distributed within tumor tissue.'®” One group found that G6-
OH-PAMAM dendrimers exhibited a 10-fold higher accumula-
tion within tumor tissue after 24 hours and 2-3 fold higher
tumor specificity compared to a generation-4 dendrimers.
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These nanoparticles were approximately 6.7 nm in diameter,
which is small enough to penetrate the BBB around the tumor
(<20 nm) yet large enough to avoid glomerular filtration and
subsequent renal clearance (>6 nm).'®” This was further
explored by conjugating N-acetyl-L-cysteine to a G6-OH-PAMAM
dendrimer.'®® N-Acetyl-.-cysteine is known for its anti-
inflammatory and anti-oxidant properties, yet suffers from
non-specific binding to circulating plasma proteins and low
accumulation in the CNS. For these reasons, systemic delivery
of N-acetyl-L-cysteine could greatly benefit from nanoparticle
strategies. In this study, dendrimer-mediated delivery of N-
acetyl-i-cysteine was localized to M1 microglia and promoted
their return to a quiescent state. This decrease in the pro-
inflammatory microglia population improved motor score and
survival rate in a rabbit cerebral palsy model. Collectively, these
studies highlight dendrimers as versatile platforms capable of
enhancing the bioavailability of loaded drugs, diffusing across
the extracellular space, and colocalizing with reactive glia.

3.1.3 Polymeric nanoparticles. Polymeric nanoparticles
can be fabricated from a wide variety of synthetic and natural
polymer combinations, such as poly(ethylene glycol) (PEG),
poly(lactic-co-glycolic acid) (PLGA), poly(caprolactone) (PCL),
chitosan, and alginate.'®*"”" They can be tuned to degrade at
different rates, modified with target-specific ligands,"”*> and
made responsive to environmental stimuli, such as proteases,
ROS, and pH."”*>"”> Polymeric nanoparticles typically possess a
high drug loading capacity and can protect their cargo from the
harsh environment of the body until it reaches the site of interest,
both increasing drug bioavailability and reducing the dose required
to make a drug effective. The ability of polymeric nanoparticles to
shield their cargo makes them ideal candidates for transporting
therapeutics across the BBB, motivating their growing application
towards addressing neuroinflammation.

Nanoparticles that can cross the BBB and accumulate in
astrocytes have been synthesized from a biodegradable
block copolymer consisting of PLGA and PEG functionalized
with a terminal lipophilic triphenylphosphonium cation.'”®
These nanoparticles were loaded with antioxidant and anti-
inflammatory agents and then delivered intravenously, result-
ing in a decrease in ROS from reactive astrocytes in a rodent
brain injury model. These same nanoparticles were applied in a
different study to facilitate the delivery of antiretroviral ther-
apeutics in HIV-infected mice."”” HIV infection can elicit a
neuroinflammatory response from microglia and border-
associated immune cells."”®'”® Antiretroviral therapeutics are
used to manage viral load, but have a limited ability to cross the
BBB when administered freely.'®® In this case, nanoparticle
delivery facilitated antiretroviral therapy accumulation in
the brain, leading to a decrease in p24, a distinctive HIV
antigen. In a different study, epigallocatechin-3-gallate, a
potent antioxidant,'®™*%% was delivered to a mouse epilepsy
model using PEGylated PLGA nanoparticles.'®* Release of the
antioxidant agent was facilitated by nanoparticle degradation,
while PEGylation masked the nanoparticles from the immune
system, effectively increasing the half-life of the nanoparticles.
Prolonged release of epigallocatechin-3-gallate from PEGylated-
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PLGA nanoparticles significantly decreased seizure rate and
intensity in the mice. Furthermore, immunohistochemical
results revealed lower activity by Ibal® microglia and GFAP"
astrocytes. Polymeric encapsulation of antiepileptic therapeu-
tics has also been reported using naturally-derived polymers
such as chitosan.'®

Polymeric nanoparticles can also be functionalized with
targeting ligands. Amphiphilic macromolecule-based nano-
particles have been developed with a tunable binding affinity
for CD36, a class B scavenger receptor that mediates microglial
activation."®® Optimization of the alkyl side chain length in the
polymer core increased binding of the nanoparticles to CD36,
inhibiting microglial interactions with o-synuclein aggregates,
which are known to propagate inflammatory signaling in
Parkinson’s disease.®””'® In another study, chitosan nanocar-
riers were modified with fucoidan,'®” a sulfated amphiphilic
polysaccharide that is known to target P-selectin,'®® a cell
adhesion molecule used to recruit macrophages to an inflam-
matory environment.***'® Chitosan is particularly responsive
to acidic environments, promoting accumulation of chitosan
nanoparticles in acidic inflammatory tissue sites."®®

Semiconducting polymer nanoparticles contain polymers
with large m-conjugated rigid backbones. These conjugated
polymers can efficiently produce heat or singlet oxygen when
exposed to near-infrared light, allowing for activation of heat-
and oxygen-responsive therapeutics."”'*> Semiconducting
polymer nanoparticles can leverage the minimally invasive
nature of near-infrared irradiation to achieve spatiotemporal
control over the delivery and activation of therapeutics. For
example, controlled release of the anti-inflammatory agent
curcumin has been achieved using these nanoparticles, redu-
cing ROS and intracellular calcium in mouse microglia while
also inhibiting amyloid-B aggregation.'®’

3.2 Hydrogels

Hydrogels are water-swollen polymeric networks that are pro-
mising delivery vehicles for a variety of cells, proteins, and
drugs. Hydrogels are preferred for soft tissue applications
due to their intrinsically lower mechanical stiffnesses and can
come in different sizes including bulk gels, microgels, and
nanogels."®* "¢ Hydrogels can be surgically implanted, admi-
nistered intravenously,'®* intranasally,’®>'*”'%° or injected
locally to the site of injury.?°°°* In the CNS, injectable hydro-
gels are preferable because they can be injected in a minimally
invasive manner through the delicate BBB/BBSB with minimal
damage, enabling the local delivery of high doses of immuno-
modulatory therapeutics. Naturally-derived polymers com-
monly used to fabricate hydrogels for the CNS include
hyaluronic acid (HA), alginate, chitosan, gelatin, laminin,
fibrin, elastin, and self-assembling peptides.>*>>** Hydrogels
can also be made of synthetic polymers such as PEG, PLGA,
polyurethane, and poly(N-isopropylacrylamide) (PNIPAAm).>*
A hydrogel that closely matches the mechanical and biochem-
ical properties of the CNS can minimize glial scar formation
and facilitate effective tissue repair. For instance, hydrogel
stiffnesses should match that of brain and spinal cord tissue,
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reported to range from 100-2000 Pa.>’**°® Furthermore, the
addition of specific peptide sequences or nanoparticles that
promote cell-material interactions and respond to pH, tem-
perature, or electromagnetic stimuli can also be added to a
variety of natural and synthetic hydrogels to increase their
functionality in the CNS.*°° Here, we will discuss the recent
advances in hydrogels that have been used to deliver proteins,
cytokines, and anti-inflammatory molecules to modulate
the innate inflammatory response after injury or disease in
the CNS.

HA is one the most common biopolymers that has been
investigated for neural tissue engineering. HA is an abundant
ECM molecule in the CNS produced by neurons and
astrocytes.’> HA interacts with several cellular receptors,
including the CD44 receptor, receptor for hyaluronan-
mediated motility (RHAMM), and toll-like receptors (TLRs) 2
and 4 on neurons and glial cells to promote cell migration,
proliferation, and differentiation.”***°*"21° The effects of HA on
the inflammatory response in the CNS are dependent on its
molecular weight. High molecular weight HA (> 1000 kDa) can
reduce glial scar formation, hinder astrocyte activation, and
decrease the production of pro-inflammatory cytokines,
whereas low molecular weight HA (<500 kDa) can elicit
pro-inflammatory astrocyte proliferation and cytokine
production.??®*"'"?13 HA is a particularly attractive biopolymer
for hydrogels for CNS regeneration, as it can be easily modified
to enable tunable crosslinking and incorporate peptides for cell
adhesion and material degradation. HA can also be easily
modified with different functional groups or peptides to pro-
duce hydrogels that can modulate inflammation while simulta-
neously promoting neuronal regeneration. HA-containing
hydrogels have been used to deliver cells, neurotrophins, and
other growth factors. Wang et al. developed an injectable, dual
enzymatically crosslinked HA hydrogel to deliver nerve growth
factor (NGF) and bone marrow-derived MSCs to a mouse model
of TBL*' HA was modified with tyramine to enable dual-
enzymatic crosslinking with galactose oxidase and horseradish
peroxide. MSCs and NGF were encapsulated within the hydro-
gel prior to crosslinking.*'®> The co-delivery of MSCs and NGF
reduced IL-6 production, inhibited neuronal apoptosis, and
polarized macrophages and microglia towards an alternatively-
activated M2 phenotype. It has also been suggested that MSCs
can promote neural regeneration by secreting cytokines and
proteins that are associated with neural tissue repair.”*

Hyaluronic acid-methylcellulose (HAMC) hydrogels are fre-
quently used in neural tissue engineering applications for both
cell and protein delivery.**>'”>'° This blend of two polymers is
physically crosslinked through hydrophobic interactions and is
shear-thinning, which enables facile injection through a fine-
gauge needle, and inverse thermal gelling, which enables
gelation at body temperature.>”° Recently, a HAMC hydrogel
was modified with the peptide sequence KAFAK and the
neurotrophic factor BDNF.?° KAFAK is an immunomodulatory
peptide that can suppress the expression of the pro-
inflammatory cytokines IL-6, IL-1B, and TNF-o..>*" BDNF is a
potent neurotrophic factor that can enhance the survival of
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neurons and axonal regeneration. The co-functionalized hydro-
gel reduced the expression of TNF-o, IL-1f, and IL-6 and
promoted functional recovery after SCI (Fig. 4(A)). This hydro-
gel also increased the expression of IL-10, which can have anti-
inflammatory effects. Interestingly, the HAMC hydrogel alone
reduced levels of TNF-a, however less significantly, indicating
that the hydrogel itself had an anti-inflammatory effect. One
potential mechanism of this effect is that high molecular
weight HA (>1000 kDa) can interact with the CD44 cellular
receptor on resident and peripheral immune cells to decrease
the expression of inflammatory cytokines, leading to a more
favorable environment for tissue repair.’°®*'° In addition to
regulating inflammatory cytokines, this hydrogel was capable
of promoting neuronal survival, increasing axonal regenera-
tion, and decreasing glial scar formation.

Other natural biopolymers including alginate, chitosan,
gelatin, and combinations of such polymers have also been
used to fabricate hydrogels for CNS applications. A fascinating
approach is using hydrogels to sequester inflammatory mole-
cules and subsequently halt the progression of downstream
inflammatory responses. Cationic polymers such as PAMAM
dendrimers can bind to negatively charged DAMPs, reducing
the inflammatory response associated with their release and
promoting the polarization of macrophages and microglia to an
M2 phenotype. A photo-crosslinked gelatin hydrogel was mod-
ified with PAMAM dendrimers and loaded with 1L-10.>°° This
hydrogel effectively sequestered high mobility group box 1
(HMGB1), which is an anionic charged DAMP that triggers
TLR-4 activation and stimulates neuroinflammation and cell
apoptosis through the NF-xB signaling pathway. The DAMP-
scavenging/IL-10-releasing gelatin hydrogel reduced TNF-o and
IL-1B levels and glial scar formation, while enhancing neural
regeneration and functional recovery in a SCI model (Fig. 4(B)).

Hydrogels made from synthetic polymers such as PLGA,
PNIPAAm, polyurethane, and PEG can also be used to treat
inflammation in the CNS. A thermosensitive hydrogel made
from a triblock copolymer (PLGA-PEG-PLGA) was used to
deliver baricitinib, which is an FDA-approved inhibitor of the
JAK2/STAT3 pathway that is clinically used to treat autoimmune
diseases such as rheumatoid arthritis.>*> The phosphorylation
of JAK2 and STAT3 was significantly increased after SCI com-
pared to uninjured tissue, motivating the use of this pathway as
a therapeutic target.>”> When delivered in a rat SCI model, the
PLGA-PEG-PLGA hydrogel released 80% of the loaded barici-
tinib within 3 days after injury, during the acute inflammation
stage, which is when JAK2/STAT3 expression peaks. Baricitinib
successfully inhibited the JAK2/STAT3 signaling pathway
in vivo, decreasing the levels of iNOS and TNF-o and reducing
cell apoptosis. Follow-up in vitro studies suggested that barici-
tinib reduced SCI inflammation by inhibiting the classical
activation of microglia.?*®> The JAK2/STAT3 pathway is sug-
gested to be upstream of the mTOR signaling pathway involved
in microglia and macrophage polarization, making it a promis-
ing approach for regulating immune cell polarization.

Hydrogels can also be loaded with peptides to enhance cell-
material interactions, nanoparticles that can control the release
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of anti-inflammatory therapeutics, or nanoparticles that are
responsive to specific stimuli. For instance, PLGA nanoparticles
have been used for sustained release of anti-inflammatory
drugs and growth factors>'®%2*2??* and are regularly loaded
into HAMC hydrogels for the sustained delivery of anti-
inflammatory molecules for stroke treatment.”*”*** A HAMC
hydrogel loaded with PLGA nanoparticles was used for the co-
delivery of cyclosporine and erythropoietin to modulate the
inflammatory response after stroke.”®” Cyclosporine is an
immunosuppressant that is used to treat autoimmune diseases
and has the ability to stimulate stem cells in the brain by
creating a growth-permissive environment. Erythropoietin can
promote neuronal regeneration and increase levels of circulat-
ing red blood cells. Cyclosporine and erythropoietin co-
delivered within the acute phase of inflammation after stroke
injury have been shown to synergistically enhance neuroprotec-
tion. Sustained co-delivery of cyclosporine and erythropoietin
using a HAMC hydrogel containing PLGA nanoparticles suc-
cessfully enhanced neuronal regeneration, increased neuronal
plasticity, and decreased the size of the stroke lesion in the sub-
acute phase of a rat ischemic stroke model (Fig. 4(C)). Thus, the
delivery of drug-loaded nanoparticles within a HAMC hydrogel
presents a viable platform for the sustained co-delivery of
multiple therapeutics.

The same composite HAMC hydrogel containing PLGA
nanoparticles has also been used to control the release of the
neuroprotective peptide pituitary adenylate cyclase-activating
poly peptide (PACAP) after stroke.””* PACAP has immunomo-
dulatory effects and can increase expression of neurotrophins,
promote neuronal survival, and polarize microglia towards an
M2 phenotype. PLGA nanoparticles were terminated with a
carboxylic acid to control their negative surface charge and
promote binding to the positively charged PACAP peptide.
Tuning the surface charge of the nanoparticles and the pH-
responsive carboxylic acid ends on PLGA successfully con-
trolled the release of PACAP. The effect of nanoparticle surface
charge on PACAP bioactivity was evaluated by measuring the
release of IL-6 from primary astrocytes in vitro. Expression of IL-
6, downstream of PAC; receptor activation, was inhibited by
PACAP and was significantly reduced with PLGA nanoparticles
carrying a —24 mvV charge at day 10 compared to fresh PACAP.
The PLGA-HAMC composite biomaterial successfully sustained
the release of PACAP for 10 days in a rat stroke model,
providing an avenue for tunable delivery of peptide and protein
therapeutics for treating neuroinflammation.

When delivering therapeutics for clinical applications, it is
important to consider how the delivery vehicle will affect the
pharmacokinetics of the loaded therapeutic. Drug loading is
subject to several factors such as drug solubility and size
interactions with the delivery vehicle. Nanoparticles can extend
drug bioavailability and transport therapeutics across the BBB,
yet most nanoparticles suffer from low drug loading (~10% of
total vehicle mass)."**2%%22° Renal clearance, circulating mono-
cytes, and complement system protein interactions may limit
the circulatory time of nanoparticles and effective therapeutic
duration.>*”"2*® Hydrogels typically have a greater capacity for
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Fig. 4 Examples of recent advances in hydrogels to modulate CNS inflammation. (A) A photo-crosslinked gelatin hydrogel modified with cationic
charged poly(amindoamine) dendrimers simultaneously scavenged HMGBL1 and released IL-10 to reduce expression of TNF-a and IL-1B in spinal cord
tissue.2%® (B) A hyaluronic acid-methylcellulose (HAMC) hydrogel modified with brain derived growth factor (BDNF) and the immunomodulatory peptide
KAFAK reduced expression of TNF-o, IL-1B, and IL-6 and increased expression of IL-10 in spinal cord tissue.® (C) A HAMC hydrogel loaded with

poly(lactic-co-glycolic acid) (PLGA) nanoparticles for the co-delivery of erythropoietin and cyclosporine reduced lesion volume after stroke injury.

loading hydrophilic drugs, because the drug can be absorbed
into the water-swollen hydrogel network. Delivery of drugs to
the target tissue will primarily be dictated by the size of the
drug and the size of the hydrogel pores.>*' Most small molecule
drugs are much smaller than the pores of a hydrogel, resulting
in rapid burst release and clearance from the target
tissue.?**?3* Furthermore, hydrogels have a limited ability to
deliver hydrophobic drugs that are poorly soluble in aqueous
media.>** Hydrogels are instead ideal for delivering proteins
and cells, which can be better entrapped within the polymer
network and released in a more sustained manner upon matrix
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degradation.?”***** The different benefits and drawbacks of
nanoparticles and hydrogels has led to the use of combinations
of these two delivery vehicles to leverage the advantages of both
delivery platforms.***

Hydrogels have been fabricated with the addition of gold
nanoparticles to achieve electroconductive characteristics. Spe-
cifically, hydrogels that use nanocrosslinkers, such as carbon-
based nanomaterials or liposomes, to impart self-healing and
responsive properties can be mixed with gold nanoparticles for
regenerative medicine applications.”” A self-healing chitosan
derivative hydrogel containing dialdehyde polyurethane
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nanocrosslinkers and gold nanoparticles was recently evaluated
as a treatment for Parkinson’s disease.””’ This hydrogel
reduced neurodegeneration and improved motor functional
recovery in a rat model of Parkinson’s disease. The polyur-
ethane nanocrosslinkers and gold nanoparticles were sug-
gested to be responsible for scavenging ROS, a key regulator
of inflammation in Parkinson’s disease.>*" Polyurethane also
exhibited immunomodulatory effects by shifting macrophages
from an M1 to M2 phenotype. Altogether, hydrogels are a
versatile platform to deliver drugs, cells, and proteins that have
the potential to reduce neuroinflammation and improve func-
tional recovery following CNS injury and disease.

3.3 Implantable scaffolds

Injuries to the CNS such as stroke, TBI, and SCI can result in
the loss of large volumes of functional tissue. In these cases,
bulk implantable scaffolds can be advantageous due to their
ability to fill cavities formed after injury, provide mechanical
support, and guide cell migration and elongation of axons
through their pores during neural regeneration. Scaffolds that
have mechanical, biophysical, and biochemical characteristics
similar to CNS tissue can provide a habitable environment for
both transplanted and host cells. Furthermore, scaffolds with
electroconductive properties can promote proliferation, differ-
entiation, and regeneration of neuronal cells by transmitting
electrical signals to surrounding cells in the brain and spinal
cord.”®® In the spinal cord, implantable scaffolds that can
provide biophysical cues that guide anisotropic elongation
and alignment of axons through the lesion are especially
attractive, as they increase the likelihood of promoting robust
new synaptic formations and functional recovery.

Implantable scaffolds are produced through numerous
methods including templated scaffolds fabricated by casting
or injection molding, cryogenic processes such as freeze-drying
or ice-templating,***”**® additive manufacturing techniques
that extrude fibrous polymers or viscoelastic hydrogels,>***4°
microfluidic devices that can deposit polymeric materials in a
precise structure,”*>*> or by the decellularization of
tissues.”***** Depending on the method used for producing
these scaffolds, scaffolds can exhibit a fibrous, multichannel,
or microporous structure that allows for the support of a neural
network.”*® Additive manufacturing or deposition of polymeric
fibers on a nano- or micro- level can be used to create scaffolds
that can have controlled porosity and orientation for guiding
cellular alignment. Bioprinting viscoelastic hydrogels provides
a convenient method for loading exosomes, cells, nano-
particles, and proteins for implantation directly into the lesion.
Freeze-drying polymers can enhance scaffold mechanical
strength and provide tunable porosities with appropriate bio-
physical cues for cell infiltration from surrounding CNS tissue.
Implantable scaffolds can be made from a variety of polymers
that are commonly used to make hydrogels and can also extend
to water-insoluble polymers such as silk fibrin, PCL, and PLGA.

Scaffolds implanted in the spinal cord lesion after injury are
commonly used to guide axonal regeneration, bridge synaptic
formations, and promote functional recovery. Anisotropic
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channels can provide biophysical cues to facilitate the migra-
tion of transplanted and endogenous cells and elongation of
axons through the spinal cord lesion. Aligned collagen scaffolds
are popularly used to achieve this goal. Recently, Zou et al. used
an aligned collagen sponge to promote differentiation and
neurite outgrowth of human fetal brain neural stem cells
(NSCs) and fetal spinal cord NSCs for the treatment of SCI
(Fig. 5(A))."*" Both spinal cord and brain NSCs delivered in the
collagen scaffolds reduced pro-inflammatory IL-1f and IL-6
secretion and expression of CD68, a cell surface marker for
activated microglia/macrophages. However, IL-1B expression
levels were significantly lower in the collagen scaffold contain-
ing spinal cord-derived NSCs. Furthermore, the collagen scaf-
fold containing spinal cord-derived NSCs induced neurite
outgrowth, increased the number of mature neurons, and
promoted axonal myelination and synapse formation, demon-
strating that spinal cord-derived NSCs were overall more effec-
tive than brain-derived NSCs for reducing inflammation and
promoting neuronal regeneration after SCI.

Implantable scaffolds fabricated using synthetic polymers
present opportunities for investigating the use of cell-material
interactions for modulating inflammation, as functional
groups can easily be modified in polymer synthesis to tune
material properties. The degradation of PLGA produces an
acidic environment which increases inflammation; thus, mod-
ifying the degradation rate and products of PLGA could mod-
ulate the immune response.”*® This idea motivated the
evaluation of increasing PLGA content and varying lactic acid
and glycolic acid ratios within a polyurethane scaffold with
varying soft and hard segments that contain PEG, PCL, PLGA, t-
lysine, ethyl ester diisocyanate, and 1,3-propanediol to further
adjust the degradation rate of the scaffold, the acidity of its
degradation products, and the subsequent immune
response.”**>*! The synthetic water-soluble polymer was fabri-
cated by waterborne polyurethane emulsion, crosslinked using
UV light, and freeze-dried. Increasing PLGA content of bulk
scaffolds resulted in largely anti-inflammatory effects, includ-
ing reduced levels of nitric oxide, decreased expression of TNF-
a, and increased levels of IL-10 in vitro. PLGA containing equal
amounts of lactic acid and glycolic acid resulted in the highest
expression of anti-inflammatory cytokines. These results also
demonstrated the potential of PLGA to polarize microglia to an
M2 phenotype.>*® This phenomenon was suggested to be
caused by immunomodulatory effects of PLGA in addition to
the scaffold’s mechanical stiffness and degradation rate,
further supporting the use of PLGA for implantable scaffolds.

Exosome-loaded 3D-printed scaffolds offer mechanical sup-
port while delivering biochemical cues to modulate neuroin-
flammation and promote tissue regeneration. A 3D-printed
collagen/silk fibroin scaffold loaded with exosomes derived
from MSCs pretreated with FGF-2 was used to treat TBI in a
canine model."**> Both FGF-2-pretreated and untreated exo-
somes reduced lesion size, apoptosis of neurons, and glial scar
formation, while also promoting neuronal regeneration, mye-
lination, synapse formation, and angiogenesis. The least neu-
ronal apoptosis was observed with FGF-2-pretreated exosomes.

© 2024 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ma00736g

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 10 2024. Downloaded on 06.02.26 15:52:58.

(cc)

Materials Advances

View Article Online

Review

A

B Collagen/Heparin

Gelatin

Sham

TBI

W hbNSPCS+ACSS
W hscNSPCS+ACSS|

C/H+VEGF C/H

Fig. 5 Examples of recent advances in implantable scaffolds to modulate CNS inflammation. (A) An aligned collagen scaffold loaded with neural stem
cells (NSCs) decreased the expression of pro-inflammatory cytokines including IL-1p and IL-6."* (B) A collagen/heparin scaffold for the repair of brain
tissue after TBI promoted synaptic formations as indicated by staining of microtubule associated protein 2 (MAP-2) and synaptophysin (Syn).246 (C) An
aligned gelatin scaffold containing glial cell line-derived neurotrophic factor (GDNF)-loaded polydopamine nanoparticles polarized macrophage and

microglia to M2 phenotypes after SCI as indicated by CD206 and F40/F80 staining.

Exosome delivery also reduced IL-6 and TNF-o expression and
increased IL-10 expression. Notably, the same research group
has evaluated several variations of stimulated stromal cells and
exosomes delivered via 3D printed scaffolds. Hypoxic-
preconditioned MSCs have been delivered with the same col-
lagen/silk scaffold, while collagen/chitosan 3D-printed scaf-
folds have been used for the delivery of exosomes derived
from insulin-like growth factor (IGF)-1-pretreated NSCs
and BDNF-stimulated MSCs for TBI treatment.'>®">>2°>2%3 1¢
will be interesting to compare the overall effectiveness of
using exosomes from stimulated MSCs, NSCs, and stromal
cells as immunomodulatory treatments in the CNS over the
coming years.

Implantable scaffolds have also been used as delivery vehi-
cles for proteins. A freeze-dried collagen/heparin scaffold
loaded with vascular endothelial growth factor (VEGF) was
delivered to a rat model of TBI (Fig. 5(B)).>*® This scaffold
had been previously evaluated for the treatment of SCI and
resulted in significant functional recovery, motivating its use
for treating other CNS injuries. The collagen/heparin scaffold
provided mechanical support for cells infiltrating from the
surrounding brain tissue and successfully sustained the release
of VEGF over 27 days. The VEGF-loaded collagen/heparin scaf-
fold promoted angiogenesis, improved neuronal survival,
relieved edema, and reduced lesion size in a rat TBI model.
Interestingly, scaffolds with and without VEGF both signifi-
cantly decreased levels of the inflammatory cytokines IL-1 and
IL-6. The success of this scaffold in both the spinal cord and the
brain demonstrates its versatility for treating multiple types of
CNS injuries.
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Combination strategies of multiple types of biomaterials
have also been explored. Ma et al. evaluated a multi-
component gelatin scaffold loaded with polydopamine nano-
particles that released GDNF for the treatment of SCI
(Fig. 5(C)).>*” Polydopamine is used in many regenerative
medicine applications for its ability to scavenge ROS, reduce
inflammation, and polarize macrophages and microglia
towards an M2 phenotype.>**>*® The gelatin scaffold reduced
ROS and promoted M2 microglia polarization, as demonstrated
by the downregulation of iNOS and increased expression of
CD206 in vitro. When implanted in a mouse model of SCI, M2
polarization of microglia was significantly increased around the
SCI lesion, TNF-o. and IL-1f levels were decreased, and IL-10
and TGF-f levels were increased, suggesting an overall positive
effect of the scaffold on resolving inflammation. Furthermore,
the encapsulation of GDNF into the polydopamine nano-
particles reduced neuronal apoptosis and scar formation and
promoted neuronal survival and axonal regeneration. Staining
for vGluT1, a synaptic maker, revealed the successful formation
of new synapses. Overall, the scaffold provided dynamic bio-
chemical and biophysical cues to successfully promote M2
polarization, modulate cytokine expression, and promote
synapse formation, confirming the utility of combinatorial
therapeutic strategies to simultaneously modulate the inflam-
matory response and provide neurotrophic support.

3.4 Neural probe coatings

In addition to promoting repair after tissue injury and disease,
biomaterials can also aid in the integration of implants for the
CNS. Neural probes interface with neural tissue to stimulate
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and/or record electrical activity on the single-neuron level
through changes in the membrane potentials of surrounding
neurons. The use of neural probes has enhanced our under-
standing of neural connectivity, enabled the development of
neuroprosthetics, and advanced treatment of neurological dis-
orders. To measure neural activity with high spatiotemporal
resolution, probes are typically inserted directly into parench-
ymal tissue, compromising the BBB.*>*° The resulting tissue
damage leads to the activation of local glia and initiates a foreign
body response.”****" Additionally, the brain goes through a range
of micromotions during daily activity, which induces mechanical
stresses between the implant and surrounding tissue, resulting in
further tissue damage and inflammation.”*>*** Ultimately, probes
intended to directly interface with neural tissue are slowly segre-
gated from the CNS as glial scar tissue encapsulates the electrode
shank.”® Thus, regulating neuroinflammatory signaling and glial
reactivity to the implant is critical for ensuring the long-term
reliability of implanted probes. Two approaches exist in choosing
materials for the fabrication of neural probes and their coatings.
Materials that support protein and cell adhesion may be used to
promote the growth of neurons in direct contact with the neural
probes to improve signal detection, or nonfouling materials that
resist protein and cell adhesion may be used to try to minimize the
foreign body response and shield the probes from damage. Both
approaches aim to minimize glial scar formation and maximize the
long-term functionality of the neural probes.

Graphene is a popular material for neural probe fabri-
cation as its mechanical flexibility, chemical inertness, and
high electrical conductivity allow it to effectively interface
with neural tissue (Fig. 6(A)). Graphene can encourage
neuronal adhesion, axonal sprouting, and neural stem cell
differentiation.>*®?*® Graphene outperforms other materials
typically used in electrode interfaces, including parylene-C,
polyimide, and diamond, because it results in reduced glial scar
formation and limits the retraction of neurons from the area
immediately surrounding the implant site. The tissue adjacent to
graphene neural probes typically contains higher neuron density,
average quantity and length of neurites, and total neural outgrowth
than neural probes made from other materials.** Application of
graphene to silicon probes resulted in a significant decrease of glial
cell proliferation, accompanied by a greater number of neural soma
and processes around the implant compared to uncoated devices.*>
Despite these advantages, previous studies have raised concerns
over graphene’s suitability for in vivo applications given its suscepti-
bility to enzymatic oxidation by  phagocyte-secreted
peroxidases.”’®*”> This mechanism for degradation poses a chal-
lenge for graphene-coated probes, as infiltrating immune cells will
cause surface stripping and eventual failure of the device. To
prevent potential device failure and particle bioaccumulation,
strategies to protect the graphene coating layer of neural probes
from degradation will be critical.

HA thin films for neural probe coatings are of particular
interest, because HA is a primary component of CNS parench-
ymal ECM.’*® Combining HA thin films with poly-i-lysine
(PLL), a positively charged amino acid polymer, improves
neural adhesion via electrostatic interactions with the
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Fig. 6 Different types of coatings for improving neural probe integration.
Electrode shanks may be coated with (A) graphene monolayers to support
neuronal attachment,?®® (B) hydrogels with tunable mechanical properties
and conjugated ligands for mimicking CNS parenchymal tissue,>* (C)
carbon nanotubes for lower electrode impedance and increased charge
transfer,?%® and (D) conductive polymers, such as PEDOT, to enhance
communication across the tissue—electrode interface.?®’

negatively charged cell membrane.>”>”> This thin film com-

posite has been used to coat intracortical electrodes. Following
7 weeks of in vivo recording, histological staining revealed a
slight decrease in the number of Iba-1" microglia and GFAP"
astrocytes around the implant site.">* When deposited on
graphene monolayers, the HA/PLL coating improved neuronal
adhesion and outgrowth in vitro over 14 days. The physical
characteristics of the HA/PLL coating on graphene monolayers
were also investigated using Raman spectroscopy and atomic
force microscopy. The HA/PLL coating was found to adhere to
the graphene monolayer without significantly affecting its
crystalline quality. Together, this work demonstrates the
potential of HA/PLL coatings to facilitate neural probe integra-
tion; however, whether HA/PLL coatings can protect graphene
from enzymatic oxidation remains to be explored.

Hydrogels are promising materials for coating neural probes
because they are cytocompatible, display tunable mechanical
properties, and can be easily functionalized with stimuli-
responsive crosslinkers or cell-adhesive peptides to enhance
probe integration (Fig. 6(B)). PEG hydrogels are commonly used
to shield implants from detection by the immune system due to
their resistance to protein and cell adhesion.””® Spencer et al.
used PEG-dimethacrylate hydrogel coatings to reduce
micromotion-induced stress within implant sites in rats.>””
They evaluated the effect of shank size on the immune response
by implanting glass capillaries of varying sizes (150, 200, and
400 pm diameter) and found that increasing the diameter of
the shanks increased recruitment of reactive astrocytes and
macrophages, increased BBB permeability, and decreased neu-
ronal density within a 100 pm radius of the implant in a rodent
brain. Uncoated 150 um diameter capillaries were then com-
pared to capillaries coated with varying thicknesses (150, 200,
400 pm) of 10% w/v 8000 kDa PEG-dimethacrylate. Hydrogel
coatings reduced strain in vivo following perpendicular and
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axial probe displacement, subsequently decreasing trauma at
the implant site. Furthermore, reduced GFAP staining con-
firmed hydrogel coatings ameliorated astrocyte reactivity 8
weeks post implantation. However, swelling of the PEG-
dimethacrylate in vivo also resulted in a larger implant dia-
meter, increasing BBB permeability, macrophage recruitment,
and neuron retreat from the site. While the soft interface of the
shanks protected the site from micromotions, reduced neuron
density over a 100 um radius could hinder device efficacy. In
another study, a different approach was used, in which a
dual-layered microfluidic system consisting of a gelatin
methacrylate-PEG hydrogel microchannel encased by a thin,
porous polydimethylsiloxane membrane was implanted.>”® The
dual-layered system was attached to a metal probe while dry so
that it was stable enough to allow implantation without dela-
mination of the coating. Once inserted, the composite hydrogel
swelled, releasing encapsulated IL-4 and dexamethasone,
which increased M2 macrophages and decreased TNF-o. and
IL-6 secretion. Platforms such as these present opportunities to
explore co-delivery of anti-inflammatory cytokines (IL-13, IL-4),
inflammatory cytokine receptor antagonists (IL-1 receptor
antagonist), and neurotrophic factors to promote neuronal
survival while simultaneously regulating the glial response.
While hydrogel coatings are typically not electroconductive
and do not contribute to neuron-electrode communication,
hydrogels that contain conductive polymers present the oppor-
tunity to improve neural signal detection while also maintain-
ing the advantages of a mechanically and biochemically
tunable coating. Conductive polymer hydrogels can promote
neuron differentiation, reduce astrocyte reactivity, and are
generally cytocompatible.>”***® Conductive hydrogels may also
help enhance several electrode properties such as electrical
conductivity (the ability to conduct current in a given solution),
impedance (resistance of the electrode to alternating current, in
which low impedance is associated with greater signal quality),
cut-off frequency (frequency limit from which signal noise
may be removed), and charge storage capacity (the capacity
of the device for storing electricity). Cui et al designed
a transparent, stretchable hydrogel electrode consisting of
PEGylated silk fibroin and the conductive polymer poly(3,4-
ethylenedioxythiophene):polystyrene sulfonate (PEDOT:SS)."””
Silk fibroin was first crosslinked using PEG diglycidyl ether,
enabling control over the mechanical properties and degrada-
tion kinetics of the hydrogel. PEGylated silk fibroin was poured
over a thin film of PEDOT:SS prior to the implant interfacing
with rat neurovasculature. This conductive polymer hydrogel
could both record and stimulate neural activity across the rat
cortex. Similarly, PEDOT:SS was used as a conducting polymer
within the synthetic copolymer hydrogel, P(DMAA-co-5%MABP-
c0-2,5%SSNa), to enhance the functionality of iridium oxide
electrodes.’*® Dimethylacrylamide (DMAA) functions as the
polymer backbone of the hydrogel while sodium 4-
styrenesulfonate (SSNa) acts as an anion for PEDOT deposition.
Methacryloyloxy benzophenone (MABP) is an ultraviolet light-
reactive molecule that can form covalent attachments with 4-(3-
triethoxysilyl)propoxybenzophenone silane. Photolithographic
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patterning methods were used to control the covalent attach-
ment of the conductive polymer hydrogel to the electrode
surface. Covalent attachment of the conductive polymer hydro-
gel to iridium oxide electrodes improved charge storage capa-
city by 2.5-fold, lowered cut-off frequency, and reduced signal
impedance. When this material was incubated with the neuro-
blastoma cell-line SH-SY5Y, no cytotoxic effects or significant
changes in material stability were observed. In another study,
PEDOT was used to coat a gold-coated, ZnO nanowire micro-
electrode array (Fig. 6(D)).>*” ZnO nanowires can help lower the
impedance values of the device by increasing the overall
effective electrode surface area. The nanowires themselves are
flexible, yet ZnO has poor conductivity. Coating the nanowires
with gold can improve conductivity, while supplementing with
PEDOT can provide a biologically active interface with the
neural tissue. Taken together, these studies demonstrate that
conductive polymer hydrogels are a promising class of materi-
als for facilitating tissue-probe integration and enhancing
signal sensitivity.

The rigidity of neural probes is a double-edged sword. On
one hand, shank stiffness greater than that of neural tissue is
necessary for proper insertion. On the other hand, the mechan-
ical mismatch between the probes and the tissue can lead to
secondary trauma from the micromotions of the device. Carbon
nanotubes are suitable for neural probe fabrication as they are
highly elastic yet mechanically strong (Fig. 6(C)). The structure
of carbon nanotubes prevents the release of toxic degradation
products, and their innate electrical conductivity allows them
to replace commonly used metals as electrodes. When com-
pared to a platinum electrode array, single-walled carbon
nanotube electrode arrays did not exhibit appreciable damage
and displayed significantly less impedance following 2 months of
implantation in rat cortex.”®" Furthermore, long-term implantation
of carbon nanotubes did not significantly increase the presence of
reactive microglia or astrocytes or change neuron density. In a
different application, carbon nanotube fibers were used as a soft
cortical electrode compatible with magnetic resonance imaging
(MRI) techniques.”®* The carbon nanotube fiber microelectrodes
displayed a 9 times lower impedance than the platinum/iridium
electrodes used in the study. Two hours post-implantation, the
carbon nanotube fiber electrodes recorded precise, single-unit
spike activity with a high signal-to-noise ratio. In addition to not
interfering with MRI, the carbon nanotube fibers reduced both
GFAP and Iba-1 signal around the implant site and maintained
higher neuronal density than the platinum/iridium probes. In
contrast, the neuron loss zone around the platinum/iridium probes
continued to increase in size, indicating progressive neurodegen-
eration. Carbon nanotube fiber electrodes continued to detect
single-neuron recordings for up to 4-5 months, suggesting stable
long-term reliability.

4. Future outlook

The successful application of hydrogels in the CNS for the
modulation of neuroinflammation has prompted their
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advancement to clinical trials. Recently, a self-assembled pep-
tide hydrogel based on the short peptide RADA16, which
contains four repeating units of the “RADA” peptide sequence,
advanced to clinical trials for the treatment of SCI with an
expected completion date in 2025.>%% This hydrogel has demon-
strated a promising ability to support stem cell viability and
promote neural regeneration after SCI in animal models and is
currently being investigated in clinical trials for the delivery of a
heterogeneous collection of cells from the stromal vascular
fraction of adipose tissue.***?%* Additionally, intranasal admin-
istration of APH-1105 nanoparticles is currently in clinical trials
for the treatment of Alzheimer’s disease and is expected to be
completed in 2024.>*> APH-1105 is a modulator of the enzyme
a-secretase, which cleaves pathological amyloid precursor pro-
teins to a soluble product that is easily cleared from the brain
and avoids accumulation of amyloid plaques.'® Intranasal
administration of nanoparticles bypasses the BBB and enables
transport directly to the brain; this strategy has also been used
to deliver other therapeutics such as rivastigmine and insulin.

Several recent advances have been made in hydrogel
research that we expect will translate into valuable therapeutic
strategies for managing neuroinflammation in the coming
years. Hydrogels that can scavenge pro-inflammatory molecules
are emerging as a novel strategy to reduce inflammation in
many tissues. The addition of a variety of functional groups,
peptides, and charged polymers to hydrogels can confer the
ability to scavenge and remove pro-inflammatory molecules.
For example, material modifications using gallic acid, polyur-
ethane, PAMAM dendrimers, and polyethylenimine have been
recently used to scavenge pro-inflammatory molecules, such as
ROS and DAMPs.''92%28¢ Nanocrosslinked hydrogels, which
are made from nanoclays, nanoparticles, or liposomes, are a
novel class of hydrogels that combine the injectability and self-
healing properties of dynamic covalent crosslinked hydrogels
with the versatility of nanoscale materials. By changing the
crosslinkers employed, these hydrogels can be engineered to
degrade in response to a variety of stimuli, including light,
heat, pH, and electromagnetism. Some recent examples of this
class of materials include dialdehyde polyurethane nanocros-
slinkers and graphene oxide, which has been used to modulate
microglia polarization and promote angiogenesis and tissue
regeneration after SCI.>%”

Emerging developments to enhance temporal control over
biomaterial structure and the delivery of proteins and other
biomolecules may also have applications in mitigating neuroin-
flammation, which is an innately time-dependent process.
Photodynamic hydrogels, which use light to trigger changes
in material structure or the release of cargo, present a versatile
approach to enable spatiotemporal control over biomaterial
behavior. Current methods for fabricating photodynamic
hydrogels are limited to the use of high-energy ultraviolet light
(<400 nm), which exhibits low tissue penetration.?®®>°! A
recent investigation by Rapp and DeForest reports the use of
three photolabile crosslinkers, expanding the compatibility of
photocleavable crosslinkers to a greater spectrum of visible
and infrared light.>®® PEG-based hydrogels showcased rapid,
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orthogonal degradation in response to red (617 nm), green
(530 nm), and blue (405 nm) light. The multiplexed degradation
of hydrogel constructs creates new opportunities for triggered,
spatiotemporal release of multiple bioactive agents from a
single hydrogel. This approach could also potentially be
reversed for finer control in biofabrication processes, paving
the way for light-mediated gelation of deep tissue implants or
gradient patterning of cell-supporting peptides or conjugated
therapeutics, as well as differential photocrosslinking of
various polymers into a single platform. As the selection
of wavelength-selective crosslinkers grows, we can expect
to see more complex hydrogel-based platforms for studying
pathophysiological phenomena and controlling the release of
bioactive agents. This approach may have utility in SCI speci-
fically, in which the staggered delivery of multiple therapeutics
has been shown to improve tissue repair and functional
recovery.”?>

Novel strategies are also being employed to improve the
ability of implantable scaffolds to align axons within damaged
neural tissue, including the implantation of prevascularized
and conductive scaffolds. Aligned, prevascularized scaffolds
can recruit neural cells to the site of injury and promote
vascular infiltration, aiding in tissue regeneration.”**>*> Addi-
tionally, several aligned collagen sponge scaffolds are now
making their way into clinical trials for axonal alignment and
spinal cord tissue repair after SCI. These include a study
completed in 2021 that evaluated an aligned collagen sponge
scaffold for the treatment of acute SCI, a study that assessed the
effectiveness of an aligned collagen sponge combined with
epidural electrical stimulation, and a third study that evaluated
the NeuroRegen Scaffold™ loaded with bone marrow mono-
nuclear cells compared to traditional intradural decompression
and adhesiolysis treatment.?**>°® Lastly, an aligned scaffold
fabricated from PLGA-b-PLL called Neuro-Spinal Scaffold™ is
currently in clinical trials for treating anatomically complete
SCI with an expected completion date of 2028.%%°

Enhancing the tissue-electrode interface and mitigating the
foreign body response to neural probes is a major priority in the
neuroelectronic field. Biohybrid neural interfaces, also known
as “living electrodes,” are an emerging concept in which neural
probes contain engineered networks of neurons or materials
that encourage host neurons to grow into the implant to
facilitate a seamless tissue-electrode interface and improve
signal recording. A study by Cullen et al. reported the design
of hydrogel microconduits for supporting neuron outgrowth
and unidirectional axon elongation.**° While the motivation of
the work was originally to reconnect damaged neural tracts,
these microtissue constructs could also be used to stimulate
target neurons. This proof-of-concept was later reported by
Adewole et al., in a study where engineered neuronal networks
were implanted into the male rat cortex.>*’ The self-contained
nature of these living electrodes facilitated synaptogenesis with
target neurons, as indicated by sustained neuronal activity and
signal detection over a 5-week period. This work suggests that
living electrodes could be used to overcome the challenge of
diminishing functionality observed with inorganic neural

© 2024 The Author(s). Published by the Royal Society of Chemistry
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probes; however, longitudinal studies are still needed to con-
firm long-term construct integration.

5. Conclusion

A dysregulated neuroinflammatory response is a hallmark of
traumatic injury and several neurodegenerative diseases. While
injury and disease onset in the CNS may result from a myriad of
causes, unresolved neuroinflammation from any of these
causes can result in secondary injury, worsening tissue damage.
Biomaterials are emerging as a promising therapeutic approach
for resolving dysregulated inflammatory responses. Ultimately,
we expect that the recent advances in a variety of biomaterials
described within this review will lead to viable strategies for
treating injury and disease in the CNS. As the population
affected by CNS injury and disease grows in the future, it will
be critical to continue expanding our understanding of the
pathological mechanisms of neuroinflammation to be able
to use these new insights to design better biomaterials for
regenerative medicine and neuroengineering applications in
the CNS.
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