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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."*!
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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 exosom