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Abstract

The regeneration of brain tissue remains one of the greatest unsolved challenges in medicine and
by many is considered unfeasible. Indeed, the adult mammalian brain does not regenerate tissue,
but there is ongoing endogenous neurogenesis, which is upregulated after injury and contributes to
tissue repair. This endogenous repair response is a conditio sine gue non for tissue regeneration.
However, scarring around the lesion core and cavitation provide unfavorable conditions for tissue
regeneration in the brain. Based on the success of using extracellular matrix (ECM)-based
bioscaffolds in peripheral soft tissue regeneration, it is plausible that the provision of an inductive
ECM-based hydrogel inside the volumetric tissue loss can attract neural cells and create a de novo
viable tissue. Following perturbation theory of these successes in peripheral tissues, we here
propose 9 perturbation parts (i.e. requirements) that can be solved independently to create an
integrated series to build a functional and integrated de novo neural tissue. Necessities for tissue
formation, anatomical and functional connectivity are further discussed to provide a new substrate
to support the improvement of behavioral impairments after acute brain injury. We also consider
potential parallel developments of this tissue engineering effort that can support therapeutic
benefits in the absence of de novotissue formation (e.g. structural support to veterate brain tissue).
It is envisaged that eventually top-down inductive “natural” bioscaffolds composed of
decellularized tissues (i.e. ECM) will be replaced by bottom-up synthetic designer hydrogels that
will provide very defined structural and signaling properties, potentially even opening up
opportunities we currently do not envisage using natural materials.
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1. Introduction

The persistence of behavioral and cognitive impairments after acute brain injury are a
reflection of insufficient tissue repair and a failure of the human brain to regenerate lost
tissue [86]. Although there is a lack of spontaneous regeneration of brain tissue after a
volumetric tissue loss due to an acute brain injury [55, 76, 144], neurogenesis occurs in the
adult brain of all vertebrates [52]. Adult neurogenesis is a precondition for tissue repair and
new neurons continually invade damaged tissue surrounding a tissue cavity [83, 97]. It is
important to distinguish tissue repair (i.e. replacing lost cells in damaged tissue with new
site-appropriate cells) that occurs in all mammalian tissues from tissue regeneration (i.e.
replacing injured tissue with homologous tissue) that occurs in some organs, such as the
liver, but not the brain. Transplantation of neural stem cells (NSCs) after acute brain injuries,
such as a stroke or traumatic brain injury, supplements the endogenous repair process by
adding exogenous cells and associated paracrine factors to the damaged tissue without
creating de novotissue in the lesion cavity [136]. A large volumetric tissue loss therefore
remains following cell therapy and recovery of function is limited. The development of in
situ brain tissue engineering holds the promise to overcome this issue and replace tissue lost
due to an acute brain injury, such as stroke or traumatic brain injury.

2. Clinical indications for in situ brain tissue engineering

Acute brain injuries typically constitute a single event that occurs suddenly and causes
regionalized damage to the brain [21]. These injuries can be caused by a blockage (i.e.
ischemic stroke) or rupture of blood vessels (i.e. intracerebral hemorrhage, ICH) or through
exogenous events, such as blunt trauma (i.e. closed head traumatic brain injury, TBI), or a
penetrating event, such as a gunshot or knife (i.e. penetrating TBI). Acute brain injuries are
common, with 795,000 individuals affected by an ischemic stroke each year in the US [14],
63,000 with an ICH [130] and more than 1.7 million will suffer a traumatic brain injury [48].
Although the molecular mechanisms of cell damage (e.g. excitotoxicity, apoptosis, oxidative
stress, free radical production) are common between these injuries and amenable to
neuroprotective strategies [21], these mediators have largely failed as therapeutic targets in
clinical settings due to their very narrow therapeutic time window [27, 116] (Figure 1).
However, with better acute care management in specialized hospital units, more patients
survive with severe deficits [91]. Considering the human and economic cost, there is a dire
need to develop efficacious strategies to improve outcome [66].

Behavioral and cognitive impairments reflect the location and extent of neuronal loss. The
regional nature of cellular loss after an acute brain injury can lead to volumetric tissue
changes that shrink, but preserve, brain tissue (i.e. atrophy) or that lead to a complete
destruction of tissue, typically the core, that includes the removal of the extracellular matrix
(i.e. cavitation). By 90 days post-stroke, up to 94% of patients will have tissue cavitation,
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dependent on the location and extent of stroke [110]. The tissue cavity is typically fully
formed by 2 weeks post-injury and surrounded by glial scarring that delineates the lesion
core from surrounding damaged tissue [138]. The average size of a stroke cavity in patients
is approximately 45 ml, but a malignant case of middle cerebral artery occlusion (MCAO0)
produces tissue cavities of 150 ml [68]. Mild to moderate TBI typically produces tissue
atrophy rather than cavitation, but volumetric tissue loss can occur in severe closed and
penetrating head injuries. A brain tissue cavity also occurs after glioma resections in 26,000
patients annually [39]. Volumetric brain tissue loss therefore presents a significant clinical
challenge that currently does not have any effective treatment options. Although endogenous
and exogenous cellular replacement can be harnessed to repopulate damaged tissue [136], a
structural support using a bioscaffold is required to retain implanted NSCs in the tissue
cavity [16-18, 120].

3. Rationale for implantation of bioscaffolds in acute brain injuries

Bioscaffolds are widely used to treat volumetric tissue defects in peripheral soft tissues
[160]. The material for scaffolding is either naturally-derived or composed of a synthetic
polymer (Figure 2). Major advantages of synthetic biomaterials include the precision of
physicochemical properties and geometric conformation. A robust industrial scale-up
production is also achievable. The absence of biological material in these materials reduces
the risk of contamination with microbiota or prions [23, 129], but conversely these materials
have currently a limited capacity to induce a regenerative response. The use of synthetic
polymers to create microcarriers for cells [15, 16] or a sustained and controlled drug
delivery after implantation into the brain [18] provide unique opportunities for their use.
These properties contrast with naturally-derived materials, which are composed of naturally
occurring biological substances, wherein physicochemical properties are more difficult to
control. Naturally-derived materials possess bioactive molecules that can exert an inductive
host response to support constructive remodeling of the bioscaffold required for the
formation of de novotissue [75, 105]. Synthetic materials provide an opportunity for a
bottom-up approach (i.e. reverse engineering), where the addition and combination of
particular peptides can drive specific host responses. In contrast, naturally-derived materials
deliver a top-down approach (i.e. forward engineering) that is inherent in its composition
[93, 140].

Naturally-derived biomaterials, such as gelatin, chitosan, silk and alginate, are commonly
used to deliver cells to tissue defects, including the brain [71, 104, 118], but these non-
mammalian products do not by themselves induce a constructive remodeling response that
promotes endogenous stem cell invasion. Alginate-encapsulated or microcarrier-attached
cells have found clinical translation [19, 143], but to date no widespread adoption of this
approach has occurred. Cell migration is dependent upon both juxtacrine substrates found in
the extracellular matrix (ECM), such as laminin or fibronectin and chemokines, and
structural molecules, such as collagens. ECM and purified molecular components of ECM
have also been used to improve the implantation and retention of cells after brain damage
[17, 139, 145, 146, 158]. In the interstitial space, the structural support for individual cells
and the tissue as a whole is provided by ECM molecules, such as hyaluronic acid (HA) and
the fibrillar collagens. HA is very abundant in the brain and provides tissue resistance to
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compression through a counteracting turgor force (i.e. swelling due to water absorption),
conveying some of the brain’s elasticity. Collagens are the most abundant structural proteins
in ECM and are essential to maintain tissue structure. Collagens by themselves can form
hydrogels that provide structural support for cells that is a function of concentration and
temperature [5]. In contrast, HA typically requires cross-linking molecules to sustain a 3-
dimensional structure. Bioscaffolds composed of these glycosaminoglycans and proteins
provide a structural support to cells and provide a tissue-specific spatial organization of
resident cells [77, 155].

The extracellular matrix serves both a structural and a signaling function [20].
Decellularization of tissue allows for the isolation of ECM and subsequent fabrication into
bioscaffolds that can be configured as layered sheets, sponges, powder, hydrogel or maintain
organ geometry [9]. In peripheral tissues, these acellular ECM constructs induce a
constructive remodeling response that leads to an endogenous recruitment of host cells with
subsequent restoration of functional host tissue in a variety of organs, including bladder
[122, 132], skin [78, 147], muscle [133, 170], heart [10, 87], gastrointestinal [74] and breast
tissue [46, 112]. A variety of FDA approved, ECM-based products are available for
reconstructive surgery [22]. There are differences in the molecular composition of ECM
sourced from different tissues [45], including the cargo contained within matrix bound
nanovesicles, which represent lipid membrane-bound reservoirs of miRNA, proteins, and
other signaling molecules [72, 73]. Differences in ECM content affect cell behavior, as
revealed by /n vitro studies that compared ECM from different sources. For instance,
migration, neuronal differentiation and neurite outgrowth in neural progenitors was greater
with UBM-ECM than ECM derived from the CNS [32, 33, 49, 89], although umbilical cord
ECM promoted a greater migration of mesenchymal stem cells [89]. Heterologous ECM can
therefore potentially provide a greater inductive capability than homologous tissue sources,
as well as overcome certain limitations imposed by signaling sources in homologous tissues,
such as inhibition of axon sprouting. Age also affects the composition of ECM and its
regenerative properties, with younger tissue thought to be more favorable compared to aged
tissues [98, 150]. Although ECM can be sourced from the brain [32, 103], its yield is rather
sparse in comparison to other tissues/organs, such as the urinary bladder, requiring about 10
times the starting volume [49]. UBM-ECM is hence an attractive source of an inductive
bioscaffold that can produce tissue restoration appropriate for the damaged organ. UBM-
ECM is here primarily used as an illustrative example for tissue restoration in the brain, but
the principles discuss here apply to all inductive scaffolds. Nevertheless, there is currently a
lack of comparative /7 vivo studies to establish which tissue source is the most effective in
tissue restoration [49, 151].

From a bio-engineering perspective, regeneration of peripheral tissues/organs with
volumetric tissue loss indicates that an insufficient endogenous regenerative response can be
overcome by providing the appropriate inductive signaling and structural support for cell
invasion. As approximate solutions can be found by identifying the solutions for a related
problem, overcoming the lack of regeneration in the brain can potentially be addressed by
using an acellular ECM bioscaffold, akin to their use in peripheral soft tissue volumetric
defects. To construe a solution for brain tissue restoration, we identified a series of solvable
smaller “perturbation parts” to assemble an integrated solution (i.e. a perturbation series).
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We identified 9 key perturbation parts (i.e. solvable requirements) to achieve endogenous /n
situtissue restoration after acute brain injury (Figure 3): 1.) Intracerebral delivery of
bioscaffolds; 2.) Structural support for host cell invasion; 3.) Inductive signaling for cell
invasion; 4.) Scaffold biodegradation; 5.) Neovascularization; 6.) Site-appropriate
phenotypic differentiation; 7.) Dissolution of glial scar; 8.) Axonogenesis and connectivity;
and 9.) Synapse formation for functional connectivity.

4. Requirement 1: Intracerebral delivery of bioscaffolds

Unlike many peripheral organs, the brain is encased in the skull, which limits accessibility.
Some cavities are also seated deep in the brain with overlaying functional tissue that ideally
is not disturbed. In these cases, it is advantageous to have hydrogel that is fluid at room
temperature and can be administered through a thin needle to the lesion site before it
polymerizes to provide structural support. In cases of open head injuries or decompressive
surgery, direct access to the brain is available and other formulations, such as sheets or
decellularized tissue pieces, could potentially be implanted. However, care must be taken
that no deleterious pressure is exerted on existing brain tissue. Due to the varied topology of
cavities, the interface between bioscaffold and brain tissue also needs to be considered to
ensure a structural access for invading cells, as well as preventing host tissue deformations
due to brain compression. Hydrogels or microbeads can potentially adapt to a varied
topology and allow filling of the cavity, while creating a consistent interface with the host
brain [16, 17]. Sheets and decellularized tissue pieces are unlikely to provide this geometric
conformation.

Intracerebral delivery of the soluble (fluid) phase of an ECM hydrogel through small
diameter needles or catheters will produce shear stress [2]. The required ejection pressure
will depend on the rheologic properties of the material, as well as the internal diameter of
the barrel or tubing. More viscous material and smaller diameters may result in higher shear
stress and pressure [156]. Differences in internal diameter between the catheter, the needle
and the fluid reservoir (e.g., syringe vessel) will result in different shear stress and pressure
within each of these compartments. Ejection pressure in needles can be 20x higher than in a
syringe [156]. Transition from one compartment to another may further create pressure
points that can affect material properties. Speed of administration (i.e. flow rate) will also
affect the applied force for ejection and contribute to the pressure and shear stress in the
barrel. Slower speed will produce a higher ejection pressure [3, 156], potentially affecting
the material properties of ejected bioscaffolds. These factors should be considered in the
context of the injection site. Injection into tissue will produce a resistance that needs to be
overcome, but a high pressure will lead to tissue tearing and cause additional damage.
Normal intracranial pressure is considered to range between 0.93-1.99 kPa with
measurements >3.33 kPa requiring intervention [141]. Injection into a tissue void is less
concerning and a higher ejection pressure, as well as injection speed, is tolerable. Speed of
injection is also dependent on the time to gelation of the pre-gel fluid. Rapid gelation within
the syringe or catheter will not produce an evenly distributed bioscaffold through the tissue
void.
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Administration of a hydrogel that contains suspended microparticles creates a more complex
biophysical situation. A discrepancy in material properties between the fluid and the
microparticles can produce a buoyancy or sedimentation effect on microparticles. Size of
microparticles will also affect its drag force inside the vehicle for administration and its
exposure to shear stress from barrel walls. Larger microparticles require a sufficient needle
size to afford passage without damaging the payload. For instance, a 32G needle with an
internal diameter of 0.108 mm, is only suitable for very small microparticles, even if these
are arranged one on top of the other. Larger microparticles 0.250-0.3 mm in size would
require an internal clearance of at least 0.4 mm (i.e. 22G needle at 0.413 mm). However, the
larger the needle diameter, the greater the damage caused by the injection tract. A balance
therefore needs to be found between reducing damage to the brain due to the injection versus
ensuring adequate product delivery [131]. Volume fraction of microparticles in the vehicle
will also influence these biomechanical measures. According to the random closed packing
paradigm, the highest achievable packing density of spheres of the same size is a 63.6%
volume fraction [149]. The higher the volume fraction, the less sedimentation will occur
[131], but the effect of shear stress will increase [156]. Microparticle size distribution,
density, total payload, as well as needle/catheter and syringe/tubing sizes should be noted to
afford a comparison of biophysical aspects between studies.

A targeted delivery of bioscaffolds in hydrogel form requires surgical planning based on
non-invasive imaging identifying the site and extent of damage [113]. The site of the lesion
is crucial to identify an injection pathway that avoids damaging crucial brain structures, but
also avoids passage through enlarged ventricles or rupturing of major blood vessels [15,
101]. In some cases intrathecal delivery is the desired target and image-guidance can assure
a targeted delivery [117]. Magnetic resonance imaging (MRI) of brain damage affords a
placement of injection sites adjacent to the lesion core [136], but also placement into the
tissue cavity [16, 101]. Diffusion MRI is especially useful to identify a lesion core that is the
target for implantation of ECM bioscaffolds in hydrogel form [17]. A complete filling of the
lesion core with a bioscaffold can be achieved based on administering a volume equivalent
to the lesion volume (Figure 4A) [101]. Using a drill hole in the cranium for injection of the
biomaterial and a second drill hole to drain superfluous extracellular fluid from the cavity
affords a very efficient and homogenous filling without the risk of tissue compression due to
an excessive material deposition [58-60, 101]. Although intra-arterial delivery into a stroke
lesion is less invasive for the delivery of cell therapy [157], it currently remains unclear if
this approach can be adapted to administer large volumes of biomaterials to the lesion core.
Diffusion MRI can also verify that the biomaterial was injected into the lesion cavity and if
an appropriate tissue is forming over time [17]. Deformation of host brain tissue can also be
evaluated using serial MRI [58]. Dense microparticles, such as poly-I-lactic (PLGA) can
produce signal changes on To-weighted images to verify delivery, but this might complicate
the evaluation of tissue damage [16], “Doping” of bioscaffolds with MR detectable labels
can further assist to verify delivery, as well as biomaterial resorption. For instance, GelinS
added to a HA hydrogel [95] or specific molecules in an ECM hydrogel [80] can afford its
non-invasive localization using chemical exchange saturation transfer (CEST) MRI. This
technique is especially useful to ensure that full coverage of the lesion is achieved and that
equivalent concentrations of hydrogel are present throughout the bioscaffold. Image-guided
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delivery and verification of implantation are essential aspects to ensure a bioscaffold is
providing the appropriate support and facilitates host cell invasion. Without imaging-
guidance, it is difficult to understand how an appropriate volume could be delivered to the
intended site to enable tissue regeneration.

5. Requirement 2: Structural support for cell invasion

To guarantee a structural support for cell invasion, the bioscaffolds need to be retained
within the lesion cavity [101]. The gelation of solubilized ECM hydrogels is within the
cavity to provide a substrate that is sufficient to facilitate cell invasion/migration (Figure
4B). For urinary bladder matrix (UBM)-derived ECM hydrogel, a concentration of 4 mg/mL
sufficiently gels to be retained within the cavity [101]. Time to 50% gelation is
approximately 3 min and therefore requires a reasonably rapid administration of 10 uL/min
to fill cavities of >40 pL (>4 min. delivery time). Lower concentrations (<3 mg/mL) do not
readily gel to provide a structural support that can support cell invasion into the tissue cavity.
However, some benefits of small quantities (5 uL) of low concentration ECM hydrogels have
proven efficacious when administered directly into damaged brain tissue that lacks a cavity
[162, 168]. A robust gelation occurs at 4 mg/mL UBM-ECM with a storage modulus (G’) of
76.6 Pa and loss modulus (G”) of 11.0 Pa. A denser (8 mg/mL) UBM-ECM hydrogel is
stiffer at 460.4 Pa (G”) and 66.4 Pa (G”). Solid microspheres are less desirable on their own
as these create an empty space upon their degradation that will not facilitate invasion of cells
to create a homogenous tissue. As the rheological properties of hydrogel bioscaffolds widely
vary based on their composition and preparation, a key question is whether implanted
materials should emulate the rheological properties of mature or developing brain tissue, or
reflect the stiffness and elasticity of granulation tissue that supports peripheral soft tissue
wound healing.

Estimates of adult brain tissue stiffness vary between 500-1000 Pa, which is consistent with
the 8 mg/mL UBM-ECM hydrogel. However, rheological techniques that depend upon
instruments, such as rheometers and atomic force microscopes, and that are used in material
sciences, produce inconsistent results for storage and loss moduli. The results are
dramatically influenced by sample preparation [26]. These techniques typically are not
compatible with /n vivo measurements and hence provide unreliable estimates of the brain’s
rheological properties. In contrast, magnetic resonance elastography (MRE) provides a
reliable /n vivo measurement of the brain’s rheological properties to indicate a G’ of 3.1 kPA
and a G” of 2.5 kPa for grey matter and G’ of 2.7 kPa and G” of 2.5 kPa for white matter in
the adult human brain [63]. During aging, global brain viscoelasticity is reduced from 2.5
kPA at 20 years of age to below 1.5 kPA >60 years of age [111]. Softening of tissues is also
associated with disease progression, often reflecting neuronal loss or demyelination [81].

Granulation tissue is thought to be much weaker than the mature tissue it is forming due to a
predominance of collagen 111 fibers, rather than collagen type I that is prevalent in mature
tissue [67]. Early forming granulation tissue (7 days) in a skin wound healing paradigm
yielded an initial stiffness of 18.5 kPa, which increased with greater collagen | deposition to
49.3 kPa for late granulation tissue (12 days) [62]. However, the rheological properties of
this tissue will evolve based on the stage of the regenerative process, which is influenced by
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cellular composition and ECM deposition [65]. Constructive remodeling of bioscaffolds in
the brain are likely to produce a similar evolution in rheological properties to influence cell
invasion, as well as differentiation. Matching of bioscaffold stiffness to that of adult brain
has been suggested as a favorable design characteristic to promote neural regeneration [57].
In vivo measurements using non-invasive imaging techniques, such as MRE, will likely be
the gold standard to evaluate rheological properties of live tissues due to rapid changes in
brain tissue stiffness post-mortem [64]. This approach can also be applied to characterize
tissue constructs in the context of regenerative medicine [119] and potentially provide a non-
invasive means to evaluate serially the biomechanical properties of bioscaffolds.

Extensive /n vitro studies indicate that softer materials afford a faster migration of cells
[166], which is desirable for a more rapid re-population of the tissue cavity. However, there
is a preference of cells to remain within stiffer gels, rather than invade softer materials. The
in vivo cell invasion into softer ECM hydrogels (3-4 mg/mL) at the cusp of gelation
exhibited less invasion than a stiffer bioscaffold within 24 hours in a study by Ghuman et al
[59]. The average cell invasion speed was 62.5 pm/hr. The density of cells within the very
weak 3 mg/mL hydrogel, nevertheless, increased over 90 days from 1151 to 3095 cells/pL,
whereas a linear decrease to 1000 cells/uL was evident for the stiffer material [60]. The 4
mg/mL concentration presented a fairly stable cell density over 90 days between 3000-4000
cells/uL. As in vitro studies mostly used non-inductive hydrogels to investigate stiffness as a
single factor, /n vivo studies using different concentrations of ECM as ECM hydrogel
bioscaffold not only differ with respect to stiffness, but also protein density, which can
influence host cell invasion, as well as cellular phenotypes [128, 135]. For instance, during
the acute invasion phase (24 hrs), hydrogel concentrations produced a fairly equivalent
invasion of neural cells, but by 90 days a robust difference was evident between the stiffer
(8mg/mL) and softer (3 and 4 mg/mL) bioscaffold, with the latter ones showing a more
robust presence of neurons, astrocytes and oligodendrocytes, as well as endothelial cells
[60].

6. Requirement 3: Inductive signaling for cell invasion

A robust interface between bioscaffold and host tissue is required to support the physical
migration of cells to invade (Figure 4C), but inductive signals to initiate migration and
invasion are also required. If inductive signals cannot be released from the bioscaffold or if
the host tissue does not afford a permeation/diffusion of these signaling molecules to reach
the appropriate cells, a poor cellular invasion ensues. These issues commonly underlie the
case of invasion “blind spots”, where a robust invasion is seen in other parts of the scaffold
(Figure 4D), but certain areas at the interface lack presence of cells [101]. Diffusion of
inductive signals into host tissue is therefore required to promote cell invasion, although
mechanical stimulation of host tissue through ECM bioscaffold implantation is also likely to
contribute to the initiation of an immune response. The relative contributions of soluble,
juxtacrine and biomechanical signaling to the inductive host response remain poorly
understood.

Fractionation of ECM hydrogels into structural and soluble components indicates separate
roles for these signaling molecules. Soluble components induced a phagocytic response
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through Notch and PI13K/Akt signaling that might be required to recruit immune cells into
the hydrogel from surrounding host tissue [135]. Other factors, such as monocyte
chemoattractant protein-1 (MCP-1/CCL2) are also key signals driving the migration and
invasion of macrophages [41]. These signals might be comparative between a regenerative
and a destructive response, with M1-like (i.e. destructive pro-inflammatory) macrophages
invading through the host tissue [165]. However, neutrophils are also likely to participate in
this acute response [38]. The time course and the cellular interplay leading to immune cell
recruitment remain poorly understood and represent a main focus of understanding the
initial regenerative response [154, 163]. Structural components of ECM bioscaffolds are
thought to decrease phagocytosis by juxtacrine MEK/ERK and integrin signaling [135].
Upon invasion into the ECM bioscaffold, phagocytic cells are being polarized towards an
M2-like (i.e. pro-repair) phenotype that is involved in a constructive remodeling response
[100]. Although the importance of the macrophage response to tissue regeneration has been
demonstrated by ablation experiments [153], it remains unclear how the inflammasome
impacts the recruitment and differentiation of other host cells required to form a new tissue.
Release of soluble factors, such as vascular endothelial growth factor-A (VEGF-A) or brain
derived neurotrophic factor (BDNF), from implanted biomaterials will also influence a
regenerative response in the brain [25, 30, 115]. Recruitment of neural cells is thought to
rely on CXCR4/SDF1 signaling [34], whereas the invasion of endothelial cells is likely
driven by a combination of pro-angiogenic soluble (e.g. VEGF-A, PDGF) and juxtacrine
signals (e.g. avp3). However, detailed mechanistic studies investigating the role of these
molecules’ role in inductive signaling through ECM bioscaffolds are lacking.

It is important to distinguish inductive signals which produce a regenerative response from
those that provoke a destructive response. Typically a “destructive response” is due to a
residual antigenicity that is caused by a poor decellularization or an insufficient removal
(>92%) of lipophilic antigens [35, 85]. To avoid a destructive response, 3 key
decellularization criteria have been proposed as quality control measures for inductive
bioscaffolds: 1) no visible nuclei present (DAPI or H&E stains); 2) denatured DNA strands
<200 base pairs; 3) double stranded DNA content <50 ng/mg [31]. Although a poor outcome
has been associated with excessive cellular elements, specific roles of these elements in
negating a regenerative effect remain unclear. A major advantage of synthetic materials will
be that these can designed without these “determinetal” cellular remnants. In the context of
allogenic versus xenogeneic tissue sources, there is further concern that some antigen can be
retained within the bioscaffold. A slow and delayed adaptive immune sensitization can be
invoked through these antigens to trigger a rejection response, calcification or destruction of
newly forming tissues [90, 161]. Interestingly, little focus has been on HLA and MHC
antigens [53], but the focus has been mostly on the a.Gal epitope [84] present in, for
instance, porcine-sourced tissues, but not present in humans and apes [99]. However, only
small quantities of the a.Gal epitope are present within ECM scaffolds [102], without
evidence that these produce adverse effects when compared with knock-out tissues [37].
There are also no reports of zoonotic transmission from porcine whole organ transplants.
Sourcing of CNS tissue from porcine sources is advantageous in terms of tissue quantities,
as well as a defined age of the source. Human post-mortem CNS tissue is likely of poor
quality, as brain death is a requirement for organ harvesting, and these tissues can also

Brain Res Bull. Author manuscript; available in PMC 2020 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Modo and Badylak

Page 10

harbor the risk of transmitting prions and other transformed extracellular proteins (e.g.
amyloid B, a-synuclein) involved in neurodegeneration. Prions and neurodegenerative
proteins are unlikely to be eliminated by current decellularization protocols. Xenogenic
sources are hence suitable for clinical applications and induce an immune response
comparable to allogenic material that is thought to be crucial for ECM scaffold degradation
[84].

7. Requirement 4: Scaffold biodegradation

A key role of immune cell invasion is to facilitate and effectuate scaffold degradation to
allow structural remodeling by host cells with deposition of a new tissue matrix (Figure 4E).
Macrophages degrade the bioscaffold, while secreting soluble factors (e.g. PDGF) that
influence the behavior of other cells, including the recruitment of host cells, such as
endothelial cells. Deposition of ECM molecules (e.g. fibronectin) by macrophages produces
juxtacrine signaling that can guide cell migration and establish a structural support [163]. It
remains currently unclear if there is a sequence of ECM molecule degradation or if
macrophages trail a particular molecule. There is evidence of chain cell migration during the
early phase of bioscaffold degradation, suggesting that a highly regulated process is taking
place (Figure 4B). Macrophages are currently thought to be the main effectors of ECM
biodegradation, but the specific mechanism(s) by which ECM degradation products interact
with other cells and molecules remains under investigation. A distinction between scaffold
degradation and remodeling might be required to further distinguish different processes
involved in an induced versus a spontaneous regenerative response. ECM hydrogel
biodegradation could be defined as the breakdown and loss of molecules integrating within
the scaffold, whereas remodeling is a secondary event during which endothelial and neural
cells invade to create de novo blood vessels around which tissue fragments emerge within or
in between biomaterial patches (Figure 4E). Ideally, non-invasive imaging tools are
employed to visualize and distinguish these processes. For instance, CEST-MRI can detect
the selective loss of particular ECM molecules, such as fibronectin and chondroitin sulfate,
contained within the bioscaffold [80], whereas the addition of specific markers, such as
GelinS, can also be used to monitor more generally the degradation profile of hydrogels /n
vivo [95]. Juxtaposition of bioscaffold degradation and the ensuing tissue restoration by cell
infiltration are interdependent, but it remains unclear how these two processes influence
each other. At present, there is little evidence that endothelial and neural cells themselves
degrade the scaffold material, although tissue elements can be seen forming in or between
hydrogel patches indicating their participation in a remodeling response.

In most peripheral tissues, approximately 50% of ECM scaffold material in solid form (e.g.
sheet form) is degraded within 30 days post-implantation, with a complete resorption
evident between 75-90 days [24, 40, 61, 127, 153]. During this time frame, the scaffold is
replaced with new tissue (Figure 4F). Little is known about ECM scaffold degradation in the
brain or spinal cord and how the immune-privilege of the CNS impacts this process. The
blood-brain barrier (BBB) typically does not afford invasion of immune cells to patrol the
CNS, although acutely after a brain injury (12-24 hours), this barrier is leaky and immune
cells (i.e. neutrophils) are invading. However, this early disruption of the barrier is short-
lived and dissipates after invasion of immune cells. A second more prolonged sub-acute
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opening of the barrier occurs between 3-7 days post-injury [123]. Matrix
metalloproteinase-9 (MMP-9) is a key molecule in this opening of the BBB, as well as
degradation of native brain ECM in damaged tissues [6]. Microglia, the brain-resident
macrophages, are pivotal in this process and regulate the immune response to damage [13].
Opening of the BBB facilitates infiltration of peripheral phagocytic cells (e.g. macrophages)
to clear cellular and tissue debris. However, the sub-chronic phase closes when cavitation of
tissue completed. Implantation of ECM bioscaffolds in hydrogel form with the associated
host cellular response in brain cavities differs from the acute or subacute infiltration of
immune cells into damaged tissue. Cellular infiltration occurs through adjacent damaged
tissue, as initially there are no blood vessels remaining within the tissue cavity for a
peripheral immune cell infiltration to occur directly into the scaffold (i.e. inside-out
invasion). Although implantation of an 8 mg/mL ECM hydrogel, compliant with adult brain
rheological properties, produced the strongest cell infiltration acutely [59], only 32% of the
scaffold was degraded by 90 days [58]. This relatively slow rate of degradation is in stark
contrast to the rate of degradation in peripheral tissues. However, in peripheral tissues,
ECM-based scaffolds are typically implanted as solid multi-laminate sheets, rather than as a
hydrogel, potentially explaining differences in the biodegradation rate. The porosity and
stiffness of ECM sheets is different from those in hydrogels and could account for
biodegradation characteristics. These studies might therefore not provide a valid comparison
or guidance for a time course of biodegradation and cell infiltration into ECM hydrogels in
the brain. Less concentrated ECM hydrogels (3 and 4 mg/mL) exhibited a very efficient
degradation response, with 95% of the scaffold being degraded by 90 days [60], indicating
that appropriate dosing can tailor the biodegradation to favor tissue restoration.

Unlike in peripheral soft tissue wound healing, the CNS does not form granulation tissue.
ECM hydrogel implantation within the CNS might therefore act as a ground substance, i.e.
an amorphous gel that contains inductive ECM proteins that invoke a host regenerative
response [54, 159]. The presence of some fibrous materials, such as collagen, might merely
be required to provide a weak structural support and cues for invading cells, but by
themselves are not required to induce a regenerative response. As such a weak ECM
hydrogel would serve as a granulation tissue in the CNS to induce and support cell invasion
into a primitive tissue arrangement. The structural weakness of the hydrogel might therefore
be a key characteristic of this intervention, as “brain-compliant” ECM hydrogel did not
produce a successful tissue restoration in the cavity. As with granulation tissue, a maturation
of cells and tissue characteristics (e.g. collagen I deposition) might be evident that affords a
staging of the regenerative process. A mixture of ECM scaffold biodegradation and tissue
remodeling (i.e. invasion and organization of host brain cells) might coincide. Although
there is a fairly homogenous invasion of cells acutely, the formation of de novo brain tissue
and its maturation might be an outside-in progression rather than an inside- out process
involved in brain development. Akin to granulation tissue, neovascularization is likely
driving the maturation process as oxygen supply to new tissue will be a key factor in its
survival.
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8. Requirement 5: Neovascularization

Implantation of NSCs on PLGA particles [16] or in ECM hydrogel [17] failed to produce
neovascularization of the stroke cavity, although NSCs secrete vascular endothelial growth
factor-A [28]. Degradation of PLGA particles afforded a flow of ECF through the cavity that
maintained the web-like tissue short-term (7 days), but the development of de novo tissue
formed purely by implanted neural cells was not feasible due to a lack of vascularization that
compromise long-term tissue survival. In contrast, secretion of VEGF-A from PLGA
particles led to an infiltration of endothelial cells into the lesion cavity seeded with human
NSCs and afforded the assembly of vascular structures inside the de novo forming tissue
[18]. However, endothelial cell invasion did not follow the classical angiogenesis model,
where tip cells deviate from the stalk to invade a developing tumor. A widespread invasion
of endothelial cells was evident that subsequently organized into vascular structures, which
is consistent with vasculogenesis [109]. A heterogenous mix of vasculature developed within
this de novotissue. Some areas developed fairly normal vasculature with a surrounding
neuropil, others were hypervascularized, but there were also patches devoid of
neovascularization [18]. A differential biodegradation of PLGA microparticles through
hydrolysis can explain some of these observations. The lack of revascularization is therefore
likely due to a lack of particle degradation due to a restricted availability of water, hence
producing an insufficient release of VEGF-A. A limited diffusion of VEGF-A into the
surrounding damaged tissue could also compromise endothelial cell invasion. Indeed,
scarring around the implant could hinder the diffusion of molecules from the lesion cavity
into surrounding tissue, but also prevent cells from invading the scaffold. Co-implantation of
NSCs and ECs might circumvent this issue and provide a more rapid re-construction of the
neurovascular environment in the cavity [29, 114]. However, even allogenic endothelial cells
will require immunosuppression, akin to fetal tissue transplants, due to their high
immunogenicity and direct exposure to circulating peripheral immune cells, which will
mount an acute rejection response.

Attracting host vasculature is therefore preferable, as it circumvents the need for long-term
immunosuppression, but will also ensure that developing arteries and veins are connected
into existing vascular systems. Implantation of a brain-compliant acellular 8 mg/mL ECM
hydrogel produced a marked invasion of endothelial cells 24 hours post-implantation [59],
but long-term failed to produce a vasculature [58]. No tissue developed in these bioscaffolds.
In contrast, softer (3 and 4 mg/mL) ECM concentrations produced a robust
neovascularization throughout the scaffold area [60]. Neuro-vascular environments formed
that in some instances were still engulfed by the bioscaffold (Figure 4G), whereas in others
it formed in between patches of hydrogel (Figure 4H). In some cases, a tortuous vasculature
was evident, akin to angiogenic areas in peri-infarct stroke, producing a dense mesh of small
capillary vessels. In peripheral artery disease, ECM hydrogel promoted revascularization
through arteriogenesis [152], potentially indicating multiple ways to promote tissue
neovascularization. Acellular ECM hydrogel can therefore attract host endothelial cells to
develop a neovasculature in de novo forming tissue. Interestingly, matrix stiffness can affect
how endothelial cells respond to the same soluble factors [94], such as VEGF-A, potentially
explaining the differential results between soft and brain-compliant ECM hydrogel.
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Producing a neovasculature from host cells will circumvent the need for immunosuppression
and provide the physiological basis for a metabolically active neuro-vascular environment.
However, it presently remains unclear if this vascular supply provides sufficient oxygen to
support metabolism and allow newly formed tissue to mature long-term.

Vascularization remains a major issue in tissue engineering, especially in cases of large
tissue defects [88]. In smaller tissue defects, small blood vessels can form a vascular bed
(i.e. plexus) to supply the neuropil with oxygen and nutrients, as well as infiltrating
peripheral immune cells. However, it remains unclear to what degree these newly forming
blood vessels are leaky and at what stage a basement membrane is formed that would
participate in barrier functions. Neovascularization in tissue regeneration is likely different
from tumor angiogenesis. In tumor angiogenesis, the neoplastic growth is steadily increasing
and requiring a gradual augmentation of blood supply, eventually producing a necrotic core
as the metabolic demand can no longer be met. In contrast, induced tissue regeneration
produces a large cell invasion that requires a vast area to be rapidly vascularized. Hypoxia
can ensue and lead to apoptosis or necrosis in newly forming tissue. A certain level of
hypoxia is advantageous, as it will lead to the production of hypoxia-induced factor 1-a
(HIF-1a), which is the inducer of VEGF-A and hence can enhance vascularization.
Angiogenesis, as seen in tumor growth, and vasculogenesis/arteriogenesis, as observed in
ECM hydrogel-mediated tissue regeneration, might share similarities, but there will also be
fundamental differences in how this neovascularization occurs and proceeds. The matrigel
assay of angiogenesis using ECM from Engelbreth-Holm-Swarm mouse sarcoma cells is
unlikely to provide appropriate answers to vessel formation in the context of tissue
regeneration as it predominantly relies on angiogenesis with tip cells invading the hydrgoel.
Alternative /n vitro assays might need to be developed to improve our understanding of
vessel formation in regenerating tissues. These assays might also need to distinguish small
and large tissue defects, as the microvasculature is insufficient to produce an adequate blood
supply in large tissue defects. Large vessels, such as the middle cerebral artery, need to
maintain intra-arterial pressure and perfuse newly forming tissues through branching of the
microvasculature. Little is known about re-growing these types of vessels /7 situ and how
different brain regions might influence the source and pattern of revascularization.

9. Requirement 6: Site-appropriate phenotypic differentiation

Unlike most other organs, the brain has a distinctive regional specialization.
Cytoarchitecturally different phenotypes define brain regions and their functions. It is
assumed that tissue regeneration therefore needs to produce site-appropriate phenotypes that
characterize the restored area from the endogenous NSC pool [51]. Hydrogel formulation is
known to influence cell differentiation [8]. However, the challenges associated with
decellularizing brain tissue to form hydrogels [103], as well as the consideration that CNS
tissues typically do not support regeneration [76, 144], might limit the therapeutic potential
of decellularized brain tissue. A further question is whether a homologous ECM tissue
source is required to instruct cells to form a site-appropriate tissue or if the host tissue
response induced by these bioscaffolds is not tissue specific, but driven by the invasion of
host organ cells (i.e. the brain). /n vitro studies indicate that UBM-ECM produced the
greatest degree of neuronal differentiation and neurite outgrowth, rather than brain-derived
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ECM [33, 49, 103]. However, it remains unclear what neuronal sub-types were produced. It
is also uncertain if a high level of neuron differentiation is the key factor to select
bioscaffolds derived from a particular tissue to drive site-appropriate tissue differentiation.
Specific positional information needs to be encoded in neurons to define a brain region. At
present, it remains unknown if ECM hydrogel conveys this positional specification or if this
is inherent in the invading cells. In the spinal cord, UBM-ECM performed equivalently to
spinal cord-derived ECM hydrogel to produce a regenerative response, but provided more
favorable degradation characteristics [151]. This also suggests that ECM bioscaffolds do not
regulate the final differentiation of neurons. Although direct /n7 vivo comparisons of different
ECM sources in acute brain injuries are mostly lacking, UBM-ECM may provide favorable
characteristics in terms of hydrogel degradation, more complete neuronal differentiation and
neurite outgrowth, as well as being economical and safe.

Positional specification of cells (e.g. cortical versus striatal patterning) might also be
influenced by the damaged tissue through which cells must migrate to invade the
bioscaffold. The precise mechanism of this cell invasion from the peri-infarct area remains
unclear, but it can be surmised that neural cells rely on the soluble SDF-1/CXCR-4 signaling
axis [124], as well as juxtacrine integrin (i.e. fibronectin, laminin) signals [92], for migration
and ECM invasion. However, detailed mechanistic studies will be required to determine the
specific mechanism(s) and if there are differences between migration through damaged
tissue versus invasion and migration through an ECM hydrogel. Implantation of a 3 or 4
mg/mL ECM hydrogel recruited approximately 70,000 host neural cells (20% of total cells
at 24 hours in the 8 mg/mL ECM hydrogel) to restore tissue in the stroke-damaged striatum
[60]. Although the stiffer and denser 8 mg/mL ECM hydrogel produced the highest acute 24
hours invasion from damaged tissue [59], the better long-term invasion of neural cells was
found in less concentrated 3 and 4 mg/mL hydrogels [60]. It is conceivable that stiffness of
the material in the initial invasion/attraction phase is not the main determining factor, but the
concentration of inductive protein could govern this initial response. However, the
mechanism by which protein density or its concentration affect cell differentiation remains
also poorly understood and will require further /n vitroand in vivo studies. Moreover,
changing the rheological properties and degradation response might differentially affect cell
invasion and differentiation, further highlighting the complex interplay of different variables
involved in tissue regeneration.

The rheological properties of hydrogels are known to affect the phenotype of neural cells,
with brain-compliant (183 Pa) encapsulating materials achieving the highest neuronal
differentiation [12]. However, neural stem cells seeded onto bioscaffolds of different
stiffness indicate that softer materials (0.1-1 kPa) are favorable for a neuronal differentiation,
whereas stiffer (0.5- 10 kPa) materials produce more astrocytes [7]. This degree of scaffold
stiffeness is in contrast to the very stiff surface of cell culture vessels at ~100,000 kPA
typically used for /n vitro studies [134]. Interestingly, an appropriate differentiation of cells
into site-appropriate striatal neuron phenotypes still occurs in culture vessels and on glass
slides [47]. Studies in tissue culture flasks therefore suggest that the rheological properties
of substrates are merely a contributing, rather than the determining factor that influences the
proportion of phenotypes towards one or the other direction. /n7 vitro studies afford the
control of very specific variables, but typically fail to replicate the complex /n vivo
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environment that cells encounter. Upon implantation of softer (3 and 4 mg/mL) or stiffer (8
mg/mL) ECM hydrogels into a stroke cavity, the stiffer substrate invoked a significantly
higher initial invasion of neural progenitors (8%) at 24 hours compared to the softer
scaffolds [60]. In contrast, the softer gels produced twice as many neurons with mature
phenotypes (226 neurons/uL, ~5% of total cells), whereas more oligodendrocytes were
present in stiffer (~30%) than softer (20%) bioscaffolds at 90 days post-implantation. The
most dramatic difference was observed with astrocytes. There was a gradual increase in the
soft 3 and 4 mg/mL hydrogels up to 15%, but the stiffer 8 mg/mL concentration was
essentially lacking astrocytes. These /n vivo results contradict /n vitro observations, where
stiffer materials produced more astrocytes. However, it is conceivable that the stiffer and
denser 8 mg/mL prevents the invasion of astrocyte progenitors and these participate in a
tissue response to the material, such as a glial scar, around the implants that seals these off
from the host brain [96, 171]. This tissue barrier could further explain the low cell numbers
in the stiffer material at later time points. Indeed, the glial scar forming in volumetric tissue
loss could affect /in situtissue engineering by limiting cell invasion and integration of newly
forming tissues.

10. Requirement 7: Dissolution of the glial scar

At the central core of the acute brain injury, liquefactive/colliquative necrosis occurs to form
the tissue cavitation. Akin to hemostasis in wound healing, the local tissue response is to
stabilize potentially viable from necrotic tissue by compartmentalizing this area using the
formation of a scar to create a physical and endocytic barrier. This liquid viscous mass
within the cavity is known to be toxic to brain cells for at least 7 weeks. This material
diffuses into surrounding brain tissue despite the formation of a glial scar [167]. Reactive
astrocytes, microglia, fibroblast and ependymal cells derived from the peri-vasculature, as
well as circulating macrophages, participate in the development of the scar [1]. Activated
astrocytes are thought to have the potential to undergo one round of cell division and give
rise to NSCs, potentially participating in local tissue repair. Astrogliosis, the presence of
individual activated astrocytes in areas of damage, also occurs and potentially plays a key
role in the establishment of the glial scar and tissue repair [137]. Akin to macrophages, an
emergent literature suggests differential roles of activated Al (pro-inflammatory/neurotoxic)
and A2 astrocytes (pro-repair) in peri-lesional tissues [11], which could be influenced by
biomaterials [148]. Typically, established scar tissue is considered to contain astrocytes,
NG2 glia (also known as oligodendrocyte progenitor cells, OPC), and microglia [1]. The
glial scar also sees a dramatic upregulation of chondroitin sulfate proteoglycans (CSPG),
which might further limit the invasion of neuronal progenitors and axonal re-growth [50].
Digestion of CSPG can, for instance, promote a pathway to reconstruction by transplanted
dopamine progenitors in Parkinsonian mice [82]. Recently, it has been reported that glial
scarring weakened the mechanical properties of CNS tissue [108]. Still, it currently remains
unclear how changes in rheological properties of damaged tissue, as well as migration
through the scar affect progenitor cells. The glial scar and associated changes in tissue
microenvironment might hence pose a major obstacle to tissue regeneration by limiting cell
invasion, influencing phenotypes of invading cells, preventing neovascularization, and
ultimately precluding connectivity between veterate (i.e. pre-existing) and de novotissue.
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Implantation of ECM hydrogel into the tissue cavity using the injection-drainage approach,
cleared the liquefactive material and provided a biocompatible substrate for cell invasion
[101]. These results indicate that scarring by itself is not a limitation to attract host cells into
the cavity [59, 60]. Although some reports indicate a change in glial scarring and astrocytes,
UBM-ECM hydrogel did not alter the scarring or peri-lesional astrogliosis characteristics
after a sub-chronic implantation time [60]. However, in the stiffer 8 mg/mL ECM
bioscaffold no astrocytes invaded, suggesting that the peri-lesion scar is altered and
potentially encapsulates stiffer material to prevent long-term astrocyte invasion. Still, it is
unclear why this would not also affect other neuronal progenitors or oligodendrocytes.
Lower concentrations of ECM that produced softer hydrogel revealed a significant presence
of astrocytes in the scaffold. The 3 and 4 mg/mL ECM scaffolds also revealed axons passing
through the hydrogels, but it remains unclear how extensive this connectivity is and if indeed
functional synapses are being formed by new tissue.

11. Requirement 8: Axonogenesis and connectivity

The regional specialization of the brain requires interconnectivity to support diverse
functions [142]. This interconnectivity is achieved by 1) local intra-regional and 2) multi-
regional long-distance axons. Axons link different neurons with each other to conduct
information processing and produce an integrated function. Although each neuron will have
a single axon, it can be connected with more than 1000 other neurons. Restoration of
complex behavioral or cognitive functions are therefore thought to require not only a
reconstitution of neuronal cells in a de novo tissue, but also will need to establish axonal
connections between these cells in local cell assemblies, as well as connect these with
existing neuronal circuitry [107]. Based on our current understanding of the developmental
neurobiology underpinning axonal connectivity and the limited number of studies
investigating tissue regeneration in the brain, this will likely be the most challenging
requirement.

After ECM implantation into a stroke cavity, axons are present within and passing through
the scaffold [60]. However, it is unknown how many axons are newly formed, if these
mostly support local connectivity, or if these produce long-range connectivity. It is also
unclear if host axons project into the newly formed tissue and if synapses are being formed
that could support functional connectivity. Hyaluronic acid (HA) hydrogels with VEGF-A
induce angiogenesis, and an axonal network akin to the contralateral hemisphere in the
infarct region [115]. It has further been suggested that axonogenesis necessitates
angiogenesis, as blocking of angiogenesis did not afford axonogenesis in the infarct area
[115]. This would suggest that a spontaneous arrangement of fibers could occur in cortical
tissue after promoting a regenerative environment using bioscaffolds. However, it remains
undetermined to what degree alignment needs to be predetermined to generate appropriate
grey matter tissue (e.g. entorhinal cortex) in the brain and if cells other than endothelial
cells, such as astrocytes or microglia, could support axonogenesis [121]. For instance, in the
spinal cord axonogenesis is observed after implantation of inductive bioscaffolds [70, 89],
but an extensive effort is dedicated to patterning anisotropic channels that would guide
axonal growth [44, 169]. The delivery of specific molecules driving axonogenesis might
further improve the connectivity between veterate and de novotissues [4, 126]. The
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interdependence of biological processes involved in tissue regeneration is evident and shows
the complex and concerted interplay that is required to restore a physiological tissue.
Blocking or enhancing of a single signaling pathway can dramatically change the entire
process. However, creating a physiologically active tissue does not necessarily produce a
“functional brain tissue”. Functional tissue will also require synapse formation of axons and
dendrites that are responsible for brain activity and define participation in neuronal circuitry.

12. Requirement 9: Synapse formation for a functional integration of de

novo tissue

Axonal pathways provide the structural basis of connectivity, but synaptogenesis determines
functional connectivity [142]. Synapses are promiscuously formed during development (i.e.
exuberant synaptogenesis). Pruning of unused synapses and strengthening of synaptic
connections occurs to refine neuronal circuitry based on activity i.e. Hebbian synapses).
Maturation of tissue is hence also reflected in synaptic density. Any behavioral changes due
to the formation of new synaptic connections are likely to undergo a similar process of
exuberant synaptogenesis due to both new neurons being formed in de novotissue and
projections into damaged or previously denervated regions. Conversely, re-innervation of the
lesion cavity from veterate tissue would also be required. The formation of Hebbian
synapses, i.e. two synapses that fire together wire together, are thought to be a key
component of restoring behavioral functions [36]. We are currently not aware of any studies
that have directly investigated synapse formation in de novo brain tissue, although
DREADD (designer receptor exclusively activated by designer drugs) ligands have been
used to demonstrate that areas injected with HA hydrogel and VEGF nanoparticles
underpinned behavioral functions associated with recovery after a cortical stroke [115].

Promoting synaptogenesis and the formation of novel functional connections is fundamental
to physical and cognitive therapy after stroke. In cell therapy, it remains a matter of
investigation if physical therapy is a requirement or merely facilitates novel neural
progenitors to form functional connections that underpin behavioral recovery [106]. This
regenerative rehabilitation [125] has been found to be an essential component to regrow
functional skeletal muscle after ECM implantation [56, 133]. However, a distinction is
probably required between individual progenitor cells being injected into damaged tissues,
where neuronal circuitry has been disrupted, versus forming an entirely new circuitry. In the
brain, this would be exemplified by studies that implanted fetal tissue to promote a recovery
of function. These materials did not result in the seamless integration of individual cells into
existing brain tissue, but formed a “mass” within brain tissue or cavities. In these cases,
“training” of grafts implanted into the striatum, for instance, showed task specificity and a
clear benefit from functional inputs [42, 43]. However, restitution of behavioral functions in
a tissue regeneration paradigm might occur without the addition of a rehabilitation
component [115]. This again raises the question of rehabilitation as a requirement for
behavioral improvements [107]. In cases of ECM hydrogels implanted into a stroke cavity,
the lack of an efficient degradation of the bioscaffold and regeneration of tissue failed to
produce any behavioral improvements [58]. However, it currently remains unclear if softer
gels that produce tissue regeneration could produce behavioral recovery. Interestingly, small
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volumes (5 pL) of ECM hydrogels injected into damaged tissue were sufficient to produce
improvements in behavioral functions [162, 168]. To establish the rules governing the
restoration of behavioral functions through tissue regeneration will require both successes
and failures to define aspects important to efficacy and guide the translation of these novel
therapies into the clinic.

13. Special considerations for clinical translation

The two main considerations for clinical translation are safety and efficacy. Inductive
biomaterials promoting tissue regeneration in peripheral soft tissue have been widely used
clinically and have proven to be safe. It is unlikely that implantation into the brain would
involve a different safety profile of the materials themselves, although specific product
specifications (i.e. hydrogels versus material sheets) need to be considered, especially since
rheological properties of the material affect their regenerative potential. Safety
considerations in the brain also need to consider potential adverse effects that could occur
due to implantation of the material. A selective targeted delivery to tissue cavities, while
avoiding displacement of fragile damaged tissue, remains a major challenge and is difficult
to evaluate in small rodent brains. Changes in intracranial pressure due to implantation of
too much material, or swelling of the gels, could, for instance, produce iatrogenic
complications that would raise safety concerns [101]. Moreover, inductive materials produce
a proliferative response of progenitor cells. Consequently, it is important to ensure that no
neoplastic growth develops in the cavity. No reports of this possibility have occurred in
peripheral tissue and it is unlikely that brain cells would differ in this respect. Restitution of
tissue and its connectivity with the host brain also harbors a risk to develop uncontrolled
spontaneous brain activity (i.e. generation of an epileptic focus). Although there are no
reports so far of any of these potential side-effects, the safety of this approach for clinical
translation will need to consider these potential additional complications.

Efficacy is defined as a significant improvement over clinical equipoise. However, efficacy
can encompass many measures. For instance, stabilizing a patient and preventing further
damage to occur assumes a certain trajectory of the condition. In the case of a malignant
MCA stroke, this involves the removal of the cytotoxic edema to save the patient’s life [68].
Reducing the midline shift that commonly follows the decompressive surgery significantly
improves survival of patients at 6 months [79]. Implantation of a stiff ECM bioscaffold that
degrades very slowly could hence stabilize the veterate tissue in patients and provide a
means to improve the survival rate, even without promoting tissue regeneration [58].
Stabilizing the veterate tissue in patients with smaller strokes that do not undergo
decompressive surgery could also provide a benefit by reducing secondary Wallerian
degeneration of axonal tracts due to morphological shifts in brain tissue. These changes are
difficult to measure and might not be readily detectable in rodent models of stroke, including
a lack of dramatic worsening commensurate with slow and subtle anatomical changes.

Removal of cytotoxic fluid from the tissue cavity can also reduce a secondary loss of
neurons in the peri-lesion tissue [167]. Halting or slowing the progression of
neurodegeneration in TBI could provide a sparing of function, rather than a reversal of
behavioral deficits. Inductive biomaterials in damaged tissue will promote a shift of immune
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cells towards a repair phenotype, as well as promote angiogenesis, which can lead to tissue
repair [162, 168]. Implantation of ECM hydrogel into the tissue cavity is also likely to
increase the presence of neural progenitor cells in damaged tissue, which could exert
beneficial effects, even in the absence of a functional tissue regeneration. However, it is
unclear if these events are sufficient to drive a significant behavioral change that can be
measured in rodent models of acute brain injury. Manifestation of these benefits might take a
protracted lesion evolution. Rodent models’ life-span might be limiting in this regard [107].
Developments of large animal models might also be key to refine the delivery of large
volumes of bioscaffolds into complex lesion environments and to define appropriate
measures to monitor the repair/regeneration process, as well as to better define outcome
measures that go beyond standard behavioral measures currently used to assess efficacy in
small animal models [107]. Subtle effects (~10% change) might require a large cohort of
animals (>15) to establish efficacy and robustly demonstrate the potential of these
therapeutic effects for patients.

14. Conclusions

The treatment of acute brain injuries to date is mostly focused on stabilizing patients and
providing neuroprotection to avoid a further loss of brain tissue. Although limiting brain
tissue loss is expected to have the biggest clinical impact, little focus has been devoted to
repair or regenerate brain tissue as secondary therapeutic options. Especially the
regeneration of lost brain tissue offers novel therapeutic opportunities that can be realized
using biomaterials to provide scaffolding in tissue cavities and to introduce cell signaling
using juxtacrine and soluble factors that can influence the repair process. Akin to peripheral
soft tissue regeneration, tissue regeneration can be broken down into individual perturbation
parts that can be solved, as outlined here. Therapeutic benefits are not merely restricted to a
complete restoration to a pre-insult tissue architecture, but many smaller effects can provide
worthwhile interventions. Indeed, it is currently unclear if regenerating tissue needs to
mirror the developmental architecture of veterate tissue or if other configurations of cell
assemblies can achieve the same function. The ultimate creation of a de novo functional
brain tissue might require all these perturbation parts to integrate into a series to provide a
new substrate to support behavioral improvements. Akin to the workings of a Swiss watch,
all elements might be required to work together to make this ultimate aim feasible, with the
lack of each one of these preventing the formation of a de novo functional brain tissue.
Conceptually and technically novel directions result from developing /n situ brain tissue
engineering that will lead to novel therapeutic opportunities parallel to tissue regeneration,
such as the local and sustained delivery of therapeutic drugs or cells [69, 164].

However, there remains much to learn to make /n situtissue engineering in the brain a viable
treatment option for patients with acute brain injury. Placing the sole emphasis on improving
behavioral functions might produce false positives and limit discovery of other
opportunities. Developing a roadmap that defines specific requirements will help to identify
individual perturbation parts that need to be solved as part of the bigger endeavor. Still, the
interdependence of many of these processes (e.g. angiogenesis and axonogenesis) requires
an integrated view to inform the design of new synthetic scaffolds. Importantly, a greater
emphasis needs to be put on /n vivo experiments and understanding how bioscaffolds
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interact with existing veterate tissue. Understanding the process of tissue restoration using
inductive bioscaffolds will form the foundation to develop bottom-up designer hydrogels
that produce specific activities appropriate to repair or regenerate a particular brain tissue.
These intriguing opportunities will undoubtedly spur new innovations to improve the care of
patients with acute brain injuries.
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Highlights
. Conceptualization of brain tissue restoration in perturbation parts
. Defined the importance of importance of intracerebral delivery of bioscaffolds
. Discussion of the immune systems role in scaffold degradation and initiating
a restoration response
. Reviewed the role of juxtacrine and paracrine factors in tissue formation
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Figure 1. Pathophysiology of acute brain injury and therapeutic interventions.
An acute insult to the brain through brute force or ischemia will lead to the rapid loss of

neurons at the core of the infarct, this area will eventually cavitate and be sealed off by a
glial scar. Apoptosis will further lead to neuronal death, as well as other cells, such as
astrocytes, oligodendrocytes and endothelial cells (not illustrated here). Cell stress and cell
death will provoke microglia to invoke an immune response that recruits neutrophils into
brain tissue and produce a disruption in the blood brain barrier (BBB). The BBB will close
again, but a second disruption will occur transitioning between the acute and subacute phase,
again characterized by a major influx of peripheral immune cells, such as macrophages and
lymphocytes. Most infiltrating macrophages are of a M1-type (i.e. pro-inflammatory) during
the cell death and ECM clearance phase. However, as tissue is cleared these macrophages
tend to polarize towards an M2-like (i.e. pro-repair) phenotype. It currently remains unclear
if these are newly infiltrating cells or if ECM clearance in the brain promotes a shift towards
a pro-repair phenotype. The implantation of inductive bioscaffolds needs to be considered
against the backdrop of these pathophysiological events, but also in the context of other
therapeutics and their time window. Endogenous /n situtissue engineering at present is best
considered for treatment after a cavity formed in the sub-chronic phase. However, the use of
bioscaffolds to change inflammatory events, promote neuronal survival, or
neovascularization might be suitable for earlier interventions.
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Figure 2. Overview of materials used for bioscaffolds.
A variety of natural and synthetic materials have been used to create bioscaffolds. Natural

material can typically be distinguished based on their provenance from mammalian or non-
mammalian species. Of the mammalian sources, extracellular matrix (ECM) produces an
inductive response, i.e. it invokes a host cells response that leads to its degradation and
replacement with new tissue. Other materials, such as hyaluronic acid (HA) do not by
themselves produces these types of response, but do influence cell behavior based on their
affinity to its juxtacrine signaling. Combinations of the materials in hybrid designs is
possible and further functionalization by altering composition or structure are also
undertaken based on specific design criteria (e.g. anisotropic structure for axonal growth
requiring spatial patterning). Bioscaffolds can also carry cargo (e.qg. cells, growth factors)
that is thought to promote specific therapeutic effects. Most commonly cells are integrated
into bioscaffolds with an eye towards cell/tissue replacement. Bioscaffolds/biomaterials can
improve the survival of delivered cells, but also provide a structural support to promote de
novo tissue formation.
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Figl_Jre 3. Perturbation series defined requirements for endogenous in situ brain tissue
engineering.

Based on endogenous tissue regeneration is peripheral soft tissue defects, 9 perturbation
parts can be defined and arranged in a series to solve the same problem in the brain. For each
biological challenge, an engineering solution can be envisaged. To ensure that these
concerted parts unfold /in vivo, ideally non-invasive monitoring is used to visualize and
check that an appropriate biology continues to develop. Magnetic resonance imaging
techniques, such as T,-weighted (T2w) images, T2 maps, Apparent diffusion coefficient
(ADC) maps, diffusion tensor imaging (DTI), chemical exchange saturation transfer
(CEST), magnetic resonance spectroscopy (MRS), as well as functional brain imaging
techniques, such as manganese-enhance MRI (MEMRI), functional MRI (fMRI), resting-
state fMRI (rs-fMRI) and pharmacological MRI (phMRI) can be employed. To define the
integrity of the blood brain barrier (BBB), gadoterate (Gd-DOTA) can be used to visualize
leakage of molecules from the vascular compartment into the neuropil. A leaky BBB would
occur during angiogenesis, when the barrier has not sufficiently matured and could hence
indicate neovascularization.
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Figure 4. ECM hydrogel implantation for endogenous in situ brain tissue engineering.
A. Magnetic resonance imaging (MRI)-based image guidance afforded an injection-drainage

delivery of ECM hydrogel into a tissue cavity caused by a stroke. This afforded a complete
coverage of the cavity with ECM bioscaffold, as evidence by the immunohistochemistry. An
overlay of the pre-implantation MR image with 1-day post-mortem histology verifies the
accuracy and efficiency of ECM bioscaffold delivery. B. Implantation of an ECM
bioscaffold produced host cell invasion following the pattern of chain cell migration. C. The
interface between the biomaterial and host tissue is essential to ensure an efficient invasion.
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D. A poor tissue-biomaterial interface or limited permeation of ECM derived signals into
host tissue create invasion blind spots where no cell invasion occurs. Typically, invasion
follows an outside-in migration pattern from all sides of the scaffold. E. Invading cells
participate in constructive remodeling of the ECM hydrogel. In many cases, small pockets of
tissue are forming inside the hydrogel, which gradually is being degraded by phagocytes. F.
De novo tissue formed inside the cavity caused by a stroke after implantation of an ECM
hydrogel (4 mg/mL). G. Blood vessels are being formed in the de novo tissue, with some
vessels presented in the newly formed tissue and penetrating/passing through remnants of
the ECM bioscaffold. H. In some cases, neovascularization passed in between ECM patches.
The patches reflect a common pattern observed in degrading ECM bioscaffolds. Blood
vessels supported newly forming tissue in between these patches that were remodeling the
cavity and creating novel tissue.
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