[image: image1]Mimicking the neural stem cell niche: An engineer’s view of cell: material interactions

		REVIEW
published: 16 January 2023
doi: 10.3389/fceng.2022.1086099


[image: image2]
Mimicking the neural stem cell niche: An engineer’s view of cell: material interactions
Narges Yazdani1 and Rebecca Kuntz Willits1,2*
1Department of Bioengineering, Northeastern University, Boston, MA, United States
2Department of Chemical Engineering, Northeastern University, Boston, MA, United States
Edited by:
Siti Shawalliah Idris, Universiti Teknologi MARA, Malaysia
Reviewed by:
Yoke Chin Chai, Interuniversity Microelectronics Centre (IMEC), Belgium
Noor Fitrah Abu Bakar, Universiti Teknologi MARA, Malaysia
* Correspondence: Rebecca Kuntz Willits, r.willits@northeastern.edu
Specialty section: This article was submitted to Biochemical Engineering, a section of the journal Frontiers in Chemical Engineering
Received: 01 November 2022
Accepted: 28 December 2022
Published: 16 January 2023
Citation: Yazdani N and Willits RK (2023) Mimicking the neural stem cell niche: An engineer’s view of cell: material interactions. Front. Chem. Eng. 4:1086099. doi: 10.3389/fceng.2022.1086099

Neural stem cells have attracted attention in recent years to treat neurodegeneration. There are two neurogenic regions in the brain where neural stem cells reside, one of which is called the subventricular zone (SVZ). The SVZ niche is a complicated microenvironment providing cues to regulate self-renewal and differentiation while maintaining the neural stem cell’s pool. Many scientists have spent years understanding the cellular and structural characteristics of the SVZ niche, both in homeostasis and pathological conditions. On the other hand, engineers focus primarily on designing platforms using the knowledge they acquire to understand the effect of individual factors on neural stem cell fate decisions. This review provides a general overview of what we know about the components of the SVZ niche, including the residing cells, extracellular matrix (ECM), growth factors, their interactions, and SVZ niche changes during aging and neurodegenerative diseases. Furthermore, an overview will be given on the biomaterials used to mimic neurogenic niche microenvironments and the design considerations applied to add bioactivity while meeting the structural requirements. Finally, it will discuss the potential gaps in mimicking the microenvironment.
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1 INTRODUCTION
Until the second half of the 20th century, it was believed that the adult mammalian brain did not maintain active neurogenesis after embryonic development; however, it is now known that neurogenesis takes place continuously throughout life in the subventricular and the subgranular zones of the brain. In 1962, Joseph Altman was the first scientist to discover evidence of neurogenesis in the adult brain by injecting radioactively labeled thymidine to detect newly formed cells. His group found significant labeling of dentate gyrus granule cells in the hippocampus, suggesting a continuous formation of neurons (Altman, 1962). Later in the 1980s, Fernando Nottebohm provided the first incontrovertible evidence of adult neurogenesis by labeling newly formed cells in birds’ brains that were conducting electricity (Nottebohm, 1981). He also identified new neurons formed by the division of cells in the walls of the lateral ventricle (Nottebohm, 2004). All of these findings were not taken seriously until the early 1990s with the emergence of advanced technologies in imaging and methods to determine protein and gene expression. By the end of the 1990s, several studies showed continued neuronal differentiation in various mammals, including humans. In the same decade, the self-renewal capability and multipotency of neural stem cells derived from the adult mammalian brain were also indicated (Reynolds and Weiss, 1992). Since demonstrating that new neurons are formed throughout a lifetime, scientists have focused on understanding how new neurons are generated while engineers seek to design new models to better mimic the physiological and pathological neurogenic niche (Figure 1). Combining both points of views, researchers can develop therapies for brain injuries and neurodegenerative diseases and for rejuvenation of brain circuits that deteriorate with aging and diseases.
[image: Figure 1]FIGURE 1 | Possible changes happening in the SVZ region in physiological and pathological conditions. (A) Through pathological conditions, the shape of ependymal cells changes from cubical to more flattened with scattered cilia. Furthermore, residing astrocytes and microglia undergo functional and morphological changes. There are also fewer numbers of neural stem cells, progenitor cells and neuroblasts in an aged/diseased brain. All of these could be the potential reasons for brain function changes. (B) Scientists and engineers can develop new treatment ideas from two different perspectives. Scientists can find out how these changes affect the microenvironment homeostasis and engineers can use this information to design a microenvironment in vitro to understand how every single factor change can affect the neural stem cell fate decisions, and ultimately examine in vivo how factors can be used.
Within the field of regenerative medicine, neural stem cells have attracted increasing attention because of their potential for treating neurodegenerative diseases. They are present within two main regions of the mammalian brain from embryonic development to adulthood, the subgranular zone (SGZ) within the dentate gyrus (DG) of the hippocampus and the subventricular zone (SVZ) lining the lateral ventricles. Neural stem cells are tri-potent with the capacity to generate neurons, astrocytes, and oligodendrocytes in the central nervous system (CNS) and self-renew (Ma et al., 2009). Neural stem cells in SGZ can generate glutamatergic dentate granule neurons while the ones located in SVZ give rise to olfactory bulb interneurons and oligodendrocytes in the corpus callosum, fimbria fornix, and striatum (Jackson and Alvarez-Buylla, 2008; Capilla-Gonzalez., 2015). In the adult mammalian brain, SGZ and SVZ niches are unique in supporting neurogenesis, whereas other regions of the brain only support gliogenesis (Kjell et al., 2020); however, it is still controversial if neurogenesis in humans is similar to what is observed in rodents (Conover and Todd, 2017). In this regard, “neurogenesis” refers to sets of different events, including neural stem cell activation, proliferation, differentiation, and integration to neural circuits leading to the development of new neurons.
Regardless of the location, the niche where neural stem cells reside is a complex microenvironment that both supports the resident stem cell potency and helps to determine a cell’s fate (Bjornsson et al., 2015). To fully harness the power of neural stem cells, understanding the interactions between stem cells and their extracellular materials is crucial. The physical properties and bioactivity of the niche play a pivotal role in determining the regenerative capacity of neural stem cells. As engineers, we seek to investigate these material properties to be able to design new solutions to both regulate stem cell fate and provide new solutions for diseased or aged tissues. In this review paper, we first delve into more details about the neural stem cell’s niche properties with a focus on the SVZ niche and the properties that affect neural stem cell’s fate. We will then highlight some design considerations in biomaterial development to advance neural tissue engineering. Finally, we discuss the future direction in biomaterial development.
2 SVZ NICHE
During development, neural stem cells generate the whole nervous system (Zhao and Moore, 2018). They undergo symmetric division to extend the stem cell pool and asymmetric division to generate progenitors and differentiated cells. There are three main cell types, neurons, astrocytes and oligodendrocytes, all of which are generated from neural stem cells. However, through adulthood, a fewer number of neural stem cells survive and they are mostly quiescent with low metabolic rates and undergo self-renewal with a prolonged cell cycle under specific physiological circumstances (Wang et al., 2011). The balance between quiescence and activity of neural stem cells determines the neurogenesis and long-term maintenance of the stem cell pool while aging. Upon receiving physiological stimuli (e.g., damaged signals), quiescent stem cells respond by increasing the proliferation, differentiation, and migration of newborn neurons to lesion sites (Wang et al., 2011).
The stem cell microenvironment within the SVZ is complex, as shown in Figure 1. The SVZ region is adjacent to the lateral wall of the lateral ventricles of the adult mammalian brain and is one region that houses neural stem cells. In this region, neural stem cells are the most studied cells with the potential to differentiate toward glial cells and neurons. SVZ stem cells are classified in various states as type A, B, or C. Type B cells are radial glia-like neural stem cells that spread to contact both the cerebrospinal fluid in the ventricular space on the apical side while contacting the blood vessels with basal processes (Cutler and Kokovay, 2020). Type B cells are abundant cells within the niche and are generally quiescent. As Type B cells exit from the quiescence state and become reactivated to proliferate, they give rise to transient amplifying progenitors (Type C cells) (Ding et al., 2020). Type C cells then proliferate and generate neuroblasts, Type A cells, which migrate along blood vessels and proceed to differentiate within existing neuronal circuits (Lledo, et al., 2008) (Hsieh, 2012). However, most cells will either die or differentiate toward astrocytes or oligodendrocytes, resulting in a very limited number of new neurons integrating into neuronal circuits (Wang et al., 2011). Neuroblasts have also been found to migrate toward an injured area, guided by vasculature, to differentiate to mature neurons to facilitate neuronal repair (Fujioka et al., 2017).
As brain self-regeneration may not efficiently occur, exogenous stimuli are needed to promote its function. Thus, in the following sections, we highlight the recent insights into the various natural stimuli provided within the SVZ niche, including cell-cell interactions, soluble and insoluble ligands, and mechanical properties (Manabe et al., 2008; Hynes, 2009). We will then explain how researchers used this knowledge to develop a microenvironment in vitro to study the effect of each factor and to be able to direct the cell behavior to the success of the therapeutic of interest.
2.1 Cells within the SVZ
In the SVZ region, neural stem cells contact different cell types, including different progenies of neural stem cells, ependymal cells, microglia, astrocytes, and vascular cells, depending on the region (either vascular niche, intermediate SVZ niche, or cerebrospinal fluid/ependymal niche) as shown in Figure 2. Ependymal cells are multi-ciliated cells derived from radial glial cells, most of which persist throughout life, but their regeneration is limited (Merkle et al., 2004). They line the ventricular space forming a protective barrier. Their apical surfaces are covered with beating cilia that contribute to cerebrospinal fluid circulation around the CNS (Mahuzier et al., 2018). Interaction with this fluid flow and the key signaling molecules within the cerebrospinal fluid is necessary for brain homeostasis, neuroblast migration, and neurogenesis (Seo et al., 2021). Ependymal cells and neural stem cells are arranged into polarized structures called pinwheels, through the center of which a single apical process of a stem cell is extended that is surrounded by rosette-shaped bi- or multi-ciliated ependymal cells (Mirzadeh et al., 2008). Mirzadeh et al. (2008) suggested that this structure is essential for type B cells to contact the cerebrospinal fluid to regulate their behavior, and direct neural stem cell symmetric and asymmetric division. Ependymal cells also regulate neurogenesis (Omiya et al., 2021) through expression of Noggin, which promotes neurogenesis and inhibits differentiation toward glial cells by providing a neurogenic environment (Lim et al., 2000).
[image: Figure 2]FIGURE 2 | SVZ niche to show the cellular and ECM factors interacting with neural stem cells. The SVZ niche is formed from different types of cells, ECM proteins and growth factors. The cellular cross section shows that the SVZ located between the CSF and vascular niche. Upon activation of quiescent neural stem cells, they transit to activated neural stem cells. Activated neural stem cells then divide symmetrically or asymmetrically to transit amplifying cells and they produce neuroblasts. Finally, neuroblasts migrate through rostral migratory stream to olfactory bulb where they differentiate to mature neurons. In addition to cells, the ECM forming the SVZ niche is mainly composed of insoluble factors including laminin, collagen, HSPGs (e.g., perlecan and agrin), and soluble factors including growth factors. Altogether, the SVZ niche is a combination of different types of cells, proteins and growth factors each of which can be influential on neural stem cell fate decisions.
Furthermore, microglia and astrocytes are two common glial cells available in the neural stem cell niche. Microglia as a resident immune cell have a key functional role in neural stem/progenitor cell modulation by surveying the microenvironment. Some reports note that resting microglia under homeostatic conditions are proneurogenic (Solano Fonseca et al., 2016). For example, microglia-secreted factors promote dopaminergic differentiation of human neural stem cells by regulating cell proliferation and apoptotic/necrotic cell deaths (Schmidt et al., 2021). Upon activation, depending on the activation phenotype, either pro-inflammatory M1 or anti-inflammatory M2 activation, microglia can act as neurotoxic or neuroprotective (Vay et al., 2018; Schmidt et al., 2021). M1 microglia promote astrocytic differentiation while M2 microglia favor neurogenesis (Vay et al., 2018). However, another report demonstrated dopaminergic neuronal differentiation due to both pro-inflammatory and anti-inflammatory, which makes the effect of microglial factors still questionable (Schmidt et al., 2021). Different populations of astrocyte-like cells reside in the SVZ niche, including activated and quiescent neural stem cells, and share many characteristics of mature astrocytes. For example, Type B cells are fusiform and possess fewer processes than astrocytes but still have a high density of projections extending from apical and basal processes (Platel and Bordey, 2016). In addition, Type B cells express the glial fibrillary acidic protein (GFAP) but not S-100β, while astrocytes express GFAP and S-100β and contact Type B cells in the adult SVZ (Ma et al., 2005). The interaction of astrocytes with neural stem cells and their progenies may regulate stem cell maintenance, self-renewal, neurogenesis, migration, and neuronal maturation (Ma et al., 2005).
In the SVZ, the communication between the vascular and neural cells is also necessary for appropriate development and function (Karakatsani et al, 2019). Endothelial cells are the most studied cells in this region that play roles within the neural niche, even if not fully defined yet. Studies have found that endothelial cells promote neural stem cell survival and maintenance (Karakatsani et al., 2019), and endothelial cell-derived laminin sustains proliferation and multipotency of neural stem cells through interactions between α6β1 integrin and laminin (Rosa et al., 2016). Furthermore, Shen et al. (2008) showed that blocking α6β1 integrin in neural stem cells inhibits their adhesion to endothelial cells, likely via deposited laminin, leading to altered position and proliferation in vivo. Endothelial cells also secrete vascular endothelial growth factor (VEGF) and neutrophin-3 (NT-3), which promote neural stem cell self-renewal, quiescence, and long-term maintenance (Delgado et al., 2014; Han et al., 2015; Lim and Alvarez-Buylla, 2016). In addition to the cellular composition of the SVZ niche, the soluble and insoluble factors are critical in forming the niche, which will be discussed in the next section.
2.2 Extracellular matrix proteins and growth factors in the SVZ
As mentioned above, neural stem cells are located in the SVZ in which there are different types of proteins, including soluble and insoluble proteins, that regulate the stem cells’ proliferation, differentiation, and migration. The cooperation of soluble and insoluble factors with neural stem cell’s receptors dictates their response to differentiate or to maintain multipotency and self-renewal. Therefore, we will explain the soluble and insoluble factors available in the SVZ niche and how they are connected to each other.
To discuss the soluble factors, we begin with some of the insoluble structures and components of the niche. Both neural stem cells and their progenies directly contact blood vessels covered with the basement membrane, a thin sheet-like cell-adherent extracellular matrix. Almost 50 ECM proteins have been introduced as basement membrane proteins (Manabe et al., 2008). In the SVZ, there are two types of basement membranes, including vascular basement membranes and fractones (Manabe et al., 2008). Vascular basement membranes are underlying the endothelium, encasing the pericytes, ensheathing the smooth muscle cells, and creating the outermost fibrous matrix layer of a blood vessel. Vascular basement membrane proteins are mainly produced by endothelial cells, pericytes, and smooth muscle cells (Yousif et al, 2013). Fractones are structures consisting of aggregated extracellular matrix molecules adjacent to neural stem cells in the intermediate SVZ niche and ependymal niche. Discovered for the first time by Mercier et al. (2002), they described them as structures regularly distributed along the ventricle wall as puncta and named them fractones because of their fractal geometry (Mercier et al., 2002). As puncta, a fractone’s size is about 1–6 µm, but their specific branched morphology makes them accessible to numerous neural stem cells and other cell types available in the SVZ niche, suggesting the potential role of fractones as adhesive sites for resident cells in the SVZ (Sato et al., 2019) (Mercier, 2016). Fractones resemble vascular basement membranes compositionally (Figure 3); they both are mainly constituted of heparan sulfate proteoglycans (perlecan and agrin), laminins (laminin α5, laminin β1/2, and laminin γ1), type IV collagen, nidogen-1/2, SMOC-1/2, each of which has effects on neural stem cell behavior in neurogenic niche (Mercier et al., 2011; Yousif et al., 2013; Mercier, 2016; Sato et al., 2019; Melrose, 2022). However, fractones include type I collagen and laminin α3, which are absent in vascular basement membranes. On the other hand, vascular basement membranes, not fractones, contain laminin α2/4 and WARP (Sato et al., 2019). It is worth noting that the presence of laminin α3 and laminin α2 in fractones is not still clear since some literature demonstrated their presence and others did not (Kazanis et al., 2010; Nascimento et al., 2018; Sato et al., 2019). In contrast with vascular basement membranes, the cells that produce fractones are still under investigation. Sato et al. (2019) showed that fractones are deposited by neural stem cells while Nascimento et al. (2018) revealed that ependymal cells are the cells producing them; however, it is evident that they are in close contact with both cells (Figure 4). Furthermore, it is still unclear whether fractones are extending from vascular basement membranes or independent structures with different functions. Sato et al. (2019) found that fractones are structurally independent of vascular basement membranes, although fractones were first identified as fractal structures extending from vascular basement membranes. Some researchers have demonstrated the presence of fractones within the tissue parenchyma even before the development of blood vessels (Mercier, 2016); however, Sato et al. (2019) found that fractones became apparent at postnatal day 5 and better observed at postnatal day 7–10 when the mature ependymal cells were differentiated and neural stem cells emerged. This result was consistent with another finding where fractone bulbs appeared during the first week after birth (Nascimento et al., 2018). However, regardless of their origin, it is clear that basement membrane and fractones play important roles as both insoluble interaction points for cells and structural reservoirs for soluble factors throughout the niche.
[image: Figure 3]FIGURE 3 | Fractones are visible as BM speckles in whole-mount V-SVZ immunostaining. (A) Whole-mount images of a mouse V-SVZ stained with an anti-panLM antibody. Left, image from the ventricle. Right, three-dimensional reconstruction of the left panel. (B) Whole-mount V-SVZs were labeled with antibodies against individual BM proteins (red) together with anti-panLM or anti-LMγ1 antibodies (green). Each panel shows a merged image (top) and higher-magnification images (bottom) of the two channels in the boxed area. Asterisks, blood vessel BMs; arrowheads, speckled BMs. Scale bars, 10 μm. Adapted from (Sato et al., 2019) with permission.
[image: Figure 4]FIGURE 4 | Fractones are a major BM source in the SVZ and appear at the center of pinwheels. (A), Whole mount of the lateral wall of the lateral ventricle of an adult mouse immunofluorescently stained for laminin γ1 (green). The frontal view reveals the profuse distribution of fractone bulbs. A higher magnification of the boxed area is depicted in the inset. (B), Coronal section through the lateral ventricle, showing the uniform distribution of laminin γ1+ fractone bulbs (green) on all three walls: dorsal wall (DW), lateral wall (LW), and medial wall (MW). (C), Frontal view of the ependymal cell layer, seen at 1 μm depth relative to the ventricular surface, stained for laminin γ1 (green) to visualize fractones and β-catenin (red) to visualize cell junctions in the ependymal layer. All fractone bulbs sit at the interface between cells. (D), Maximum intensity projection of a Z-stack of a whole mount showing a GFAP + NSC (gray) in contact with one blood vessel (yellow arrow) and >10 fractone bulbs (arrowheads) at the same time. (E), The neural stem cell body also contacts a large bulb located at the center of a pinwheel (arrowhead). (F), Orthogonal views revealing that the NSC–fractone interaction seen in (C,D) occurs at the surface of a pinwheel center. (G), GFAP + processes contact more bulbs at pinwheel centers (arrowheads) than bulbs at the basolateral surface of ependymal cells. Interactions between GFAP + processes and fractone bulbs were labeled 1–3 and rendered, revealing that GFAP + processes establish direct and complex contacts with fractones. Orthogonal views of these interactions confirm that fractone bulbs sit between ependymal cells at pinwheel centers and that GFAP + processes directly contact them. Scale bars: (A), 500 μm; (A), inset, 200 μm; (B), 200 μm; (C–E), 25 μm; (F), 12 μm; (G), 25 μm; (G), 1–3, 12 μm. Adapted from (Nascimento et al., 2018) with permission.
As a component of basement membranes and fractones, heparan sulfate proteoglycans (HSPGs) are considered potent regulators of cellular responses in most niches, including the SVZ niche, as their side chains reversibly bind various growth factors and cytokines serving as soluble factors. Therefore, the basement membrane and fractone storage of growth factors serves to promote the residence time and potency of these growth factors (Mercier, 2016). While many growth factors influence cells within the niche (Table 1), the majority of these factors, including Wnt, SHH, BMP, VEGF, FGFs, TGFs, IGFs, and EGFs, are all heparin-binding factors, highlighting the importance of insoluble matrix composition to transduce biological signals and stimulate neural stem cell’s proliferation or differentiation. Perlecan and agrin are considered as the most common HSPGs available in the SVZ. Perlecan is an HSPG with five protein domains (I-V) with a critical role in developmental neurogenesis by maintaining basement membrane integrity and angiogenesis. Lee et al. (2011) indicated the neuroprotective and angiogenic role of perlecan domain V by associating a higher level of VEGF. In addition, the interaction of perlecan with laminin and FGF-2 enhanced the neural stem cell’s proliferation, while its interaction with BMP growth factors inhibited the cells’ proliferation (Melrose, 2022). Wnt and ShH morphogens can also bind to perlecan to regulate neural stem cell proliferation and differentiation (Yang et al., 2019; Melrose, 2022). Agrin is another HSPG available in the SVZ, whose effect on neural stem cells is less studied compared to perlecan. Thus, HSPGs, as a basement membrane and fractone components are crucial in regulating neural stem cell’s proliferation and differentiation by associating with both growth factors and neural stem cells.
TABLE 1 | Soluble growth factors within the neural stem cell niche contribute to neural stem cell maintenance and differentiation.
[image: Table 1]The other two important insoluble components present in basement membrane and fractones are laminin and collagen proteins serving as mediators between HSPGs, growth factors and cell receptors. Collagen I and collagen IV are two types of collagens available in the SVZ neurogenic niche (Sato et al., 2019). However, while collagens are commonly studied as cellular adhesive proteins for much of the body, laminin is the most studied adhesive ECM protein in the SVZ niche. Laminin α5, laminin β1, laminin β2, and laminin γ1 are the most common types of laminins expressed in basement membranes and fractones. As shown in Figure 5, cells interact with laminin through various receptors including non-integrin and integrin receptors. Non-integrin laminin receptors include 67 kDa laminin receptors, 110 kDa laminin receptors, dystroglycans, lutherans, syndecans, and melanoma cell adhesion molecule. Oikari et al. (2016) reported high expression of syndecans 1/2/3 in neural stem cells and a considerable change in their expression profile while the culture was extended or differentiated, showing their key contribution in stemness and differentiation. In thinking about materials design, it would be important to consider that the level of expression of syndecan and Lutheran increases in activated neural stem cells compared to quiescent ones (Kazanis et al., 2010; Mouthon et al., 2020). However, of the various types of laminin receptors, integrins are the most widely recognized and studied. Integrins are heterodimeric membrane proteins mediating cell-ECM interactions broadly. Formed of non-covalently associated α and β chains, from which 24 integrins have been identified in mammals having selectivity toward collagens, fibronectin, vitronectin, laminins, etc. (Humphries et al., 2006; Yamada and Sekiguchi, 2015; Isomursu et al., 2019), integrins play a significant role in bidirectional signal transmission between cells and their microenvironment. Integrin-binding interactions regulate cell functions, integrating biochemical (integrin activation) and biomechanical (mechanotransduction) signals through conformational changes in their ectodomain, which increases the affinity of binding (Sun et al., 2016). Due to the key role of β1 integrin in forming the neuroblast chain during development (Fujioka et al., 2017), β1 integrins are generally studied more often as modulators of cell activity in the brain. β1 integrins promote the neuroblast adhesion to laminin and allow the translocation of cells through migration (Fujioka et al., 2017). In addition to the migration effect, both neural stem cells and progenitor cells express α6β1 integrin in the SVZ region, which is believed to contribute to SVZ cell proliferation and stemness (Rosa et al., 2016). α6β1 integrin binds to laminins 111, 322, 511, and 521; the latter two are the most preferred ones (Nishiuchi et al., 2006). Neural stem cells express a high level of integrin α6β1 in addition to the expression of Sox1-3 and nestin; the selection of any of which was similarly effective in enriching human-derived neural stem cells from neurospheres (Hall et al., 2006); expression of α6β1 integrins is lost as they differentiate (Shen et al., 2008). α3β1 integrin is another key integrin required for proper neuronal migration and placement during the development of cerebral cortical (Schmid et al., 2004). However, while α6β1 integrin interactions control adult SVZ-derived neuroblast migration (Emsley and Hagg, 2003), α3β1 integrin impairment alters the neuroblast migration directed radially and tangentially (Schmid et al., 2004). Continued study will likely uncover other critical interactions, but key for this paper is that cells currently express and utilize these binding interactions to guide the cellular response of neural stem cells.
[image: Figure 5]FIGURE 5 | A close up of cell-ECM interaction. Neural stem cells interact with their microenvironment using different types of receptors including non-integrin laminin receptors (Dystroglycan, Syndecan and Lutheran) and integrins. A physical link between cells and ECM proteins exists, utilizing integrin or non-integrin receptors based on the biochemical nature of the microenvironment. These interactions can be further classified as nascent adhesions and focal adhesions and further allow cells to distinguish the structural components of the microenvironment through their bonds or interaction points. For integrin-mediated interactions, the first step is called integrin activation, through which integrins go from a bent-closed conformation with low-affinity ligand binding to an extended conformation with high-affinity ligand binding. After forming the bond between integrins and their ligands, talin binds to integrin cytoplasmic tail promoting integrin activation. Upon integrin activation, integrins form clusters adhering to the ligands. They then recruit adaptor proteins (e.g., vinculin, FAK, and paxillin) facilitating the formation of a signaling complex at the cytoplasmic tails and the formation of the nascent adhesion accordingly. These nascent adhesions are transient force-independent structures whose formation does not rely on myosin-II activity. Finally, through the third step, the adhesions are mostly disassembled, but a few of them persist, associate with actin filaments polymerized at the leading edges and develop into focal adhesions, which are force-dependent. FAs are highly dynamic structures that are stable compared to NAs and require further integrin clustering. For dystroglycan-mediated interactions, the sarcoglycans form a complex of membrane proteins and dystrophin with the dystroglycan complex. Dystrophin then binds to actin cytoskeleton to provide the link between the extracellular matrix and cytoskeleton and finally nucleus. For syndecan-mediated interactions, it links to actin cytoskeleton using CASK and ERM (ezrin, radixin and moesin) proteins. For Lutheran-mediated interactions, the cytoplasmic domain interacts with spectrin-based cytoskeleton, not actin cytoskeleton.
Therefore, insoluble and soluble components forming the fractones and basement membranes are signaling the neural stem cells individually and in concert with each other to direct the fate decision. Knowing the effective factors in the SVZ niche, we as engineers need to know what will happen if these factors do not act as normal due to aging, disease and injuries. We then are required to find a way to make them act as normal again or decrease the deleterious effects of the imbalance factors. In the following section, we will talk about some studies on the SVZ changes, and the potential development of biomaterials engineers are suggesting.
3 THE CHANGES IN SVZ NICHE BY AGING/DISEASE/INJURIES
Brain function deteriorates with age, disease (e.g., neurodegenerative diseases including Alzheimer’s and Parkinson’s diseases), and injury from which the SVZ niche is not protected. This deterioration can result in misfunction of niche factors, including unexpected cell-cell interaction (Capilla-Gonzalez et al., 2013) (Solano Fonseca et al., 2016), abnormal structural composition (Kerever et al., 2021), or alteration of stiffness (Segel et al., 2019; Ryu et al., 2021; Takamura et al., 2020) that impact the proliferative and neurogenic potential of the SVZ region (Urbán et al., 2019). Specific examples are provided below to show how the imbalance of factors could affect the niche function.
Cellular organization and cell number within the SVZ niche are impacted by aging, affecting cellular interaction with their surrounding microenvironment. While a similar number of ependymal cells, astrocytes, and oligodendrocytes exist with aging, reduced numbers of neural stem cells, progenitor cells, and neuroblasts occur in mice (Capilla-Gonzalez et al, 2015; Capilla-Gonzalez et al., 2013). An example of the detrimental effect of this imbalance can be seen with neuron migration. Decreases in the number of neuroblasts and their tendency to form smaller chains lead to the disappearance of the migration chain with age (Capilla-Gonzalez et al., 2013). Aging alters microglial activation that might contribute to the increased level of proinflammatory M1 cytokines and, therefore, reduced neurogenesis while aging (Solano Fonseca et al., 2016). Disrupting the cellular balance also disturbs the gliogenesis: neurogenesis balance (Capilla-Gonzalez et al., 2013). In the SVZ, transit-amplifying cells, activated astrocytes, and endothelial cells express BMP to favor gliogenesis, while ependymal cells express noggin to promote neurogenesis (Larripa and Gallegos, 2017). Increasing activation of microglia can cause an increase in BMP signaling, which has been previously found in the aged murine hippocampus to inhibit neural progenitor cell proliferation and subsequent neurogenesis (Yousef et al., 2015). Upon CNS injury, neural stem cells tended to differentiate into astrocytes through activation of a BMP-2 transcriptional regulator, Id3 (Bohrer et al., 2015). Therefore, regulation of noggin and BMP in the SVZ niche alter signaling balances during aging and injury, resulting in aberrant niche function.
In addition to cellular changes, the structural composition of the SVZ niche changes during aging. Kerever et al. (2021) reported a change in the composition of fractone’s heparan sulfate size and sulfation that correlate with decline in neurogenesis in an aged brain. Since the complexity of fractones is increased during aging, laminin, as another critical factor, might undergo changes as well. Recent findings show that a lack of laminin α5 chain increased the proliferation and decreased the quiescence of neural stem cells, possibly through TGF-β signaling (Nascimento et al., 2018). Furthermore, in age-dependent lineage decisions of neural stem cells, the lack of integrin β1 led to astrocyte differentiation (Brooker et al. 2016). The vasculature also plays a role in extracellular matrix availability within the niche. Zhao et al. (2021) found vasculature changes with age and reported the sex-dependent nature of diameter and vessel density. With these vascular changes, the decline in neural stem/progenitor cell number and proliferation was significant in males in aged mice, but not female (Zhao et al., 2021). They also studied the effect of vasculature change in neuroblast migration, and found a reduced neuroblast chain density by age in both sexes, which is in line with other reports, but more disorganized in male comparing to female (Zhao et al., 2021).
The material property of the niche as defined by stiffness is a critical factor where change may influence neural stem cell differentiation spatially and temporally (Kjell et al., 2020). Several studies reported heterogenous tissue stiffness in rodent brains from neonatal to adulthood (Ryu et al., 2021). As an example, Segel et al. (2019) reported that an aged brain is stiffer than a young adult and neonate brain; however, Takamura et al. (2020) reported a significant decrease in stiffness with age, except posterior lobes and cerebellum. Potential reasons for stiffness changes in the brain have included gray matter volume (Takamura et al., 2020), neuronal structure (Ryu et al., 2021), or ECM composition (Ryu et al., 2021). For example, higher quantities of insoluble ECM proteins correlated to increased stiffness of SVZ niche compared to cortical gray matter (Kjell et al., 2020), suggesting that changes to basement membrane composition in the SVZ with age will alter the stiffness. Due to a correlation between the environmental stiffness and senescent phenotype (Blokland et al., 2020), the lack of a cellular response can be connected to disease onset and progression that alters stiffness. Therefore, changes in stiffness of the aged/diseased brain can suggest the importance of this factor while designing disease models.
Knowing the potential changes that might occur due to aging and pathology, each factor can be examined with reductionist point of view to understand their potential effect on the neural stem cells’ changes. Engineers have therefore developed and examined biomaterials to mimic the microenvironment physical, chemical, and physiological properties. In the next section, we will discuss about the currently available biomaterials and designing considerations utilizing the knowledge we have from neurogenic niche, SVZ niche.
4 BIOMATERIALS TO MIMIC THE NICHE
Neural stem cells are considered a potential source to give rise to new neurons and regenerate lost brain function. Extracellular cues are vital to regulate neural stem cell fate and function. In this regard, engineers are poised to address challenges related to brain injury or aging—while the full design constraints are yet to be laid out, the neural stem cell environment offers many clues to better design a response to altered disease states. From a reductionist point of view, engineers can apply these clues by selecting the appropriate backbone biomaterial type and regulating its mechanical properties, topographical features and biodegradability status matching the neural stem cell’s niche properties (Figure 6). Furthermore, they should consider adding components that make the targeted biomaterial bioactive for neural stem cell interaction (Figure 6). Considering this, biomaterials can serve as a platform containing the desired clues, including both the compositional and structural elements, as either a platform for cellular growth and proliferation in vitro or a cell/drug/DNA carrier to be transplanted in vivo. It is important to note that a functional biomaterial requires decoupling individual properties to allow understanding the effect of each component on the biological response. Therefore, the engineers’ attempt is to design and develop functional and applicable scaffolds with defined compositional and structural characteristics to produce the desired neural stem cell response.
[image: Figure 6]FIGURE 6 | A representation of the biomaterials’ (A) physical properties, (B) Injectability, (C) degradability, (D) mechanical properties, and (E) the bioactive components that can be added.
4.1 Biomaterial properties
4.1.1 Backbone biomaterial
To select the backbone biomaterial, the main consideration should be based on the fact that the brain tissue is one of the softest tissues in the body. In this regard, many natural biomaterials or synthetic polymers have been examined as backbone structures to mimic lower mechanical properties. Table 2 provides a list of commonly used natural and synthetic biomaterials in neural stem cell studies, each of which has some pros and cons required to be considered [refer to review paper (Doblado et al., 2021)]. Natural biomaterials can be derived from either ECM proteins or the polysaccharides produced in other organisms. They are popular because of their biologically active nature and their excellence in promoting cell adhesion and growth (O’Brien, 2011). Moreover, natural biomaterials are biodegradable and are easily remodeled by cell-mediated proteases such as matrix metalloproteinases, allowing cells to deposit their own ECM and grow (Kamatar et al., 2020; Caliari and Burdick, 2016). Many natural biomaterials have direct analogues in the human body, reducing the risk of cytotoxic reactions (Boni et al., 2018). Although natural biomaterials have been widely used due to their advantages, certain drawbacks can still make their use limited. First, most of the natural-based biomaterials are large and complex proteins making them hard to be produced through a recombinant expression system. Therefore, they are mainly purified from an animal- or human-derived ECM and have the risk of pathogen and immunogen contamination and lot-to-lot variability. A lack of control over their mechanical properties, thermal sensitivity, and induced biological signals due to complex chemical structures make their broad use for a reductionist’s view more challenging. Synthetic polymers have several advantages over natural ones, including the potential to maintain a range of mechanical (e.g., stiffness) and biochemical (e.g., ligand concentration) properties. They can also be designed in different forms, including bulk hydrogels, microgel-based scaffolds, and fiber-aligned polymer scaffolds to provide different types of topographical features for inducing favorable responses. One key drawback, however, is that most synthetic materials lack biological signaling capability. Therefore, they need to be modified with natural bioactive materials to promote cell adhesion, activation, and to ultimately be remodeled by cells (Kamatar et al., 2020). The backbone biomaterial is usually selected based on the application under investigation and choosing between natural and synthetic biomaterials depends on the priorities of each study. Because of the complex nature of the natural tissue, many structural and compositional improvements are still needed to make both natural and synthetic biomaterials better candidates for neural stem cell studies.
TABLE 2 | The list of backbone biomaterials that are commonly used in neural stem cell’s niche studies.
[image: Table 2]4.1.2 Degradability
Degradability is one of the important factors to be employed if the scaffold is to provide support for cells to grow, as degradation is required to make space for proliferating cells. While natural biopolymers typically have sequences within their backbone that are broken by enzymes such as matrix metalloproteinases within the body, synthetic polymers must be designed with degradability in mind. Researchers have long investigated co-polymerization with a biodegradable polymer, such as PLA or PGA, to add degradability to otherwise non-degradable polymers. More recently, various groups have shown that matrix metalloproteinases can be incorporated into synthetic polymer systems to support cellular degradation (Barros et al., 2019) (Lutolf et al., 2003) (Lévesque and Shoichet, 2007). For applications to neural systems, the addition of matrix metalloproteinases-sensitive cleavage peptides to PEG-heparin-hydrogel system supported the generation of elaborate neuronal network while modeling Alzheimer’s disease (Papadimitriou et al., 2018). The advantage of using naturally occurring proteinase-sensitive materials is that the degradation of these crosslinkers relies on cell demand, so using them allows tuned rates of degradation based on tissue remodeling. In the design process, both the rate of biodegradability and degraded byproducts should be considered since accumulation of degraded components can instigate high astrocyte response, resulting in the glial scar formation and inflammatory response (Bjugstad et al., 2010). Furthermore, the byproducts can induce new signals to stem cells influencing their function and fate decisions (Murphy et al, 2014). In addition, the mechanical properties of the environment where the cells are encapsulated varies dynamically as the material degrades, and an important design consideration is a balance between providing space for cell growth and vascularization and the strength of the scaffold (Peressotti et al., 2021). Therefore, decoupling the cellular infiltration and scaffold’s mechanical properties is one of the main challenges that engineers have faced when using degradable biomaterials.
4.1.3 Mechanical properties
Mechanical properties of a biomaterial are key factors that need to be intentionally designed into scaffolds to mimic neural stem cell niche. Failure of tissue integration due to mechanical mismatch between a biomaterial and its surrounding tissue has been well described in other systems such as bone or cardiovascular tissue (Soliman et al., 2022; Boccafoschi et al., 2017), and when selecting materials for use, it is an important design constraint here due to the brain’s soft nature. Biomechanical measurement of brain tissue is challenging due to its softness, leading to inconsistent findings by comparing different reports; the properties of the brain vary with age, sex and disease (Budday et al., 2017). Recently, the human mechanical properties could be measured non-invasively using magnetic resonance elastography (Hiscox et al., 2016). Hiscox et al. (2016) reviewed forty-one studies using magnetic resonance elastography to measure the brain shear stiffness of healthy and patient participants with an age range between 16 and 94 years old. They reported the mechanical properties of human brain as a whole with a range of shear stiffness from .62 kPa to 2.99 kPa with a mean shear stiffness of 2.07 kPa ±.42 kPa at actuation frequency of 50 Hz in healthy participants and showed significant changes in shear stiffness due to different types of neurological disorders [for full review, see (Hiscox et al., 2016)]. Therefore, mechanical properties of a biomaterial used for brain tissue regeneration should then match the native brain tissue in healthy young—and not pathological—conditions to match the desired response of the niche appropriately. In this respect, Saha et al. (2008) demonstrated that soft substrates promote neuronal differentiation while stiffer ones supported glial differentiation for the first time. Following that report, Leipzig and Shoichet (2009) reported a consistent result that soft substrates with E < 1 kPa enhanced neuronal differentiation; medium-stiff substrates with 1 kPa < E < 3.5 kPa favored astrocyte differentiation, and stiff substrates with E > 7 kPa promoted differentiation toward the oligodendrocytes. Furthermore, using PEG-based hydrogels decorated with RGD, Stukel et al. found that softer scaffolds (.1–.8 kPa) provided a better platform for neural stem cell differentiation and neurite extension compared to stiffer ones (4.2–7.9 kPa) (Stukel and Willits, 2018). In addition, Segel et al. (2019) found that aged oligodendrocyte progenitor cells (OPCs) could be rejuvenated when cultured on young-mimicked stiffness scaffolds. These types of studies highlight the importance of scaffold mechanical properties in lineage decisions. Therefore, both investigation into changes in vivo under pathological conditions and designing biomaterials with tunable properties are top priorities in harnessing the therapeutic potential of neural stem cells (Zhu M et al., 2019; Zhu Y et al., 2019).
4.1.4 Physical properties
Like mechanical properties, cells sense the physical environment, e.g., topography and architecture, and are therefore important when studying designing scaffolds for neural stem cells. Flat, 2D cultures have long been studied in vitro; however, they are not representative of in vivo conditions which are inherently 3D. A 2D system could affect the cell response since the distribution of cues that cells receive is different in 2D culture than 3D culture. Therefore, the ideal in vitro model is 3D model in which the cells are encapsulated, as it better mimics the natural niche of neural stem cells. However, both 2D and 3D cultures can have different spatial and physical features from the nanoscale to microscale in a variety of shapes including plain, fibrous, or spherical structures with rough or smooth characteristics.
One method of introducing topography into this system is through fiber formation. Fibers can be formed by various techniques and used for neural tissue engineering [for full review, see (Uyar Tamer, 2017)]. However, the diameter (Christopherson et al., 2009) and alignment (Amores de Sousa et al., 2020) of fibers has influenced the neural stem cell response. For example, higher neuronal differentiation occurs on larger fiber diameters compared to smaller fiber diameters with laminin-coated polyethersulfone fibers (Christopherson et al., 2009). Without the presence of any growth factors, electrospun blended-polycaprolactone fiber mats induced higher levels of glial or neuronal differentiation of the neural stem cells depending upon the hydrophilicity of the mats (Fernández et al., 2019), so care should be taken to fully evaluate the material properties of samples. The next step for fibers is to be able to functionalize with molecules that instruct neural stem cell response. For example, fibers modified with adhesive RGD ligands were designed to guide neural stem cell distribution and promote higher cell elongation leading to neuronal differentiation (Amores de Sousa et al., 2020). In addition, spatial control over peptide or protein functionalization was achieved to increase and direct cell migration, regulate neural differentiation, and gradient formation, allowing for increased control over how bioactive cues are presented (Silantyeva et al., 2019; Cavanaugh et al., 2019; Motta et al., 2019; Silantyeva et al., 2018). Manufacturing systems that regulate both the topographical nature of the fibers at scale, as well as the bioactive moiety placement, are not broadly available and need more engineering development to have a wider impact.
Another common method to introduce topography is by fabricating granular platforms. Granular scaffolds offer many favorable properties, making them appealing in neural stem cell studies. These materials offer the ability to piece together different structures like Lego® bricks to regulate the properties of the scaffold. From a topographical view, the granular structure is thought to better mimic the brain structure (George et al., 2020). One such granular construct is the microgel-based scaffold, which uses micro-sized hydrogels as the basic brick to then link together to form a larger structure (Figure 7) (Zhou et al., 2016). The microgels are built and modified chemically and mechanically prior to forming the desired structure and then packed with/without encapsulated cells for their final applications (Scott et al., 2010b; Scott et al., 2011). They can be formed either in an array, film, or 3D structure to provide topographical cues to cells (Riegert et al., 2021). Wilson et al. (2022) showed that engineered microgels can serve to promote the neural stem cell’s neurogenesis or help them to keep their multipotency depending on how they are post-modified with the laminin-derived peptides. Because of the granular nature of the system, the environment of microgel-based biomaterials can either be homogenous, providing encapsulated cells similar signals throughout the scaffold, or can offer heterogeneous microenvironments to provide spatial regulation.
[image: Figure 7]FIGURE 7 | Microscopic evaluation of the microgel-based scaffold morphology and spacing within the scaffold. The images of the hydrated scaffolds were utilized to visualize the morphology of these scaffolds by DIC, fluorescence, and atomic force microscopy. Top row = 5 mg mL−1 PEG-VS, second row = 10 mg mL−1 PEG-VS, third row = 20 mg mL−1 PEG-VS, bottom row = 40 mg mL−1 PEG-VS. (A,D,G,J) Individual microgels can be discerned within the scaffolds, but are clustered into a structure, leaving gaps in the scaffold. This structure became more evident with increasing crosslinker concentration, where larger spaces were seen throughout the sections. Scale bars are 10 μm. (B,E,H,K) Homogeneous collagen distribution was confirmed by incorporating fluorescent collagen. No differences were seen with respect to crosslinker concentration. The images displaying the collagen are the fluorescent version of (A,D,G,J), respectively. Scale bars are 50 μm. (C,F,I,L) AFM (40 × 40 μm) of the scaffolds further confirmed the morphology seen by DIC, where the peaks of the network increased with increasing crosslinker concentration. Note thin increases in scale from blue (low) to red (high) with increasing crosslinker concentration. The increased bundling of the microgels also increased the spacing within the network. Adapted from (Zhou et al., 2016) with permission.
In addition to providing topographical cues, microgel-based scaffolds have been shown to have adjustable properties in all important features talked above to develop an appropriate scaffold for neural stem cell studies. These granular hydrogels can be easily fluidized while compressed because of shear thinning phenomena (Riley et al., 2019). Injectability is one of the aspects that engineers are working to improve. Although solid-like hydrogels are ideal for many aspects of brain tissue regeneration ex vivo, injectable and self-gelling systems are critical design parameters for use in vivo. In this regard, hyaluronic acid-based microgels were injected to the cavity post-stroke and found to reduce inflammation, astrocyte infiltration, and microglia activation. These changes made the environment suitable for triggering neural stem/progenitor cell migration toward the stroke cavity (Nih et al., 2017). They also studied the neural progenitor cell fate in these types of scaffolds designed with adhesive and non-adhesive laminin peptides; the first one led to the cell’s spread, migration and differentiation and the later one led to neurosphere formation, maintaining their level of stemness (Wilson et al., 2022). The microgel-based scaffolds also could be used as an alternative to solve the decoupled degradability and mechanical properties (Scott, Marquardt and Willits, 2010a; Scott et al., 2011; Coronel et al., 2022). Xin et al. (2018) demonstrated that microgel scaffolds, even without degradability potential, work better for cellular spreading comparing conventional bulk hydrogels, even with a degradable crosslinker peptide. The porous structure provides equal soluble nutrient accessibility and vascularization that make these microgels suitable for mimicking the native niche. Furthermore, the mechanical properties of microgel-based scaffolds are a result of the continuous phase and are usually determined by the polymer type, density and level of crosslinking (Daly et al., 2020). Combining these properties, plus the post-modification capability of the microgels, granular scaffolds are now considered as one of the most promising platforms as they meet most of the requirements to recapitulate the native tissue patterns. With the current technologies, we can only generate simple tissue patterns that replicate early tissue development; therefore, engineers need to expand the design technologies to make the scaffolds better meet all of the requirements for mimicking the natural tissue in vitro.
While designing scaffolds for neural stem cell studies, another important aspect is to make these scaffolds bioactive and enable them to support cell adhesion, growth and differentiation. The following section will delve more into the bioactive components that are currently common.
4.2 Bioactive components
Learning from the natural niche, bioactive components are required to be added to biomaterials to make them functional in neural tissue engineering. These components include residing cells, ECM proteins, growth factors, and proteoglycans which are commonly available in the SVZ niche to make the designed biomaterials suitable to interact with neural stem cells. In the following paragraphs, we summarize some of the most popular components using in the biomaterials appropriate for neural tissue engineering.
4.2.1 Laminin
Laminin is the most commonly studied ECM protein in the SVZ niche serving as an adhesive site. Therefore, adding naturally-derived, recombinant, or synthetic versions of laminin to biomaterial scaffolds can mimic the natural tissue by providing links for laminin receptor- or integrin-mediated cell adhesion. Laminin is not often used as a 3D scaffold by itself, but it has been used a lot with other natural ECM components (Willerth and Sakiyama-Elbert, 2019). Laminin 111 is the most studied type of laminin in neural stem cell studies since it can be easily isolated and purified from Engelbreth-Holm-Swarm (EHS) mouse sarcoma (Tate et al., 2009; Addington et al., 2015; Distler et al., 2021). There are also recombinant versions of laminin 111 protein, but their use is not still that common in neural stem cell cultures. Although natural-derived laminin 111 has been widely used for primary studies due to price and availability, laminin 111 is not appropriate for mimicking many disease models since it is only expressed in the CNS during embryogenesis, and it disappears progressively from basement membranes during development. Instead, laminin 511 and laminin 521 become ubiquitous during adulthood (Barros et al., 2020). Therefore, laminins 511 and 521 should be the preferred laminins to be utilized in engineered scaffolds for studying adulthood disease models. However, apart from mouse-derived laminin 111, other laminins, including laminin 511 and 521, are almost impossible to be isolated in their native form (Rodin et al., 2010). Although recombinant full-length laminins 511 and 521 are commercially available, they are large and difficult to be produced recombinantly. To overcome this challenge, the E8 fragment of laminin 511 and 521 is a functionally shorter form of laminins that supports integrin-mediated cell adhesion, enabling engineers to study the effect of niche laminin components. In this regard, Silva et al. (2017) showed that laminin 511 could support neural stem/progenitor cell adhesion and migration better than laminin 111 and laminin 511-based differentiation methods are used to produce clinical quality dopaminergic neurons to be used for Parkinson disease treatment (Yap et al., 2019). Although laminin 511 has been shown to support neurons in 2D (Zhang et al., 2017; Rodin et al., 2020; Zekonyte et al., 2016; Doi et al., 2020), 3D scaffolds using laminin 511 and 521 are not commonly examined for neural stem cell studies. Therefore, we have a gap in knowledge about neural stem cell-laminin 511 and 521 interaction in a mimicked niche that needs to be filled by designing new advanced scaffolds based on these proteins.
In addition to recombinant proteins, chemical peptide synthesis is available to generate binding sites and promote cell adhesion. Short laminin peptides are stable, easily synthesized, and target-specific (Li et al., 2014). Some of the laminin peptides that are used to interact with neural stem cells are listed in Table 3 [see review paper (Mukherjee et al., 2020), for more information]. These peptides are derived from different laminin chains, but there are few of them derived from laminin α5 chain of laminin 511 and laminin 521 that are the laminin of interest in the SVZ niche (AGQWHRVSVRWG and TWSQKALHHRVP). Huettner, Dargaville and Forget (2018) reports that 89% of biomaterials are functionalized with RGD, 6% with IKVAV and 4% with YIGSR, highlighting the need to extend studies on desirable peptides (derived from laminin α5, laminin β1, laminin β2, and laminin γ1) and discover more bioactive peptides to mimic the neural stem cell niche better.
TABLE 3 | List of laminin-derived peptides that are commonly used in mimicking neural stem cell niche.
[image: Table 3]4.2.2 Collagen
Despite its low abundance in adult SVZ, collagen is another ECM protein that can serve as a regulator for neural stem cell’s fate decisions. Since collagen I and collagen IV are the collagen types available in fractones and basement membranes, they could be studied to mimic the neural stem cell niche. In contrast with laminin, collagen is used both as a 3D structure backbone and as the added bioactive component. However, like laminin, there are natural, recombinant and synthetic versions of both collagen I and collagen IV. The whole-length animal-derived collagen I is the most common type of collagen to be used for in vitro models. However, Vagaska et al. (2020) found that collagen I alone is not sufficient for human neural stem cells to adhere and survive. They suggested that human neural stem cells do not express collagen I binding subunits, so other factors present in basement membranes including laminin, collagen IV, nidogen and perlecan are possibly required for human neural stem cells adhesion, survival and proliferation (Vagaska et al., 2020). In this regard, Bergström et al. (2014) confirmed that mRNA pattern encoding collagen I-binding integrins differs from postnatal to adulthood, especially integrin α1, α2 and integrin α11 and that is why adult human-derived neural stem cells cannot adhere to the collagen I-treated substrates while postnatal ones can. In studying the vascular basement membrane protein assembly for the neurogenic niche, Kim et al. (2021) illustrated that progenitor cells were less likely to adhere to collagen IV-overlaid laminin substrates versus laminin-overlaid collagen IV, suggesting the importance of laminin recognition within the niche. In pathological conditions, investigating laminin and collagen IV organization could be something interesting to study; however, there are still very limited studies on the effect of collagen IV on neural stem cell behavior. Although collagen does not seem to provide adherence sites for neural stem cells, understanding its effect on neural stem cell fate in concert with other matrix proteins or properties would give valuable information about its regulating role. Que et al. (2018) developed a recombinant collagen III scaffold decorated with integrin-binding peptide sequence from collagen I (GFOGER [Gly-Phe-Hyp-Gly-Glu-Arg]) and from laminin α1 (IKVAV [Ile-Lys-Val-Ala-Val]). They found that α1β1 integrin-mediated adhesion of fetal-derived neural stem/progenitor cells to the GFOGER peptide supported cell proliferation and differentiation toward both glial and neuronal lineages, but it was not clear if it works with adult-derived neural stem cells whose collagen binding receptors are not expressed through adulthood. Examining materials and proteins via high-throughput studies may provide further insight into the effects of interactions of the ECM with aging neural stem cells.
4.2.3 Heparan sulfate proteoglycans (HSPGs)
Added to laminin and collagen, HSPGs are considered as influential factors present in SVZ niche that can interact with other ECM proteins and contribute to neural stem cell regulation [for further information, see review by (Yu et al.t, 2017)]. HSPGs have been widely incorporated to biomaterials by taking advantage of high affinity between heparin and growth factor for tissue repairs (Sakiyama-Elbert, 2014). For example, Sakiyama-Elbert group found that delivery systems incorporated with the heparin and nerve growth factors help nerve regeneration (Wood et al., 2010). Perlecan and agrin are HSPGs present in both fractones and basement membranes that serve as mediators between laminin, collagen IV, growth factors and cell receptors. Therefore, in culture, HSPGs are used in combination with either laminin, collagen or growth factors. The combination of heparan sulfate with collagen as a scaffold for neural stem cells was used to investigate its effect on nerve regeneration and restoration after traumatic brain injury (Zhang and Wang, 2021). They found better neuronal recovery in the groups loaded with neural stem cells and suggested that the interaction between neural stem cells, collagen, heparan sulfate and FGF acted as anti-fibrosis and anti-inflammation inhibiting astrocyte activation and promoting neuronal differentiation (Zhang and Wang, 2021). A key role of heparan sulfate was in the stabilization of FGF2-FGF receptor complex to regulate neural stem cell proliferation and differentiation through activation of phosphorylation of extracellular regulated kinase 1 and 2 (pERK1/2) signaling (Latchoumane et al., 2022). Heparan sulfate offers great potential in biomaterials to mimic interactions with both ECM and growth factors within the neurogenic niche and improve neural stem cell response. Future work to expand our knowledge about the interplay of how these interactions affect neural stem cell fate will be critical to better understanding engineering design considerations to mimic the niche.
4.2.4 Residing cells
The final factor to discuss that adds bioactivity to these material scaffolds are cells from the SVZ, in addition to neural stem cells. In this regard, the most studied cells are endothelial cells, given the vascular changes that occur with age and pathology in the SVZ niche. Sosa et al. (2007) found that endothelial cells influence neural progenitor cells differently while contacting them directly or indirectly. Through indirect contact, an endothelial cell’s secreted factors (e.g., VEGF) helped support neural progenitor cell maintenance and proliferation, while direct contact led to neuronal differentiation (Sosa et al., 2007; Sun et al., 2010). Winkelman et al. (2021) reviewed the literature on neural stem cell and endothelial cell interactions and discussed that Ephrin-B2 and Jagged1 molecules on endothelial cells bind to Eph and Notch receptors located on neural stem cells to inhibit their proliferation. Another example of providing niche residing cells to neural stem cells is the co-culture of microglia and neural stem cells positively affecting neural stem cell differentiation toward dopaminergic neurons, which is the potential therapeutic for Parkinson’s disease treatment (Schmidt et al., 2021); co-culture with indirect contact provided higher yield of TH+ neurons possibly because of secreted factors (TNFa, IL-1b, and IGF1). However, they mentioned that different microglia cell lines may result in differentiation toward different neuronal subtypes like β-tubulin III+ neurons that should be considered (Schmidt et al., 2021) as future design considerations.
5 CURRENT TECHNOLOGIES
As discussed above, current knowledge about the brain organ’s structure and function has been used in order to develop models for treatment of neurodegenerative diseases. Pre-clinical animal models remain the standard, but cell-oriented in vitro models are currently attracting the engineer’s attention to better design and refine ex vivo. However, recreating in vitro cellular structures and biochemical factors in the exact order as the natural organ during development is the current challenge (Zhuang et al., 2018). Engineers use several methods to overcome these challenges, including but not limited to, brain organoids, 3D bioprinting, and microfluidics. Organoids are 3D complexes containing a variety of cells resembling the organ’s cellular composition, structure and function closely. In organoids, the self-organization of pluripotent stem cells/adult stem cells through cell sorting and differentiation leads to recreation of higher-order structures that replicate aspects of organs. As an example, organoids are used widely as an alternative model to AD animal models since the transgenic mice models can only recapitulate familial AD while the 97% of AD patients suffers from sporadic AD [refer to review paper (Kang and Cho, 2021)]. The culture conditions are important in organoid formation, where floating culture conditions are preferred over adherent conditions where Matrigel usually plays an important role (Lancaster et al., 2013). Currently, organoids are considered key models for understanding brain development since they can recapitulate some fundamental features of brain native tissue; however, forming organoids with consistent size and shape, without Matrigel because of its batch-to-batch variability, and with the potential of vascularization to prevent necrosis remain significant challenges. In this regard, readers are referred to review paper written by Li et al. (2023) summarizing the recent advances to develop vascularized neural organoids.
Three-dimensional bioprinting is another advanced method that provides the opportunity to form the complex tissue structures through layer-by-layer deposition of bioink that can incorporate materials, cells, and bioactive components. Bioprinting has the potential to create heterogenous tissue models with great consistency through fairly precise cell arrangement. For detailed review, readers are encouraged to read (Cadena et al., 2021). In addition to 3D bioprinting models, microfluidic platforms are widely used by manipulating the fluid flow to provide precise control over the microenvironment including the perfusion flow, cellular co-culture, insoluble factor organization, soluble factor gradients, etc. Microfluidic technologies provide unique brain microenvironment models, especially to study neuronal circuits, blood-brain barriers, and neurovascular unit models, since they provide control over the chemical gradients available in natural niche to better mimic the in-vivo dynamic environment. Holloway et al. (2021) has prepared a full review on microfluidic advances for neurological disease modeling. All of these technologies are new paths toward mimicking the brain microenvironment more effectively and precisely in vitro to understand the mechanisms behind disease onset.
6 FUTURE PERSPECTIVES
As engineers, we aim to develop platforms to examine the complex tissue niche to provide solutions for repair in the clinic. Current techniques are limited to mimic simpler microenvironmental aspects, not fully complex ones, integrating limited factors and replicating uncomplicated tissue architecture. In other words, many of these studies use a deconstructionist view to determine which factors may be important. Although these simplified systems are needed to indicate the interactions of different factors with the neural stem cells and understand their effects on neural stem cell fate, more complicated platforms decoupling the structural and bioactive characterizations of SVZ niche are still necessary to be developed for in vitro studies. For example, designing advanced tissue models that mimic the SVZ niche with its microvascular networks and CSF flow requires meeting all structural conditions (e.g., stiffness and degradability) with suitable micropatterns and bioactive components and with the capability to be used under microfluidic flow. Designing such complex systems still remains a challenge; however, as technologies advance, we will have increased potential to examine physiologically relevant interactions ex vivo.
The choice of bioactive components needs to be taken into careful consideration while designing hydrogels. The more they match the ones available in natural microenvironment, the more accurate information we acquire about the neural stem cell fate decision in healthy and pathological conditions. For example, laminin 111 purified from EHS mouse sarcoma cells is the most common laminin incorporated into 3D hydrogels for neural stem cell studies. However, it is only expressed in the CNS during embryogenesis and disappears from basement membranes during development. Therefore, it is not a good ECM representative when studying the aging and neurodegenerative diseases. Instead, laminin isoforms containing α5 chains including laminin 511 and laminin 521 are the laminins found in the adult niche and are appropriate candidates for studying neural stem cell’s change of behavior during adulthood. Specifically, the lack of knowledge about the effect laminin 511/521 (either full-length, recombinant, or peptides) in 3D platforms needs to be addressed. For this purpose, generating new laminin peptides derived from laminin 511 and laminin 521, which can interact effectively with neural stem cells, could be something to focus on for future studies.
The laminins are not the only part of the matrix environment that needs further consideration. The role of collagen I or collagen IV in fate decisions is not still clear, so more studies are needed to investigate if there are any structural changes and if their role alters while aging. These will provide more insight into the reasons why neurodegeneration initiates and progresses. We have to underscore the importance of HSPG use in the scaffolds designed to study neural stem cell behavior because of their critical role as a mediator in the SVZ niche interacting with ECM proteins, growth factors, and cell surface receptors. Determining the effect of each of these bioactive factors on the interactions between stem cells and their microenvironment (upstream signalling pathways) will provide more insight into identifying the activated downstream pathways leading to different cell decisions. Finally, decoupling the mechanical properties of a scaffold from bioactive factors and controlled degradation will highlight the effects of mechanotransduction on neural stem cell fate, which is not still clear. Balancing the complexity of the niche with well controlled and repeatable studies will be critical to fully understanding the neural stem cell niche ex vivo and being able to appropriately design solutions to pathological conditions.
7 CONCLUSION
Overall, this review paper provides a general overview of the SVZ niche, one of the two main regions neural stem cells reside. It highlights the important features of the niche that might be interesting for engineers to take into consideration while designing hydrogel-based scaffolds. These features include the cellular components versus the effective ECM proteins, proteoglycans, and growth factors. In the biomaterial section, we go into more detail about the requirements that scaffolds are required to meet to be considered as a potential option for studying neural stem cell behavior. In this regard, there are structural and bioactive features that need to be applied to the materials. It is hard to maintain the complexity of the natural microenvironment without compromising the important features for each application, either in vitro or for solutions for in vivo. Although there are advances in designing the scaffolds during the past few years to meet the characteristics of the SVZ niche, there is still a gap between where the ideal scaffolds could be and where they are now. Therefore, more efforts are needed to design the ideal hydrogel-based scaffolds combining the niche critical factors to study their interaction with neural stem cells and their effect on fate decisions.
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Biomats

Properties making them sui

Natural biomaterials | Matrigel® Animal-derived commercial matrix contains basement membrane proteins and growth factors that can be used
for either 2D or 3D cell culture applications in vitro Vagaska et al. (2020); Wang et al. (2020); Jorfi et al. (2018)

Geltrex™ Animal-derived commercial matrix contains basement membrane proteins and growth factors that can be used
for either 2D or 3D cell culture applications in vitro Papadimitriou et al. (2018)

Collagen Natural-derived biomaterial offering porous structures with high biocompatibility and biodegradability for
nerve regeneration and recovery Chandy (2022)

gelatin ‘Thermally denatured collagen offering a good platform for neural tissue engineering with comparable results to
collagen scaffold, but cheaper with lower molecular weight Fon et al. (2014); Zhang and Liu (2021)

gelatin methacryloyl (GelMA) Engineered gelatin-based biomaterial with all advantages of natural biomaterials as backbone and with
capability of having tailorable mechanical properties Zhu M. et al. (2019)

Fibrin Fibrinogen-derived biomaterial with the potential for is situ studies due to injectability Li et al. (2015)

Non-sulphated glycosaminoglycan (GAG) with the potential to form hydrogels containing >90% water with
high control over its physical and chemical properties Khaing and Seidlits (2015)

alginate A naturally-derived polysaccharide with excellent biocompatibility and biodegradability Liu et al. (2022)
chitosan Sugar-based biomaterial derived from shellfish with high biocompatibility, biodegradability, and lack of toxicity
properties Ham et al. (2020); Hamrangsekachaee et al. (2022)
agarose A biomaterial candidate with water solubility and adjustable mechanical properties O'Donnell et al. (2021)
Synthetic Poly(ethylene glycol) (PEG) Hydrophilic polymers with a range of chain lengths and branching densities, which hydroxyl end groups can be
biomaterials converted to either symmetric or asymmetric functional groups with the potential to be biocompatible, non-

immunogenic, resistant to protein adsorption, and biologically inert Zhu (2010)

poly(lactic acid) (PLA) Biodegradable and biocompatible polymer with high glass transition, high melting temperature and brittle
nature that is commonly copolymerized with other polymers Stefaniak and Masek (2021)

poly(d-lactic acid-co-glycolic acid) Biodegradable and biocompatible polymer to support neural stem cell transplantation Shi et al. (2009); Bible

(PLGA) et al. (2009)

Polycaprolactone (PCL) FDA-approved synthetic polymer with slow biodegradability, biocompatibility, capability to be chemically

functionalized, tailorable flexibility and toughness Amores de Sousa et al. (2020)

Polyacrylamide (PAAM) Non-tosic, non-resorbable, and hydrophilic polymer with tunable stiffness and case of handling Pandamooz
et al. (2020)

poly(N-isopropylacrylamide) (pNIPAAm) | Thermoresponsive, biocompatible, with good mechanical properties and lower critical solution temperature
(LCST) close to physiological temperature Malekzadeh and Zhang Newby (2020); Chai et al. (2022)

poly(2-hydroxyethyl methacrylate) Biocompatible, non-biodegradable, and hydrophilic polymer with optical transparency Galderisi et al. (2013)
(pHEMA)
polyurethane (PU) Biodegradable and biocompatible polymer with high elasticity with the potential to form shape memory

polymers Hsieh et al. (2015); Pfau and Grunlan (2021)

poly(vinyl alcohol)(PVA) Biologically inert, biocompatible and hydrophilic polymer with high elasticity Mori and Hara (2016)
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Nai Type Effect
Soluble Fibroblast growth factor 2 (FGF-2) | Heparin-binding growth | Support neural stem cell proliferation Panchision and McKay (2002)
factors factor
Epidermal growth factor (EGF) Heparin-binding growth | Support neural stem cell proliferation Panchision and McKay (2002); Gomez-Gaviro et al.
factor (2012); Gonzalez-Perez and Alvarez-Buylla (2011)
Vascular endothelial growth factor | Heparin-binding growth | Support generation of newly formed vessels Improve neurogenesis without affecting the rate of
(VEGE) factor NSC depletion Hwang et al. (2009); Licht et al. (2016); Fujioka et al. (2019)
Insulin-like growth factors 1 & Heparin-binding growth | Support neural stem cell proliferation Accelerate cell cycle kinetics leading to regulation in
2(IGF) factor neuronal and glial differentiation Hodge et al. (2004); Liu et al. (2009)
Retinoic acid (RA) Morphogen Improve neurogenesis in SVZ neuroblasts by increasing proliferation and neuronal

differentiation Mishra et al. (2018); Wang et al. (2005)

Sonic hedgehog (Shh) Heparin-binding Stimulate choroid plexus pericytes to guide vascular growth Influencing proliferation and

‘morphogen angiogenesis Zappaterraand Lehtinen (2012) Regulate adult quiescent NSCs to proliferate faster
Ahn and Joyner (2005)

Wats Heparin-binding Canonical WNT signaling: promotes NSC self-renewal and proliferation in SVZ non-canonical
morphogen WNT signaling: maintains the NSC quiescence Chavali et al. (2018); Urbin et al. (2019)

Bone morphogenetic protein (BMP) | Heparin-binding growth  Support stem cell proliferation during the embryonic stage while promote quiescence stem cells
factor through adulthood Urban and Guillemot (2014)

Noggin Growth factor Balance the effect of BMP as BMP antagonist Morell et al. (2015)

Epithelium-derived factor (PEDF) | Growth factor Enhance Notch-dependent transcription and promote cell-renewal and maintenance of Type B

NSCs Andreu-Agullé et al. (2009); Lim and Alvarez-Buylla (2016)

Transforming growth factor-p Heparin-binding cytokine | Regulate active NSCs proliferation by lengthening the cell cycle and prohibiting active NSCs
(TGF-B) from giving riseto new neurons Sawada et al. (2014); Daynac et al. (2016)
Brain-derived neurotrophic factor | Neurotrophins Regulate neuroblast migration toward the olfactory bulb in the RMS and neuronal migration in

(BDNF) the is chemicstriatum Sawada et al. (2014); Fujioka et al. (2019)
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Peptide sequence (3-letter)

Peptide sequence (1-
letter)

Source

Application

Arg-Gly-Asp
Tle-Lys-Val-Ala-Val
Cys-Cys-Arg-Arg-lle-Lys- Val-Ala-Val-Trp-
Leu-Cys

Pro-Pro-Phe-Leu-Met-Leu- Leu-Lys-Gly-Ser-
Thr-Arg

Ala-Gly-Gln-Trp-His-Arg- Val-Ser-Val-Arg-
Trp-Gly

Thr-Trp-Ser-Gln-Lys-Ala- Leu-His-His-Arg-
Val-Pro

Tyr-lle-Gly-Ser-Arg

Arg-Asn-Tle-Ala-Glu-Tle- Ile-Lys-Asp-lle

RGD

IKVAV

CCRRIKVAVWLC

PPFLMLLKGSTR

AGQWHRVSVRWG

TWSQKALHHRVP

YIGSR

RNIAEIKDI

Laminin a,

Laminin a;

Laminin a,

Laminin a; globular
domain 3

Laminin as globular
‘domains

Laminin a5 globular
domains

Laminin ,

Laminin y,

Provide link for neural stem celladhesion in 3D environment
Mauri et al. (2018); Seidlits et al. (2019)

Provide neural stem cell adhesion, growth, proliferation and
differentiation Yin et al. (2021); Seidlits et al. (2019)

Support neural stem cell adhesion, growth, proliferation and
differentiation Li et al. (2014)

Support neural stem cell survival through asp, integrin-
‘mediated adhesion and support neurite outgrowth Hiraoka
etal. (2009)

Provide links for a;; and g, Integrin- mediated adhesion
Silva et al. (2017)

No neural stem cell study found

Support neural stem cell adhesion in 2D and 3D culture Seidlits
etal. (2019)

No neural stem cell study found
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