Enhancing the regenerative potential of stem cell-laden, clinical-grade implants through laminin engineering 
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ABSTRACT
Protected delivery of neural stem cells (NSCs; a major transplant population) within bioscaffolds has the potential to improve regenerative outcomes in sites of spinal cord injury. Emergent research has indicated clinical grade bioscaffolds (e.g. those used as surgical sealants) may be repurposed for this strategy, bypassing the long approval processes and difficulties in scale-up faced by laboratory grade materials. Whilst promising, clinical scaffolds are often benign and not inherently regenerative. Extracellular molecule biofunctionalisation of scaffolds can enhance regenerative features such as encapsulated cell survival/distribution, cell differentiation into desired cell types and nerve fibre growth. However, this strategy is yet to be tested for clinical grade scaffolds. Here, we show for the first time that HemopatchTM, a widely used, clinically approved surgical matrix, supports NSC growth. Further, functionalisation of HemopatchTM with laminin promoted even distribution of NSCs and their daughter cells within the matrix, a key regenerative criterion for transplant cells.
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1. BACKGROUND
Spinal cord injury (SCI) affects between 250,000 and 500,000 people every year [1], often with severe and debilitating consequences. Repairing the multifaceted pathology of SCI is a major challenge requiring breakdown of the glial scar, removal of inhibitory myelin fragments and restoration of complex circuitry [2]. Numerous pre-clinical studies have demonstrated neural stem cell (NSC) transplantation offers promise in this regard, providing cell replacement and trophic factor release and enhancing functional outcomes [2–5]. Clinical trials are also in progress [6]. For example, following intramedullary injections of human foetal-derived NSCs to chronic phase SCI in human patients at 3, 6, 9 and 12 month periods, all subjects showed an increase in their total GRASSP (Graded Redefined Assessment of Strength, Sensibility and Prehension) score [6], demonstrating the clinical promise of this approach.

However, multiple studies have demonstrated that low numbers of cells are retained at the injury site following injection. For example, only ca. 30% of cells transplanted into a rat model of SCI persisted at the injury site 7 days post-grafting, with an associated decline in motor function [7]. Cell survival when injected with cerebrospinal fluid (CSF) + Chondroitinase ABC into the injured spinal cord of rats was 2.44 ± 1.04%, 8 weeks post-transplant [8]. In mice, NSCs injected into the spinal cord and tracked through bioluminescence, retained 20% of the initial signal one week after injection [9], suggesting a possible cell loss. Such cell attrition may be due to the combination of a robust host immune response, insufficient vascularisation leading to poor oxygen supply to the implanted cells, the presence of cytotoxic free radicals at the injury site and environmental shock during transplantation (i.e. extrusion of cells through a thin needle and associated mechanical trauma) which, ultimately, can lead to cell death [10]. Moreover, attachment of cells in the subarachnoid space or cell washout due to CSF flow may contribute to the low cell numbers found in the injury site [11]. Clearly, this is a critical issue to overcome, as higher numbers of viable cells reaching injury sites correlates directly with functional efficacy [12]. 
To address this, encapsulation of transplant cell populations within implantable, biocompatible matrices may offer several translational advantages [13] . These materials offer (i) a porous structure mimicking the extracellular matrix (ECM) to facilitate cell attachment and tissue ingrowth; (ii) ‘soft’ mechanical properties to match the stiffness of the native CNS (important for implant acceptance) [14] and allow surgical moulding into diverse injury sites and; (iii) improved cell survival and distribution in injury sites after implantation. For example, ca. 85% mice retained NSCs 7 days after injection within a hyaluronan-based hydrogel compared to ca. 55% of mice when NSCs were injected in CSF [15]. Further, hydrogel injected cells were dispersed throughout the injection site with cell clumping observed after injection in CSF. Führmann et al. [7] showed an increase in cell retention from ca. 30% to 45% when cells were implanted within a hydrogel. This was associated with increases in motor functionality at 6 weeks post-injury, compared to medium-injected cells. Similarly, Vacanti et al. [15] demonstrated cells delivered by encapsulation in a polyglycolic acid (PGA) matrix to sites of SCI in rats resulted in higher measures of limb functionality 4 weeks post-surgery compared to media-injected cells. 
Despite this promise, none of the hydrogels tested for therapeutic cell encapsulation and delivery to SCI are clinically approved or manufactured under good manufacturing practice (GMP). This is a major barrier to clinical use as it takes an average of seven years for a new device to be approved by the American Food and Drug Administration (FDA) [17]. In addition, any major changes in the manufacturing process (e.g. through scale-up) necessitate further biological tests to ensure that the safety and functionality of the material have not changed, increasing the time to clinic and costs of development. 
As a potential alternative, numerous polymeric implants are already routinely used within the clinic and approved for uses such as tissue sealants, sutures and wound dressings [18]. In the majority of cases, these have not been tested for potential cell transplant applications. One study has demonstrated DuragenTM, a surgical sealant manufactured from clinical grade, bovine collagen can support NSC growth, including genetically engineered populations [19]. Here, highly viable populations of cells could be grown throughout the material with no effect on key regenerative properties of the stem cells including proliferation, stemness and differentiation [19]. Given the positive findings from this study, it is vital other clinical materials are tested for the creation of a ‘bank’ of suitable, clinically used materials with potential for cell transplant applications. Further, it is well-established that biofunctionalisation of scaffolds can add significant regenerative potential to the material. For example, engineering extracellular matrix molecules or epitopes into scaffold design has been shown to improve cell survival and distribution throughout injury sites [20], enhance neuronal differentiation of encapsulated stem cells and enhance nerve fibre and neural cell infiltration into the scaffold [21]. However, ECM modification of clinically approved biomaterials for neural cell transplantation has not yet been tested. 

One clinically approved material with a number of potential translational advantages for use in cell transplantation is HemopatchTM. HemopatchTM is a sealing hemostat approved for medical use during surgical procedures to reduce bleeding and induce hemostasis. Within the CNS, it has been safely used to close dural defects and avoid post-operative CSF leakage in humans [22]. It is a porous structure made from ultrapure bovine collagen, with a 200 µm coating of polyethylene glycol (PEG) on one surface, to improve tissue adhesiveness. HemopatchTM is flexible, allowing for easy handling by surgeons with potential for moulding into sites of injury, and is naturally degraded within 6 to 8 weeks [23]. This material is approved as a CE-marked medical device and is already manufactured for a global market. 
The two objectives of this study were therefore to (1) test whether Hemopatch TM can support NSC growth and differentiation and (2) examine the feasibility and effect on encapsulated NSC populations of biofunctionalisation of HemopatchTM with the ECM molecule laminin.
2. METHODOLOGY
Expanded methodology is available as Supplementary Information.
2.1. HemopatchTM preparation
HemopatchTM was kindly donated by Baxter Healthcare Technologies. Under sterile conditions, a 0.5 cm2 piece of HemopatchTM was cut with a scalpel and then chopped with a McIlwain Tissue Chopper set to 250 µm. Some pieces of HemopatchTM were rinsed with ethanol and then incubated at 37ᵒC with poly-ornithine (1:5) (Sigma P4957) for 1 hour. Then, the slices were washed with water and incubated again with laminin (1:200) (Sigma L2020) for 1 hour. Finally, they were washed three times with water and stored in the incubator until use. Alternatively, some slices were left uncoated and kept in water until use.

The laminin isotype, laminin-111, was chosen as its active peptides have been previously used in conjugation with 3D biomaterials and to promote regenerative behaviour of encapsulated cells. For example, conjugation of laminin-111 active peptides with a chitosan biomaterial resulted in potent neuronal attachment and promoted axonal extension of primary cultured rat cortical neurons in comparison to uncoated samples [24].

It should be noted that HemopatchTM is also equipped with a 250 µm thick layer of NHS-PEG bound to one side of the material, designed to enhance its tissue adherance properties. However, we consider the impact of this PEG layer on cellular function to be negligible in these experiments due to the following reasons: the material was cut vertically (to fit the culture well), perpendicular to the PEGylated layer to generate a piece of HemopatchTM approximately 5000 (length) x 1000 (width) x 250 (depth) µm.  The 250 µm thick PEGylated layer was therefore solely situated along one of the widths of the final piece. Moreover, during culture, the material was orientated sideways (with the thin PEGylated side as one of the lateral walls) so as to minimise PEG interaction with cells. Further, it is likely the PEG layer was dissolved in water during the preparation steps prior to seeding the cells on the material (personal communication, Baxter), so would not have affected the outcomes.
2.2. Cell culture
Mouse brains were dissected from postnatal day 1 (P1) to P3 mice and kept in phosphate buffered saline (PBS) on ice until use. Under a dissection microscope, the subventricular zone was isolated from all brains using a scalpel and kept in 1 mL of neurosphere medium (NSM) (Supplementary Table 1). The cells were dissociated with DNAse I (Sigma Aldrich 10104159001) and cultured in T25 flasks in 5 mL of NSM at a density of 1x105 cells/mL. These were incubated at 5% CO2 and 37ᵒC. NSCs were allowed to proliferate as neurospheres and after 5 to 7 days, dissociated into single cells with a DNAse I /Accutase mix (1:9) for the experiments. The experimental conditions included: (i) laminin and poly-ornithine coated coverslips, (ii) laminin and poly-ornithine coated HemopatchTM and (iii) uncoated HemopatchTM. The coverslips (i) were placed at the bottom of 24 well plates and the cells were seeded on top suspended in 600 µL of medium at a density of 1.5x105 cells/mL. Each piece of HemopatchTM (ii, iii) was placed in a different well from the same plate and the cells were seeded on top of the biomaterial in a 10 µL drop at a density of 1x107cells/mL. The cells were allowed to settle for 30 minutes in the incubator and then 600 µL of medium was added in each well.   
Cells were grown in monolayer medium (MLM) (Supplementary Table 1) (designed to retain NSCs) for 4-5 days, with feeding every other day. Once the cells on the coverslips were confluent, they were either fixed with 4% PFA for 1 hour (for assessment of NSC growth and health) or were allowed to differentiate for 7 days by swapping the MLM to differentiation medium (DiffM) (Supplementary Table 1) (for assessing any effects of materials on differentiation). All plates were fed every other day with a 50% medium change. Prior to fixing, some cells were stained for survival (Live/Dead) and proliferation (Edu) assays (See Supplementary Information for protocols and Supplementary Table 2 for a list of antibodies).

2.3. Image and statistical analysis
The cells were imaged with a x5 or x40 magnification objective using fluorescence microscopy and scanning electron microscopy (SEM) at x1.5k and x3k magnification and cell counts were performed (See Supplementary Information). All statistical analyses were carried out using GraphPad Prism. All values are expressed as the mean ± standard deviation. A one-way ANOVA test (with Bonferroni’s multiple comparison test) was carried out to test if there were any statistical differences between groups, assuming a normal distribution, without matching. A p-value of below 0.05 was determined to indicate a significant difference between experimental groups (n ≥ 3). “n” is the number of biological repeats for each experiment, with each mouse litter counted as one biological repeat.
2.4. Ethics statement
All animal use was in accordance with the Animals (Scientific Procedures) Act of 1985 (UK). This material has not been published in whole or in part elsewhere. All authors have been personally and actively involved in substantive work leading to the manuscript, and will hold themselves jointly and individually responsible for its content.
3. RESULTS

3.1. HemopatchTM supports NSC survival and proliferation
Five days after cell seeding, NSCs had dispersed through the biomaterial and distributed three-dimensionally, as seen by the presence of cells out of the plane of focus and in Supplementary Figure 1. NSCs were evenly distributed and present as individual cells over the surface of the coverslips and the coated HemopatchTM, while cells within uncoated HemopatchTM consistently appeared to form spheres dispersed in the gel (Fig 1, A-C). Cell survival was high across experimental groups (Fig 1, D-F) and the number of EDU+ cells, an indicator of proliferation, also remained similar in all groups (Fig 1, G-I). After quantification, it was found that between 1 and 3 neurospheres/field and between 0 and 1 neurospheres/field were counted for the glass and coated HemopatchTM conditions respectively compared to 15-19 neurospheres/field in uncoated HemopatchTM (Fig 1, J). NSCs in all conditions displayed over 80% viability, with no statistical differences between experimental groups (Fig 1, K). Finally, the numbers of proliferating cells remained at approximately 20% in all experimental groups after 6 hours of incubation with EduA (Fig 1, L).
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NSCs displayed similar proportions of cells positive for the NSC marker Nestin with >98% of cells recorded as positive across all experimental groups (Fig 2, A-D). Cells generally displayed classical bipolar morphologies associated with the NSC phenotype on glass with some evidence for this seen within the coated HemopatchTM samples. NSC morphology was harder to discern in the uncoated HemopatchTM where cells tended to form into neurospheres (Fig 2, A-C). NSCs also showed comparable expression of Sox-2, a nuclear stem cell marker, across all experimental conditions (Fig 2, A-C, E). 
3.2. HemopatchTM could support the differentiation of NSCs into their daughter cells
After seven days in differentiation conditions, cell viability remained high (Fig 3, A-C) and the presence of EDU+ cells in HemopatchTM was similar to coverslips (Fig 3, D-F). In detail, the proportion of viable cells was higher than 80% in all groups as judged by live/dead staining (Fig 3, G). Moreover, daughter cells retained their proliferative capability, with ca. 5% staining positive for Edu incorporation in each condition (Fig 3, H). No statistical differences were found between experimental groups.
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Immunocytochemistry revealed that the NSCs had differentiated in all conditions into the expected phenotypes, namely astrocytes (Fig 4, A-C), neurons (Fig 4, D-F) and oligodendrocytes (Fig 4, G-I). Overall, more than 60% of the cells differentiated into astrocytes (Fig 4, J), >18% into neurons (Fig 4, K) and >3% into oligodendrocytes (Fig 4, L) in a consistent manner across the experimental groups with no statistically significant differences observed. The rest of the cells remained unidentified and were possibly undifferentiated stem cells. The daughter cells appeared to retain the pattern of distribution seen for the NSCs, with cells in the uncoated samples remaining in groups and an even distribution noted in the coated samples. In general, daughter cells displayed normal morphologies as expected in in vitro culture conditions. 
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However, astrocytes grown in HemopatchTM did appear more ramified compared to the broad, flattened appearance of astrocytes grown on glass coverslips.  In general, cell projections were observed extending throughout the construct and travelled in and out of the plane of focus, highlighting the 3D nature of the culture as compared to glass coverslips. Finally, we showed the feasibility of processing these constructs for imaging via SEM. Here, we were able to visualise the porosity of the material (Fig 5, A) and the presence of neurospheres on uncoated HemopatchTM but not on the coated HemopatchTM (Fig 5, B-C). Moreover, we were able to identify differentiated NSCs on the collagen fibres (Fig 5, D-F). Putative cell subtypes are highlighted in Figure 5, although these need to be confirmed through combinatorial techniques such as immunogold labelling (See Supplementary Fig 2 in SI for original images). Finally, this technique also allowed for pore size quantification, showing the average pore diameter was 10.0 ± 3.2 µm.
4. DISCUSSION 
Our data show for the first time that the neurosurgical grade biomaterial HemopatchTM can support the clinical transplant population of NSCs. Further, we have provided the first data indicating clinical grade materials can be modified using laminin with associated improvements in NSC and daughter cell distribution throughout the material. This finding has implications in reducing cell aggregation after transplantation which can lead to uneven repair. Survival, proliferation and differentiation rates were similar to glass coverslips (the gold standard substrate for NSC growth), suggesting that the material does not adversely impact key NSC properties that underpin their regenerative potential. We believe the findings support in vivo testing of HemopatchTM as an implantable plug containing healthy NSCs for SCI repair. Further, alongside other reports in the literature, the data can provide manufacturers a framework (identifying suitable material physiochemical properties and biofunctionalisation strategies) to develop their own materials and protocols for repurposing existing medically approved scaffolds for neural cell transplantation. 
We found that a simple coating step of the HemopatchTM with laminin promoted an even pattern of cell distribution through the material instead of the sphere formation observed in uncoated samples, without affecting survival, proliferation or differentiation of cells. 
The cellular mechanism underpinning these differences is not yet clear, but it could be that the presence of ECM molecules facilitates migration of the cells through the material whereas in their absence the cells remain in place and divide to become neurospheres [25]. Both systems may have advantages. On one hand, improving cell distribution by coating the material with ECM molecules could avoid the issue of cell aggregation and ultimately enhance even repair throughout injury sites. On the other hand, higher survival rates have been observed after transplantation of NSCs as neurospheres compared to dissociated cells in sites of SCI in rats [26], potentially providing additional protective benefit to the encapsulated cells. Both formats would need to be tested in sites of in vivo SCI to examine which could lead to the greatest functional recovery. As far as we are aware, laminin is not yet used clinically and ECM coating would require additional safety testing steps for CE-marking approval. However, a number of companies already produce chemically defined and animal component-free, human laminin isoforms using commercially scalable processes adaptable to producing clinical grade laminin. Alongside the expansion in biofunctionalisation of scaffolds designed to support cell transplant populations and further enhance regenerative responses, tuning cellular and tissue responses to the scaffold in this manner appears feasible for clinical production and warrants investigation [21]. 

In terms of physicochemical properties, HemopatchTM is a porous, sponge-like structure mainly fabricated using collagen type I, a material with several benefits for implantation into site of SCI. Collagen is neurocompatible and alongside our study has previously been shown to support neuronal and NSC growth in vitro [27,28]. Implantation of collagen hydrogels in a transected spinal cord has been shown to promote axonal growth 5 days post-injury and functional recovery 12 days post-injury in rats [29], as well as cell infiltration and vascularization within the implanted hydrogel [30]. Therefore, collagen appears to be well-tolerated in the nervous system but may also be able to impart additional regenerative benefit alongside the encapsulated therapeutic cells, a feature that will have to be tested in future work. 
The porosity of the material may also facilitate nerve fibre in-growth and cellular infiltration. The infiltration of macrophages and lymphocytes within HemopatchTM has been previously reported in the rat liver [31]. Currently, the pores in HemopatchTM, which are approximately 10µm in diameter, are randomly ordered but the spinal cord displays highly ordered, aligned structures such as the corticospinal tracts. It may therefore be desirable to enhance cell alignment within the construct to aid repair of these structures. Application of an 80 mV/mm alternating current to neurons cultured in a 3D silk protein matrix resulted in axons growing in parallel to the electrical field. [32]. Given the porous, open nature of HemopatchTM, it seems feasible that this strategy could be employed here to influence encapsulated cell behaviour.  
Besides its physicochemical properties, HemopatchTM is currently manufactured as a 2 mm thick sheet of flexible collagen, in approximately 15 x 4 cm dimensions. This can be simply cut to a desired shape and is conformable allowing ease of handling. An average intramedullary lesion length size for cervical injuries was reported to be ca 7 cm [33], suggesting the patches in their current form could cover most injuries (although the largest lesions were up to 19 cm in length).  It can be envisaged that these could be cut to size, seeded with NSCs, cultured for up to 5 days then implanted into the site of injury. Taken together, development of bioscaffolds fabricated and functionalised with clinical grade materials appears feasible, offers potential for controlled cell delivery strategies and warrants further testing.
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Figure 1. NSCs display high survival rates and proliferate in HemopatchTM. (A-C): Nuclei distribution in low magnification images on glass (A), uncoated HemopatchTM (B) and coated HemopatchTM (C). (D-F): Live/Dead assay of NSCs on glass (D), uncoated HemopatchTM (E) and coated HemopatchTM (F). Live cells (Calcein AM) are green and dead cells (Ethidium homodimer) are red. (G-I): Proliferation assay for NSCs on glass (G), uncoated HemopatchTM (H) and coated HemopatchTM (I). (J-K): Scatter plot representations of cell distribution (p<0.0001, n=4) (J), proportion of live cells (p=0.101; n=3) (K) and proportion of proliferating cells (p=0.713; n=3) (K).








Figure 2. NSCs were successfully cultured in HemopatchTM. Nestin and Sox-2 stained NSCs in glass (A), uncoated HemopatchTM (B) and coated HemopatchTM (C); insets are DAPI stained counterparts. Scatter plots showing the proportions of cells expressing Nestin (D) (p=0.181, n=4) or Sox-2 (E) (p=0.111, n=4) under each experimental condition.    








Figure 3. Survival and proliferation of daughter cells in HemopatchTM. (A-C): Live/Dead assay of daughter cells in glass (A), uncoated HemopatchTM (B) and coated HemopatchTM (C). Live cells are green and dead cells are red. (D-F): Proliferation assay for daughter cells in glass (D), uncoated HemopatchTM (E) and coated HemopatchTM (F). (G-H): Scatter plot representations of the proportion of live cells (p=0.810; n=3) (G) and the proportion of proliferating cells (p=0.612; n=3) (H).     





Figure 4. NSCs could generate their daughter cells in HemopatchTM. (A-C): GFAP stained astrocytes in glass (A), uncoated HemopatchTM (B) and coated HemopatchTM (C). (D-F): Tuj-1 stained neurons in glass (D), uncoated HemopatchTM (E) and coated HemopatchTM (F). (G-I): MBP stained oligodendrocytes in glass (G), uncoated HemopatchTM (H) and coated HemopatchTM (I). (J-L): Scatter plots show the proportions of each cell type: astrocytes (p=0.234, n=4) (J), neurons (p=0.821, n=3) (K) and oligodendrocytes (p=0.700, n=3) (L). Image insets show DAPI stained counterparts.   





Figure 5. Daughter cell morphology on SEM images. (A-C): Low magnification image of coated HemopatchTM depicting the porosity of the construct (A), cells in a neurosphere formation on uncoated HemopatchTM (B) and single cells on coated HemopatchTM (C) Inset showing a single cell on the material. Scale bar: 10µm. Arrows indicate edges of the neurosphere. (D-F): Differentiated NSCs on coated HemopatchTM: astrocyte (D), neuron (E) and oligodendrocyte (F). Colour indicates our interpretation of the cell bodies.
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